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   Foreword   

 Drug–drug interactions (DDIs) comprise a category of medical mysteries that are, 
to say the least, perplexing to anesthesia providers. Despite their very real potential 
to cause major morbidity and even death to patients, they have generally failed to 
generate the sizzle of recognition associated with major discoveries in medicine. 
Why is this? Is it because the potential numbers of DDIs are too large or perhaps too 
ill- defi ned to stimulate anesthesia providers to care? Is it because we don’t have 
suffi cient epidemiologic studies to document the extent and severity of DDIs? Do 
they cause harm that is observed by individual providers so infrequently that they 
don’t generate interest in learning about them? 

 All of these issues may be at play, but I suspect that many trainees and colleagues 
in anesthesia fi nd there are so many hypothetical DDIs – and they personally observe 
any bad outcomes so infrequently – that they don’t put effort into learning about 
them except to superfi cially be aware of the general concept. Is my observation real 
or perceived? It’s hard to say for certain, but let’s take the example of herbal medica-
tions and potential DDIs. Most anesthesia providers are aware that there are herbal 
medications that can alter drug metabolism. Ironically, because most anesthesia 
providers don’t observe signifi cant DDIs associated with these medications, few 
pay much attention to them. When major DDIs associated with herbal medications 
occur, they often are surprising to anesthesia providers, and more often than not, 
these events are written off as rarities that the providers will likely never again 
encounter. 

 I believe that past perceptions will change. DDIs matter, and they will matter 
more as the medical world advances. More drugs and herbal products lead to more 
potential DDIs. Emerging technologies and the growing spread of integrated health 
care-related electronic medical records offer opportunities to incorporate algorithms 
and other software identifi cation pathways to warn unsuspecting anesthesia provid-
ers of potential DDIs. It would be so simple to have an electronic screen warning 
displayed whenever a potential DDI-associated medication was part of a patient’s 
care. 

 Even in this advanced health care world, anesthesia providers will have to be able 
to understand basic DDI issues. That’s where this wonderful new text becomes 
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valuable. The unique use of case studies and subsequent detailed chapters provide 
anesthesia providers with several ways, both entertaining and scientifi c, to learn 
more about these increasingly important DDI issues. Ultimately, the outcomes of 
our patients are at stake, and the safe care of our patients is why we are anesthesia 
providers. Congratulations to the team for putting together such an outstanding and 
valuable resource for our patients and their providers.  

 Mark A. Warner, MD

Foreword
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  Pref ace   

   What do you want me to do? 

 To watch for you while you’re sleeping? 
 Well please don’t be surprised 
 When you fi nd me dreaming too. 

 —Robert Hunter 

   Anesthesia providers rest their notion of safe, quality care on constant and  inquisitive 
vigilance. In the operating room, we react and change anesthetic parameters to 
 subtle changes in the pitch of the pulse oximeter signal, the sound of the ventilator 
or respiratory circuit, the look of the blood in the surgical fi eld, the tone of voice 
around the operating table, or any other of a thousand cues in a complex environ-
ment. We believe that this attention to detail serves our patients and improves out-
comes, and we fear missing something big – metaphorically, being caught 
sleeping. 

 Yet those of us who have focused on the perioperative implications of drug–drug 
interactions (DDIs) frequently describe our introduction to the fi eld as having our 
eyes opened, of being “turned on” to something new and important. Although DDIs 
occur frequently in both inpatients and outpatients and are often morbid or even 
mortal, most of us rely daily on knowledge of pharmacodynamic interactions (eg. 
two drugs affecting the same receptor) and rarely consider DDIs as potential sources 
of harm to the patient. 

 It is time for all of us to wake up to DDIs. Indeed, in this era of 80-hour work-
weeks for medical trainees, many of us owe our arousability to a single DDI. The 
phenelzine- meperidine DDI that killed young Libby Zion directly led to the adop-
tion of work hour restrictions – and better sleeping and waking for a generation of 
resident physicians. 

 We hope this book will be a gentle, comprehensive introduction to an important 
concept. We have chosen a case-based format to introduce potentially dry concepts, 
with each case backed by referenced discussion and take-home points. None of the 
cases presented here are based on hypotheticals from in vitro data alone. Particularly 
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severe interactions are highlighted as the “Fatal Forty.” In addition, however, 
detailed mechanistic chapters cover important concepts in depth, offering a second 
level of knowledge for the interested reader. Finally, comprehensive tables are 
clearly separated from the text and easily found in the back of the book, allowing 
use of this book as a reference as well. If you just want to get started now, fl ip to the 
cases and read at random. I am confi dent they will pique your curiosity and start you 
on a path. If not, there is a more comprehensive “how to use this book” chapter 
immediately following this preface. Regardless of how you use the book, we wel-
come you to a fascinating and complex new world and wish you and your patients 
pleasant awakenings.  

       Michael     P.     Hutchens  ,   MD    

Preface
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         Our primary design concept in the development of cases and didactic material for this 
book on drug–drug interactions (DDIs) has been that of a level and lighted pathway. We 
believe that pharmacology in general is a subject that is dense and a little scary at times 
for many medical professionals, including physicians. We have ruefully learned from 
our trainees and students that the subject of DDIs proves that it is possible to be both 
scared and bored at the same time! Therefore, from the beginning, we felt that what was 
needed was a lighter, brighter way to travel into and through the material as well as easy 
places and ways to stop and browse the material. After all, if you’re going to go down a 
path through a dark forest, you need a fl ashlight, or better yet, a whole suitcase of fl ash-
lights. This book is a serious book on a serious subject, but we decided from the get-go 
to write the most accessible and friendly pharmacology book we could come up with. 

 Abstract   
  This discusses the layout and best use of the book. 

 1
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 There are over 11,000 FDA-approved prescription drugs containing over 1300 
unique active ingredients, yielding somewhere between 1.75 million and 121 mil-
lion combinations of two prescription drugs. These are ridiculous numbers and, 
clearly, a brute force attack on the problem of DDIs will not be a useful strategy. 
Instead, the best approach is one comprised of simple, small steps. 

 This book starts by reviewing some of the core concepts of the fraternal twins of 
pharmacology--pharmacodynamics and pharmacokinetics. However, the reader 
should not be afraid. These are short, easy-to-read explanations and reviews and 
these chapters are heavy on accessibility and relevant examples as well as simple 
drawings and fi gures. This material is light on the stuff that makes everybody want 
to put a pharmacology book down. 

  Core Concepts in Pharmacodynamic Interactions  presents the classic paradigm 
that while pharmacokinetics describes what the body does to drugs, pharmacody-
namics describes what drugs to do the body. 1  This is a very comfortable, easy place 
for anesthesia providers to launch their DDI studies. It is familiar territory—this is 
what we do every day, we give a drug and we see what happens. The authors review 
basics such as ligand-binding, the types of pharmacodynamics interactions, and the 
main receptors involved in pharmacodynamic DDIs. 

  Core Concepts in Pharmacokinetic Interactions  follows next. This essay serves 
as the starting point for the discussion of how the body processes and interacts with 
drugs, including absorption, distribution, metabolism, and elimination. These key 
pharmacokinetic concepts include the cytochrome P450 (CYP) system, and the 
roles played by substrates, inhibitors, and inducer in drug interactions. 

 We next present a  Brief Review of CYP450 Enzymes and UGTs.  This is a 
 compilation and summary of the each of the major enzymes involved in oxidiative 
(Phase I) metabolism. We have nicknamed each of the enzymes to indicate what 
their primary business is and to help the reader remember and discriminate 
between them. A mastery of the P450 enzymes is important as they are prime 
actors in the occurrence of metabolic DDIs—at least the pharmacokinetic DDIs 
that involve metabolism. This is how and where drugs are metabolized. These 
enzymes can also be inhibited and induced by medications, foods, and other sub-
stances, such as smoked tobacco. We have also included a short discussion of 
uridine 5′-diphospho- glucuronosyl transferases (UGTs), which is a family of 
enzymes much like the P450 enzymes that does the work of conjugative (Phase II) 
metabolism. 

  P-glycoprotein and OATP Transporters  is a short and easy-to-understand section 
that introduces two main drug transport systems that factor heavily in DDIs involv-
ing absorption. Like the P450 and UGT enzymes, the organic anion transporting 
polypeptides (OATPs) are transporters that have substrates, inducers, and 
inhibitiors. 

Introduction to Drug–Drug Interactions
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 The next section is  The “Fatal” Forty.  1  This section is our personal favorite. It is a 
compilation of forty commonly prescribed drugs whose interactions, if mastered to 
any reasonable degree, would form a robust and permanent knowledge of DDI prin-
ciples that can serve as a foundation for further and future study. If you can master the 
 Fatal Forty , you will eventually gain ongoing mastery and currency in the larger 
DDI universe. In business and manufacturing, the Pareto principle states that 80% of 
events are caused by 20% of the causes. In pharmacokinetics, the  Fatal Forty  is the 
very small percent of drugs that are involved in a disproportionate number of adverse 
DDIs. We present approaches to the mastery of these drugs and their DDIs by further 
organizing them into smaller groups based on clinical use or DDI mechanism. 

 The  Six Patterns of Pharmacokinetic DDIs  is designed to further demystify the 
cytochrome P450 enzymes and the interactions they are involved in. There are 
really only six basic types of interactions between enzymes, substrates, inducers, 
and inhibitors. They are presented here in short and simple form. 

 In  The Problem with the DDI Software: A Procrustean Dilemma,  we present our 
arguments against an over-reliance on both commercial and institutional DDI soft-
ware. These can be valuable adjuncts in careful management of perioperative DDIs, 
but we believe the best defense against avoidable and untoward DDIs is an educated 
clinician who has taken the time and made the effort to acquire a fund of knowledge 
and true understanding of the DDI universe. 

  Pharmacogenomics  provides background for the several drug–gene interactions 
included in the book. This piece is also a general primer on what may be a new paradigm 
in anesthetic and medical practice and how medicine will be practiced in the future. 

 In  Pharmacoepidemiology of Drug Interactions,  we discuss how and why anes-
thesiologists encounter DDIs. An appreciation of the unique challenges and situa-
tions faced by perioperative providers as well as how the high-risk perioperative 
period and pain setting puts our patients at risk for DDIs will help motivate the DDI 
student and validate the need to dedicate ongoing time and attention to the subject. 

 The fi nal didactic piece is a brief legal section entitled  The Lawyers Can Read, 
Too . This is an admittedly light title for a very serious subject. Again, we are very 

1   The editors wish to acknowledge that use of the term “The  Fatal Forty ” in no way implies that any 
of the cited drugs is a lethal agent. Every drug on this list can be and has been safely, appropriately, and 
effectively utilized by providers and provided therapeutic benefi t to patients. We also acknowledge that 
even when any of these drugs is involved in a DDI, the likelihood of an outcome as dire as fatality is 
small. Rather, the “ Fatal Forty ” name is employed solely as a motivational strategem to highlight for 
our readers and students certain drugs that are especially worthy of consideration due to known 
involvement in clinically signifi cant drug interactions, either by virtue of their prevalence or severity of 
the interactions in question. The term “ Fatal Forty ” is employed in the educational context that failure 
to learn and consider the potential well-recognized DDIs associated with these drugs would prove fatal 
to the student’s ultimate innate mastery of this most important arena of patient safety. 

1 Let’s Start at the Very Beginning



6

grateful to David K. Miller, Esq. for providing actual legal case material from his 
fi les and generously providing his time to write them up for us. The inclusion of a 
legal section may seem unusual for a pharmacology textbook, but this is fi rst and 
foremost a  clinical  pharmacology book. Reading the cases of actual patients that 
have come to serious or mortal harm, due to their clinician’s failure to recognize and 
appreciate DDIs, is sobering. Hopefully, it will provide the reader with a compelling 
motivation to read further and dig deeper into the material. 

 After the didactic material, we begin to introduce DDI exemplars in the  Case 
Vignettes  sections. With the single exception of the QT-prolongers, the DDIs are 
grouped by drug classifi cation, starting with the drugs we most commonly use. 
Each section is prefaced by an Introduction highlighting the editors’ own DDI expe-
riences, general practice considerations, or (in the case of the QT-prolongers) the 
always-valuable refresher on the effects of drugs on cardiac conduction. 

 The vignettes are brief and can each be read or reviewed in ten minutes or less. Each 
vignette presents a single DDI or a tightly linked DDI pair. The vignettes are arranged 
generally from the simplest and most straightforward DDIs to more complex and/or 
less well-understood interactions. We have included an abstract giving the drug pair 
and main clinical effect of the DDI. The clinical case is followed by a discussion of the 
pertinent pharmacological issues and summarized in both bullet and tabulated form. 

 All of the vignettes, unless otherwise noted, are based on clinical reports of interactions 
known to occur in humans or on personal communications. 2  They were written by work-
ing clinicians---physicians, anesthetists, nurses, and clinical pharmacists and pharma-
cologists. The authors were asked, if possible, to write up cases that were of particular 
interest to them or of which they had personal knowledge. We believe this will make the 
material more interesting and less dry and also provide a key to developing expertise 
in DDIs. People believe facts, but they remember stories and it is known that recogni-
tion-based priming is a hallmark of expertise in complex, uncertain environments. Put 
another and much simpler way, we would be delighted to hear some day that a clinician 
or student said to a colleague, “Don’t you remember—that was  The Bawling Baby ?” 

 Each didactic essay and clinical case in the book is designed to be a self- contained 
learning module, so there is really no bad place to begin your DDI studies. Mastering 
DDIs is really all about mastering your  fear  of DDIs. So, if you are a newcomer to 
DDIs or have limited time, we recommend you start by reading the Core Concepts 
chapters (remember, they are short!) to create a good foundation, and then the intro-
ductions to the P450 enzymes, and the  Fatal Forty . Study the  Fatal Forty  several 
times and then think about and start to develop your own “ Top Ten ” list. 

 If you do not have time or otherwise cannot do that or, despite of our best efforts, you 
are still intimidated, look at our compilation of DDIs for both junior and senior anes-
thesia trainees below and start working on those. They have been selected by an anes-

2   Animal and in vitro DDI data and studies are both valuable from a scientifi c viewpoint as well as 
fascinating, however they are beyond the scope of this clinical handbook. Also, although these 
studies are often the precursors to understanding and recognizing corresponding or similar DDIs 
in humans, this is not necessarily always the case. 
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thesiology program director for their relevance and accessibility. If you cannot spend 
ten minutes on a case, spend just fi ve minutes and then invest the second fi ve minutes 
reviewing it later. You will eventually gain a familiarity and knowledge not just of the 
drug pairs that are presented in the cases, but with the broader associations, classifi ca-
tions, and mechanisms of DDIs. Take your top ten list and try to place into the routine 
of your clinical practice—for example, if smoked tobacco is on your list (a CYP1A2 
inducer), make a list of CYP1A2 substrates (eg, caffeine and cyclobenzaprine) and for 
one week, make a special effort to scan the medication list of every patient who has 
“quit” smoking before coming to the operating room. Try to  discuss one DDI case a 
day with your attendings or colleagues. Before each induction of anesthesia, stop a 
minute and think about whether any of the patient’s preexisting medications may have 
caused a catecholamine-depleted state. Start considering DDIs in the differential 
diagnosis of common anesthesia issues, such as apparent local anesthetic toxicity. 
Make friends with your clinical pharmacists and  pharmacologists! They are a wealth 
of information and knowledge and will be delighted to sit down and talk about drugs 
and drug interactions with you. Feel free to harbor suspicions and hold grudges. 

 Once you have developed a familiarity with DDIs and built a personal list of the most 
relevant drugs and DDIs, start working on maintaining currency with the DDI literature. 
We consider PubMed to be the most powerful DDI software program out there. 2  We 
recommend sitting down at the computer once a month to look at the emerging litera-
ture, so just type in your drug of interest and a simple search term, such as “P450” or 
“drug interactions” and see what comes up. The fi eld of DDIs and drug–gene interac-
tions is rapidly expanding and there will be new information and studies every month. 
As noted above, if you are not an expert, we recommend that you concentrate on human 
studies and case reports as these will contribute the most to your clinical practice. 

 If you are expert in pharmacology or are already knowledgeable about DDIs, this book 
will make an easy and fun refresher for airports or your daily commute. We are also 
hopeful the didactics and cases will be of use to you for your own lectures and presenta-
tions to pharmacology and pharmacy students and perioperative clinicians at all levels. 
Read the book with an eye to borrowing cases and the  Fatal Forty  approaches to moti-
vate your students and trainees and raise their awareness of DDIs. We feel the book, with 
its concise tables and appendices, also makes a good pocket reference. We welcome 
input and feedback, so please feel free to contact us with comments and suggestions! 3  

  A DDI reading list for the CA-1: 

•      That Sums It Up —additive nature of minimum alveolar concentration of 
volatile anesthetics  

•     Hot Stuff —triggering drugs, ryanodine receptor, malignant hyperthermia  

•    1 + 1 + 1 + 1 = ? —variable effects of alcohol and sedatives  

•    Riding The Rollercoaster —additive effects of vasoactive substances  

•     How To Successfully Occlude An Intravenous Line —chemical precipi-
tation of an induction agent and succinylcholine in an intravenous line  

•    Lipid Lifesaver —the interaction of local anesthetics and lipid emulsion  

3   Sandson.marcucci@comcast.net 

1 Let’s Start at the Very Beginning
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8

•    Comfortably Numb —the additive effects of local anesthetics  

•    The Topic Of The Day—inhibited metabolism of lidocaine causing seizures  

•   Blocked Again—repeated doses of succinylcholine  

•   Irreversibility Sux—neostigmine-succinylcholine interaction  

•    Keep An ‘Ion’ The Twitches —magnesium, neuromuscular blockade  

•       Relax, It’s Only Gentamicin —interaction of aminoglycoside antibiotics 
and volatile anesthetics at the neuromuscular junction  

•     A Delayed Surgeon Is A Dismayed Surgeon —combined effects of vola-
tile anesthetics on somatosensory-evoked potentials  

•     Doggone It–The Case Is Cancelled —interaction of midazolam and HIV 
drugs  

•     The Worry That’s Always With Us—Now I’m Depressed —interaction 
of benzodiazepines, opioids, and propfol  

•     The Wakeup Call: 2 AM Trauma —interaction of cocaine and 
ß-blockers  

•     Shiver Yes, Die No —interaction of meperidine and monoamine oxidase 
inhibitors  

•    The Lawyers Can Read, Too: Case Presentations From the Courtroom     

  A DDI reading list for the CA-2 or CA-3: 

•     The Hemodynamic Hole —general anesthetics, ACE inhibitors, and 
angiotension receptor blockers  

•    Alpha-2 To The Rescue (But Beware Bradycardia) —α 2 -agents and 
anesthetic requirements  

•    Bounce Back —ultrametabolism of ondansetron  

•    LOL-LOL: Little Old Lady—Lots of Lido   

•    Stop Moving —phenytoin induction of vecuronium  

•      Misusing Mom’s Meds —catecholamine depletion and indirect-acting 
sympathomimetics  

•    Dexy’s Midnight Spinal —dexmedetomidine and bupivacaine spinal  

•    TPN (I): Anesthetic Implications in the Perioperative Period   

•    Garlic II: A Girl Named Allicin   

•    The Lawyers Can Read, Too: Case Presentations From the Courtroom        

   References 
    1.    Benet LZ. Pharmacokinetics: basic principles and its use as a tool in drug metabolism. In: 

Mitchell JR, Horning MG, editors. Drug metabolism and drug toxicity. New York: Raven Press; 
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           Introduction to Pharmacodynamics 

  Pharmacodynamics  is commonly described as “what a drug does to the body” and 
this concept includes biochemical and physiological actions resulting from the 
administration of a drug. In contrast,  pharmacokinetics  describes “what the body 
does to a drug” (ie, absorption, distribution, metabolism, or excretion). 
Pharmacodynamics describes the relation between the concentration of drug at the 
effect site and the degree of the resulting drug effect. Dose-response relations may 
demonstrate the pharmacodynamic effects of a single drug or allow comparison of 
different drugs. Graphic illustrations often show the relations between dosage along 
the x-axis and the degree of the response to the drug (effi cacy) along the y-axis. The 
effects may be intended (therapeutic), unintended (adverse effects), or suprathera-
peutic (toxicity). Clinically, the drug concentration is targeted for the therapeutic 
window through proper dosage, thereby maximizing therapeutic effects while mini-
mizing adverse effects (Fig.  2.1 ).  

    Abstract  
  This chapter discusses the essential terms and concepts pertaining to the rela-
tionship between the concentration of a drug at the end-organ site and the 
degree of drug effect. This subset of pharmacology is known as 
 pharmacodynamics .  

      Pharmacodynamic 
Interac  ons: Core Concepts 
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 Pharmacodynamics also includes the ligand–receptor interactions that result in drug 
action. The  affi nity  of a ligand or a drug for a receptor is the strength of the attraction 
for a receptor and ligand to bind; the affi nity has a degree of  specifi city.  Specifi city 
may not be absolute for a given receptor, and a single drug may have affi nity for sev-
eral completely different types of receptor classes. In the case of diphenhydramine, 
affi nity for the completely unrelated histamine and muscarine receptors is seen. By 
comparison, ondansetron has a greater specifi city, showing affi nity and selectivity for 
the 5-hydroxytryptamine 3  (5-HT 3 ) receptor subtype over other serotonin subtypes. 

 However, ligand affi nity alone does not fully explain single drug action. After a 
ligand is bound to a receptor, the drug may act as an  agonist  (able to cause a full 
effect), a partial agonist (able to cause a submaximal effect), or an  antagonist  (occu-
pying the receptor but not causing an effect). Although antagonists have affi nity for 
a receptor and lack effi cacy, their ability to act pharmacologically is to competi-
tively or noncompetitively interfere with the action of an agonist. 

 An example of direct competitive antagonism is the interaction between nondepolar-
izing neuromuscular blocking drugs (NMBDs) and the acetylcholine receptors (nic-
otinic cholinergic receptors). NMBDs compete for receptor occupancy with 
acetylcholine and interfere with the binding of acetylcholine to the receptor, prevent-
ing a muscle contraction. An NMBD must occupy 75% to 80% of the receptors to 
cause clinically signifi cant paralysis. The drug action is terminated through 

  Fig. 2.1    The relation of the therapeutic window of drug concentration to the therapeutic and 
adverse effects in the patient population. The ordinate is linear; the abscissa is logarithmic [Adapted 
from Blumenthal DK, Garrison JC. Pharmacodynamics: molecular mechanisms of drug action. In: 
Brunton LL, Chabner BA, Knollmann BC, editors: Goodman & Gilman’s The Pharmacological 
Basis of Therapeutics. 12th ed. New York, McGraw-Hill Medical, 2011, pp. 41–72. With permis-
sion from McGraw-Hill]       
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 metabolism over time, however; reversal of blockade can be facilitated indirectly 
with administration of an acetylcholinesterase inhibitor. These drugs bind with ace-
tylcholinesterase and prevent the degradation of endogenous acetylcholine. This pre-
vention increases the amount of acetylcholine available at the nicotinic receptors to 
compete with the neuromuscular blockers for binding. Because acetylcholine does 
not have absolute specifi city for neuromuscular nicotinic receptors, a muscarinic 
antagonist needs to be coadministered to prevent parasympathetic adverse effects. 

  Receptor occupancy  in an organ or enzyme system also assists in dictating drug 
action, and the effects are limited when either system reaches a saturation point. In this 
example, when a patient is paralyzed with an NMBD and demonstrates no muscle 
twitches when stimulated with a nerve stimulator, nearly all of the receptors are occu-
pied. At this point, further administration of the NMBD does not confer additional 
effi cacy. This clinical result is often referred to as a pharmacologic  ceiling effect . 

 At full blockade, administration of a cholinesterase inhibitor is not effective because 
the degree of receptor occupation cannot be overcome by the endogenous increase 
in acetylcholine. Therefore, effective reversal of neuromuscular blockade is often 
achieved after the NMBD effect has begun to wane and the patient has at least one 
twitch return when stimulated with a train-of-four stimulus. Endogenous levels of 
acetylcholine as a result of acetylcholinesterase inhibition are then adequate to com-
pete with the NMBD, thus allowing for muscle function recovery. Of note, the clini-
cian needs to consider the duration of action of the administered NMBD when 
giving a reversal agent because re-paralysis is possible. If the duration of action of 
the reversal agent is shorter than that of the NMBD, the action of the NMBD con-
tinues after the cholinesterase inhibitor is no longer effective. 

 The effect of competitive antagonists can be overcome by increasing the concentra-
tion of the agonist, whereas the effect of noncompetitive antagonists cannot be over-
come. Noncompetitive interactions are bound irreversibly or these ligands 
disassociate very slowly from the receptor (Fig.  2.2 ). Where irreversible interac-
tions occur, a new receptor must be produced. Phenoxybenzamine is an example of 
a noncompetitive α-antagonist.  

 Receptors act as the mediators for many pharmacodynamic effects. The four main 
receptor families are ligand-gated ion channels, G protein-coupled receptors, enzyme-
linked receptors, and intracellular receptors (Fig.  2.3 ). The majority of the receptors 
relevant in drug action are G protein–coupled receptors, including opioid (μ, κ, and δ 
subtypes), substance P, dopamine, serotonin, histamine 1  (H 1 ), cannabinoid, and musca-
rinic cholinergic and γ-aminobutyric acid B  (GABA B ) receptors. The acetylcholine 
receptor (nicotinic cholinergic receptor) is an example of a ligand- gated ion channel, as 
are the N-methyl-D-aspartate (NMDA) and GABA A  receptors. Enzyme-linked and 
intracellular receptors are less commonly drug targets. Enzyme-linked receptors include 
the natriuretic peptide receptor and epidermal growth factor receptors. Estrogen, miner-
alocorticoid, and thyroid hormone receptors are examples of intracellular receptors.  

2 Pharmacokinetic Interactions
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  Tolerance  is the development, over time, of a resistance to the effects of a drug. An 
increased amount of the drug must be administered to achieve the same level of 
effect that was achieved earlier with less drug. Pharmacodynamically, this resistance 
may be due in part to receptor re-regulation. Continuous exposure to drugs may 
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  Fig. 2.3    Transmembrane signaling mechanisms. A, Ligand binds to extracellular domain of a 
ligand-gated channel. B, Ligand binds to a domain of a serpentine receptor, which is coupled to a 
G protein. C, Ligand binds to the extracellular domain of a receptor that activates a kinase system. 
D, Lipid-soluble ligand diffuses across the membrane to interact with its intracellular receptor 
[Adapted from Finkel R, Clark MA, Cubeddu LX, (Eds.). Pharmacology, 4th ed. Philadelphia, PA: 
Lippincott Williams & Wilkins, 2009. With permission from Wolter Kluwers Health]       

  Fig. 2.2    Mechanisms of receptor antagonism. A, Competitive antagonism occurs when agonist A 
and antagonist I compete for the same binding site on the receptor. Response curves for the agonist 
are shifted to the right in a concentration-related manner by the antagonist, such that the EC50 (the 
concentration of drug that gives half maximal effect) for the agonist increases (ie, L vs L′, L", and 
L′′′) with the concentration of the antagonist. B, If the antagonist binds to the same site as the 
agonist but does so irreversibly or pseudoirreversibly (slow dissociation but no covalent bond), it 
causes a shift of the dose-response curve to the right, with further depression of the maximal 
response [Adapted from Blumenthal DK, Garrison JC. Pharmacodynamics: molecular mecha-
nisms of drug action. In: Brunton LL, Chabner BA, Knollmann BC, (Eds.). Goodman & Gilman’s 
The Pharmacological Basis of Therapeutics. 12th ed. New York, McGraw-Hill Medical, 2011, 
pp. 41-72. With permission from McGraw-Hill]       
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cause receptor upregulation or downregulation and result in a change of overall 
receptor density. Tolerance may be to a single agent or to other drugs of a similar 
class or with a similar mechanism—a phenomenon often referred to as  cross- 
tolerance  . Cross-tolerance between two different drugs may be complete (ie, similar 
in degree of tolerance) or incomplete (ie, tolerance is reduced in degree). 

 An important point of consideration is that tolerance may also build up toward one 
effect of a drug and not another effect. As the dose is increased to achieve the same 
desired effect, other effects may increase in intensity. A classic example is opioid 
use. Persons taking opioids on a long-term basis eventually have tolerance to the 
medication’s analgesic, or pain-relieving, effect, thereby requiring increased doses 
over time. However, tolerance does not develop to all the opioid effects, For exam-
ple, adverse effects of opioids include constipation, and tolerance to opioid- induced 
constipation does not develop as it does toward the analgesic effect. 

 Tolerance is not the same as  addiction  or  dependence . Dependence is physiological 
and often seen on cessation of a drug, eliciting a withdrawal syndrome. Opioids can 
cause both tolerance and dependence and, given enough time, these effects are 
expected pharmacologically. Addiction, however, is a psychological phenomenon 
and the drug becomes the focus of behavior. Although a patient may present with 
tolerance, dependence, and addiction to an opioid, addiction is not a regularly 
expected pharmacologic outcome in pain management. 

 Tolerance also should be differentiated from  tachyphylaxis.  Although tolerance 
develops gradually during long-term administration, tachyphylaxis is a rapid 
decrease in drug effect that may begin with the initial drug administration. 
Transdermal nitroglycerin is an example of a drug that undergoes tachyphylaxis and 
requires drug-free intervals because of the decrease in effect. 

 Pharmacodynamic interactions occur when two or more drugs are given concomi-
tantly. An  additive  interaction occurs when the combined effect of two drugs equals 
the sum of their individual effects. By comparison,  synergy  is an important concept 
in pharmacodynamics and in understanding drug interactions. These interactions 
may occur unwittingly or drug properties may be taken advantage of to increase a 
desired effect. Synergy occurs when two drugs are combined in therapy and produce 
a pharmacologic effect greater than the sum of their individual effects. The degree 
of respiratory depression observed as a result of concomitant administration of mid-
azolam and fentanyl is an adverse effect that demonstrates synergism. In contrast, 
the synergistic effect on sedation is desirable in many situations. When considering 
hypnosis and immobility in anesthesia, the clinician needs to be aware that drug 
combinations that act at the same receptor are likely to act in an additive manner; 
drugs that act at different receptors are more likely to act synergistically. 1  

 Drug combinations that result in antagonistic interactions also deserve consider-
ation.  Antagonism  occurs when the combined effect of two drugs is less than the 
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sum of their individual effects. Commonly, when antagonism is considered, one 
drug is administered to decrease the effect of another, as in the case of naloxone 
reversal of an opiate. However, antagonism also occurs when the effect of two drugs 
administered together is greater than the effect of either drug alone but is less than 
the projected additive effect of each drug. This response is often described as an 
 infra-additive interaction . The combination of isofl urane and nitrous oxide results 
in an infra-additive interaction since the combination produces less than an additive 
effect on hypnosis but more than the effect of either agent alone. 1  

 Knowledge of the individual types of interactions (synergy, additive, or antagonis-
tic) enable complex interactions to be broken down and understood in a more thor-
ough level. Such improved understanding may be used to recognize and, hopefully, 
to predict and prevent adverse drug interactions.     

   Reference 
     1.    Hendrickx JF, Eger 2nd EI, Sonner JM, et al. Is synergy the rule? A review of anesthetic inter-

actions producing hypnosis and immobility. Anesth Analg. 2008;107:494–506.    
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         Introduction to Pharmacokinetics 

  Pharmacokinetics  describes what the body does to a drug. This subject is in contrast 
to  pharmacodynamics , which is the relation between the concentration of drug at 
the effect site and the degree of the resulting drug effect. Pharmacokinetics starts 
with the introduction of a drug into the body, beginning with absorption and fol-
lowed by drug distribution, metabolism, and, fi nally, excretion. Many drug–drug 
interactions (DDIs) involve pharmacokinetics that may lead to adverse drug effects. 

 Drug administration occurs through several possible routes, including oral, intrave-
nous, rectal, sublingual, subcutaneous, inhalation, and transdermal. Aside from 
intravenous (IV) administration, all other routes require that the drug be absorbed. 
 Bioavailability  refers to the fraction of the drug dose that reaches the systemic cir-
culation after administration, and it is often dependent on the route of administra-
tion. By defi nition, drugs administered intravenously have 100% bioavailability; 
drugs delivered through other routes may have a lower percentage of bioavailability. 
This comparison is especially true for drugs administered orally and rectally. 
A reduction in systemically available drug may be caused by reduced absorption in 
the gastrointestinal tract or by fi rst-pass metabolism (high hepatic extraction before 
the drug enters the systemic circulation), or both. Bioavailability is the basis for the 

    Abstract  
  This chapter discusses the essential terms and concepts pertaining to how the 
body processes drugs. This subset of pharmacology is known as 
 pharmacokinetics .  
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discrepancy between plasma levels after an oral dose and after an IV dose. Morphine 
is a good example of a drug that has a reduced oral bioavailability: 30 mg of orally 
administered morphine is required to equal the effect of 10 mg of morphine given 
intravenously. 

 Absorption from the gastrointestinal tract can be altered by food intake through 
changes in gastric emptying time, gastric pH, alteration of enzyme function, or 
interactions with drug transport mechanisms. Two drug transporters involved in 
drug interactions are P-glycoprotein (P-gp) and organic anion-transporting peptide 
(OATP). P-gp is an effl ux transporter that actively pumps substrates into the intesti-
nal lumen. Inhibition of P-gp allows an increased plasma concentration secondary 
to increased absorption. For example, the bioavailability of cyclosporin is increased 
after P-gp inhibition. OATP, however, is an infl ux pump that transports substrates 
into intestinal enterocytes. Here, grapefruit juice decreases absorption of fexofena-
dine by inhibition of intestinal OATP. 1  In addition, drug absorption may be modifi ed 
through alteration of intestinal cytochrome P450 3A (CYP3A). In this case, grape-
fruit juice can inhibit CYP3A, allowing increased bioavailability of oral midazolam 
that otherwise would be metabolized before absorption with this enzyme. 2  

 After a single dose of a drug, the plasma concentration begins to increase as the 
drug is absorbed (Fig.  3.1 ). The highest plasma concentration achieved is the  peak 
concentration . After reaching this peak, the plasma concentration begins to decrease 
because of drug distribution, metabolism, and clearance. When a second dose is 
administered, the plasma concentration again increases and peaks. This second peak 
may be higher than the fi rst, depending on the time interval between the fi rst and 
second doses (Fig.  3.2 ). When drugs are dosed at a given interval, the minimum 
concentration before the next dose is called the  trough . Drug trough values are 

  Fig. 3.1    Schematic representation of pharmacokinetic profi les for intravenous (IV) and oral doses 
[Adapted from Gunaratna C. Drug metabolism and pharmacokinetics in drug discovery: a primer 
for bioanalytical chemists, part II. Current Separations [Internet]. 2001;19(3):87–92. 
Available from:   http://www.currentseparations.com/issues/19-3/19-3e.pdf    . with permission 
from Bioanalytical Systems, Inc]       
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 especially important when a certain level of drug must be maintained for therapeutic 
effect, such as with antibiotics or antiepileptics.   

 Drug distribution involves the spread of drug throughout the body. Distribution 
between the intravascular space and the tissues in the body depends on tissue 
 perfusion, as well as the chemical properties of the drug that dictate protein binding, 
ionization, and lipid solubility. The apparent volume of distribution is the hypotheti-
cal volume that a given dose of drug has to be diluted to achieve the resulting plasma 
concentration: 

 Volume of distribution=drug dose/plasma concentration 

 A drug that leaves the intravascular space and enters tissue compartments has a 
larger volume of distribution more readily than a drug that remains primarily intra-
vascular. Warfarin, for example, is highly protein bound and thus stays primarily in 
the intravascular space and has a small volume of distribution (0.14 L/kg). 3  In con-
trast, digoxin undergoes less protein binding and has a large volume of distribution 
(4-7 L/kg). 4  

 Acidic drugs, such as warfarin, tend to bind more extensively with albumin; basic 
drugs tend to bind with α 1 –acid glycoprotein and lipoproteins. Drug interactions 
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may occur when two drugs that are both protein bound are administered together, 
thereby increasing the free (unbound) fraction of one or both of the drugs. An 
increase in unbound drug may increase both the desired effect and adverse effects 
and may result in toxicity. A decrease in protein available to bind a drug may also 
affect the drug pharmacokinetics. It may cause an increase in unbound fraction of 
drug and increase the volume of distribution while also increasing the free drug 
available for metabolism and excretion, which may increase drug clearance. Such 
conditions as chronic disease, liver failure, malnutrition, nephrotic syndrome, and 
heart failure may lead to decreased protein levels. Although these drug-protein- 
interactions are frequently considered, they clinically are of reduced importance 
since a new steady state concentration is often achieved after the interaction. 5  The 
overall clinical signifi cance of this interaction likely depends on the inherent toxic-
ity and clearance of the drug. 

 The acid–base properties of a drug also affect the degree of ionization that occurs at a 
given pH. Only the un-ionized form of a drug can pass through cell membranes. An 
increase in the un-ionized form will increase drug distribution; an increase in the ion-
ized form will decrease distribution. This relation explains why infi ltration of local 
anesthetics at the site of infection is less effi cacious. Local anesthetics are weak bases 
and infection creates an acidosis, thereby increasing the ionized form of the drug and 
decreasing the amount of drug available to cross the cell membrane to the site of 
action. High lipid solubility also increases the volume of distribution because the drug 
tends to leave the intravascular space. Fentanyl is more lipid soluble than morphine 
and has a faster onset of action and greater volume of distribution than morphine. 

 Initially, a drug is distributed to areas with high blood fl ow, but over time, the drug 
redistributes to other areas as the concentration gradients change. One area of high 
blood fl ow is the brain, the site of action for IV anesthetics. Thus, IV anesthetics 
initially distribute quickly to their site of action, but the action is terminated by 
redistribution of drug from the brain, away from the effect site. With repeated drug 
administration or continuous infusion, the areas into which a drug redistributes may 
become saturated and the drug effect will continue for an increased length of time. 
Metabolism, rather than redistribution, becomes the primary mechanism for termi-
nation of drug action. 

 The action of drug metabolism has a large potential for drug–drug interactions. 
Drugs may compete for the same route of metabolism or a drug may alter the metab-
olism of another drug. Drug metabolism is divided primarily into two categories: 
Phase I reactions and Phase II reactions. Phase I reactions involve oxidation, reduc-
tion, or hydrolysis of substrates both endogenous (steroid hormones) and exogenous 
(drugs) through such enzymes as the cytochrome P450 (CYP) enzymes. The CYP 
family of enzymes is responsible for a large majority of drug metabolism. 

 Phase II reactions involve drug conjugation through glucuronidation, acetylation, 
sulphation, methylation, and glutathione conjugation. Drug interactions may occur 
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simply because of interference. When two drugs are metabolized through the same 
enzyme system coadministered, one or both of the drugs may be metabolized at a 
slower rate (competitive inhibition). This slower metabolism rate results in increased 
drug plasma concentrations and, possibly, increased drug effect or toxicity due to the 
reduced metabolism. Drug interactions may also be more complex. Some enzyme 
substrates act as enzyme inducers; they cause an increase in enzyme activity result-
ing in increased metabolism of substrates for that enzyme. Conversely, a drug may 
act to inhibit an enzyme, decreasing the enzyme activity and resulting in decreased 
substrate metabolism (noncompetitive inhibition). Enzyme inhibition is a relatively 
rapid process, beginning with the fi rst dose of the inhibitor, and cessation of inhibi-
tion is related to the half-life of the inhibiting drug. 6  The time course of induction is 
more complex because the primary method of induction is increased enzyme pro-
duction. Thus, induction requires enzyme synthesis for onset, which may take days 
to weeks, and enzyme degradation for offset. 7  

 The CYP3A subfamily includes the CYP3A4, CYP3A5, and CYP3A7 isoenzymes. 
Collectively, they are responsible for 50% of the biotransformation of drugs that 
undergo oxidative metabolism. 8  However, depending on the drug, there can be dif-
ferential ability for each isoenzyme on metabolism. 9  The frequently discussed 3A4  
enzyme is usually considered the major determinant in this metabolism, however, 
3A5 may have an equally large contribution in some cases. 8  CYP3A7 has little or no 
role in adult metabolism because it is present primarily in fetal hepatic tissue. 
Intestinal and hepatic CYP3A is subject to both inhibition and induction through 
relatively common medications. Many drugs cause varying degrees of inhibition 
ranging from a clinically insignifi cant to a marked reduction of CYP3A activity. 
Potent inhibitors include clarithromycin, itraconazole, and ketoconazole. CYP3A 
inducers include rifampin, carbamazepine, and St. John’s wort, among others. 
Coadministration of carbamazepine with valproic acid can reduce the concentration 
of valproic acid by approximately 50% through induction of CYP2C9 and multiple 
phase II enzymes. 10  In addition, coadministration of carbamazepine can substan-
tially reduce oral contraceptive levels through induction of CYP3A. 11  

 When considering enzyme induction, clinicians need to note whether the drug of 
interest is inactivated with metabolism, has an active metabolite, or is a prodrug (ie, 
becomes active with metabolism). A drug that is inactivated with metabolism has a 
reduced effect when coadministered with an enzyme inducer because the drug is 
metabolized more extensively. However, if the drug has an active metabolite or is a 
prodrug, coadministration with an inducer may actually increase drug effect. The 
opposite is true for coadministration with an enzyme inhibitor. In this clinical situ-
ation, a drug inactivated by metabolism may have an increased effect when admin-
istered with an inhibitor; a drug with an active metabolite or a prodrug may have a 
decreased effect. 

 The CYP2D6 enzyme also undergoes inhibition with such medications as some of 
the selective serotonin reuptake inhibitors and serotonin-norepinephrine reuptake 
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inhibitors, several antipsychotics, and some cardiac medications. Tamoxifen, a 
medication used in treatment of breast cancer, is metabolized through CYP2D6 to 
endoxifen, an active metabolite that is a potent antiestrogen. Inhibition of CYP2D6 
can decrease the endoxifen levels and is potentially related to an increased recur-
rence of breast cancer. One study showed that venlafaxine did not reduce endoxifen 
concentration, and sertraline and citalopram reduced endoxifen concentrations 
slightly. The study also showed that fl uoxetine and paroxetine are strong inhibitors 
and reduce endoxifen concentrations signifi cantly. 12  

 When considering inhibition and induction of enzymes, since outcomes may be 
toxicological, clinicians need to realize that much of the data are derived from 
in vitro studies, retrospective data analysis, or case reports. In vitro data do not nec-
essarily correlate with in vivo action, and an effect that may be present with in vitro 
studies may not result in a clinically signifi cant effect. 

 Drug metabolism is affected by differences in enzyme genotype, which may result 
in different levels of enzyme function.  Pharmacogenomics  is the study of genetic 
differences in drug metabolism and drug response. Persons may be poor, intermedi-
ate, extensive, or ultra-rapid metabolizers depending on the respective enzyme. 
Similar to the dependence of the impact of an inducer or inhibitor on drug effect, the 
impact of genotype on drug effect is dependent on whether the active form of the 
drug is the parent drug or the drug metabolite. If the parent drug is active with an 
inactive metabolite, poor metabolizers will have increased drug effect, extensive 
metabolizers will have the expected effect, and ultra-rapid metabolizers will have 
decreased effect. The CYP2D6 enzyme has various genotypes that result in poor, 
intermediate, extensive, and ultra-rapid metabolism. β-Blockers, including meto-
prolol and carvedilol, are metabolized through CYP2D6. Because the parent drug is 
the active compound, poor metabolizers have increased effect and may have exces-
sive blockade and ultra-rapid metabolizers have decreased active agent at the effect 
site. 

 With a prodrug, the converse occurs and poor metabolizers have decreased drug 
effect; extensive metabolizers, normal effect; and ultra-rapid metabolizers, increased 
effect. Codeine is an example of a prodrug, and it is metabolized through CYP2D6 
to the active compound, morphine. Poor metabolizers have less active agent at the 
effect site and less effective analgesia, whereas ultra-rapid metabolizers have 
increased active agent at the effect site with a possibility of toxicity. 

  Total drug clearance  is a combination of drug elimination and metabolism. Drugs 
are eliminated from the body via both renal and nonrenal routes. Nonrenal routes 
include hepatic (biliary excretion), gastrointestinal (fecal), and skin (secretion). 
Renal clearance occurs as the kidneys remove drugs from the plasma by fi ltration or 
active secretion and is described in units of plasma volume that are cleared of the 
drug over time (L/h). Changes in renal function can impact the ability of the kidneys 
to clear drugs. Famotidine, a commonly used histamine 2  receptor antagonist, 
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requires dose reduction or increased time between doses when renal function is 
impaired. 

 Glomerular fi ltration rate is a useful measure of kidney function, and creatinine 
clearance rate is a surrogate measure for the glomerular fi ltration rate. Exact mea-
surement of creatinine clearance requires 24-hour urine collection and is not often 
performed. Various methods can be used to estimate creatinine clearance, including 
the Cockcroft-Gault formula, which uses age, body mass, sex, and serum creatinine 
concentration, as well as the Modifi cation of Diet in Renal Disease formula, which 
uses age, sex, race, and serum creatinine concentration. Drug interactions may 
occur at the level of the kidneys through drug impairment of renal function and 
alterations in drug secretion. Probenecid, an antigout agent, is an example of a drug 
that interferes with secretion of another drug. It impairs the tubular secretion of 
penicillin and is used therapeutically to reduce the required dosing interval of 
penicillin. 

 As noted, drug clearance is measured as volume of plasma cleared per unit of time. 
 Half-life  also describes the decrease in drug concentration and is defi ned as the 
length of time required to reduce the plasma concentration by 50%. After two half-
lives, 25% of the original drug concentration remains; after three half-lives, 12.5% 
remains. The concept of half-life implies that a drug follows fi rst-order kinetics, 
where the rate of drug concentration decline is proportional to the concentration of 
the drug. Most drugs undergo fi rst-order kinetics. Drugs also may follow zero-order 
kinetics, in which the rate of decline of drug concentration proceeds at a constant 
rate, independent of drug concentration in plasma. Fortunately, few drugs undergo 
zero-order kinetics because once the respective enzyme system is saturated, small 
dosage changes can cause much greater changes in plasma concentrations. 

  Context-sensitive half-time  describes the time for the plasma concentration of a 
drug to decrease by half after a continuous infusion of the drug is discontinued. The 
half-time varies on the basis of the infusion duration. In general, the context- 
sensitive half-time increases as the duration of the infusion increases and is due to a 
decreasing ability for the agent to undergo redistribution. With some drugs, the 
increase is clinically signifi cant and with others, it is not. The half-time of fentanyl 
changes markedly with increased infusion duration; the half-time of remifentanil is 
unaffected by infusion duration (Fig.  3.3 ).  

 Of importance, much of what is known about the pharmacokinetics of a given drug 
may have been determined in a small, healthy population and may not be generaliz-
able to a specifi c patient or patient population. Changes in physiology, pathology, 
and concomitant drug administration often alter the absorption, distribution, metab-
olism, and excretion of a given drug, causing adverse effects or toxicity. 
Consideration also should be given to the normal variations seen in different  age 
groups, such as pediatric and geriatric patients, that cause pharmacokinetic changes.     

3 Pharmacokinetic Interactions: Core Concepts
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      The “area under the curve” graph classically describes the plasma concentration of 
a drug as a function of time after an intravenous (IV) bolus of a medication plotted 
on  x  and  y  coordinates. Although an oversimplifi cation, this visualization assists in 
estimating plasma medication levels. 

 In a one-compartment model, one must assume that all medication remains within 
the plasma compartment and does not redistribute to other body partitions. With an 
IV injection, the concentration of the drug is very elevated immediately after injec-
tion; however, the concentration drops exponentially as a constant fraction under-
goes metabolism (Fig.  4.1 ). After four elimination half-lives, the level of medication 
approaches zero and changes minimally as time progresses.  

 In a two-compartment model, there is the presumption that all the drug does not 
remain within the plasma. It is assumed that medication distributes between the 
central plasma compartment and a “peripheral” partition. This imagery becomes 
clinically informative in relation to highly lipophilic drugs such as propofol. After a 

    Abstract  
  This chapter briefl y discusses the pharmacologic parameter, commonly 
referred to as the Area Under the Curve, that describes the distribution and 
elimination of drugs from the body.  
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  Fig. 4.1    Area Under the 
Curve, concentration vs. 
time: One-compartment 
model for bolus IV and PO 
administration [Reprinted 
from   http://en.wikipedia.org/
wiki/Bioavailability     Last 
accessed on July 20, 2012. 
With permission from the 
Creative Commons License]       
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  Fig. 4.2    Area Under the 
Curve, concentration vs. 
time: Two-compartment 
model for bolus IV 
administration [Reprinted 
from   http://en.wikipedia.org/
wiki/Pharmacokinetics     Last 
accessed on July 20, 2012. 
With permission from the 
Creative Commons License]       
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single bolus, the concentration exponentially decreases as medication redistributes 
to the peripheral compartment (Fig.  4.2 ). With time, the concentration between the 
two compartments equalizes, and drug diffusion reverses. In other words, medica-
tion now moves from the peripheral to the central compartment. The concentration 
of medication gradually decreases within the central partition secondary to metabo-
lism, highlighting another important assumption of the two-compartment model. 
Drug can only be metabolized from the central compartment; medication within the 
periphery is not subject to degradation. Graphically, this pharmacokinetic phenom-
enon is characterized by two curves. An initial distribution phase refl ects diffusion 
of medication to the periphery. The second curve, or elimination phase, describes 
gradual metabolism from the central compartment. The slope of the distribution 
phase is much steeper than the slope of the elimination phase, indicating that drug 
concentration drops precipitously after injection, then more slowly due to 
elimination.   

4 Area Under the Curve
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    Abstract  
  This chapter discusses the genetics, metabolic actions, substrates, and 
 inhibitors of cytochrome P450 2D6.  

      Cytochrome P450 (CYP) 2D6 is a member of the cytochrome P450 family of 
 hemoproteins, which are responsible for Phase I metabolism of the majority of 
xenobiotics in the body. CYP2D6 accounts for about 2% to 5% of the body’s P450 
enzymes, but metabolizes about 25% of current drugs. 1  Most commonly, a 
 monooxygenase reaction is catalyzed; that is the insertion of one atom of oxygen 
into an organic substrate – RH + O 2  + 2H +  + 2e -  → ROH + H 2 O. In humans, 2D6 is 
expressed almost exclusively in the liver, with a small amount of activity in the 
intestinal wall. It is a membrane bound protein located on the cellular endoplasmic 
reticulum. The gene coding CYP2D6 is located on chromosome 22. Typically, 
 substrates for the 2D6 isoenzyme are lipophilic bases. 

 CYP2D6 shows great phenotypic variability due to genetic polymorphism. More 
than 100 allelic variants with different properties have been discovered but 87% of 
genotypes are accounted for by fi ve variants. 2  ,  3  The wild-type reference is desig-
nated CYP2D6*1. Expression of the allelic variants in heterozygous or homozy-
gous forms results in different enzyme activity levels, which are classifi ed as: 1) 
poor metabolizer with little or no CYP2D6 function, 2) intermediate metabolizer 
with reduced function, 3) extensive metabolizer with normal function, or 4) ultra-
rapid metabolizer with increased CYP2D6 function. A person with two nonfunc-
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tional alleles is phenotypically a poor metabolizer. More than two functional alleles 
results in an ultra-rapid metabolizer. Someone with one functional copy is either an 
intermediate or extensive metabolizer depending on the activity of the allele. 
Clinical effects of drugs that are metabolized by CYP2D6 in addition to other path-
ways, such as oxycodone and ß-blockers, may not be impacted by genetic variabil-
ity or drug interaction involving CYP2D6 unless it is the dominant metabolic path. 
The biological effect of a specifi c allele may be substrate-dependent. For example, 
CYP2D6*17 is usually an allele with reduced function, but it produces variable 
clinical outcomes when catalyzing the metabolism of substrates such as dextro-
methorphan, fl uoxetine, codeine, and tramadol. 4  Laboratory tests can be used to 
distinguish genotypes (AmpliChip, Roche Diagnostics, Indianapolis, IN), or clini-
cal activity can be evaluated by measuring the metabolism of debrisoquine, a selec-
tive CYP2D6 substrate that may be used to predict drug interactions and patients’ 
metabolism of drugs. An extensive review of the CYP2D6 polymorphisms has been 
published. 1  

 Ethnicity is a factor in CYP2D6 variability. About 5% to 10% of Caucasians and 
2% of Chinese are poor metabolizers of 2D6 substrates. 5  ,  6  The incidence of poor 
metabolizers in African populations is highly variable (0% to 34%). 7  The incidence 
of persons with genotypes resulting in reduced metabolism reaches 50% in Asians 
and 47% of children in London. 8  ,  9  Ultra-rapid metabolizers have not been reported 
in Asians, but reach 9% to 30% in Africans and 1% to 7% in Caucasians. 7  

 Clinically important drug–drug interactions involving 2D6 occur because of differ-
ent allelic expression and/or co-administration of substances which may be inhibi-
tors of the 2D6 enzyme. There are actually no known inducers of 2D6, which is 
unique among the “common” CYP450 enzymes. 10  Biological effects depend on 
whether the substrate is an active drug or a prodrug like codeine. The biological 
effect of an active drug is enhanced in poor metabolizers or by co-administration of 
inhibitors and reduced in ultra-rapid metabolizers or by co-administration of induc-
ers. The biological effect of codeine, which requires 2D6 conversion to its active 
form morphine, is enhanced in ultra-rapid metabolizers and reduced in poor metab-
olizers or by co-administration of inhibitors. 

 Common drugs that are 2D6 substrates and may be taken by patients presenting for 
anesthesia are: ß-blockers, several antiarrhythmics, some selective serotonin reuptake 
inhibitors (SSRIs), tricyclic antidepressants, and several antipsychotics. Some 2D6 
inhibitors include: several SSRIs, 3,4-methylenedioxy-N- methylamphetamine 
(MDMA), ritonavir, bupropion, goldenseal, and quinidine. Medications used in the 
perioperative period that are 2D6 substrates include: opioids (including codeine, 
hydrocodone, dihydrocodone and tramadol), ondansetron, ß-blockers, and metoclo-
pramide. Perioperative medications that are 2D6 inhibitors include celecoxib, diphen-
hydramine, metoclopramide, ropivacaine, cimetidine, methadone, and amiodarone. 

 Clinical relevance has been demonstrated. Apnea has occurred after administration 
of codeine to a child whose 2D6 ultra-rapid metabolizer phenotype resulted in a 
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higher than expected conversion of codeine to morphine. 11  Ultra-rapid metabolizers 
may have a higher incidence of failure of ondansetron prophylaxis of postoperative 
vomiting. 12  Granisetron is the only 5-HT 3  antagonist that is not metabolized by 
CYP2D6, and thus would confer effective anti-emetic prophylaxis to an ultra-rapid 
metabolizer for whom ondansetron had failed. 13  Poor and intermediate metabolizers 
have well-documented reduced analgesic effi cacy of codeine, hydrocodone, and tra-
madol, each of which relies on metabolism by 2D6 to an active form to have clinical 
effect. 7  Patients who fail to respond to prodrug opioids metabolized by 2D6 may 
respond better to oxycodone, which is already an active analgesic in its “parent” 
form and does not require conversion via CYP2D6 to become an effective analgesic 
(ie, it is not a prodrug). Ropivacaine infusion has been shown to be a potent inhibitor 
of 2D6. 14  Patients on common selective serotonin reuptake inhibitor drugs, such as 
fl uoxetine or paroxetine, could be predicted to experience less analgesic effi cacy 
from opioid prodrugs. The combination of paroxetine and tramadol has resulted in 
development of central serotonin syndrome and seizures due to overaccumulation 
of tramadol, which lowers seizure threshold. 15  

 Dosing and effi cacy of medications that are CYP2D6 substrates may be affected by 
age. Liver enzymes reach maturity between the ages of 2 and 6 months. Before that 
age, medications that rely on conversion to active forms, such as tramadol and 
codeine, may not be effective and active substrates may accumulate. Although with 
most drugs metabolized by CYP450, pediatric dosing correlates best with body 
surface area, for those drugs metabolized primarily by CYP2D6, dosing should be 
based on body weight. 16  

    Take-Home Points 

•     CYP2D6 substrates and inhibitors include a broad array of commonly pre-
scribed drugs. There are no known CYP2D6 inducers, which is unique 
among the “common” CYP450 enzymes.  

•   Coadministration of CYP2D6 substrates and inhibitors will usually pro-
duce increases in the blood levels of those substrates.  

•   There is great variability in the genotypic and resulting phenotypic expres-
sion of CYP2D6. At standard dosages, 2D6 poor metabolizers will generate 
much higher-than-expected blood levels of CYP2D6 substrates, whereas 
ultra-rapid metabolizers will generate much lower-than-expected levels.  

•   Many of the commonly used analgesic agents (codeine, hydrocodone, and 
tramadol) are prodrugs for CYP2D6, so administering these agents to 2D6 
poor metabolizers, or coadministration of potent CYP2D6 inhibitors, will 
result in poor effi cacy. Conversely, administration of these agents to ultra-
rapid metabolizers can result in toxicity.        

5 CYP2D6: Where It All Began
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    Abstract  
  This chapter discusses the genetics, metabolic actions, substrates, inducers, 
and inhibitors of cytochrome P450 2E1.  

      The metabolic function of the cytochrome P450 (CYP) 2E1 isoenzyme in oxida-
tive and reductive reactions was fi rst elucidated in the early1980s. It was fi rst dis-
covered in rabbits exposed to ethanol. 1  ,  2  This early work in animals foreshadowed 
the most well-known effects of CYP2E1 in humans: principally, its function in 
creating toxic metabolites leading to liver injury. The most notable examples of 
alcohol-induced liver injury in humans are the CYP2E1 metabolism of acetamino-
phen to NAPQI, a reactive hepatotoxic metabolite, and lipid peroxidation by 2E1 
producing hepatotoxic reactive oxygen species. CYP2E1 is found primarily within 
liver microsomes in cell layers near the terminal hepatic vein, and it metabolizes 
small hydrophobic compounds. CYP2E1 functions primarily as an oxidative 
enzyme, with more than 50 known environmental and pharmacologic substrates. 2  
CYP2E1 activity has been the focus of many toxicology investigations, implicat-
ing the induction of this enzyme in the toxicity and carcinogenicity of many 
workplace-related substances, including aniline, ethylene glycol, nitrosamines, 
carbon tetrachloride, and benzene. 2  

 The most important pharmacologic 2E1 substrates are ethanol, isoniazid, and the 
halogenated anesthetics enfl urane, halothane, methoxyfl urane, isofl urane, sevofl u-
rane and desfl urane. CYP2E1 oxidation represents an alternate pathway to alcohol 
dehydrogenase for the metabolism of ethanol, while it is the principle enzyme 
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responsible for biotransformation of all halogenated anesthetics. 3  Isoniazid is also 
metabolized by glutathione transferase and N-acetyl transferase, with CYP2E1 
metabolism as an alternative pathway. 4  Acetaminophen is a minor substrate under 
normal circumstances; it is primarily metabolized by glutathione reductase. 
However, in cases of acetaminophen overdose or induction of CYP2E1 by ethanol, 
the hepatotoxic metabolite NAPQI is created. 5  The calcium channel blocker vera-
pamil is another minor substrate of 2E1, although CYP3A4 and CYP2C8 are more 
clinically important metabolic pathways for this drug. 5  

 Chlorzoxazone, a medication used clinically to treat muscle spasms, is a CYP2E1 
substrate of special importance. It is used primarily as a probe, or assay, for 2E1 
activity. Its metabolite, 6-hydroxy chlorzoxazone, is easily measured in serum and 
used as a marker for induction or inhibition of 2E1 activity, or to assess inter- 
individual variability of 2E1 activity. 6  

 Isoniazid, tobacco smoke, and ethanol are well-described inducers of CYP2E1 
activity, of particular concern in patients treated for tuberculosis, smokers, and 
chronic alcoholics. 5  Of recent interest is the induction of 2E1 in commonly encoun-
tered medical conditions, such as obesity and uncontrolled diabetes. Obesity 
increases two- to threefold the hepatic content and catalytic activity of CYP2E1, as 
evidenced by the increased fl uoride concentrations in obese patients after exposure 
to halogenated anesthetics. 7  In fact, some recent investigations have shown a link 
between CYP2E1 activity and oxidative liver injury in nonalcoholic 
steatohepatitis. 8  

 The only clinically potent inhibitor of CYP2E1 is disulfi ram.  In vivo , disulfi ram is 
reduced to diethyldithiocarbamate, a specifi c NADPH-specifi c inhibitor of 2E1. 
Propofol has been shown to be a CYP2E1 inhibitor  in vitro , which suggests the 
potential for this anesthetic drug to protect the liver from toxic CYP2E1 metabo-
lites. 9  ,  10  However, propofol’s signifi cance as an  in vivo  inhibitor has yet to be clearly 
demonstrated. Another less active inhibitor is phenethyl isocyanate, which is found 
in such vegetables as cabbage, brussels sprouts, and watercress. 2  ,  5  

 Of historical importance in anesthesia, enfl urane, methoxyfl urane, and halothane 
all undergo signifi cant P450 metabolism (8%, 46%, and 75% biotransformation, 
respectively). Halothane in particular is oxidatively defl uorinated by 2E1, produc-
ing trifl uoroacetate, bromide, and a reactive intermediate. The intermediate 
byproduct binds to liver proteins to create a trifl uoroacetylated “neoantigen,” which 
can trigger an autoimmune response in susceptible patients, causing acute hepatic 
necrosis, or “halothane hepatitis.” Although isofl urane is also oxidized to a reac-
tive acyl halide metabolite capable of creating this neoantigen, the incidence of 
hepatitis related to isofl urane is relatively insignifi cant owing to its minimal 
CYP2E1 metabolism in humans. Although halothane is no longer used clinically 
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in the United States, it is still commonly used in some developing countries, under-
scoring the importance of recognizing this potential toxicity for anesthesia provid-
ers working abroad. 

 The currently used halogenated anesthetics desfl urane, sevofl urane, and isofl urane 
undergo signifi cantly less hepatic metabolism. Of the three, sevofl urane undergoes 
the most 2E1 oxidation (5%), followed by isofl urane (1%) and desfl urane (<0.1%). 3  
The duration of anesthetic exposure does not appear to affect the degree of anes-
thetic metabolism, nor is the duration or potency of these halogenated anesthetics 
signifi cantly infl uenced by CYP2E1 induction or inhibition. CYP2E1 oxidation of 
sevofl urane to fl uoride and hexafl uoroisopropanol has been linked to a fl uoride-
induced decrease in renal concentrating ability (not to be confused with compound 
A-induced nephrotoxicity), although its clinical signifi cance has not been fi rmly 
established. 

 Recent investigations have focused on the genetic polymorphisms of CYP2E1, par-
ticularly with respect to preventing 2E1-mediated oxidative liver injury. For exam-
ple, patients with expression of homozygous wild-type 2E1 treated with isoniazid 
(INH) have been shown to have an increased risk for antituberculosis drug- induced 
liver injury. 4  The risk for hepatotoxicity is even more pronounced in patients who 
are also slow- acetylators (low N-acetyl transferase activity), illustrating the inter-
play between these metabolic pathways. This fi nding has important implications in 
isoniazid drug dosing adjustment, drug–drug interactions, and the infl uence of alco-
hol intake on drug metabolism. Other studies have investigated the impact of 
CYP2E1 polymorphisms on ethanol-induced liver injury. 8  This exciting new avenue 
of pharmacogenetics may shed more light on the role of 2E1 inducers and inhibitors 
in certain patient populations. 

    Take-Home Points 

•     Halogenated anesthetics are the most signifi cant pharmacologic substrates 
of CYP2E1. CYP2E1 metabolism of halothane is implicated in halothane 
hepatitis.  

•   CYP2E1 is induced by common medical conditions such as obesity, 
 diabetes, smoking, and chronic alcohol use.  

•   Hepatotoxicity of acetaminophen, isoniazid, and many organic industrial 
solvents is linked to increased activity of CYP2E1.  

•   Genetic polymorphisms of CYP2E1 may explain predisposition to  ethanol- 
and drug-induced hepatotoxicity in certain populations.        
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    Abstract  
  This chapter discusses the genetics, metabolic actions, substrates, inducers, 
and inhibitors of cytochrome P450 3A4.  

 CYP3A4: The Workhorse 

                           Jennifer     DeCou MD,           Nathaniel     Birgenheier MD,      
and     Randal     O.     Dull MD, PhD    

    7   

      Cytochrome P450 (CYP) 3A4 is the predominant member of the P450 family, a 
group of mixed-function oxidases that account for the majority of Phase I biotrans-
formation of endogenous biochemicals and xenobiotics. 1  The functional workhorse 
and most versatile of the P450 family, 3A4 comprises 30% of the hepatic P450 
complement and accounts for 70% of the intestinal CYP activity. 2  CYP3A4 is 
located primarily in hepatocytes and apical enterocytes in the intestines 1 ; the jeju-
num has the highest concentration of 3A4-expressing enterocytes. 3  ,  4  More impor-
tantly, the 3A4 isoenzyme is estimated to take part in the metabolism of 50% to 70% 
of currently administered medications and supplements. 1  ,  2  CYP3A4 also functions 
as a sort of “backup” enzyme; when other P450 family members that would nor-
mally biotransform a substance are unavailable due to potent exogenous inhibition 
or genetic polymorphism, 3A4 carries out the necessary oxidation/reduction 
reactions. 5  

 The CYP3A4 gene locus is 7q21.3-7q22.1. Of important note, the MDR (multi- drug 
resistance) gene, which codes for a P-glycoprotein that extrudes drug into the intes-
tinal lumen, is located nearby at 7q21.1. Their chromosomal proximity, expression 
in mature enterocytes, and similar substrates seem to indicate that these two proteins 
may work in unison to form an intestinal barrier to ingested substances. 2  Control of 
3A4 gene transcription is quite complex, but recent investigations have shed some 
light on the molecular mechanism. 2  The pregname X receptor (PXR) and the 
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 constitutive androstane receptor (CAR) have recently been discovered. 2  Members of 
the nuclear receptor superfamily of transcription factors, these proteins act as sen-
sors for drugs and xenobiotics. That is, these proteins detect the presence of ingested 
or injected drugs and xenobiotics and increase the production of CYP3A4 in both 
the liver and intestine. In addition, transcription of the 3A4 gene can be induced by 
vitamin D via the vitamin D response (VDR) element primarily in the intestine. 2  
PXR plays the primary role in determining hepatic 3A4 levels. 2  

 CYP3A4 metabolizing activity varies widely amongst individuals. 1  ,  5  Although there are 
no known poor metabolizers for this family, a 10-fold to 30-fold variability in enzymatic 
effi ciency has been reported. 6  Interestingly, unlike other CYP450 family members (2D6, 
2C9, 2C19) no polymorphism in the 3A4 gene has been identifi ed. 1  ,  3  The marked inter-
individual variability is therefore thought to be related to ethnic, cultural, and dietary 
differences. 1  ,  3  Additionally, age, gender, presence of liver or intestinal disease, and com-
plex molecular mechanisms account for the wide variability in enzyme function. 1  –  3  
Lastly, hepatic 3A4 content has been shown to vary 20-fold among individuals whereas 
enteric content varies 11-fold. Hepatic and enteric enzyme levels are independently 
regulated; nevertheless, the complex interaction between hepatic and intestinal enzyme 
levels and activity helps to account for such wide individual variability. 1  

 CYP3A4 can catalyze many metabolic reactions. Most substrates are large, lipo-
philic, neutral to basic molecules. 3  Reactions carried out by 3A4 include aliphatic 
oxidation, aromatic hydroxylation,  N -dealkylation,  O -demethylation, oxidative 
deamination, sulfoxide formation, and  N -hydroxylation in addition to many others. 3  
Because of the signifi cant amount of CYP3A4 located in the intestine, it plays a 
very important role in fi rst-pass (also known as presystemic) drug metabolism. 3  
This is best illustrated by specifi c dihydropyridine calcium channel blockers such as 
felodipine. When administered orally, felodipine undergoes 3A4 metabolism in api-
cal enterocytes after which only 30% of it remains unchanged. Further 3A4 metabo-
lism in hepatocytes results in only 15% bioavailability for oral felodipine. 3  

 The list of substrates, inducers, and inhibitors for CYP3A4 is extensive. Substrates 
most commonly encountered include tertiary amine tricyclic antidepressants, anti-
psychotics, macrolide antibiotics, dihydropyridine calcium channel blockers, 
HMG-CoA reductase inhibitors (statins), carbamazepine, and steroid compounds. 
Clinically relevant inducers include protease inhibitors such as ritonavir, anticon-
vulsants, rifampin, and St. John’s wort. Inhibitors of CYP3A4 include some selec-
tive serotonin reuptake inhibitors (SSRIs), several quinolone antibiotics, “azole” 
antifungals, and grapefruit juice. Notably, grapefruit juice (specifi cally bergamottin 
and dihydroxybergamottin) is a potent inhibitor of intestinal CYP3A4. 1  ,  5  

 With specifi c regard to the practice of anesthesiology, many commonly used anal-
gesics and sedatives are CYP3A4 substrates. Specifi cally, midazolam, ketamine, 
fentanyl, alfentanil, sufentanil, methadone, and most local anesthetics are exten-
sively metabolized by 3A4. 
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 Because 3A4 is so heavily involved in drug metabolism, a fundamental awareness 
of the potential for drug–drug interactions is critical. And because CYP3A4 is so 
ubiquitous, its clinical relevance can be easily demonstrated in patients taking com-
mon medications. For instance, coadministration of the CYP3A4 inhibitor grape-
fruit juice in a patient on a calcium channel blocker (felodipine) allowed 
supratherapeutic levels of felodipine to result in profound refractory hypotension. 1  
Case reports of torsades de pointes in patients on antihistamines or antifungals, or 
rhabdomyolysis in patients on statins and a quinolone antibiotic, are all to easy to 
fi nd. 7  –  12  Midazolam levels measured by area under the curve varied by 800% 
depending on co-administered drugs—rifampin (an inducer) vs itraconazole (an 
inhibitor)! 1  To be certain, as the predominant member of the CYP450 family, 3A4 
is implicated in countless drug–drug interactions. 

    Take-Home Points 

•     CYP3A4 makes up the largest complement of the cytochrome P450 sys-
tem, accounting for 30% of hepatic cytochrome activity and 70% of intes-
tinal activity.  

•   CYP3A4 plays a role in the metabolism of 50% to 70% of currently admin-
istered medications or supplements.  

•   Although no known poor metabolizers exist, 3A4 activity varies 10-fold to 
30-fold between individuals and is affected by age, culture, ethnicity, and 
diet.  

•   The genetics of 3A4 are complex: Recent discoveries in gene location and 
proximity have yielded information that suggests CYP3A4 and MDR 
genes play an important role in forming an intestinal barrier to ingested 
substances.  

•   The list of substrates, inducers, and inhibitors for 3A4 is extensive! 
Clinicians need to be aware of the many potential drug–drug interactions 
that may arise due to the wide ranging role of 3A4 in drug metabolism.        
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      Cytochrome P450 (CYP) 1A2 is a monooxygenase that is found almost exclusively 
in the liver. 1  It accounts for 10% to 15% of major cytochrome p450 enzymes. 1  ,  2  By 
means of hydroxylation or de-alkylation reactions, CYP1A2 metabolizes endoge-
nous compounds such as steroids, retinols, melatonin, and arachidonic acids; it also 
metabolizes approximately 4% to 20% of commonly prescribed medications, and 
contributes to bioactivation of many procarcinogens. 1  ,  2  

 The genetic sequencing for CYP1A2 is located on chromosome 15. 1A2 is a highly 
polymorphic enzyme with greater than fi fteen 1A2 alleles identifi ed to date. 3  Single-
point mutations in the 1A2 allele can cause changes in enzyme expression. For 
example, the wild-type allele  CYP1A2 *1A  exhibits normal enzyme inducibility, the 
 CYP1A2*1C  allele exhibits decreased enzyme inducibility, and the  CYP1A2*1 F  
allele exhibits increased enzyme inducibility. 3  Allelic frequencies may vary with 
ethnicity. For example, four distinct single-nucleotide mutations of 1A2 were 
screened in 459 Caucasians and found to be signifi cantly different from distribu-
tions seen in other ethnicities. 4  Predicting clinically signifi cant drug–drug interac-
tions (DDIs) or adverse drug events related to 1A2 may be complicated by the fact 
that 1A2 enzyme expression may vary up to 40-fold from individual to individual. 5  
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This interindividual variability is attributable to genetic and ethnic factors, as well 
as enzyme induction or inhibition by foods, environmental toxins like tobacco 
smoke, and medications. 

 Dietary effects on 1A2 include enzyme induction by brassica vegetables, char-grilled 
meats, and grape juice. Apiaceous vegetables, caffeine, and grapefruit juice inhibit 1A2 
enzyme activity. 6  The degree of dietary 1A2 induction or inhibition may vary consider-
ably from individual to individual; clinically relevant drug interactions may only occur 
with drugs having narrow therapeutic windows. 6  Cigarette smoking is a potent inducer 
of 1A2. 7  Human CYP1A2 has the ability to activate heterocyclic amines to carcino-
genic and mutagenic products. 8  In multiple studies, 1A2 function was shown to be 
strongly induced by polycyclic aromatic hydrocarbons, some of which are found in 
tobacco smoke. 7  ,  9  ,  10  Plasma levels of the 1A2 substrates olanzapine, and clozapine have 
been shown to decrease in the presence of cigarette smoking. 9  ,  11  Some investigators 
suggest that practitioners consider 1A2 substrate dosage reduction for persons who quit 
smoking and dosage increases for persons who commence smoking. 12  

 Commonly prescribed medications that induce 1A2 include carbamezapine and 
(in persons with the CYP1A2*1 F allele variant) omeprazole. 13  Fluvoxamine, 
 quinolone antibiotics (eg, norfl oxacin, enoxacin, and ciprofl oxacin), and oral con-
traceptives inhibit 1A2 enzyme activity. 13  Drugs that are preferentially metabolized 
by 1A2 include caffeine, clozapine, olanzapine, tacrine, and theophylline. 13  Drugs 
that are to a lesser degree metabolized by 1A2 include clomipramine, duloxetine, 
imipramine, naproxen, ondansetron, propafenone, R-warfarin, and verapamil. 13  

 Concomitant use of CYP1A2 substrates, inhibitors and/or inducers has been shown 
to produce signifi cant pharmacokinetic interactions. 7  ,  11  ,  12  ,  14  However, medication 
dose adjustments may not be uniformly necessary, particularly if the drugs in ques-
tion have high therapeutic indices. For example, one study showed that although 
plasma concentration of duloxetine signifi cantly increased with concurrent admin-
istration of fl uvoxamine, these combinations were generally well tolerated by the 
human research subjects. 14  

    Take-Home Points 

•     CYP1A2 accounts for approximately 10% to 15% of major cytochrome 
P450 enzymes and metabolizes 4% to 20% of commonly prescribed 
medications.  

•   Interindividual variability in enzyme expression of CYP1A2 can be related 
to genetic, dietary, environmental, and medication effects and this variabil-
ity in enzyme expression may affect drug metabolism and clinical effects.  
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•   Concomitant use of CYP1A2 substrates, inhibitors, and inducers may 
necessitate medication dosage adjustments for drugs with narrow thera-
peutic windows or low therapeutic indices.        
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      The functions of the cytochrome P450 (CYP) 2B family of enzymes have not been, 
until relatively recently, well characterized in humans. Located on chromosome 19, 
CYP2B6 is the only known isoform present in humans, and comprises between 1% 
and 10% of the P450 enzyme system. 1  ,  2  Although CYP2B6 was originally thought 
to be negligible in importance in humans, it is becoming more evident that the pres-
ence of CYP2B6 is ubiquitous, but expression and inducibility are highly variable 
among individuals, depending on age and ethnicity. 3  

 Expression of CYP2B6 is closely regulated by the constitutive androstane recep-
tor (CAR), the pregnane X receptor, and glucocorticoid receptor. 4  CYP2B6 has 
been detected not only in liver, but also lung, kidney, and intestine, where it par-
ticipates mostly in  N -demethylation and hydroxylation of its substrates. 5  This has 
important implications for many anesthetic drugs that are metabolized by 
CYP2B6. 

 There are more than 40 substrates for CYP2B6, and the list is growing. 3  Some 
well- known substrates are the antidepressant bupropion, the antineoplastic agents 
cyclophosphamide and ifosphamide, and the antiretroviral efavirenz. 2  Clinically 
important inhibitors include the selective serotonin reuptake inhibitors (SSRIs) 
paroxetine and sertraline, estradiol, thiotepa, ticlopidine, and clopidogrel. 2  ,  6  ,  7  

        D.   Coyle   MD      (*) 
  Department of Anesthesiology ,  University of Utah ,   Salt Lake City ,  UT ,  USA   
 e-mail: dustin.coyle@hsc.utah.edu   

    R.  O.   Dull   MD, PhD    
  Department of Anesthesiology ,  University of Illinois at Chicago ,   Chicago ,  IL ,  USA    

 CYP2B: 2B or Not 2B? 

                           Dus  n     Coyle     MD      and     Randal     O.     Dull     MD, PhD   

    9   

    Abstract     
This chapter discusses the genetics, metabolic actions, substrates, inducers, 
and inhibitors of cytochrome P450 2B6.  

mailto:dustin.coyle@hsc.utah.edu


46

Inducers of CYP2B6 include the anticonvulsants phenobarbital, phenytoin, and 
carbamazepine, as well as rifampin, ritonavir, and some glucocorticoids such as 
dexamethasone. 8  

 A profoundly important role for CYP2B6 is evolving in anesthesia. For instance, 
CYP2B6 is a high-affi nity, high-capacity enzyme for propofol, and appears to be the 
major cytochrome P450 enzyme for propofol metabolism. 9  Presence of CYP2B6 in 
other major organs appears to be a signifi cant factor in the extrahepatic metabolism 
that occurs with propofol. 

 Ketamine metabolism to its analgesic metabolite, norketamine, is mostly mediated 
via CYP3A4 at higher concentrations. However, at lower, subanesthetic doses, 
CYP2B6 plays a relatively larger role, since it appears to have a higher affi nity for 
ketamine than 3A4. 10  

 CYP2B6 is responsible for about 57% of the conversion of meperidine to its neuro-
toxic metabolite, normeperidine. 11  Thus, great caution is warranted when giving 
meperidine to individuals also taking CYP2B6 inducers. 

 CYP2B6 has recently been shown to be the main mediator in P450 metabolism of 
methadone. 12  It preferentially dealkylates the S enantiomer of methadone, increas-
ing the R/S ratio. Since the R enantiomer is responsible for the analgesic effects of 
methadone, interindividual variation of the drug’s effects can be remarkable based 
on the relative activity of CYP2B6. 

 It is clear that the importance of CYP2B6 within the cytochrome P450 system has 
been relatively underestimated in the past. We are now beginning to learn how much 
of a major player it is, especially in the realm of anesthesiology. 

    Take-Home Points 

•  The importance of the CYP2B6 enzyme is only starting to be fully 
elucidated. 

•  Important substrates of CYP2B6 include propofol, ketamine, meperidine, 
and methadone. 

•  Important inducers of CYP2B6 are phenobarbital, phenytoin, carbamaze-
pine and dexamethasone. 

•  Interindividual variations in CYP2B6 expression and inducibility can pro-
duce variable effects.     
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      Cytochrome P450 2C9 is an important member of the cytochrome P450 (CYP) 
enzyme superfamily. It accounts for approximately 20% of the hepatic P450 
enzymes and metabolizes approximately 15% of current therapeutic drugs. 1  
Included in these are several commonly used drugs in the perioperative period, 
some of which have a low therapeutic index (such as warfarin and phenytoin). In 
addition, commonly used pain medications, including certain nonsteroidal anti- 
infl ammatory drugs (NSAIDs), opioids, and several anesthetics and anesthetic 
adjuncts, are substrates of the 2C9 enzyme. 

 The gene coding for CYP2C9 is located on chromosome 10 and is expressed pri-
marily in the liver. CYP2C9 shows selectivity for the oxidation of small, lipophilic 
anions that tend to be weak acids with pKa values ranging from 3.8 to 8.1. 2  CYP2C9 
is highly polymorphic, with 33 variants and several subvariants. 1   CYP2C9*1  is the 
wild-type allele. One of the most common variants is the  CYP2C9*2 , which was the 
fi rst polymorphism identifi ed. This gene variant codes for the intermediate metabo-
lizer phenotype in individuals homozygous for this allele. The  CYP2C9*3  allele 
codes for the poor metabolizer phenotype. 3  Both of these variants typically produce 
reduced enzyme activity. Drugs metabolized by an individual with an intermediate 
or poor metabolizer phenotype may be oxidized inadequately or not at all, causing 

    Abstract  
  This chapter discusses the genetics, metabolic actions, substrates, inducers, 
and inhibitors of P450 CYP2C9.  
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an increase in plasma concentrations and thus increasing the risk for untoward 
effects. These pharmacogenetic polymorphisms cause signifi cant interindividual 
variability in drug response. There can be a 10-fold difference in the pharmacoki-
netic parameters of 2C9 between individuals, which has led to genotyping as a 
method of ascertaining dosage parameters of drugs such as irbesartan. 4  

 In addition to interindividual variability, there are signifi cant ethnic variations in the 
allelic polymorphisms of CYP2C9. Approximately 1% of Caucasians are homozy-
gotes and 22% are heterozygotes for  CYP2C9*2. CYP2C9*3  homozygosity in 
Caucasians is approximately 0.5% and heterozygosity is approximately 12%. In 
contrast, homozygosity in either variant is rare in the African-American and Asian 
populations. Heterozygosity for  CYP2C9*2  in the African-American population  is  
roughly 9% and almost nonexistent in the Asian population; heterozygosity for the 
 CYP2C9*3  variant is roughly 4% for both populations. 5  ,  6  Of course, the currently 
recognized polymorphisms only partially account for the ethnic variations. Despite 
a lack of  CYP2C9*2  in the Asian population, therapeutic warfarin dosing is much 
lower than in Caucasians. 3  

 There are many drugs used in the perioperative period that are substrates of 2C9. In 
addition to warfarin and phenytoin, a number of these drugs are commonly found in 
the medication lists of preoperative patients, including carvedilol, clopidogrel, the 
sulfonylureas (glyburide and glipizide), angiotensin receptor II antagonists (irbesar-
tan and losartan), sertraline, and fl uvastatin. Pain medications, including celecoxib, 
hydromorphone, and several NSAIDs (ibuprofen, indomethacin, naproxen, and 
diclofenac), are also substrates for 2C9. Several agents commonly used for induc-
tion and maintenance are signifi cantly infl uenced by alterations in the 2C9 enzyme, 
including propofol (a 30% to 50% metabolic contribution by 2C9), ketamine (30% 
to 40%), phenobarbital (30% to 40%), diazepam (5% to 10%), and halothane (10% 
to 20%). 1  

 CYP2C9 activity is both induced and inhibited by several common perioperative 
drugs. In addition to being a substrate, barbituates act as 2C9 inducers. There is a 
signifi cant decrease in steady-state plasma concentration of warfarin with barbituate 
administration. Unfortunately, the magnitude of the effect of barbiturate induction 
of 2C9 is unpredictable. A review of the literature suggests that in most instances, 
phenobarbitone administration produces inconsistent changes in the plasma con-
centration of phenytoin. 7  ,  8  Amiodarone acts as an inhibitor of the 2C9 enzyme and 
is particularly signifi cant because of its long half-life. Inhibition of the enzyme per-
sists for several weeks following withdrawal of this drug leading to signifi cantly 
elevated levels of both warfarin and phenytoin. 2  Antibiotics including fl uconazole 
and several from the sulfa class are also inhibitors of 2C9. The inhibitors listed here 
are in addition to the competitive inhibition that may occur between substrates. 

 CYP2C9 is an important enzyme in the metabolism of numerous drugs. Genetic 
polymorphisms, ethnic variability, and interindividual expression of the gene 
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signifi cantly affect the plasma levels of drugs metabolized by this enzyme. CYP2C9 
is, and will continue to be, an important factor to consider in the perioperative arena. 

    Take-Home Points 

•     CYP2C9 plays a major role in the metabolism of approximately 15% of 
drugs, many of which can be found in the perioperative period.  

•   CYP2C9 genetic polymorphisms and interindividual expression of these 
genes can affect the metabolism of certain drugs.  

•   There are signifi cant ethnic variations in the allelic polymorphisms.  

•   CYP2C9 activity can be signifi cantly enhanced or decreased by several 
common perioperative medications.        
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      Cytochrome P450 (CYP) 2C19 is member of the family of CYP enzymes involved 
in the phase I metabolism of a number of clinically signifi cant substrates, including 
the hydroxylation of mephenytoin. 1  There are numerous alleles CYP2C19 alleles 
(eg,  CYP 2C19*1  to  CYP 2C19*8  and  CYP2C9*17 ), which accounts for the great 
variability in the pharmacokinetics and effi cacy of commonly used CYP2C19 sub-
strate drugs. 2  ,  3  

 The phenotypic expression of poor and extensive metabolizers is due to the number 
and type of alleles present for this enzyme. There is great variation in terms of 
which alleles are found among varying ethnic groups–5% of Caucasians, 5% of 
African Americans, and 20% of persons with Asian ethnicity have been found have 
defi cient CYP2C19 activity. Two alleles,  CYP2C19*2  and  CYP2C19*3 , cause the 
majority of these poor metabolizing phenotypes. The ultra-rapid metabolizer phe-
notype is seen in approximately 18% of Ethiopians, 18% of Swedes and 4% of 
Chinese, likely due to the allele  CYP2C19*17 . 2  ,  3  
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  This chapter discusses the genetics, metabolic actions, substrates, inducers, 
and inhibitors of cytochrome P450 2C9  
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 Substrates of CYP2C19 include mephenytoin, proton pump inhibitors (eg, omepra-
zole, lansoprazole, pantoprazole), several antidepressants and anticonvulsants (phe-
nobarbital, hexobarbital, mephobarbital, citalopram, amitriptyline, diazepam, 
imipramine, and clomipramine), as well as clopidogrel and R-warfarin. The HIV 
drug nelfi navir and the antimalarial drug chloroguanide are also substrates of 2C19. 
This enzyme is also responsible for at least 80% of the metabolism of the proton 
pump inhibitors as well as mephobarbital, hexobarbital, and carisoprodol. 
Approximately 30% to 65% of the following drugs are metabolized by CYP2C19: 
citalopram, sertraline, fl uoxetine, imipramine, clomipramine, diazepam, fl unitraze-
pam, proguanil, and moclobemide. Inhibitors of 2C19 include omeprazole, cimeti-
dine, fl uvoxamine, ritonavir, and isoniazid (INH). Inducers of 2C19 include 
phenytoin, carbamazepine, and rifampin. 2  ,  4  

 Prodrugs that rely on CYP2C19 to form active metabolites include proguanil and 
clopidogrel. Defi ciency of CYP2C19 activity therefore causes these drugs to lose 
pharmacodynamic effectiveness. Clopidogrel resistance has been recognized and 
has been associated with the poor metabolizer phenotype that corresponds to the 
 CYP2C19*2  allele. 5  –  7  This has been directly correlated with recurrent ischemic 
events and poor outcomes in those with acute coronary syndromes and in those 
requiring percutaneous coronary interventions. 7  Stent re-stenosis is a common prob-
lem and perhaps genetic testing will help identify those individuals at higher risk, or 
at least identify those in which clopidogrel would not be effi cacious. Because sev-
eral of the proton pump inhibitors (PPIs) are meaningful 2C19 inhibitors, they can 
produce the same diffi culties as are seen in poor 2C19 metabolizers. Sim and col-
leagues showed that  CYP2C*17  homomozygotes have approximately 30% to 40% 
less area under the plasma-concentration time curve of omeprazole compared to 
 CYP2C19*1  homozygotes. 3  

 As competitive inhibitors of 2C19, PPIs are also substrates of this enzyme, and thus 
are also susceptible to genotypic and phenotypic differences. Pantoprazole appears 
to have less of this effect with clopidogrel than other PPIs. 8  Shimatani and col-
leagues showed that homozygous extensive metabolizers attained signifi cantly less 
acid suppression for initial treatment of gastroesophageal refl ux disease when 
treated with omeprazole, lansoprazole, and rabeprazole. 9  Failure at treating 
Helicobacter pylori and healing related gastric ulcers has been shown with all three 
of these PPIs in extensive metabolizers. 10  ,  11  

 The wide use and clinical importance of 2C19 substrates, and the great ethnic vari-
ability of this member of the cytochrome P450 family, suggests potential clinical 
utility for genetic testing. The failure of clinical effects of a variety of antidepres-
sants and PPIs in a number of populations may be explained by genetic polymor-
phisms. 2  The recognition of clopidogrel resistance and the sequelae of adverse 
cardiovascular consequences also suggests an area where morbidity and mortality 
may be reduced in the future through genetic testing. 
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    Take-Home Points 

    1.    CYP2C19 acts on a number of clinically signifi cant substrates including 
antidepressants, anticonvulsants, proton pump inhibitors, and antiplatelet/
anticoagulant drugs.   

  2.    There is great ethnic variability with respect to both poor and extensive 
metabolizers, and genetic testing could play an important role.   

  3.    Prodrugs, such as clopidogrel and proguanil, need to be metabolized to 
become biologically active. Thus poor metabolizers show increased con-
centration of the prodrug, but little active metabolite and pharmaco-
dynamic effect.   

  4.    Substrates of CYP2C19, such as antidepressants and proton pump inhibitors, 
may be metabolized very rapidly in homozygous extensive and ultrarapid 
metabolizers and patients may not have the anticipated clinical outcome.   

  5.    The presence of both inhibitors and prodrugs, such as in the case of omepra-
zole and clopidogrel, could lead to decreased effect of the prodrug. In the 
case of clopidogrel, this can lead to adverse cardiovascular outcomes.         
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      Uridine 5′-diphosphate glucuronosyltransferases (UGTs) are a family of enzymes 
that perform phase II conjugative metabolism (glucuronidation), which usually fol-
lows the phase I oxidative metabolism performed by cytochrome P450 (CYP) 
enzymes or other oxidative metabolic steps. This system functions analogously to 
the P450 system, with several enzymes that also have alpha-numeric labels (1A4, 
2B15, etc.) and with each enzyme having its own substrates, inhibitors, and induc-
ers. Just as the P450 system is the “workhouse” of Phase I metabolism, UGTs play 
a similar role in relation to phase II metabolism. 

 Phase I metabolic contributions will generally be both more important and more 
implicated in clinically meaningful drug–drug interactions (DDIs) than Phase II 
metabolism. Phase I oxidation is a potent process that tends to inactivate most phar-
macologically active compounds (with prodrugs being the major exception). However, 
there are a few specifi c drugs, such as lamotrigine, haloperidol, olanzapine, valproate, 
and possibly morphine, for which the UGTs are the main metabolic contributors. 1  –  5  

    Abstract  

  This chapter discusses the chemical pathways, metabolic actions, substrates, 
inducers, and inhibitors of the uridine 5′-diphosphate glucuronosyltransfer-
ases, also known as UGTs.  

      Uridine 5′-diphospho- 
glucuronoslytransferases 
(UGTs): Conjuga  ng 
Cousins 

                           Neil     B.     Sandson   MD    

        N.  B.   Sandson   MD       
  Department of Psychiatry ,  University of Maryland Medical System ,   Baltimore ,  MD ,  USA    

  Department of Psychiatry ,  VA Maryland Health Care System ,   Baltimore ,  MD ,  USA   
 e-mail: sandson.marcucci@comcast.net  

mailto:sandson.marcucci@comcast.net


58

   Ta
bl

e 
12

.1
  

  U
ri

di
ne

 5
′-d

ip
ho

sp
ha

te
 g

lu
cu

ro
no

sy
ltr

an
sf

er
as

es
 (

U
G

T
s)

 S
ub

st
ra

te
s 

an
d 

In
hi

bi
to

rs
   

 1A
1 

 1A
3 

 1A
4 

 1A
6 

 1A
9 

 2B
7 

 2B
15

 

  Su
bs

tr
at

es
  

  B
il

ir
ub

in
  

 A
to

rv
as

ta
tin

 
 C

lo
za

pi
ne

 
  Se

ro
to

ni
n  

  Th
yr

ox
in

e  
 C

od
ei

ne
 

 Ph
en

yt
oi

n 
m

et
ab

ol
ite

s 
 A

ce
ta

m
in

op
he

n 
 B

up
re

no
rp

hi
ne

 
 D

ox
ep

in
 

 A
ce

ta
m

in
op

he
n 

 A
ce

ta
m

in
op

he
n 

 C
yc

lo
sp

or
in

e 
 A

to
rv

as
ta

tin
 

 D
ic

lo
fe

na
c 

 Im
ip

ra
m

in
e 

 K
et

op
ro

fe
n 

 D
ic

lo
fe

na
c 

 D
ic

lo
fe

na
c 

 B
up

re
no

rp
hi

ne
 

 Fe
no

pr
of

en
 

 L
am

ot
ri

gi
ne

 
 Fl

av
in

oi
ds

 
 H

yd
ro

m
or

ph
on

e 
 E

th
in

yl
 e

st
ra

di
ol

 
 G

em
fi b

ro
zi

l 
 M

ep
er

id
in

e 
 L

ab
et

al
ol

 
 K

et
op

ro
fe

n 
 G

em
fi b

ro
zi

l 
 Ib

up
ro

fe
n 

 O
la

nz
ap

in
e 

 Pr
op

of
ol

 
 L

or
az

ep
am

 
 Si

m
va

st
at

in
 

 L
os

ar
ta

n 
 Pr

op
ra

no
lo

l 
 L

os
ar

ta
n 

 M
or

ph
in

e 
 M

or
ph

in
e 

 Si
m

va
st

at
in

 
 N

ap
ro

xe
n 

 O
xy

co
do

ne
 

 Ta
cr

ol
im

us
 

 Te
m

az
ep

am
 

 V
al

pr
oa

te
 

  In
hi

bi
to

rs
  

 Ta
cr

ol
im

us
 

 D
ic

lo
fe

na
c 

 Si
ly

m
ar

in
 (

m
ilk

 
th

is
tle

) 
 C

yc
lo

sp
or

in
e 

A
 

 A
m

itr
ip

ty
lin

e 

 Pr
ob

en
ec

id
 

 D
ifl 

un
is

al
 

 C
lo

fi b
ra

te
 

 Se
rt

ra
lin

e 
 Si

ly
m

ar
in

 (
m

ilk
 

th
is

tle
) 

 C
od

ei
ne

 

 V
al

pr
oa

te
 

 Ta
cr

ol
im

us
 

 D
ia

ze
pa

m
 

 D
ic

lo
fe

na
c 

 Fe
no

pr
of

en
 

 Fl
uc

on
az

ol
e 

 G
ua

nf
ac

in
e 

 Ib
up

ro
fe

n 
 K

et
op

ro
fe

n 

CYP450 Enzymes, UGTs, and Transporters



59

 M
et

ha
do

ne
 

 M
or

ph
in

e 
 N

ap
ro

xe
n 

 O
xa

ze
pa

m
 

 Pr
ob

en
ec

id
 

 Pr
op

of
ol

 
 R

an
iti

di
ne

 
 Te

m
az

ep
am

 
 T

ri
m

et
ho

pr
im

 
 V

al
pr

oa
te

 
  In

du
ce

rs
  

 C
lo

fi b
ra

te
 

 C
ar

ba
m

az
ep

in
e 

 D
ex

am
et

ha
so

ne
 

 Po
ly

ar
om

at
ic

 
hy

dr
oc

ar
bo

ns
 

 G
an

ci
cl

ov
ir

 

 D
ex

am
et

ha
so

ne
 

 E
th

in
yl

 e
st

ra
di

ol
 

 Po
ly

ar
om

at
ic

 
hy

dr
oc

ar
bo

ns
 

 Ph
en

ob
ar

bi
ta

l 

 Fl
av

in
oi

ds
 

 M
et

hs
ux

im
id

e 
 R

if
am

pi
n 

 Ph
en

ob
ar

bi
ta

l 
 O

xc
ar

ba
ze

pi
ne

 
 To

ba
cc

o 
sm

ok
in

g 
 Ph

en
yt

oi
n 

 Ph
en

ob
ar

bi
ta

l 
 R

ito
na

vi
r 

 Ph
en

yt
oi

n 
 Pr

im
id

on
e 

 R
if

am
pi

n 

12 UGTs: Conjugating Cousins



60

With regard to these drugs and a few others, metabolic DDIs will generally occur 
when they are coadministered with UGT inhibitors and inducers (see Table  12.1 ).

   As a form of chemical “conjugation” (combining compounds), it may seem odd that 
glucuronidation would be considered a form of metabolism, insofar as we superfi -
cially think of metabolic events as “breaking down” compounds. However, glucuro-
nide groups are generally quite polar, so when these groups are added to 
pharmacologic agents or their post-oxidation metabolites, the resulting compounds 
are more water soluble, and thus much more readily excretable in urine, bile, and 
feces. 

    Take-Home Points 

•  The UGT family of enzymes are the “conjugating cousins” of the cyto-
chrome P450 ezyme family. P450 enzymes are concerned with Phase I 
(oxidative) metabolism and UGTs are concerned with Phase II (conjuga-
tive) metabolism by glucuronidation. 

•  Glucuronidation by UGTs generally adds polar groups to compounds to 
make them more water soluble and excretable. 

•  UGTs have substrates, inducers, and inhibitors, just as the cytochrome 
P450 enzymes do. 

•  UGTs are the main metabolic pathway for lamotrigene, haloperidol, 
 olanzapine, valproate, and possibly morphine.     
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      The effects of acute, severe illness as well as prolonged organ failure on the body’s 
ability to metabolize drugs is not completely characterized at this time. However, as 
the sciences of solid organ transplantation, clinical pharmacology, and pharmacoge-
nomics advance, it is clear that the competent clinician will have an increasing need 
for a thorough knowledge of the cytochrome P450 (CYP) system. It is very clear 
that diseases, from mild to frank organ failure, affect drug metabolism, but it seems 
as if this process varies considerably based on the organ. 

 Renal failure has long been associated with changes in the excretion of many drugs. 
What has recently been shown, however, is a possible effect of acute kidney injury 
on CYP-mediated drug metabolism in humans. Kirwan et al. have reported in sev-
eral studies that acute kidney failure decreases metabolism of midazolam and that 
increasing severity and duration of renal failure are associate d with decreased mid-
azolam elimination. They proposed a CYP3A-based etiology for these changes in 
drug metabolism. 1  ,  2  

 Heart failure is also associated with changes in drug metabolism and the cardiac and 
hepatic CYP enzymes, although the mechanisms have not been fully established 
and appear complicated. Zordoky et al. have suggested that heart failure may be 
associated with an upregulation of cardiac CYP enzymes, with the production of 
both protective and deleterious metabolites, and a downregulation of hepatic CYP 

    Abstract  
  This chapter briefl y discusses the cytochrome P450 system in several disease 
states, including heart, liver, and kidney failure.  
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enzymes due to decreased hepatic perfusion, hepatocellular damage, and release of 
proinfl ammatory cytokines. 3  

 Orthotopic liver transplantation provides a set of unique clinical events with respect 
to drug metabolism. It is expected that hepatic failure, ranging from mild infl amma-
tory disease to severe, chronic liver disease, would affect the body’s ability to 
metabolize drugs. What is interesting is that the limited data show that the effect is 
not uniform. Aadedoyin et al. studied patients with mild to moderate liver disease 
by using single drug probes for CYP2C19 and CYP2D6 and found selectivity in the 
effect of liver disease on these enzymes, with 2C19 being more sensitive than 2D6. 4  
Frye et al. employed a cocktail of drugs as  in vivo  probes of the cytochrome P450 
ezymes 1A2, 2C19, 2D6, and 2E1 in patients with varying severity of liver disease. 5  
Again, it was determined that CYP enzyme activity is differentially affected by the 
presence of liver disease, with the metabolism of mephenytoin (the 2C19 probe), 
signifi cantly decreased, indicating greater sensitivity of that enzyme to the perturba-
tions of the disease state. 

 There is now considerable research and clinical interest in both donor and recipient 
2C19 genotype and phenotype as a predictor, and marker of hepatic function, graft 
survival, and clinical recovery from orthotopic liver transplant. 6  ,  7  

 Finally, pregnancy is not a disease state, of course. However, there are signifi cant 
physiologic changes in the gravid patient, including increased plasma volume and 
increased hepatic and renal fl ow. Obstetricians and maternal-fetal health specialists 
see patients who take a variety of drugs that are metabolized via the cytochrome P450 
system or commonly interact with other drugs, such as psychiatric drugs, anticonvul-
sants, antibiotics, street drugs including cocaine, methadone, and buprenorphine, as 
well as HIV medications including protease inhibitors. 8  There is the growing recog-
nition for a rigorous and science-based approach to prescribing for pregnant patients 
and anticipating drug–drug interactions that may occur through the choices patients 
make. Early studies are intriguing, such as a suggestion of induction of 2D6 during 
pregnancy with changes in the metabolism and response to opioids. 9  There is still a 
paucity of human data, especially in humans, and much work remains to be done. 

    Take-Home Points 

•  Changes in drug metabolism are possible and even probable in disease 
states involving the kidneys, heart, and (especially) liver. 

•  It has been suggested that both upregulation and downregulation of cyto-
chrome P450 enzymes occurs in disease states. 
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•  Both donor and recipient CYP2C19 genotype and phenotype are of clini-
cal interest and relevancy in the situation of orthotopic liver transplant. 

•  Pregancy is associated with signifi cant physiologic changes, including 
possible changes in the metabolism of drugs by the cytochrome P450 
system.     
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    Abstract     
This chapter discusses the genetics, metabolic pathways, substrates, inducers, 
and inhibitors of the P-glycoprotein and OATP transporters.  

      The uptake and elimination of drugs in the human body is not always one of simple 
diffusion. Several elaborate systems of proteins, known collectively as the transport-
ers, line the lumen of the gut, the kidney, and the blood–brain barrier and stand guard. 
These energy-dependent transporters are coded by the human genome to transport 
specifi c substances and will also act as transporters for certain molecules created by 
humans via the miracle of modern pharmacology. Other drugs and substances ingested 
by humans act as inhibitors and inducers of these proteins—much as drugs can act as 
inhibitors and inducers of the cytochrome P450 (CYP) metabolic enzymes in the liver. 
This creates a substrate–inhibitor–inducer paradigm for the transporters that allows us 
to evaluate and understand drug interactions that happen “at the doorway” of the 
human body and the subsequent effect on bioavailability and clinical effi cacy. 

 These transport systems move drugs both into and out of the physiological milieu. 
Thus induction of a transporter that extrudes substances back into the gut lumen will 
have the same effect as induction of a metabolic enzyme, to decrease bioavailability 
and eliminate the drug from the body. 
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  P-glycoprotein.  Human P-glycoprotein (P-gp) is a transmembrane effl ux transporter 
protein that lines the gastrointestinal, urinary, and biliary tracts, as well as the blood–brain 
barrier. It belongs to the superfamily of ATP-binding cassette (ABC) transporters, and is 
encoded by the Multiple Drug Resistance (MDR1) gene, located on chromosome 7. 1  ,  2  

 The major role of P-gp is to regulate the amount of substances that are absorbed or 
excreted from the gut, cerebral vasculature, and the urinary and biliary tracts. In 
general, P-gp increases the excretion of drugs from organs (Fig.  14.1 ). It does this 
in an energy-dependent manner, using ATP. 1  ,  2  P-gp has been demonstrated on the 
apical side of enterocytes, where it actively transports substrates absorbed into those 
cells from the gut lumen back into the luminal space for excretion. 1  ,  2  During this 
process, some of the substrate inevitably gets reabsorbed, and re-exposed to intra-
cellular metabolizing enzymes. P-gp performs a similar function in the blood–brain 
barrier, pumping substrate absorbed by astrocytes and capillary endothelial cells 
back into the bloodstream. 4  P-gp located on the apical surfaces of hepatic bile cana-
licular cells and renal tubular epithelial cells helps eliminate drugs from the body by 
excreting them from the bloodstream into bile and urine, respectively. 1  Substrates 
are absorbed from the bloodstream at the basolateral side of these cells, metabolized 
mainly by CYP3A4 enzymes, then excreted into the bile and urine for elimination.  

 Since P-gp prevents the systemic absorption of many substances from the gut 
lumen, it is considered part of the “fi rst-pass effect” seen by many orally ingested 
medications. 3  P-glycoprotein shares a broad range of substrates with CYP3A4, and 
they act in conjunction with one another to metabolize many orally administered 
drugs. 1  ,  2  Substrates that are passively absorbed into the enterocytes are metabolized 
by CYP3A4. P-gp can pump unmetabolized drug back into the intestinal lumen 
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Apical side-Gl tract Apical side-bile canaliculi

P-gp
P-gp
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CYP3A
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  Fig. 14.1    Barriers to drug absorption in the intestine (left) and liver (right): apical and basolateral 
membranes, tight junctions between cells, P-glycoprotein–mediated, and CYP3A-mediated 
metabolism       
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where it can then be passively reabsorbed, and re-exposed to CYP3A4. 1  ,  2  This repet-
itive process limits the oral bioavailability of drugs that are P-gp and CYP3A4 
 substrates. However, P-gp activity is easily saturable in the gut, and can be over-
come by high dosages of orally administered substrate. Saturation of blood–brain 
barrier P-gp is less likely after orally administered substrate because the plasma 
concentration after oral absorption of most drugs is generally signifi cantly low 
enough as to not overcome the transport rate by P-gp. Intravenous administration of 
drugs, especially small, lipophilic ones, are more likely to achieve signifi cant con-
centrations in the brain due to passive diffusion and active transport into neural tis-
sue overcoming the ability of P-gp to pump out the substrate. 1  

 Common substrates of P-gp of interest to anesthesiologists include antiarrythmics 
like digoxin, quinidine, verapamil, and diltiazem; several fl uoroquinolone antibiot-
ics; anticonvulsants like phenobarbital and phenytoin, ondansetron, ranitidine, 
dexamethasone, and morphine. 3  Vecuronium excretion into bile is profoundly 
reduced in mice that are P-gp defi cient. 1  

 Inhibition of P-glycoprotein occurs in three main ways: non-competitive inhibition 
on the transporter itself, inhibition of ATP hydrolysis at the ATP-binding site, or 
inhibition of protein kinase C, which is involved in ATP coupling to the trans-
porter. 2  Inhibition will effectively increase the systemic absorption of a co- 
administered P-gp substrate (Fig.  14.2 ). In humans, it has been shown that 
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  Fig. 14.2    Metabolism and transport in the presence (left) or absence (right) of P-gp effl ux. P-gp 
affects the rate of drug entering the cell through the apical membrane (ka). Width of arrow indicates 
rate of transport/metabolism. M0, dose applied; Min, amount of parent in the cell that is available to be 
cleared; Mmet, mass of metabolites formed from parent; Mout, mass of parent in basolateral chamber; 
Vmax/Km, rate of CYP3A-mediated metabolism [Reprinted from Beverly Knight, Matthew Troutman 
and Dhiren R Thakker. Deconvoluting the effects of P-glycoprotein on intestinal CYP3A: a major 
challenge. Current Opinions in Pharmacology 2006;6:528-532. With permission from Elsevier]       
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co-administration of a P-gp inhibitor along with morphine, a P-gp substrate, 
increased the plasma levels of morphine by twofold. 2  Furthermore, administration 
of loperamide, a potent opioid that is a P-gp substrate with extremely low oral 
bioavailability and almost no penetration across the blood-brain barrier, along with 
quinidine, a potent P-gp inhibitor, will increase plasma and brain loperamide levels 
enough to cause respiratory depression. 3  Co-administration of oral digoxin, a high 
binding P-gp substrate, with verapamil, a potent P-gp inhibitor, causes signifi cantly 
increased oral absorption, and decreased renal excretion of digoxin. 1  Common 
inhibitors of P-gp include verapamil, cyclosporine, ritonavir, amiodarone, proton 
pump inhibitors, several selective serotonin reuptake inhibitiors (SSRIs), and 
grapefruit juice. 3  Of particular interest to anesthesiologists is the observation that 
midazolam may be a P-gp substrate, and appears to inhibit P-gp transport of other 
substrates. 5  The opioids fentanyl, sufentanil, and alfentanil do not appear to be 
P-gp–substrates, but were shown to inhibit P-gp mediated digoxin transport. 6   

 Induction of P-gp does not occur via direct drug binding, but instead is regulated by 
nuclear factors, most importantly the YB-1 protein, at the transcriptional level. 2  
P-gp induction by an inducer will decrease the systemic absorption of a co- 
administered P-gp substrate by increasing effl ux out of absorptive cells. High-dose 
dexamethasone has been shown to increase liver and intestinal P-gp protein levels. 1  ,  7  
Clinically achievable plasma levels of aspirin have been shown to induce P-gp in 
some cancer cell lines, but the clinical relevance of this fi nding in other cells that 
express P-gp is not well characterized. 8  ,  9  St. John’s wort, a commonly used over-the-
counter herbal antidepressant, has been studied extensively due to its ability to 
induce P-gp. It has been shown to reduce steady-state plasma levels of many drugs, 
including cyclosporine and tacrolimus. 2  

  Organic Anion Transporting Polypeptides (OATP) : OATPs are a subfamily of 11 
infl ux transporter proteins that are encoded by the SLCO family of genes located on 
several chromosomes. Like P-gp, OATPs are found on intestinal enterocytes, cells 
lining the blood–brain barrier, renal tubular epithelial cells, and hepatic bile cana-
licular cells, and transport a broad array of substances. Unlike P-gp, OATPs are 
located on both the apical and basolateral sides of these cells, providing transport of 
substrates into the cytosol. 10  

 OATPs provide ATP-mediated transport of many organic compounds like bile acids, 
conjugated steroids, glucuronides, eicosanoids, and thyroid hormone. 10  ,  11  OATP1B1, 
which is located mostly in the liver, has been shown, in vitro, to transport several 
drug types including HMG-CoA reductase inhibitors, angiotensin converting 
enzyme (ACE) inhibitors, and angiotensin receptor blockers. 10  Mutations of this 
protein are associated with simvastatin-induced myopathy. OATP1A2, found in 
brain, liver, kidney, and intestine, has been shown to transport rocuronium, and is 
inhibited by verapamil, dexamethasone, and naloxone, among others. 10  Apple, 
orange, and grapefruit juices all inhibited the intestinal uptake of fexofenadine, a 
histamine antagonist that is a substrate of OATP. 11  

Paradigms and Core Concepts



71

 While our current understanding of specifi c perioperative drug interactions involv-
ing P-gp and OATP is limited, it appears that they are likely signifi cantly involved 
in this arena. It seems prudent for anesthesiologists to understand the pharmacoki-
netics of these transporters, and constantly be aware of their potential role in hazard-
ous drug–drug interactions. 

    Take-Home Points 

•      P-gp and OATP are drug transporters that have a broad array of substrates, 
inhibitors, and inducers.  

•    P-gp is an effl ux transporter present in the gut, the kidneys, and the blood–
brain barrier.  

•    P-gp shares many substrates with CYP3A4 and is physiologically linked 
with CYP3A4 in drug elimination processes  

•    There are many important substrates of P-gp that are of interest to anesthe-
siologists, including digoxin, verapamil, ondansetron, dexamethasone, 
vecuronium, and possibly midazolam. (A list of P-gp substrates and inhibi-
tors may be found at   www.mhc.com/Cytochromes    .  

•    OATP is an infl ux transporter found in the gut, kidneys, and blood–brain 
barrier.  

•    Important substrates of OATP include statins, ACEIs, angiotensin receptor 
blockers (ARBs), rocuronium, verapamil, dexamethasone, and naloxone.  

•    Grapefruit juice, apple juice, and orange juice are strong inhibitors of both 
P-gp and OATP.        
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 Abstract    
 This chapter discusses the “ Fatal Forty.”  These forty drugs or drug classes 
are involved in drug–drug interactions that are the basis for this book and are 
“must know” for the perioperative clinician. 

        The  sine qua non  for mastery of pharmacokinetic drug–drug interactions (DDIs) is 
mastery of both the cytochrome P450 (CYP) enzyme system and the associated trans-
porter systems. These two marvels of the human body are integral to all four of the 
processes of pharmacokinetic drug handling—absorption, distribution, metabolism, 
and excretion. Part and parcel of mastering pharmacokinetic DDIs is understanding 
how drugs, foods, herbs, spices, and other important compounds interact with the indi-
vidual enzymes and transporters as substrates, inhibitors, and inducers. These interac-
tions are fascinating when connected with their clinical consequences, but their 
complexity makes it challenging for the beginner to make these essential connections. 

 Thus, to the beginning reader (and even to the more advanced DDI student), making 
these critical connections can seem daunting. In our experience, most learners who 
are left to their own devices will abandon the subject. The various enzymes and 
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drugs are initially approached with enthusiasm, but good intentions are quickly lost 
in a fog of letters, numbers, and seemingly endless random and disconnected facts. 
The frustration and temptation to quit the subject is especially great if the student 
attempts to conquer the material by rote memory. 

 Fortunately, there is a better way. In our thinking and teaching about DDIs, we always 
think and speak of the enzymes and transporters, substrates, inhibitors, and inducers 
as families or groups. It is really no different than meeting a large, crazy family for the 
fi rst time or joining a large, diverse club and fi guring out who runs in which crowd. 

 We therefore introduce the reader to the  “Fatal Forty.”  1  This group of forty drugs 
and other substances interact signifi cantly with the cytochrome P450 enzyme sys-
tem and the transporters that encompass the fundamentals of pharmacokinetic 
DDIs. Master these drugs and their interactions, and you will have mastered a 
framework to which the details of other drugs and other DDIs can be added as cor-
responding clinical situations arise or time and energy permit 

  Five Approaches to Learning the Fatal Forty:  To further aid the reader and pro-
vide additional pathways into the realm of these forty drugs and associated drug 
classes, we suggest fi ve separate approaches to the  Fatal Forty:  the Card Catalogue 
Approach, the Pharmacology Approach, the Clinician’s Approach, the “Perpetrators 
and Victims (of DDIs)” Approach, and the “Top Ten” Approach.

   I     The Card Catalogue Approach : This is a simple alphabetical list of the drugs 
and substances comprising the  Fatal Forty . We recommend that you clip or copy 
this list and review it often, perhaps when you sit down to look at your posted cases 
or preoperative evaluations. In addition, each appearance of any of the  Fatal Forty  
drugs in the table of contents or individual scenarios is in bold font.

  Amiodarone    Fluoxetine    Quinolones  
  Azole antifungals    Fluvoxamine    Rifampin  
  Bupropion    Grapefruit juice    Ritonavir  
  Calcium   channel blockers    Ketoconazole    Statins  
  Carbamazepine    Lamotrigine    St. John ’ s wort  
  Cimetidine    Lithium    Sulfonylureas  
  Clopidogrel    Macrolides    Tamoxifen  
  Clozapine    Methadone    Theophylline  
  Codeine    NSAIDs    Thioridazine  
  Cyclobenzaprine    Paroxetine    Tobacco  
  Digoxin    Phenobarbital    Tramadol  
 ( Es ) Omeprazole    Phenytoin    Tricyclic antidepressants  
  Ethinylestradiol    Pimozide    Warfarin  

  Quinidine  

1   The term “ Fatal Forty”  is merely a catchy alliteration that is used for educational purposes only! 
Use of this term is in no way intended to suggest or imply that appropriate use of any of so-cited 
medication would prove likely or immediately fatal. 
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       II     The Pharmacology Approach : This is the one the editors tend to use. Each of 
these forty drugs has certain defi ning pharmacologic characteristics that make 
them of particular value when learning DDIs. We remember the  Fatal Forty 
drugs by organizing them into six pharmacological classifi cations or 
“families.” 

    A.     Drugs that have a low therapeutic index : There are a number of  Fatal 
Forty  drugs that have low therapeutic index (LD50/ED50) ratios. In less head-
achy terms, low therapeutic index drugs are those drugs for which small 
changes in blood levels, possibly due to inhibition of metabolism, can have big 
clinical effects. And remember that a DDI that inhibits metabolism of a drug 
can easily cause changes in the blood level of that drug. Low therapeutic index 
drugs on the  Fatal Forty  list and their clinical uses and/or toxic 
consequences are:

    Clozapine —seizures and oversedation  

   Cyclobenzaprine —common drug in pain clinics, 1A2 substrate  

   Digoxin —arrhythmias  

   Lamotrigine —toxic dermatologic syndromes  

   Lithium —nephrotoxicity  

   Methadone —arrhythmias and central nervous system (CNS)/cardio-
pulmonary depression  

   Pimozide —malignant QT prolonger  

   Thioridazine —malignant QT prolonger  

   Tricyclic antidepressants —QT prolongation  

   Warfarin —changes in coagulability      

   B.     Drugs that are pan-inhibitors or pan-inducers:  These  Fatal Forty  drugs 
are classifi ed together because they are very “busy” DDI drugs, in that they 
inhibit and induce many enzymes. They are busy, busy, busy, and there is always 
the potential for a DDI when they appear in a drug list.

    Amiodarone —pan-inhibitor of cytochrome P450 enzymes (CYP450)  

   Cimetidine —pan-inhibitor of CYP450  
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   Fluoxetine —pan-inhibitor of CYP450  

   Fluvoxamine —less common than fl uoxetine, but still a CYPP450 
pan-inhibitor  

   Ritonavir —pan-inhibitor and pan-inducer of CYP450  

   Phenobarbital —pan-inducer of CYP450  

   Carbamazepine  — pan-inducer of CYP450, P-glycoprotein substrate, 
and CYP3A4 substrate  

   Phenytoin —CYP2C9 greater than 2C19 substrate, P-glycoprotein sub-
strate, CYP450 pan-inducer (except for 1A2), and high plasma protein 
binding  

   Rifampin —pan-inducer of CYP450 and P-glycoprotein inducer      

   C.     Drugs that are CYP3A4 inhibitors:  Remember that 3A4 is the workhorse 
P450 enzyme. Although there are individual genetic variations that lead to absent 
functioning of other P450 enzymes (eg, 2D6), a “poor metabolizer” genotype 
and corresponding phenotype for 3A4 is nonexistent— this is because it is likely 
that this genotype is lethal in the embryonic state. We recommend that you get 
your dander up when you see a drug that is a 3A4 inhibitor on a med list. Start 
surveying the drug list for possible DDIs and don’t forget to  always  ask outpa-
tients about grapefruit juice.

    Ketoconazole —most potent 3A4 inhibitor, especially important 
because 3A4 is the “sink” enzyme, or in other words, it is the “high-
capacity” enzyme. In fact, a reason that fl uconazole was developed was 
that the ketoconazole inhibition of 3A4 metabolism of endogenous 
cortisol by ketoconazole was so signifi cant that patients actually got 
Cushingoid.  

   Diltiazem and verapamil —potent and ubiquitous 3A4 inhibitors.  

   Grapefruit juice —a suffi ciently potent 3A4 inhibitor that most hospi-
tals don’t allow it on patient food trays.  

   Macrolides —except for azithromycin, common and potent 3A4 
inhibitors.    

 Keep in mind that the pan-inhibitors listed above also inhibit 3A4.   
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   D.     Prodrugs : These are drugs that must be converted to a biologically active 
form for clinical effi cacy. The DDIs associated with these drugs are troublesome 
and dangerous because few clinicians or patients understand or recognize the 
prodrug conversion, much less the DDIs that prevent this necessary pharmaco-
logical step. Many prodrugs are metabolized to active compounds by CYP2D6, 
so mastering prodrug DDIs is also a starting point for learning the 2D6 inhibitors 
(see also “Perpetrators and Victims”).

    Codeine —prodrug at CYP2D6  

   Tamoxifen —prodrug at 2D6  

   Tramadol —2D6 prodrug, common medications  

   Clopidogrel —prodrug at 3A4 and 2C19      

   E.     Common drugs : These are drugs that are commonly mixed up with DDIs 
and also in such common clinical use that everyone needs to know them.

    Calcium-channel blockers— these drugs in general are CYP3A4 sub-
strates; diltiazem and verapamil are also 3A4 and P-glycoprotein 
inhibitors  

   Clopidogrel — prodrug at CYP3A4 and 2C19  

   Omeprazole —CYP2C19 substrate and inhibitor; P-glycoprotein 
inhibitor  

   Ethinylestradiol —CYP3A4 substrate, 2C19 and 1A2 inhibitor, and 
uridine 5′-diphosphoglucuronoslytransferase 1A4 (UGT1A4) inducer  

   Grapefruit juice —3A4 and 1A2 inhibitor  

   Macrolides —except for azithromycin, all are 3A4 and P-glycoprotein 
inhibitors  

   Statins —lovastatin, simvastatin, and atorvastatin are all CYP3A4; sim-
vastatin is also a 2D6 substrate; fl uvastatin is a 2C9 substrate and 
inhibitor; all seem to be P-glycoprotein inhibitors  

   Sulfonylureas —2C9 substrates  

   Smoked tobacco —1A2 and 2E1 inducer      
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   F.     Drugs for which there is a rare but serious complication of a DD  I  or a very 
unusual pharmacological profi le.

    Statins —very common drugs. High blood levels are associated with 
rhabdomyolysis, which is unusual but very serious. Somewhat compli-
cated metabolic profi le—atorvastatin, simvastatin, and lovastatin are 
CYP3A4 substrates. Simvastatin is also a 2D6 substrate. Fluvastatin is 
a 2C9 substrate and inhibitor. Most statins are P-glycoprotein inhibi-
tors and have variable effects on warfarin.  

   Smoked tobacco — unlike most P450 inducers, smoked tobacco acts as 
a 1A2 inducer in a very shortened time frame (1–3 days instead of 1–3 
weeks).       

      III     The Clinician Approach:  This approach to the  Fatal Forty  is based on the 
idea that it will be easiest to fi rst learn what you most need to know in your own 
practice. For example, if you take care of pain patients— here are some of the drugs 
you need to know and why you need to know them:

    Codeine —prodrug at 2D6 (converts to morphine).  

   Methadone —2D6 inhibitor, low Ti, QT prolongation, and 3A4 and 
2B6 substrate.  

   Cyclobenzaprine —common drug in pain clinics, 1A2 substrate.  

   Tramadol —2D6 prodrug, common medication.  

   Tricyclic antidepressants —these drugs have a low therapeutic index. 
They are substrates of 2D6. Tertiary amine tricyclic antidepressants 
(TCAs) are also substrates of 2C19, 1A2, and 3A4.      

   IV     The Perpetrators and Victims Approach : This approach is based on the 
notion that some of the  Fatal Forty  drugs are known for being “perpetrators” of 
drug interaction mischief while other  Fatal Forty  drugs are “victims”—in other 
words, the trashers and the trashed. But  remember , individual drugs can also be in 
either role, depending on the specifi c circumstances.

Paradigms and Core Concepts



79

  “  Perpetrators  ”  of DDIs    “  Victims  ”  of DDIs  

  Amiodarone    Carbamazepine  

  Azoles    CCBs  

  Bupropion    Ethinylestradiol  

  Diltiazem / Verapamil    Hydrocodone  

  Carbamazepine    Lamotrigine  

  Cimetidine    Lithium  

 ( Es ) Omeprazole    Methadone  

  Ethinylestradiol    Phenytoin  

  Fluoxetine    Pimozide  

  Fluvoxamine    Quinidine  

  Grapefruit juice    Statins  

  Macrolides    Sulfonylureas  

  Methadone    Tamoxifen  

  NSAIDs    Thioridazine  

  Paroxetine    Tramadol  

  Phenobarbital    Tricyclic antidepressants  

  Phenytoin    Warfarin  

  Quinidine  

  Quinolones  

  Rifampin  

  Ritonavir  

  St. John ’ s wort  

  Smoked tobacco  

       V     The  “Can’t do 40! Can only do 10!” Approach:  If you are a busy resident or 
fellow or a somewhat fearful or tentative student of pharmacology, then start low 
and go slow. Take a look at our  Terrible Ten  list of drugs and work on gaining 
mastery of the associated DDIs for these drugs. This will give you a solid founda-
tion in the key concepts, as well as a solid start on drugs with the most dangerous 
and common interactions. We’ve chosen these particular drugs based on frequency 
of use, frequency of interaction, and “badness” of interaction.
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     Calcium   channel blockers    Quinolones  

  Ethinylestradiol    Ritonavir  

  Fluoxetine    Tobacco  

  Methadone    TCAs  

  Phenytoin    Warfarin  

          Take-Home Points 

•     While the entire domain of DDIs is vast, mastering those associated with 
the  Fatal Forty  will enable clinicians to anticipate the most important 
DDIs likely to befall their patients.  

•   Read this chapter often!       
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 Abstract    
 This chapter discusses the six patterns of cytochrome P450-mediated drug–
drug interactions. 

         Drugs and other substances involved in pharmacokinetic drug–drug interactions 
(DDIs) mediated by the cytochrome P450 (CYP) enzymes can act as substrates, 
inhibitors, or inducers of the one or more of the specifi c enzymes. In addition, there 
are six recognized patterns of DDIs. Mastery of these basic terms and patterns is 
well worth the effort for the beginning DDI student. Even clinicians who are knowl-
edgeable about DDIs in general and the cytochrome P450 enzymes specifi cally will 
fi nd some benefi t in reviewing the basics presented below. 

    Substrate 

 A compound that is metabolized by an enzyme into a metabolic end product. 
Usually this results in eventual deactivation of the agent in preparation for elimina-
tion from the body. In the rare case of “prodrugs,” these agents are initially inactive 
and rely on enzymes to be metabolized into active compounds.  

mailto:sandson.marcucci@comcast.net


82

    Inhibitor 

 An agent that interferes with, or inhibits, the functioning of the enzyme or enzymes 
that metabolize substrates. Enzymatic inhibition comes in two main varieties. The fi rst, 
 competitive inhibition , is when two substrates compete for the same substrate binding 
site(s) on an enzyme. The competitive inhibitor binds so avidly to this substrate bind-
ing site that it effectively displaces the other substrate(s), but the enzyme otherwise 
functions normally. The second type of inhibition,  noncompetitive, or allosteric, inhi-
bition,  occurs when an agent binds to a nonsubstrate binding site on an enzyme. In so 
doing, the allosteric inhibitor renders the enzyme less effi cient in metabolizing all sub-
strates of that enzyme. The introduction of inhibitors leads to  substrate accumulation  
and  decreased metabolite formation.  Inhibitors of cytochrome P450 enzymes gener-
ally act within hours to days, as a function of their half-lives, which determine when 
they are able to gain access to, and then inhibit, the enzymes in question.  

    Inducer 

 An agent that causes the liver (or other target organ) to produce more of an enzyme, 
leading to increased metabolism of the substrates of the induced enzyme. This is a 
purely quantitative concept. The produced enzyme is no more intrinsically active than 
otherwise; there is just more of it. In the concept of  enzymatic stimulation,  which is 
being considered for CYP3A4, the enzyme is rendered more effi cient, aside from its 
quantity in the liver and/or gut. The introduction of inducers leads to  increased metab-
olite formation  and  more rapid depletion of substrate(s).  Induction of P450 enzymes 
can be evident within several days but generally takes 2 to 3 weeks to reach full effect.  

    Variability 

 There is vast interindividual variability in enzymatic effi ciency (10- to 30-fold differ-
ences in 3A4 function, for example) across the world population, with some trends 
within specifi c ethnic groups. 1  This does not even consider those individuals who lack 
copies of the genes that code for various P450 enzymes, who are referred to as “poor 
metabolizers” or “polymorphic” for the specifi c P450 enzymes in question. By con-
trast, individuals who have extra copies of P450 genes are referred to as “ultra-rapid 
metabolizers.” In general, metabolically normal individuals (called “extensive metab-
olizers”) who are exposed to an agent that strongly inhibits a given P450 enzyme are 
functionally converted to “poor metabolizers” with regard to that specifi c P450 
enzyme, as long as they are exposed to that agent. Conversely, individuals exposed to 
an inducer may function as ultrarapid metabolizers for that P450 enzyme. Poor 
metabolizers/polymorphic individuals will generally have much higher blood levels 
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of a substrate at a given dose than will extensive metabolizers. Although this is coun-
terintuitive, the rate at which poor metabolizers/polymorphic individuals metabolize 
a substrate of that enzyme is  not  infl uenced by introducing an inhibitor of that enzyme. 
There is no way to become an “ultrapoor metabolizer.” The inhibitor is redundant. 

 There are six basic patterns of cytochrome P450 drug–drug interactions. 

    Pattern 1: An Inhibitor Is Added to a Substrate 
 This pattern generally results in increases in substrate levels. If the substrate has a 
low therapeutic index, toxicity may result unless care is exercised (such as closely 
checking blood levels or lowering substrate doses in anticipation of the interaction). 

   Example:       Paroxetine is added to nortriptyline  (see “  Pining for Pete in the 
Pain Clinic    ”)  

 Nortriptyline is a commonly prescribed pain drug that is metabolized by CYP2D6. 
Paroxetine is a common depression, anxiety, and post-traumatic stress disorder 
drug. It is a strong 2D6 inhibitor. Adding paroxetine to a medication panel that con-
tains nortriptyline will increase blood levels of nortripytline and put the patient at 
risk to tricyclic antidepressant toxicity.  

    Pattern 2: A Substrate Is Added to an Inhibitor 
 This pattern may cause increased bioavailablity and prolonged action of the sub-
strate. It may also cause diffi culties if the substrate has a low therapeutic index and 
is titrated according to preset guidelines that do not take into account the presence of 
an inhibitor. If the substrate is titrated to specifi c blood levels or to therapeutic effect, 
or with an appreciation that an inhibitor is present, then toxicity is less likely to arise. 

   Example:       Fentanyl is added to ritonavir  (see “  Sleeping Beauty    ”)  

 Fentanyl, a widely used synthetic opioid, is metabolized mainly by the hepatic 
CYP3A4 isozyme to its major oxidative metabolite, norfentanyl. Ritonavir, a prote-
ase inhibitor commonly used in the treatment of HIV infection, is one of the most 
potent inhibitors of 3A4. It can markedly prolong the action of fentanyl.  

    Pattern 3: An Inducer Is Added to a Substrate 
 This pattern generally results in decreases in substrate levels. A decrease in levels of 
the substrate may result in a loss of effi cacy of the substrate, unless blood levels are 
followed and/or the substrate doses are increased in anticipation of the interaction. 

   Example:       Phenytoin added to cyclosporine  (see “  No Fits At Uffi zi    ”)  
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 Cyclosporin is metabolized by CYP3A4. Phenytoin is a paninducer, it induces 3A4 
as well as CYP2C9 and 2C19. The addition of an inducer to a drug with a narrow 
therapeutic index will lower the blood levels of the substrate drug, in this case 
cyclosporine, and can have serious clinical sequelae.  

    Pattern 4: A Substrate Is Added to an Inducer 
 This pattern may lead to ineffective dosing if preset dosing guidelines are followed 
that do not take into account the presence of an inducer. If the substrate is titrated to 
specifi c blood levels or to clinical effect, or with an appreciation that an inducer is 
present, then dosing is more likely to be effective. 

   Example:       Midazolam added to carbamazepine  (see “  Lack of Sedation    ”)  

 Carbamazepine is a CYP1A2 and CYP3A4 inducer (as well as an inducer of Phase 
II glucuronidation). Midazolam is a 3A4 substrate. A patient on chronic carbamaze-
pine will not have equal bioavailability and sedative effect with a given midazolam 
dose that a patient who is not taking carbamazepine.  

    Pattern 5: Reversal of Inhibition 
 A substrate and an inhibitor have been co-administered and equilibria have been 
achieved, and then the inhibitor is discontinued. This leads to a resumption of nor-
mal enzyme activity and generally results in decreases in levels of substrate and 
increased metabolite formation. This may result in loss of effi cacy of the substrate 
unless blood levels are followed and/or substrate doses are increased in anticipation 
of the reversal of inhibition. 

   Example:       Fluconazole is discontinued in the presence of prednisone  (see 
“  Addisonian Adjustment    ”)  

 Prednisone is a CYP3A4 substrate. Fluconazole is a moderate 3A4 inhibitor. When 
fl uconazole is discontinued after a period of coadministration with prednisone, 3A4 
resumes its higher baseline level of activity, so at the same dosage of prednisone, 
levels of prednisone will decrease.  

    Pattern 6: Reversal of Induction 
 A substrate and an inducer have been co-administered and equilibria have been 
achieved, and then the inducer is discontinued. This gradually (over 1–3 weeks) 
results in decreased amounts of available enzyme, leading to increased levels of 
substrate and decreased metabolite formation. This may result in substrate toxicity 
if the substrate has a low therapeutic index, unless blood levels are followed and/or 
substrate doses are decreased in anticipation of the reversal of induction. 
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   Example:       Smoking is discontinued in the presence of theophylline  (see 
“  Induction Crashes: Are There Clues In The Ashes?    ”)  

 A smoker had been stably maintained on theophylline. Smoked tobacco is a 
CYP1A2 inducer and theophylline is a 1A2 substrate. Sudden cessation of smoking 
during an admission to the ICU after a motor vehicle accident caused an abrupt 
removal of the inducer leading to increased levels of theophylline, a drug with a 
narrow theraeutic index. This caused hemodyamic instability on induction of 
anesthesia.   

    The Exception 

 When prodrugs (hydrocodone, tramadol, cyclophosphamide, etc.) are the substrates 
in question, the clinical concerns are reversed. An inhibitor added to a prodrug sub-
strate concern will cause loss of effi cacy, not toxicity ( see  “  Ultimate Ultram 
Primer I: My Mood Is Better But Boy Do I Hurt    ). And when an inducer added 
to a prodrug substrate, the concern is toxicity, not loss of effi cacy, and so forth.  

    Take-Home Points 

•     A substrate is a compound that is metabolized into an end product.  

•    An inhibitor is an agent or compound that interferes with, or inhibits, the 
functioning of the enzyme or enzymes that metabolize substrates  

•    An inducer is an agent or compound that causes the liver (or other target 
organ) to produce more of an enzyme, leading to increased metabolism of 
the substrates of the induced enzyme.  

•    There are six basic patterns of cytochrome P450 drug–drug interactions: 
 inhibitor added to substrate ; substrate added to an inhibitor; inducer 
added to a substrate; substrate added to an inducer; reversal of inhibi-
tion; reversal of induction.  

•    When prodrugs are the substrates, the clinical concerns of effi cacy and 
toxicity are reversed.        

   Reference 
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    Abstract  
  This chapter discusses the risks of relying exclusively on drug–drug interac-
tion software.  

        When the ancient Greek hero, Theseus, travelled to Crete, he encountered and vanquished 
several formidable foes. One of these was Procrustes. Procrustes’s modus operandi was to 
invite guests into his home and, after lavishly feeding them, insist that they sleep in one of 
his beds. But there was a catch. If the guest was tall, Procrustes would take him to a short 
bed and insist on cutting off his legs so he would fi t. Alternatively, if the guest was short, he 
would take them to a long bed and stretch them on a rack until they fi t. Procrustes’s guests 
were a uniformly unhappy lot, until Theseus turned the tables and subjected Procrustes to 
his own hospitality. 
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   Physicians and other health care providers who have acknowledged and undertaken 
the need to incorporate a knowledge and mastery of perioperative drug–drug inter-
actions (DDIs) in their daily practice face a crucial question. It is a given that the 
information imparted in a few lectures in medical school and a few more in training 
is simply not enough to maintain excellence and currency in clinical practice. How 
then and by what means do responsible clinicians augment and sustain their work-
ing knowledge base? Can a clinician rely solely on the widely available commercial 
and institutional software for the identifi cation and avoidance of the DDIs that will 
keep her patients safe and free from undue clinical events? 

 We believe the answer is no. 

 In spite of diligent efforts, the designers of DDI computer programs are in a quan-
dary that would be familiar to the guests of the mythical Procrustes. For that reason, 
we do not recommend either an overconfi dence or overreliance on DDI computer 
software. 

 Of course, we do not mean to imply that DDI software programs can or should be 
ignored or even signifi cantly discounted. They can be helpful and they are here to stay. 
But the evidence base on DDI software programs, and e-prescribing in general, 
although still young and fairly scant, is not entirely favorable. Weingart et al. performed 
a survey of ambulatory care physicians to characterize assessments of an e-prescribing 
system with allergy and drug interaction alerts. 1  Although physicians indicated that 
e-prescribing improved the quality of care and prevented medical errors overall, they 
were much less positive about alerts triggered by discontinued medications, alerts that 
failed to account for appropriate drug combinations, and an excessive number of alerts. 
A second paper by Weingart et al. acknowledged that ambulatory care clinicians over-
ride as many of 91% of drug interaction alerts and reported the development of an 
empirical model to estimate the potential impact of medication safety alerts. 2  They 
concluded, in part, that preventing drug interactions saves lives and health care dollars, 
however, 331 alerts were required to prevent one adverse drug event. A third paper by 
Isaac et al. concluded “Clinicians override most medication alerts, suggesting that cur-
rent medication safety alerts may be inadequate to protect patent safety.” 3  

 Why and what situations does this happen? The problem is evident when consider-
ing the situation of a hypothetical clinician who wants to add a potential drug to the 
regimen of a medically complex patient. She searches her memory of the subject 
and fi nds nothing. She types the new prospective regimen into an internet drug inter-
action program, and is then faced with a lengthy collection of potential interactions. 
The vagueness of these designations and the breadth of the list makes it diffi cult to 
judge. She asks the person next to her what they would do. They shrug. She gazes 
at the list of DDIs again. She then is tempted to just shut the thing off, go for it, and 
hope for the best. Finally, she picks up the phone and calls the surgical pharmacy. 
Fortunately, the ICU PharmD is in. He straightens out her medication list and 
answers her questions. 
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 So, to further understand the problems at the crux of the DDI software conundrum 
faced by this hypothetical young doctor, one must fi rst look at the nature of DDIs. 
Of course, many DDIs are unambiguously and uniformly important. For instance, 
DDIs that produce drastic blood level increases in narrow therapeutic index agents 
(tricyclic antidepressants, lithium, digoxin, etc.) will almost invariably pose grave 
toxicity concerns. Additionally, DDIs that cause a signifi cant decrease in drug con-
centrations lead to subtherapeutic levels and can be expected to produce therapeutic 
failures with potentially catastrophic outcomes. However, for the majority of DDIs, 
the situation is not so clear-cut. Some DDIs are situational, dependent on several 
factors to come into alignment. Most DDIs produce potential and/or actual subopti-
mal outcomes, but not frank toxicity or complete loss of effi cacy. Indeed, some 
DDIs can be benefi cial, whether by accident or the deliberate  mobilization of mech-
anistic synergies. The question of how to address this majority of DDIs poses the 
fi rst daunting challenge for the designers of DDI programs. 

 Secondly, most of the time, the mere fact that a DDI results from concomitant admin-
istration of two drugs does not establish that a particular DDI has any real clinical 
signifi cance. Within the human species, there is great variability of both pharmaco-
dynamic and pharmacokinetic profi les. This variability can be due to several factors 
including age, genetics, and pathology. This results in a spectrum of clinical responses 
to a given DDI, ranging from no discernible change to outright toxicity/therapeutic 
failure. And again, some DDIs are helpful, whether by serendipity or design. This 
intra-patient variability of clinical consequences arising from most DDIs makes it 
diffi cult to create a DDI program that provides consistently useful output. After all, 
who wants a DDI program whose most frequent result to most queries is, “anything 
could happen”? One might regard this as a simplistic criticism but let us examine the 
consequences arising from different “DDI priorities.” 

 Intuitively, to avoid the unhelpful “anything could happen” message, the designers 
and programmers might design a DDI program that prioritizes probable events and 
de-emphasizes the merely possible. In epidemiologic language, this involves 
increasing  specifi city  at the cost of  sensitivity . The fewer false alarms, the more 
missed important interactions. While many practitioners might regard such a lack of 
“false alarm” alerts in the program as “user-friendly,” this is small consolation to the 
persons who avoidably suffer from consequences of predictable and preventable 
DDIs that are missed by this program. 

 On the other hand, programs and software can be made more sensitive, to greatly 
minimize the risk of ever missing an important DDI. However, the price now paid is 
lack of specifi city. In other words, the more sensitive the program, the more trivial 
and even frankly irrelevant “false alarm” alerts. 

 As noted in the papers cited above, the false alarm phenomenon is one of the biggest 
issues faced when using a DDI software program. An ongoing series of false and 
nuisance alarms caused by overly sensitive DDI programs can and will lead to “alert 
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fatigue.” The human factors consequences of false alarms and alert fatigue are well-
recognized and have been quantifi ed. For example, it has been determined that peo-
ple have a tendency to “probability match” their responses to the perceived value to 
the alert. That is, alerts that are ‘false alarms” 90% of the time will be ignored 90% 
of the time. 4  More fundamentally, technologies like DDI programs act like a mem-
ber of the medical team—they can provide valuable information that is useful, or 
they can become a burden on the team by not contributing added value. Humans 
have an innate and inbred ability to understand who is a good team member. People 
learn who to listen to on their team and who to trust. DDI programs that often “cry 
wolf,” and who are unreliable or untrustworthy team members teach people to 
develop feelings of frustration and dislike, and to mistrust the program itself. 

 Another problem with computerized DDI programs arises due to certain inherent 
structural shortcomings that decrease the effectiveness of the programs. It is becom-
ing clear that DDI databases need to take into account more patient-specifi c 
 information. 5  However, most programs have not progressed to this extent; they can’t 
supply the critical weighing of mitigating and/or exacerbating patient factors that 
are essential for sound clinical decision making. More simply put, clinical context 
is everything for both the provider and the patient, and the programs aren’t very 
good at that. The programs don’t know you, they don’t know what you consider 
obvious, and they don’t know what you would fi nd usefully informative. Similarly, 
they don’t know your patient. DDI programs don’t “understand” the patient and 
context in which you operate. Few programs consider the individualized character-
istics of a patient when generating warnings. As examples, hypertension as a side 
effect may be much more dangerous to a 92-year-old with diabetes than a healthy 
27-year-old, but few DDI programs change the severity rating of a side-effect based 
on patient characteristics like age. The threshold for accepting risk for a given drug- 
drug interaction may be different if the drug therapy is contemplated for a patient 
with diffi cult to manage pain in the clinical setting of signifi cant psychiatric disease. 
And of course, at this time, most DDI programs do not take into account whether a 
patient is a poor metabolizer at the CYP2D6 enzyme. This leads to information that 
is not properly prioritized, and further increases the diffi culties of an effi cient work-
ing relationship with a DDI program. 

 Interaction with DDI programs can also be a problem. On handheld devices, the 
process of inputting drugs into the DDI program can be inelegant, tedious, or even 
frustrating. For a clinician working with a DDI program imbedded in a patient’s 
records, it can be diffi cult and slow for a clinician to make her way through her chart 
tasks in the face of repeated warnings that may be technically true, but have limited 
clinical relevance. 

 Lastly, it’s not good to be too dependent on technology. Give a man a fi sh and you 
feed him for the day. Teach him to fi sh and you feed him for a lifetime (as well as 
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getting the whole weekend to yourself). DDI programs “give you a fi sh” by provid-
ing a list of interactions. Even if they do it correctly and meaningfully (which we 
know they don’t), this teaches you primarily one thing: to depend on DDI programs. 
Learning the fundamentals of DDIs can “teach you to fi sh,” so that you can work 
with confi dence even when the technology is not available. Learning about DDIs 
can free you from depending on the program, and help you work more with patients, 
not computer programs. 

 What does the future hold for DDI software programs? The issues described 
above are still prevalent and the clinician must remain ever-vigilant. One possible 
solution is to implement more nuance and gradation into DDI programs rather 
than the binary choice of expressing or suppressing a given DDI. However, even 
simple attempts in software modifi cation need to be done with caution, since 
interactions that cause patent harm may be suppressed. 6  Some programs employ 
a graded alert system that shows the severity of the interaction or probability of 
an alert’s validity (red-yellow-green light symbols and other such maneuvers). 
However, these programs require cognitive burden on the provider. One can no 
longer rely on the program to provide simple “safe” vs. “unsafe” output and be 
guided by such unambiguous determinations. But most programs have not pro-
gressed to this extent; they can’t supply the critical weighing of mitigating and/or 
exacerbating patient factors that are essential for sound clinical decision making. 
The genetic revolution has led to the new paradigm of “individualized medicine” 
in patient care. True individualization in therapy however, will occur only when 
genetics are fully integrated with all the factors, like active pathology, that cur-
rently cause variability, including DDIs. Unfortunately, we are still a long dis-
tance from that goal. 

 We feel the best approach to the current state of drug event and drug interaction 
software is to consider that acquiring fl uency about drug–drug interactions is like 
urgently needing to learn a second language because one fi nds oneself suddenly liv-
ing in an increasingly bilingual world. It is far better to immerse oneself in the cul-
ture of France in order to learn to speak French than it is to try to learn the language 
by having conversations in French that are hampered by laboriously looking up each 
word, one at a time. This book is designed to be a critical tool in your DDI “lan-
guage immersion” process. 

 In summary, for better or worse, our best defense against the silent epidemic of 
DDIs is a well-trained, aware, and conscientious clinician who devotes specifi c 
attention to the issue of DDIs on behalf of every single patient they treat, and gen-
eral attention to the subject at large. So review the vignettes, scan the tables, immerse 
yourself in the  Fatal Forty , and ownership of this domain will come your way. Your 
patients may never know the difference, but your thanks will come in the form of 
decreased morbidity and mortality, and improved outcomes as well. 
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    Take-Home Points 

•  Software drug–drug interaction programs are generally a necessary but not 
suffi cient component in the mastery of DDIs. 

•  The sensitivity and specifi city of the commercial and chart DDI software 
programs are often inversely proportional. 

•  Clinicians using these programs must be aware of, and guard against, alert 
fatigue. 

•  The editors recommend that you use commercial DDI programs much as 
you would use a foreign language dictionary—as a reference source, but 
not the sole resource for living in a foreign country. In other words, take 
time to actually learn and work towards fl uency in the DDI language!     

   References 
    1.    Weingart SN, Simchowitz B, Shiman L, et al. Clinicians’ assessments of electronic medication 

safety alerts in ambulatory care. Arch Intern Med. 2009;169(17):1627–32.  
    2.    Weingart SN, Simchowitz B, Padolsky H, et al. An empirical model to estimate the potential 

impact of medication safety alerts on patient safety, health care utilization, and cost in ambula-
tory care. Arch Intern Med. 2009;169(16):1465–73.  

    3.    Isaac T, Weissman JS, Davis RB, et al. Overrides of medication alerts in ambulatory care. Arch 
Intern Med. 2009;169(3):305–11.  

    4.    Bliss JP, Gilson RD, Deaton JE. Human probability matching behaviour in response to alarms 
of varying reliability. Ergonomics. 1995;38(11):2300–12.  

    5.    Smithburger PL, Buckley MS, Bejian S, et al. A critical evaluation of clinical decision support 
for the detection of drug-drug interactions. Expert Opin Drug Saf. 2011;10(6):871–82.  

    6.   Horn JH, Hansten, PD. Customization of drug interaction software: caution is warranted. 
Pharmacy Times; 2011.   http://www.pharmacytimes.com/publications/issue/2011/August2011/
Customization-of-Drug-Interaction-Software    . Last Accessed on 17 Sept 2012.    

Paradigms and Core Concepts

http://www.pharmacytimes.com/publications/issue/2011/August2011/Customization-of-Drug-Interaction-Software
http://www.pharmacytimes.com/publications/issue/2011/August2011/Customization-of-Drug-Interaction-Software


93© Springer Science+Business Media New York 2015 
C. Marcucci et al. (eds.), A Case Approach to Perioperative Drug-Drug 
Interactions, DOI 10.1007/978-1-4614-7495-1_18

    Abstract  
  This chapter discusses the essential terms and concepts of drug–gene 
 interactions or how genetics affect pharmacology. This subset of pharmacol-
ogy is also known as pharmacogenomics.  
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      Since the inception of pharmacology, it has been acknowledged that different patients 
respond differently to the same medication. While many non-genetic  factors (ie, age, 
weight, organ function, concomitant therapy, etc.) can infl uence how a patient reacts 
to medication, the existence of large population variability is consistent with genetic 
factors as the major determinant of drug response. In fact, it is estimated that genetics 
are responsible for 20% to 95% of the variability observed in a drug’s pharmacoki-
netics and pharmacodynamics. 1  Consideration of this inter- patient variability in drug 
response is critical in the clinical setting, as pharmaceuticals are one of the most 
common causes of adverse events, resulting in morbidity, mortality, and increased 
cost of treatment. In 1994, it was estimated that even when drugs were appropriately 
administered, over 2.2 million hospitalized patients suffered severe adverse drug 
reactions (ADRs), and over 100,000 had fatal ADRs, making ADRs between the 
fourth and sixth leading cause of death in the United States. 2  
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 Recognition that specifi c genetic variants were responsible for differences in drug 
effects began as early as the 1950s, giving rise to the fi eld of  pharmacogenetics. 3  ,  4  
However, today the fi eld has evolved into a genome-wide approach that explores 
inherited variations in genes that dictate drug response and investigates the ways 
these variations can be used to predict patient’s drug response. This genome- wide 
approach is what is now referred to as pharmacogenomics (although the two terms 
are currently used synonymously). The development of this fi eld has challenged the 
previous notion of one drug and dose fi ts all, with the promise of a more individual-
ized approach to drug therapy. The essential clinical benefi t of pharmacogenomics 
is the ability to predict a patient’s drug response prior to administration, thereby 
preventing possible ADRs, improving drug therapy and improving overall therapeu-
tic outcome. 

    How Genetics Affect Pharmacology 

 To understand the utility of pharmacogenomics, it is important to understand how 
genetics can affect the therapeutic action of a drug. A drug’s pharmacokinetic action 
is dependent on the absorption, distribution, metabolism, and elimination (ADME) 
of the compound. Proteins such as membrane transporters and metabolizing 
enzymes control the ADME of every drug, determining the concentrations of drug 
at the site of action at different points in time. Once at the target, the interaction of 
the drug with the receptor results in the pharmacodynamic action of the compound. 
This combination of pharmacokinetics and pharmacodynamics controls the thera-
peutic outcome for all drugs, and the proteins that ultimately determine these factors 
are regulated by a patient’s genome. 

 Every human is born with a unique DNA sequence inherited from our parents, 
which encodes that person’s genome. This sequence is comprised of the four nucle-
otides adenosine (A), thymine (T), guanine (G), and cytosine (C), which carry the 
messages to construct specifi c proteins in the following process. Select portions of 
a DNA sequence, that encode information for specifi c genes, are transcribed into 
pre-messenger RNA (pre-mRNA). The pre-mRNA is further processed by splicing- 
out non-coding regions of RNA (introns), leaving only the coding regions of RNA 
(exons), which are spliced together to form mature mRNA. The structures of pro-
teins are encoded in mRNA by three nucleotide units (codons), which correlate to 
specifi c amino acids. Specialized protein aggregations, called ribosomes, translate 
these codons to form chains of amino acids that ultimately form proteins. This 
highly organized and controlled process results in the production of every protein 
found in an individual’s body. 

 With the completion of the Human Genome Project, it was discovered that despite 
the human genome containing roughly three million base pairs, only 1.1% of the 
DNA was comprised of exons, while introns accounted for 24% and inter-genic 
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DNA spanned the remaining 75% of the genome. 5  Furthermore, despite the size of 
the genome, interpersonal variation in DNA sequences are relatively rare, with only 
one nucleotide differing for every 1000 to 2000 bases. 6  When these variations occur 
in more than 1% of the population, they are classifi ed as “polymorphisms,” while 
less common variations are classifi ed as “mutations” or “rare inborn errors.” The 
most common variations result from single nucleotide polymorphisms (SNPs, pro-
nounced “snips”), which are single-base variants in a DNA sequence. Over 1.4 mil-
lion SNPs have been identifi ed in the human genome. The vast majority of these 
SNPs are found in the non-coding and intronic regions of DNA and they usually 
have no functional consequences; they are therefore known as “silent” SNPs. 
However, non-coding segments of DNA can contain promoter regions that control 
the expression of various genes. SNPs found within these promoter regions can 
result in increased or decreased protein expression. Similarly, SNPs found within 
intronic DNA can produce changes in the splicing of pre-mRNA, resulting in trun-
cated, nonfunctioning proteins. Relatively fewer SNPs (approximately 60,000) are 
found within the coding regions of DNA. SNPs within an exon result in an altered 
codon, which encodes for a specifi c amino acid. In some cases these altered codons 
will still encode for the proper amino acid, known a “synonymous substitution,” 
resulting in a normal protein. Conversely, “non-synonymous” SNPs results in 
codons that change an amino acid; with the outcome of this substitution being a 
change in protein structure or function. 

 Despite SNPs being a relatively small change, they have been associated with clini-
cally relevant changes in the pharmacological action of various drugs. Consequences 
of SNPs have been linked to 1) decreased clearance of drugs, leading to “functional 
overdose”; 2) rapid clearance of drugs, resulting in loss of effi cacy; 3) failure to 
convert prodrugs to active compounds; 4) altered pharmacodynamics; and 5) idio-
syncratic toxicities. In this chapter, we focus on therapeutic consequences of vari-
ous SNPs. This chapter is not meant to be a comprehensive review, but rather to 
provide relevant examples to illustrate the utility of pharmacogenomics as a molec-
ular diagnostic method to improve drug therapy.  

    Metabolism 

 One of the fi rst examples of the utility of pharmacogenetics involves a protein well 
known to anesthesiologists, butyrylcholinesterase (BCHE). 7  This enzyme is respon-
sible for the hydrolysis of ester-containing compounds such as the neuromuscular 
blocking drugs (succinylcholine and mivacurium) and local anesthetics (procaine, 
chloroprocaine, and cocaine). Succinylcholine is rapidly metabolized and inacti-
vated by BCHE, which accounts for its short half-life of approximately 1 to 3 min-
utes. However, it has been well documented that in some individuals a typical dose 
of succinylcholine results in prolonged muscle paralysis. Various polymorphisms in 
the coding region of the BCHE gene have since been identifi ed, and account for this 
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prolonged paralysis. The most frequent SNPs of BCHE are the atypical and Kalow 
variants, which describe the nucleotide substitution of A with G at position 209, and 
of G with A at position 1615, respectively. These substitutions result in amino acid 
changes from aspartic acid to glycine at codon 70, and from alanine to threonine at 
codon 539, respectively. Both variants are associated with BCHE enzymes that have 
decreased ability to hydrolyze succinylcholine, producing prolonged muscle 
relaxation. 8  

 Cytochrome P450 (CYP) enzymes are a superfamily of microsomal drug- 
metabolizing enzymes that catalyze the vast majority of Phase I drug metabolism. 
As the primary metabolizers of clinically relevant drugs, polymorphisms found 
within the genes of CYPs can have profound effects on drug therapy and potential 
ADRs. A specifi c enzyme in this family, CYP2D6, is one of the most extensively 
studied and classic examples of pharmacogenetics in drug metabolism. 9  CYP2D6 is 
of particular interest because it metabolizes numerous drugs as diverse as codeine, 
dextromethorphan, propranolol, nortriptyline, and tramadol. Furthermore, to date, 
85 different variants have been described for this one gene (  www.cypalleles.ki.se    ). 
These polymorphisms greatly infl uence the enzyme’s metabolic effi ciency, result-
ing in patients being classifi ed into four major phenotypes: 1) poor metabolizers, 
subjects with little to no enzyme activity; 2) intermediate metabolizers, subjects 
with decreased enzyme activity; 3) extensive metabolizers, subjects with a normal 
range of 2D6 activity; and 4) ultra-rapid metabolizers, subjects with multiple copies 
of the CYP2D6 gene, resulting in greater than normal enzyme activity. Identifi cation 
of a patient’s 2D6 genotype would greatly enhance the ability to predict the metabo-
lism of various drugs used in the pre-, intra-, and postoperative setting. With the 
high incident rate of cardiovascular disease in America, patients undergoing 
ß-blocker therapy are commonly encountered in the clinical setting. Patients with 
the 2D6 poor metabolizer genotype demonstrate decreased clearance of ß blockers, 
such as metoprolol and propranolol, leading to an increase in their pharmacody-
namic effects, and potential ADRs. 10  In the case of metoprolol, patients with the 
CYP2D6 ultrarapid metabolizer genotype have approximately 100% greater clear-
ance of metoprolol compared to rapid metabolizers (see Chap.   127    , “Too Slow To 
Flow”). CYP2D6 poor metabolizers demonstrate poorer clearance of the 
R-enantiomer of carvedilol (an α -receptor antagonist and ß-receptor antagonist), 
leading to a much greater alpha-blockade than would otherwise be predicted. 11  As 
this is becoming a popular adjunct in the treatment of heart failure, the implications 
of 2D6 isoenzyme variation in patients treated with carvedilol undergoing anesthe-
sia could be dramatic. Ondansetron is also at least partly metabolized by 2D6 and 
2D6 ultrarapid metabolizers are thought to metabolize the medication too quickly to 
gain a therapeutic benefi t from the drug. In these cases, the appropriate response is 
not to administer more ondansetron, but to change the therapeutic approach alto-
gether (see also Chap.   162    , “ Bounce Back ”). 12  

 The ultra-rapid metabolizer genotype and phenotype can have a profound effect on 
the effi cacy of normally benign prodrugs. Codeine and tramadol are both prodrugs 
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that are converted via CYP2D6 to the active analgesic opioid receptor agonists, 
morphine and  O -desmethyltramadol, respectively. While standard dosages of these 
compound usually result in mild analgesia and central nervous system depression, 
2D6 ultra-rapid metabolizers have been shown to have serious ADRs, such as respi-
ratory depression, with even small dosages (see also Chap.   63    , " Too Much of a 
Good Thing "). 13  ,  14  Conversely, patients who are 2D6 poor metabolizers exhibit lim-
ited conversion of codeine and tramadol to their active metabolites, and they will 
therefore be more likely to provide benefi cial analgesia. Prior knowledge of a 
patient’s 2D6 genotype would allow alteration of dosage or substitution of medica-
tion to prevent ADRs and optimize therapy. 

 The commonly prescribed vitamin K antagonist warfarin is a CYP2C9 substrate. At 
least two CYP2C9 variants exist, with alleles designated as  CYP2C9*2  and 
 CYP2C9*3  respectively. The presence of either of those alleles in an individual can 
greatly decrease warfarin clearance, and patients with these polymorphisms are 
much more likely to experience excessive anticoagulation and bleeding. 15  Warfarin’s 
genomics are complex however, as the activity of the drug is also dependent on the 
effectiveness of vitamin K epoxide reductase (VKORC1). 16  Studies have demon-
strated that approximately 25% of the coumadin variability can be attributed to the 
presence of a single nucleotide polymorphism (SNP) present in this gene. Together, 
variations of CYP2C9 and VKORC1 have signifi cant implications for perioperative 
care and complications. 2C9 is also an important metabolizer of the popular nonste-
roidal anti-infl ammatory drug (NSAID) celecoxib (Celebrex®), a cyclooxygenase-2 
inhibitor. Known genetic polymorphisms in the CYP2C9 gene lead to an inability of 
this enzyme to effectively metabolize this drug. The result is a dramatic increase in 
drug plasma levels, and has lead to a manufacturer drug information warning to use 
caution when administering celecoxib to “poor metabolizers of CYP2C9 
substrates.” 17  

 A fi nal example in which the pharmacokinetics of a drug commonly used to anes-
thetize patients is infl uenced by an individual’s genome is that of propofol. For 
some individuals, a very small propofol dose can produce profound sedation. These 
patients likely have a “functional polymorphism” in the gene for the propofol 
metabolizing enzyme, CYP2B6. 18  This polymorphism, which carries a frequency of 
homozygous carriers in the Caucasian population of approximately 2%, leads to 
reduced CYP2B6 activity, and thus enhanced propofol action.  

    Transporters 

 Transport proteins play an important role in the pharmacokinetics of drugs because 
they regulate the absorption, distribution, and excretion of drugs and their metabo-
lites. Because these transporters are one of the major factors controlling the dura-
tion and concentrations of drugs at their sites of action, polymorphisms that alter 
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the functioning of these proteins can have profound effects on a compound’s 
 therapeutic outcome. The ATP-binding cassette (ABC) family of membrane 
 transporters is one of the most important families of transporters involved in drug 
distribution. Of the 49 known human ABC transporters, P-glycoprotein (encoded 
by the  ABCB1  gene, also called  MDR1 ) is the most recognized, due to its wide 
 tissue distribution throughout the body, and its role in transporting a wide array of 
compounds, including digoxin, quinine, vinblastine, dexamethasone, cyclospo-
rine, and loperamide. One of the most important functions of P-glycoprotein is to 
prevent the accumulation of xenobiotics in the brain through effl ux of compound 
across the blood–brain barrier. Of importance to anesthesiologists, P-glycoprotein 
is a major determinate of opioid bioavailability in the brain, thereby affecting 
 systemic analgesia. A SNP in the  ABCB1  gene (substitution of C with T at position 
3435) has been associated with decreased expression of P-glycoprotein. Patients 
with this polymorphism have demonstrated increase concentrations of 
P-glycoprotein substrates, such as digoxin and morphine, in their cerebrospinal 
fl uid. 9  ,  14  Although clinical signifi cance of this polymorphism remains uncertain, it 
demonstrates the ability of transporter polymorphisms to effect the ADME of rel-
evant compounds.  

    Receptors 

 While polymorphisms of drug metabolizing enzymes and transporters affect the 
concentration of drug at the target, genetic variation within the targets (ie, recep-
tors) can have profound effects on drug effi cacy. Severe pain can be therapeuti-
cally addressed with opioid analgesics that act through the opioid receptors. The 
majority of clinically relevant opioid analgesics work through the μ 1 -opioid recep-
tor (encoded by the  OPRM1  gene). The  OPRM1  gene has been shown to have 
several polymorphisms that result in meaningful functional consequences. 19  ,  20  One 
of the most common  OPRM1  SNPs (10.5%-18.8% allelic frequency) is the nucle-
otide substitution of A with G at position 118, resulting in an amino acid change 
from asparagine to aspartate at codon 40. 21  Patients who are carriers (heterozy-
gous) for this polymorphism were found to require higher dosages of analgesics 
(ie, alfentanil and morphine) to obtain pain relief than non-carriers of this 
SNP. Interestingly, carriers of this SNP were also found to tolerate the higher 
plasma levels of opioids, without increases in opioid toxicities or side effects, such 
as nausea and vomiting. Therefore, while this SNP requires an increase in opioid 
demand to achieve therapeutic analgesia, it may also broaden the therapeutic index 
of opioid analgesics. 22  

 The ß 2 -receptor, a site of action for some ß-agonist drugs, is coded by the gene 
ADBR2, a gene associated with signifi cant variability. Polymorphisms in the ADBR2 
gene produce a ß 2 -receptor that can be more or less sensitive to therapy leading to 
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differences in bronchodilation. 23  Oddly, however, the same polymorphism associ-
ated with bronchoconstriction is associated with increased survival in trauma 
patients. 24  Both factors may be of use to future anesthesia providers  attempting to 
tailor care to individual patients. 

 Although we have discussed a few signifi cant pharmacogenomically infl uenced 
anesthesia agents, it is important to remember that this fi eld is relatively new, and 
additional data should be expected. Additional anesthetic/pharmacogenetic data are 
emerging regarding metabolism of midazolam (extensive metabolism via variant 
CYP3A5), local anesthetics (sodium channel variations and metabolism via 
CYP3A4) and volatile agents (variation in GABA receptors and melanocortin 
receptor 1). 25  ,  26  The latter variation in volatile agent effect correlated with the same 
melanocortin-1 variant that produces red hair has received extensive press cover-
age. 27  It should be expected that public interest in the potential of pharmacogenom-
ics will only increase; thus our attention to this fi eld is vital.  

    Take-Home Points 

•     It has long been recognized that variations of specifi c genes can affect the 
pharmacology of a drug, giving rise to fi eld of pharmacogenetics. However, 
because the therapeutic effects of drugs are determined by the interplay of 
various genes (ie, those coding for transporters, receptors, and metaboliz-
ing enzymes), the ability to characterize the polygenic determinants is 
advantageous in predicting a drug’s therapeutic outcome.  

•   With the advances in human genomics and completion of the Human 
Genome Project, the ability to use a genome-wide approach to individual-
ize a patient’s drug therapy is rapidly becoming more realistic.  

•   Currently, the individualization of therapy based on genomics is only rea-
sonable for very few drugs, due to the costs of genetic mapping and our 
limited knowledge of functionally important polymorphisms. Currently, 
genotyping is done most commonly for the CYP2D6 and CYP2C19 
isozymes.  

•   However, genotyping techniques are rapidly improving to the point where 
it is possible to screen for a panel of thousands of SNPs in genes that affect 
ADME and pharmacodynamics.  

•   As our knowledge of functionally relevant polymorphisms continues to 
advance through research, the practicality of pharmacogenomics in wide-
spread clinical practice will only continue to increase.        
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      When contemplating the drug-drug interaction (DDI) universe, four questions natu-
rally arise: Are are DDIs important? Is this something I actually need to worry 
about? In what ways might I encounter DDIs in my practice? How do I begin to 
identify and deal with them? 

    Abstract  
  This chapter discusses the pharmacoepidemiology of drug–drug 
interactions—how, why, and when clinicians encounter DDIs.  
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 The answers to the fi rst two questions are easy: Yes, you  do  have to worry about this 
and yes, DDIs  are  important because they are part and parcel of a major public 
health initiative—the enhancement of patient safety and welfare by the elimination 
of medical errors. 

 Drug safety is a signifi cant component of the overall patient safety movement. This in 
turn is based on the science of pharmacoepidemiology—the study of the use and 
effects of drugs in large numbers of people. One focus of pharmacoepidemiology is 
the study of adverse effects suffered by patients when they use therapeutic drugs. 1  
These adverse effects can result from medications errors, adverse drug reactions, and 
adverse drug events. None of these terms precisely defi nes a DDI in the sense we are 
using it in this book. DDIs are not a subset of adverse drug reactions, rather if DDIs 
are severe enough and/or go unremedied, they become the  cause  of them. 

 For a number of reasons, the epidemiology of DDIs is complex and the true inci-
dence of DDIs remains unknown. 2  –  5   Fortunately, we are learning about the inci-
dence of adverse drug reactions and adverse drug events and it is often possible to 
infer what proportion of these are DDI-related. 6  

 Adverse drug reactions and adverse drug events are common, costly, and cause a 
signifi cant morbidity and mortality. 7  ,  8  For example, in 2007, the Institute of Medicine 
estimated that between 380,000 and 450,000 preventable adverse drug reactions 
occur annually. 9  It has been reported that an estimated 5.3% of hospital admissions 
were due to an adverse drug reaction. 10  ,  20  Adverse drug reactions are also costly:  A 
1997 study reported that an adverse drug reaction increased the cost of a hospitaliza-
tion by $5,857. Assuming 400,000 preventable adverse drug reactions occurred in 
2006 in the United States, the total cost of adverse drug reactions for that year was 
$3.5 billion. 9  Unfortunately, patients admitted to hospitals for reasons other than drug 
or medication events incur adverse drug reaction-related injuries as well. In hospital-
ized patients, drug complications were the most common type of adverse event (19%) 
in a review of disabling injuries caused by medical treatment. 11  Also, a recent study 
of community hospital patients found an incidence of adverse drug events of 1.1% of 
hospitalized patients. 12  Tragically, adverse drug reactions are a signifi cant cause of 
mortality, and may rank as high as fourth among the leading causes of in-hospital 
death. 12  A meta-analysis of 39 studies revealed the incidence of serious adverse drug 
reactions at 6.7%, with more than 2 million US patients affected in 1994. 13  Of those 
patients, 106,000 (0.32%) had fatal adverse drug reactions. 

 Using these data, we can make some sobering inferences about DDIs. For example, 
DDIs account for at least 3% to 5% of in-hospital medication errors. 14  Since a 1995 
study found that 3% of 264 studied adverse drug events were caused by DDIs and 
there are 36 million hospital discharges per year in the US, a conservative estimate of 
the incidence of DDI-linked adverse drug reactions suggests there are at least 110,000 
per year in the US that reach the level of detection of harm and are elucidated as true 
DDIs. 14  ,  15  Since DDIs are often unrecognized, the incidence is surely higher. 
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 Anesthesiologists encounter DDIs in two ways—those they “inherit” due to patients’ 
preexisting medical conditions and medications, and those that are potentially 
caused in the perioperative period due to several unique aspects of our practice. 

 As for DDIs that are unwittingly passed on to us from the outpatient prescribers, the 
data are sobering. For example, a study of retail pharmacies in Norway showed that, 
for 15% to 20% of patients, commonly prescribed medications that inhibit CYP3A4 
and C2D6 were co-prescribed with medications metabolized by those enzymes. 16  
Specifi c DDIs are also associated with identifi ed patient cohorts. For instance, 
patients with hepatic cirrhosis are known to have a high incidence of potential DDIs 
(21%), and 13% of these DDIs resulted in harm to the patient (adverse drug reac-
tion). Use of agents with primary hepatic clearance, as well as impaired renal func-
tion, increased the risk for adverse drug reactions, and the drugs most commonly 
associated with DDIs were angiotensin-converting enzyme inhibitors, nonsteroidal 
anti-infl ammatory drugs, diuretics, and anticoagulants. In another study at a US 
Veterans hospital, researchers identifi ed at least one clinically signifi cant drug inter-
action in 83% of younger patients and 89% of older patients at an HIV-specialty 
clinic where most patients have both antiretroviral and nonantiretroviral DDIs. 17  
Perhaps predictably, younger patients had more DDIs involving antihistamine, cor-
ticosteroid, hormonal, and erectile dysfunction agents, whereas older patients had 
DDIs involving antihypertensive and antidiabetic agents. Similarly, Miller et al. 
found that 42% of HIV clinic patients had at least one DDI requiring dosage adjust-
ment, discontinuation of a medication, or both. 18  Independent risk factors for clini-
cally signifi cant DDIs were 1) age older than 42 years; 2) more than three comorbid 
conditions; 3) more than three antiretroviral agents; and 4) treatment with a protease 
inhibitor. 

 There is also abundant evidence of the presence of potential DDIs in inpatient set-
tings of all types. A large review of adverse drug reactions in hospital patients found 
that 17% were due to DDIs, thus suggesting that the huge number of adverse drug 
reactions in hospital patients is signifi cantly driven by DDIs. 19  Reimche et al. evalu-
ated all adult admissions to a Canadian teaching hospital and found potential DDIs 
in 19% of patients, with increased risk ratio for DDIs of approximately 1.5 associ-
ated with admission to a medical or surgical service. 20  

 A review of DDIs leading to adverse drug reactions in oncology patients, many of 
whom are also perioperative patients, found that 2% of unplanned admissions were 
due to DDIs and that one-third of oncology patients had documentary evidence of a 
potential DDI, with the most likely DDI combinations involving warfarin, antihy-
pertensives, and anticonvulsants. 21  Clearly, these data demonstrate that DDIs are 
neither uncommon nor insignifi cant. Even if our personal practices were fl awless 
and we ourselves never undertook any action that resulted in a clinically signifi cant 
DDI, we would need to exercise continuous vigilance to identify and treat the con-
sequences of the DDIs visited upon us when we undertake the care of referred 
patients. 
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 How do patients entering the perioperative period incur the risk for potential “new” 
DDIs? We believe there are four signifi cant factors. 

  First  ,  drugs and other therapies are stopped and started in the perioperative period. It 
is pretty easy to understand how this happens. For example, well-meaning primary 
care providers adjust hypertensive and diabetic medications (both classes of drugs are 
members of the  Fatal Forty ) when patients go in for preoperative evaluations and 
“medical optimization.” Surgeons prescribe preoperative courses of antibiotics. 
Analgesic use, both prescription and over-the-counter, increases as patients try to deal 
with illnesses and injuries. Bowel preps are undertaken. Patients get on the Internet to 
research dietary and naturopathic strategies to strengthen immune systems, mitigate 
symptoms, and then start taking herbs and supplements they have read or heard about. 
Coagulation modifi ers such as aspirin, clopidogrel, and warfarin are stopped. Stringest 
diets of all types are started. And, of course,  patterns of smoking, alcohol, and recre-
ational drug use does not stay constant—patients either use less in an attempt to quit 
before surgery or use more due to anxiety or fear of the upcoming lack of access. 

  Second  ,  there is acute-on-chronic administration of drugs in the perioperative 
period. Look for a moment at the Table of Contents of this book. The array of drugs 
and drug classes we work with every day is truly impressive. Yes, the psychiatrists 
and the neurologists work with amitriptyline and phenytoin, and the cardiologists 
work with amiodarone and metoprolol. But these clinicians do not also work with 
lidocaine, isofl urane, and rocuronium. 

  Third,  there is a veritable “witch’s brew” of medications given in the intensive care 
unit (ICU). ICU physicians practice at a special and rare location on the pharmaco-
logical spectrum. The ICU drugs are all potent and most are given intravenously—
antibiotics, amiodarone, digoxin, vasopressors, vasodilators, total parenteral nutrition, 
sedatives, opioids, immunosuppressants, neuromuscular blockers, IV anesthetics, cal-
cium channel blockers, and the list goes on. The potential for DDIs is enormous and 
will surely trip up the inattentive or unprepared provider. And of course, remember 
that the debilitated nature of ICU patients almost certainly is an additional risk factor 
facing providers trying to keep patients safe from the effects of unintended DDIs. 

  Fourth  ,  the chronic pain practice setting provides many opportunities to encounter 
and commit DDIs. There is a robust overlap between the chronic pain, addiction, 
psychiatric, and neurology patient cohorts. The physicians for these very deserving 
patients utilize a common medication panel that is heavily represented on the  Fatal 
Forty —amitriptyline and other tricyclic antidepressants, methadone, buprenor-
phine, pheny toin, carbamazepine, cyclobenzaprine, phenobarbital, and methadone. 
Add to this pharmacologic mix ritonavir and smoking tobacco (both members of the 
 Fatal Forty ), and it is not surprising that one study found that patients with non 
 cancer chronic pain were found to have a 26% incidence for potential DDIs (in this 
population, surprisingly,  younger  patients had a slightly higher risk of potential 
DDIs than those older than 65 years of age, and middle-age patients (35 to 44 years 
of age) had the highest risk. 22  
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 How should we begin to identify and deal with perioperative DDIs? The answer is 
to know our drugs, look for and anticipate the interactions instead of waiting for 
them to fi nd you, think about potential DDIs in every situation, and above all, ask 
questions, if you don’t know or aren’t sure. All practitioners have had the experi-
ence of taking care of a patient that doesn’t do as well as expected and nobody can 
fi gure out why. Keep suspicions and vigilance for DDIs high in your assessments 
and differential diagnoses. 

 In the preceding chapters, we have presented our lists of the  Fatal Forty  and  Top 
Ten , as well as reading lists for junior and senior anesthesia trainees. We also believe 
that dedicating time to learning how the core anesthetic drugs are metabolized, and 
further how each drug acts a as substrate and/or inhibitor, will amply repay the pro-
vider’s efforts. This is really no different than learning the minimum alveolar con-
centration (MAC) of each volatile anesthetic or the equipotent dosages of the various 
opioids—tasks that are set and accepted by all anesthesia trainees and  practitioners. 
To this end, we have created an appendix containing the editors’ personal compila-
tions of the enzymes where a number of the most common anesthetic drugs take 
action. These are the fi les on our personal desktops—each entry does not necessar-
ily denote a proven or reported DDI, but rather represents the possibility of an inter-
action that may as yet be unreported or for which the pharmacogenomics are still 
being elucidated. We have also included below a short list of sources and resources, 
again from our personal fi les, which we believe are high in both accuracy and 
accessibility. 

 As we have noted elsewhere, we are on the crest of a wave of new information con-
cerning both drug–drug interactions and drug–gene interactions. Of course, the 
interactions themselves are not new—they have been there all along. But we have 
now switched on the fl ashlight. Welcome to the club. 

    Recommended Sources for the Study of DDIs 

     Drug Interaction Principles for Medical Practice:  Cytochrome P450s, UGTs, 
P- Glycoproteins. Kelly Cozza MD, Scott Armstrong MD, Jessica Oesterheld 
MD; American Psychiatric Publishing, Inc. 2003.  

   Principles of Drug Biotransformation  by Evan Kharasch MD PhD in  Anesthetic 
Pharmacology: Physiologic Principles and Clinical Practice . Alex Evers, Mervyn 
Maze, editors, Churchill Livingstone, 2004.  

   Drug Interactions Casebook: The Cytochrome P450 System and Beyond.  Neil 
B. Sandson MD; American Psychiatric Publishing Inc. 2003.  

  Dr. Oesterheld’s site is at:   http://www.mhc.com/Cytochromes      
  Dr. Flockhart’s site is at:   www.drug-interactions.com      
  PubMed is at:   www.ncbi.nlm.nih.gov/pubmed      
  The Physicians’ Desk Reference online is at:   www.pdr.net      
  Dr. Sandson’s website is at:   www.druginteractionworld.com            
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         Introduction 

 Lawyers and physicians often disagree—sometimes with fervor—about medical 
malpractice, but there can be no argument about the fact that medication errors occur 
often and can have catastrophic consequences. From stories in the common press 1  to 
studies published in the medical literature, commentators have correctly described 
the issue as one of global concern 1   (see both footnote and reference, below) . While 
the true incidence of medication errors is often disputed, and just as often a function 
of how “errors” are defi ned, there is no question that the incidence of true errors is 
much greater than the public expects. Therefore, the area is a prime one for malprac-
tice claims and resulting payments by medical liability insurance carriers. 

1   Most notable examples:  Actor Heath Ledger’s death from the mixing of prescription drugs; actor 
Dennis Quaid’s newborn twins receiving an adult dose of heparin; singer Michael Jackson’s death 
from the ill-advised use of propofol). 

    Abstract  
  This chapter discusses three actual cases of serious patient injury and/or death 
resulting from drug–drug interactions and the outcome of the subsequent tort 
action.  
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 There is very little dispute about why claims arising from medication errors often 
result in very high jury verdicts or favorable settlements for patients. Inherent in 
these claims is “system error” or simple inattention to detail. Malpractice claims 
involving the “second-guessing” of considered, informed physician judgments are 
generally unsuccessful before juries, but claims involving medication errors do not, 
by defi nition, involve one or more physicians engaging in considered judgment 
about whether to treat a patient this way or that way; whether to operate or not oper-
ate. Contrary to the claims of those who advocate stringent “tort reform,” juries are 
exceptionally forgiving to physicians in such cases. However, the opposite is gener-
ally true when either an incorrect medication, a medication incompatible with other 
medications being taken by the patient, or an erroneous dose is administered. Juries 
will often “take out their frustrations” on a system that permits obvious errors that 
produce catastrophic results. 

 The following cases are examples of claims/lawsuits that involved medications used 
in combination with others either by mistake or ignorance. All of the cases resulted 
in awards to the patient or their family. Although damaging to the patient, such 
cases can also be devastating to providers. It is hoped these cases demonstrate situ-
ations from which the reader can learn, thus lessening the chance of similar mis-
takes occurring in the future.  

    Case #1:  Really Tragic 

 This case involved the interaction of intraoperative Toradol® (ketorolac) with other 
nonsteroidal anti-infl ammatory drugs (NSAIDs) in a spine surgery case. 

 A 32-year-old man, otherwise in good health and enjoying a very active lifestyle, was 
appropriately evaluated and determined to be in need of an anterior cervical disk-
ectomy and fusion at C6-7. The patient was admitted by his neurosurgeon to a large, 
regional medical center. The record was in confl ict as to the patient’s preadmission 
use of NSAIDs for control of arm pain caused by his cervical disk; however, it later 
became very clear the patient had used a variety of NSAIDs for pain relief for months 
prior to his hospitalization. Intraoperatively, the neurosurgeon ordered Toradol® 
(30 mg IV) for postoperative analgesia. The surgery was uncomplicated and lasted 
2 hours. The patient was admitted to the postanesthesia care unit (PACU). Over the 
course of an hour in the PACU the patient developed quadriplegia. The anesthesiolo-
gist was called fi rst to the PACU and immediately notifi ed the neurosurgeon, who 
arrived to the PACU shortly thereafter. The patient was evaluated, imaged, and 
returned to surgery. A large epidural hematoma was discovered to be compressing the 
patient’s spinal cord. After evacuation of the hematoma, the patient recovered but 
with signifi cant permanent neurological impairment of his left upper extremity. 
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    Legal Issues/Result 

 There were numerous issues that gave rise to the litigation brought by the patient 
against the hospital and the anesthesiologist. Because the neurosurgeon was signifi -
cantly critical of the PACU nurse for not summoning him to the unit sooner, he was 
not named as a defendant in the case. The central issue in the case involved the delay 
on the part of the PACU nurse in summoning the surgeon to the PACU when 
the patient showed signs of neurologic defi cits while recovering. The cause of the 
hematoma and the role played by the patient’s NSAID use preadmission, and the 
inconsistency in the record relating to the patient’s history of NSAID use were key 
causation issues in the case. 

 The patient had been referred by his primary care physician to the neurosurgeon 
for consultation. After imaging and exam, the neurosurgeon recommended sur-
gery. The patient had been taking NSAID medications for months prior to admis-
sion to the hospital. The surgeon’s history and physical was silent as to the patient’s 
NSAID use. The anesthesiologist’s preoperative history form made only cursory 
mention of NSAID use. Depositions revealed confl icting testimony as to which 
physician bore responsibility for determining an accurate preoperative history of 
NSAID use and the degree to which that would have affected the choice to use 
intraoperative Toradol®. After the patient suffered his severe neurologic complica-
tion, however, the hematologist who consulted on the case took a very detailed 
history and documented enough NSAID use to raise serious questions about 
whether ketorolac should have been administered in the face of preoperative 
NSAID use. While the medical literature was replete with references to the poten-
tial for epidural bleeding from ketorolac alone, or in combination with other 
NSAIDs, it was less than clear whether the amounts and timing of the preoperative 
NSAIDs in combination with the Toradol® was a substantial cause of the epidural 
hematoma. 

 The case was settled short of trial for a substantial sum. The surgeon’s criticism 
of the PACU nurse’s delay in summoning him back to the PACU when the 
patient demonstrated neurological deficits was likely the key factor prompting 
settlement. The anesthesiologist was dismissed from the case without payment. 
The inaccuracies in the record relating to the patient’s NSAID use, coupled 
with the dramatic nature of the postoperative hematoma, raised serious ques-
tions about whether “the left hand knew what the right hand was doing,” a 
suspicion that can often cause a jury to be suspicious of the entire medical 
“team.” 

 After the case was resolved, it was learned that the hospital and its surgery depart-
ments investigated the potential dangers of using ketorolac in spine cases, particu-
larly when there was a history of use of other NSAID use by patients.   
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    Case #2:  Disaster After Day Surgery—Hydrocodone 
and Prednisone 

 A 40-year-old woman, somewhat overweight (BMI of 37.8), with known sleep apnea 
but otherwise healthy and active was referred by her primary care physician to an 
otolaryngologist for consultation regarding snoring, nasal obstruction. and obstruc-
tive sleep apnea. A sleep study had been performed and revealed signifi cant apneic 
events (an AHI score of 77). The study was known by the otolaryngologist at the time 
of the consultation. On the day of the examination, the patient was suffering from an 
upper respiratory infection (the patient’s primary care physician had previously pre-
scribed a narcotic cough suppressant, which the patient had used). After examination, 
the surgeon recommended a nasoseptal reconstruction, a bilateral submucous reduc-
tion of the inferior turbinates, a tonsillectomy and an uvulectomy, in part because the 
patient had “failed CPAP.” The surgery was recommended and approved by the 
patient’s health insurer to be performed as a “day surgery.” The surgery was unevent-
ful, produced minimal bleeding, and considered successful. The patient was given 
one tablet/dose of prednisone following the surgery to help reduce postoperative 
infl ammation and instructed to take another tablet the following morning at home. 
The patient was placed in a recovery suite to await discharge the evening of the sur-
gery. Prior to discharge, the patient was given a prescription for hydrocodone/acet-
aminophen (Norco®, 325 mg capsules, one to two tablets to be taken every 3 hours, 
as needed for pain). The patient was discharged home in the care of her husband, who 
was a radiology technician at a neighboring hospital. The patient took—and the hus-
band recorded—the hydrocodone/acetaminophen and prednisone as directed but, 
nonetheless, was in considerable pain. During the middle of the second night follow-
ing discharge, the patient was found deceased by her husband while reclined in a 
semi-upright position. Autopsy revealed extensive swelling of the pharynx and toxi-
cology revealed a level of hydrocodone within the reported “fatal range,” albeit on 
the low end of the range (0.17 mg/L). The patient was otherwise opioid naive. 

    Legal Issues/Result 

 The patient’s husband commenced a wrongful death action against the surgeon, 
which was settled for a substantial sum. A consulting forensic pathologist con-
cluded the cause of death was related to the patient’s loss of her airway due to nar-
cotic suppression and swelling. The central issue in the case involved the combined 
use of hydrocodone with prednisone in a patient with known sleep apnea. A second-
ary issue was the decision on the part of the surgeon to perform an extensive, painful 
surgery on this patient without monitoring her oxygen level as an in-patient for at 
least 48 hours after surgery. Consulting experts criticized the surgeon’s apparent 
lack of awareness of the “rebound effect” produced by steroids (swelling of tissues 
following an initial period of swelling reduction). Concern was also expressed about 
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the choice of Norco® as a postoperative pain medication, given its relatively high 
concentration of hydrocodone. An issue underlying the case was the role of the 
health insurer in approving and, in fact, encouraging the surgical procedure to be 
performed as a “day surgery,” thus contributing to the patient’s lack of monitoring 
postoperatively, a process that would have likely saved her life.   

    Case #3: A Truly Awful Fentanyl Patch Outcome 

 A very healthy, active, and high wage-earning 38-year-old father of four young 
children was involved in a late-night single-car motor vehicle accident following a 
competitive soccer game. The patient was taken by ambulance to a local hospital at 
approximately midnight on the evening of the accident and found to have two rib 
fractures and a small scapular fracture. The patient was admitted by the hospital’s 
“trauma service” and came under the care of a local surgeon. The decision was 
made to admit the patient for the balance of the night, treat his pain, and discharge 
him the following day. While in the hospital, the patient received two standard doses 
(4 mg IV) of morphine sulfate in the emergency department and hydromorphone 
(Dilaudid®) by PCA while in his hospital room. After consultation with an orthope-
dist, the surgeon ordered nursing staff to place a fentany patch (75 mcg) on the 
patient to help him control postinjury pain. A prescription was written for three 
more patches. The patient was opioid naive with absolutely no history of narcotic 
use prior to his one night admission to the hospital. It was later learned that the 
patient had a sleep study performed 2 years before this admission and had been 
found to have “mild sleep apnea” and prescribed continuous positive airway pres-
sure (CPAP), which he rarely used. Prior to discharge, the patient was given two 
tablets of oxycodone/acetaminophen (Percocet®) by mouth and was discharged 
from the hospital at approximately 4:30 p.m. on the day following his admission. He 
traveled with his wife to the wrecking yard to view his vehicle, went home for a 
small meal, and retired on the couch in a semi-reclined position at approximately 
9:00 p.m. The patient’s wife was awakened by their barking dog at approximately 
2:30 a.m. and found her husband deceased on the couch in the same position she had 
left him. The cause of death was “fentanyl intoxication.” Toxicology revealed an 
amount of fentanyl in the patient’s system nearly two times greater than he should 
have had with use of a 75-mcg patch. (The defense contended “post- mortem redis-
tribution” was the cause, which plaintiff disputed.) 

    Legal Issues/Result 

 The patient’s wife commenced a wrongful death action against the hospital, the 
physician who prescribed the fentanyl patch, and the patch manufacturer. All defen-
dants contributed to a very substantial settlement in favor of the patient’s surviving 
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family. The thrust of the case against the surgeon was the decision to use a fentanyl 
patch in an obviously “opioid naive” patient, contrary to the manufacturer’s recom-
mendation. The claim against the hospital was that it failed to have systems in place 
that would alert—and prevent—the administration of a contraindicated drug to an 
inpatient. The claim against the manufacturer was that the warnings about the dan-
ger of the product were insuffi cient and that the patch delivered more fentanyl than 
it was supposed to, thus was defective. 

 The case demonstrated the importance of a hospital’s independent duty to have 
safeguards in place to prevent—or at least provide another level of warning 
against—the administration of a contraindicated medication. The case also raised 
serious questions about the ordering of the so-called “pain patches” in circum-
stances that might be considered “off-label.” The surgeon’s defense was that the 
patient was going to be in long-term pain and would, therefore, ultimately be a 
patient who was not opioid naive, thus ordering the patch was consistent with the 
manufacturer’s instructions. The manufacturer, of course, disagreed. The “fi nger-
pointing” between the various defendants clearly contributed to the favorable result 
for the plaintiff.   

    Take-Home Points 

•     Medication interactions that are unanticipated can lead to disastrous and 
tragic outcomes for patients and their families.  

•   Medication errors and interactions can lead to malpractice litigation, which 
can be devastating and embarrassing to providers and the hospitals where 
they work.  

•   Although responsibility for patient care is sometimes shared (eg, between 
the anesthesiologist, PACU nurse, and neurosurgeon) legal responsibility 
for errors is assigned during litigation.        
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      The inhalational anesthetics are such a part and parcel of anesthesia practice that we 
take for granted that we have mastered their pharmacology. Right at the beginning 
of training, we learn the minimum alveolar concentration (MAC) of each anesthetic. 
We learn the effects of altitude on the delivery of the anesthetics and other facts 
regarding the use and maintenance of vaporizers. We listen to but don’t concentrate 
on the folklore and historical anecdotes about each inhalational anesthetic. We lis-
ten to and do concentrate on the inhalational anesthetic preferences of our teachers 
and mentors. And then, confi dent we have achieved competency with these drugs, 
we become complacent in our use of them. Too often, as we are busy with the other 
many pressing aspects of learning and doing anesthesia, we are in serious risk of 
regarding the inhalational anesthetics simply as agents that we turn on and off or 
turn up and down. But this complacency is something of a mistake. Collectively, the 
editors have frequently seen problems occur in the operating room because of clini-
cians’ failure to keep in mind that inhalational anesthetics are among the most 
potent drugs given in the perioperative period—and that they are often administered 
to patients on a panoply of other potent medications. 

 With this in mind, this section presents case scenarios covering a number of clinical 
situations. We have included the basics such the additive nature of MACs as well as 
discussing in more detail the interactions of inhalational anesthetics with several of 
the ubiquitous antihypertensive drugs and the interactions of inhalational anesthetics 
in patients having somatosensory evoked potential monitoring.   

    Abstract  
  This introduces drug–drug interactions involving inhalational anesthetics.  
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         Case 

 On Monday, at 6:25 AM, an anesthesia resident was running late with his room 
setup for his 7 AM start for an elective surgical case under general anesthesia for an 
otherwise healthy college student. He performed an appropriate machine check-out, 
set up his airway equipment, and drew up his drugs, but did not have time to go back 
to the anesthesia workroom. 

 After an uncomplicated induction and intubation, the patient was started on isofl urane.  
 Approximately 1 hour into the case, the anesthesia machine indicated “Low Isofl urane: 
Refi ll Reservoir.” There was no additional isofl urane in the room. The resident called 
the anesthesia technician to request more isofl urane but the support personnel were all 
called to two simultaneous traumas and forgot about the request for isofl urane. The 
isofl urane became depleted. 

    Abstract  
  This case discusses the additive nature of the minimum alveolar concentration 
(MAC) for volatile anesthetics.  

 22      That Sums It Up 
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 Instinctively, the resident changed to the sevofl urane vaporizer. After a few minutes, 
the sevofl urane end-tidal concentration was 1% and the isofl urane end-tidal concen-
tration was still 1.1%. The gas analyzer displayed a minimum alveolar concentra-
tion (MAC) of 1.5%.  

    Discussion 

  This is an example of additive synergistic pharmacodynamic drug effects . 

  MACs of inhalational gases are additive.  1  ,  2  

 One MAC is the percent volume of expired inhalational anesthetic that prevents 
movement in 50% of patients to surgical stimulus. The MACs for desfl urane, sevo-
fl urane, isofl urane, and nitrous oxide are roughly 6%, 2%, 1.2%, and 105% respec-
tively. Other MACs have been defi ned and determined as well. “MAC-awake” is the 
end-tidal anesthetic concentration at which 50% of patients respond to commands. 
It is widely believed that an end-tidal anesthetic concentration greater than the 
MAC-awake value will prevent patients from remembering intraoperative events. 
This value varies for each agent, but is approximately one-third of MAC for isofl u-
rane, desfl urane, and sevofl urane. 3  Like MAC, this value decreases with age, but not 
with opiods (at lower doses). Additionally, “MAC-BAR” is the concentration that 
blocks autonomic response to any surgical stimulation. This is approximately 1.3 
(for isofl urane and desfl urane) to 2.2 (sevofl urane) times their respective MAC 
concentrations. 3  

 The MACs of inhalational anesthetics are additive. Gas analyzers sample the end-
tidal gas mixture to determine the MAC of each inhalational gas present during 
exhalation. For example, adding 0.5 MAC of desfl urane (3%) and 0.5 MAC of 
nitrous oxide (52%) results in approximately 1 MAC. 

 Based on this, combining desfl urane, sevofl urane, or isofl urane with nitrous oxide 
may be benefi cial for patients without contraindications who are having inhalational 
agent-induced intraoperative hypotension, but for whom reducing the depth of anes-
thesia is not an option. Nitrous oxide tends to stimulate the sympathetic nervous 
system causing minimal or slight increase in arterial blood pressure, heart rate, and 
cardiac output. Other anesthetic agents like inhalational gases, opioids, and propo-
fol can cause hypotension; adding nitrous oxide can decrease the percentage of 
other inhalational anesthetics required and may decrease their side effects while 
keeping the MAC the same. 3  This is not meant to imply that nitrous oxide is free 
from side effects; indeed nitrous oxide can cause nausea and vomiting, myocardial 
depression, and decreased tidal volumes just as the other inhalational agents can. 
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Additionally, nitrous oxide can cause the rapid (and potentially dangerous) expan-
sion of closed air spaces. 

  Inhalational MACs are decreased with the addition of opioids.  

 MACs of anesthetic inhalational agents are reduced when used in conjunction with 
opioids. For example, a 50% reduction in the MAC of isofl urane can be achieved by 
reaching a fentanyl blood level of 1.7 ng/mL. 4  Studies have verifi ed that other opi-
oids such as alfentanil, sufentanil, and remifentanil also decrease the MAC of iso-
fl urane, albeit at different respective plasma concentrations. 5  –  7  

 Table  22.1  lists common opioids used during anesthesia. The target plasma concen-
tration of opioids used to reduce inhalation anesthetics to their respective MAC 
concentrations has been studied. The opioid bolus and infusion rates to achieve 
these plasma levels are also listed but must be used with clinical discretion for each 
patient.

    The use of multiple agents relies on the principle of MAC addition to decrease the 
dose-dependent side effects of each specifi c agent.  

 In general, the inhalational agents cause decreases in the cerebral metabolic rate 
of oxygen utilization (CMRO 2 ), an increase in cerebral blood fl ow (CBF) and 
intracranial pressure (ICP), and a decrease in the amplitude of sensory evoked 
potentials. These occur in a dose-dependent manner, so the addition of other 
agents, such as remifentanil, allows for a reduction in the inhaled agent’s concen-
tration and creates a more favorable monitoring situation. For example, it is rec-
ommended that isofl urane be limited to 0.5 MAC when evoked potentials are to 
be monitored 1 .  

   Table 22.1    Target Plasma Concentration Parameters for Common Opioids.   

 Opioid 

 Target Plasma Concentration to 
Reduce Inhalation Agents to MAC 
Awake 

 Bolus and Infusion Rate to Achieve 
Target Plasma Concentration 

 Fentanyl  1–4 ng/mL  Bolus: 3–10 μg/kg 
 Infuse: 0.02–0.07 μg/kg/min 

 Alfentanil *  40–160 ng/mL  Bolus: 20–80 μg/kg 
 Infuse: 0.25–1 μg/kg/min 

 Sufentanil  0.15–0.5 ng/mL  Bolus: 0.15–0.5 μg/kg 
 Infuse: 0.003–0.01 μg/kg/min 

 Remifentanil a   1–(5–15) ng/mL  Bolus: 0.25–1 μg/kg 
 Infuse: 0.025–(0.2–1.0) μg/kg/min 

  [Based on data from Ref.  8 ] 

  a Remifentanil and alfentanil bolus should be given as a rapid infusion over 1 to 2 minutes.  
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    Take-Home Points 

•     The minimum alveolar concentration (MAC) of inhalational gases can be 
summed together.  

•   The MAC requirement can be decreased by the concurrent use of opioids.  

•   Using adjunctive therapy can decrease the MAC requirement while also 
decreasing the side effects of anesthetic gases.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  inhalational anesthetics, opioids  
   Mechanism / site of action:  various  
   Clinical effect:  anesthetic depth is increased by additive fractional dosing        
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         Case 

 On a Saturday evening, a 62-year-old intoxicated man was brought to the emer-
gency department after sustaining a right femur fracture in a motor vehicle 
accident. 

 His only outpatient medication was alprazolam 0.5 mg as needed for anxiety attacks. 
His wife gave a history that the patient had become very nervous before delivering 
a “father of the bride” speech earlier that day, so he took a dose of alprazolam. 
Although not a habitual drinker, he also drank many glasses of champagne at the 
reception. A head computed tomography was normal and his blood alcohol concen-
tration was 0.14%. He received a total of 8 mg of morphine in the prehospital and 
preoperative period. 

    Abstract  
  This case discusses the ubiquitous but poorly understood pharmacodynamic 
interactions between multiple anesthetic, sedative, and opioid agents.  
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 The patient underwent an uneventful open reduction and internal fi xation of the 
right femur under general anesthesia. He received a total of 250 mcg of fentanyl and 
hydromorphone 1.0 mg intraoperatively. He was extubated at the end of the opera-
tive case with stable vital signs, normothermia, no signs of residual muscles weak-
ness, and resumption of spontaneous ventilation. He tolerated extubation for a short 
time but soon became somnolent with oxyhemoglobin saturation values decreasing 
to around 80% to 82%, even with constant stimulation. Naloxone was administered 
in 0.04 mg increments until he became more alert and his respirations were regular. 
He was transferred to the postanesthesia care unit where he spent 3 hours, during 
which nursing staff monitored him closely for recurring sedation before admission 
to a monitored care unit overnight.  

    Discussion 

  This is an example of several ubiquitous but poorly understood pharmaco-
dynamic interactions between multiple agents . 

 Although this total opioid dose given over a period of 6 hours may be appropriate 
for a patient with a very painful injury such as a femur fracture, the addition of alco-
hol and other sedative medications should always be considered when administering 
these drugs. Alcohol itself was used as a sole anesthetic dating back to the 1800s. 1  
Although alcohol is frequently consumed, there is a lack of reliable information 
about the interaction of alcohol and anesthetic agents. Many drugs with sedative 
properties contain warnings about combining the medication with alcohol, but the 
specifi c pharmacokinetic or pharmacodynamic interactions are not well described. 

 Pharmacologic interactions can be described as synergistic (effect greater than the 
sum of each drug), additive (effect equal to the sum of each drug), or infra- additive 
(effect less than expected sum of each agent) (Figs.  23.1  and  23.2 ). Interacting drugs 
that demonstrate synergistic interactions suggest different sites of action. 2  Increased 
hypoxemia and apnea caused by fentanyl (μ-opioid receptor) in combination with 
midazolam or alprazolam (gamma-amino butyric acid or “GABA” receptor) is an 
example of different receptor systems resulting in synergism. 3  However, interac-
tions of drugs on similar receptors are more likely to result in additive interactions. 
Alcohol is a central nervous system depressant, which in part targets GABA A  recep-
tors increasing neuronal chloride conductance resulting in cell hyperpolarization. 4  
Benzodiazepines, propofol, barbiturates, etomidate, and inhaled anesthetics also 
facilitate GABA-mediated mechanisms and neuronal hyperpolarization. These sed-
ative interactions usually result in synergistic or additive outcomes depending on 
the combination. 2    

 Additive or synergistic effects are not always the rule with sedative combinations 
(Fig.  23.2 ). 9  For example, infra-additive effects were described by Johnstone and 
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colleagues in a mouse study of isofl urane in the setting of acute ethanol use. 5  
Although anesthetic effects were greater with the combination of two, they were 
less than the expected sum. 5  Another consideration is the impact of acute versus 
chronic alcohol consumption on adverse effects. Wolfson and Freed demonstrated 
that acute and chronic alcohol intoxication should be viewed as separate entities 
with respect to their infl uence on halothane anesthesia in a rat model. 6  Specifi cally, 
acute administration of alcohol reduced anesthetic requirements (such as minimum 
alveolar concentration), and chronic alcohol consumption increased tolerance to 
halothane. 

 The interaction of alcohol and intravenous anesthetics has been studied in a similarly 
limited fashion. Garfi eld and Bukusoglu used a mouse model to study the effect of 
alcohol administration on the anesthetic effects of propofol. 7  The interaction was 
additive for the hypnotic property of propofol as well as propofol induced anesthesia. 
The infl uence of chronic alcohol administration on barbiturate effect has been stud-
ied using a rat model and it was found that cross-tolerance to the anesthetic effects of 
barbiturates in ethanol-tolerant rats is not consistent with all barbiturates. 8  

 Taken together, the interaction between alcohol and anesthetic agents is quite com-
plicated and the lack of human data contributes to the diffi culty of applying the 
available information to clinical care. At this time, an understanding of the similar 
mechanisms of action of alcohol and anesthetics in addition to the limited animal 
data must be used with clinical experience to guide patient care. Unpredictable 
responses to anesthetics in the presence of acute or chronic alcohol intoxication as 
well as withdrawal should be anticipated. Anesthetic agents should be titrated to 
effect and special consideration of airway protection should be given to such 

  Fig. 23.1    Isobolographic 
cartoon of the various types 
of drug interactions. Drug 
interactions can be 
antagonistic (infra-additive), 
additive, or synergistic 
(supra-additive). The 
concentrations depicted on 
the graph axes are arbitrary 
values and not representative 
of any particular drugs. 
[Modifi ed from Krejcie TC, 
Avram MJ: When Duzitol 
does not do it all: The two 
sides of drug synergy.  Anesth 
Analg . 2011;113(3):441–3. 
With permission from Wolter 
Kluwers Health].       
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  Fig. 23.2    Interaction grid summarizing the data on drug interactions in humans and animals for 
hypnosis and immobility by pharmacological class;  GABA  (γ-aminobutyric acid): GABA acting 
drugs (propofol, thiopental, and etomidate);  GABABDZ : agents acting at the benzodiazepine 
binding site (midazolam, diazepam);  NMDA  ( N -methyl-d-aspartate): NMDA receptor antagonist 
(ketamine);  α2 : α2 adrenergic agonists (dexmetedomidine, clonidine);  Opioid : drugs acting at 
μ-opioid receptor (morphine, fentanyl, and remifentanil);  Dopamine : dopamine antagonists (dro-
peridol, metoclopramide);  Na  +  channel : sodium channel blockers (lidocaine, bupivacaine) 
 The right upper half of the grid (above the thick diagonal) summarizes interactions for the end  
point of immobility; the left lower half (below the thick diagonal) summarizes interactions for the 
end point of hypnosis. Synergy is coded as light gray, additivity as dark gray, and infra-additivity 
as black. The number refers to the number of studies attesting to a particular interaction with ani-
mal data carrying the suffi x “a” [Modifi ed from Hendrickx JF. Eger EI 2nd. Sonner JM. Shafer 
SL. Is synergy the rule? A review of anesthetic interactions producing hypnosis and immobility. 
Anesth Analg. 2008;107(2):494–506. With permission from Wolter Kluwers Health]       
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patients. The combination of alcohol + benzodiazepine + opioid + inhaled and/or 
intravenous anesthetic agents = an unpredictable situation requiring vigilant clinical 
monitoring and careful perioperative decision making.  

    Take-Home Points 

•     Pharmacologically, sedative mixtures can result in synergistic, additive, or 
infra- additive interactions depending on the combination.  

•   Although greater sedative effects are expected, administration of anesthe-
sia to a patient with acute alcohol intoxication creates a situation that is not 
always predictable.  

•   Anesthesia providers should consider the impact of acute versus chronic 
alcohol consumption on anesthesia requirements and adverse effects.     

    Summary 

     Interactions : pharmacodynamic  
   Substrates : anesthetics, propofol, benzodiazepines, opioids, fentanyl  
   Sites of Action : multiple, including μ-opoid and GABA receptors  
   Clinical effects : variable        
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         Case 

 A resident on the second day of her neuroanesthesia rotation was posted on a case 
involving general anesthesia with somatosensory envoked potential (SSEP) moni-
toring for a C4-C6 fusion on an elderly female. The patient had a history of hyper-
tension and coronary artery disease (CAD). 

 Induction of anesthesia with propofol, fentanyl, and succinylcholine was unevent-
ful. Anesthesia was maintained with a dexmedetomidine infusion and 0.5 minimum 
alveolar concentration (MAC) sevofl urane. The pins were placed and the patient 
was positioned prone. Good-quality baseline SSEP signals were obtained. Two 
hours into the case, the neuromonitoring technician reported “we’ve lost the SSEPs,” 
which was confi rmed by the covering neurologist. Physiologic and hemodynamic 
causes of SSEP loss were ruled out and retractors were removed without improve-
ment in the SSEP signals., The surgeon feared spinal cord compromise and decided 
to perform a “wake up test” with the patient still prone in pins to rule out a true 
neurologic defi cit. 

    Abstract  
  This case discusses a pharmacodynamics interaction between dexmedetomi-
dine and nitrous oxide, resulting in decreased amplitude signals of somato-
sensory evoked potential measurements.  
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 The anesthesia resident turned off the sevofl urane and decreased the dexmedetomi-
dine infusion rate to allow the patient to be awake for a neurologic exam. The patient 
still had not emerged enough to follow commands 30 minutes later despite an unde-
tectable level of end-tidal sevofl urane. The anesthesia attending was paged and 
quickly noticed the nitrous oxide fl ow meter showed a 2:1 nitrous oxide-to-oxygen 
ratio. The embarrassed anesthesia resident admitted that he had turned on the nitrous 
oxide because he was afraid 0.5 MAC of an inhalational agent wasn’t enough to 
prevent awareness and had forgotten it was on. He had also used nitrous oxide 
because he was concerned that using other inhalational anesthetics would decrease 
the blood pressure signifi cantly below the baseline mean arterial blood pressure and 
he was worried about the patient’s history of CAD and the risk for visual loss due to 
the prone position. The nitrous oxide was discontinued, the patient woke up and 
moved all extremities on command, and then was reanesthetized with sevofl urane. 
The surgical procedure resumed with, an irate surgeon complaining loudly and at 
length. That evening the attending called the crestfallen resident to review the effect 
of inhalational anesthetics on evoked potentials (EPs) and reassure him that all 
anesthesiologists have been in the situation of wondering why the patient won’t 
wake up and then realizing that the nitrous oxide is still on.  

    Discussion 

 SSEP monitoring is a noninvasive technique used to assess the integrity of the 
somatosensory system intraoperatively without having to perform a “wake up test.” 
Continuous SSEP monitoring can warn a surgeon about impending neurologic 
injury and allow intervention before a permanent injury occurs. Common proce-
dures that utilize SSEP monitoring includes spinal surgery, scoliosis repair, spinal 
fractures, intracranial procedures (aneurysms), and carotid endarterectomy. SSEPs 
monitor pathways supplied by the posterior spinal artery, thus it is still possible to 
miss motor tract injuries if SSEP alone are monitored. 1  For this reason, SSEPs are 
usually combined with motor evoked potentials (MEPs) to monitory anterior spinal 
artery pathways. Needles are placed in peripheral nerves and repeated electrical 
stimulations of 1 to 2 HZ are given. These electrical stimulations travel from the 
periphery to the central nervous system in a stepwise fashion via dorsal root ganglia, 
fi rst order neurons (ipsilateral posterior column), second-order neurons (cross to 
contralateral side), medial lemniscus, thalamus, third-order neurons and sensory 
cortex. The electrical impulses can be monitored at several points along this circuit, 
with the potential sites generally classifi ed as cortical or subcortical potentials. 

 The latency and amplitude of neuromonitoring signals are the most commonly uti-
lized data. Signal latency is defi ned as the time from peripheral electrical stimulation 
to peak voltage at the measurement site. Amplitude is the voltage measurement from 
the peak apex to the next trough. Changes in baseline amplitude and latency intraop-
eratively may be indicative of compromised sensory pathways. By defi nition, 
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a decrease in amplitude of >50% or an increase in latency of >15% is  considered a 
signifi cant change. SSEP amplitude and latency changes lasting for >15 minutes 
may lead to permanent neurologic changes. Typically, interventions in response to 
decreased amplitude or increased latency are aimed at improving spinal cord perfu-
sion. Surgical retractors are often removed to improve blood fl ow. Physiologically, 
blood pressure and oxygen delivery are optimized. Often SSEP signal changes are a 
result of anesthetic drugs, therefore, anesthesia-related signal changes must be con-
sidered in the differential diagnosis. 

 Unfortunately for anesthesia providers, many drugs that are commonly used intra-
operatively can negatively impact SSEP monitoring (see Table  24.1 ). Inhalational 
anesthetic agents all have a dose-dependent decrease in amplitude and increase in 
latency. 2  However, up to 0.5 MAC isofl urane is compatible with satisfactory SSEP 
signals. 2  Nitrous oxide decreases SSEP cortical amplitude with little or no effect on 
latency. At equipotent concentrations, nitrous oxide results in more profound 
changes in cortical SSEPs than any other inhalational anesthetic agent. 1  In the sce-
nario above, it was the resident’s use of nitrous oxide that lead to the SSEP signal 
changes and subsequent “wake up test.”

   Intravenous anesthetic agents can impact SSEP signals as well. Propofol minimally 
decreases SSEP signals and is often the anesthetic drug of choice in these types of 
cases. Etomidate has been shown to increase amplitude and latency, therefore, infu-
sions of etomidate may help augment SSEP signals. 3  Similarly, ketamine has been 
demonstrated to signifi cantly increase signal amplitude (no change in latency) and 
can be utilized to improve SSEP recordings. 4  Intravenous opioids such as fentanyl, 
remifentanil, and sufentanil cause minimal changes in latency and amplitude, mak-
ing them attractive choices as part of a balanced anesthetic. 1  Because many anes-
thetic drugs can alter SSEP signals, maintenance of anesthesia should be kept as 
consistent as possible intraoperatively. Large changes in anesthetic management or 
boluses of drugs that effect SSEP should be avoided to prevent creating a delayed 
and dismayed surgeon.  

   Table 24.1    Effect of Anesthetic Drugs on Somatosensory Evoked Potential Parameters   

 Drug  Latency  Amplitude 

 Isofl urane  Increased  Decreased 
 Sevofl urane  Increased  Decreased 
 Desfl urane  Increased  Decreased 
 Nitrous oxide  No change  Decreased (signifi cant) 
 Etomidate  Increased  Increased 
 Ketamine  No change  Increased 
 Midazolam  No change  Decreased 
 Fentanyl/remifentanil  Increased (minimal)  Decreased (minimal) 
 Propofol  None  Decreased (minimal) 
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    Take-Home Points 

•     SSEP monitoring is a minimally invasive technique for assessing the integ-
rity of sensory patients in anesthetized patients.  

•   SSEP signals are affected by many drugs used perioperatively and care 
must be taken to avoid signifi cant changes in anesthetic management 
intraoperatively.  

•   Administration of nitrous oxide will signifi cantly decrease the amplitude 
of SSEP signals.  

•   Changes in SSEP amplitude and/or latency can be cumulative with 
 coadministration of certain additional anesthetic agents.  

•   It is very easy to turn on the nitrous oxide and forget that it is on!     

    Summary 

     Interaction : pharmacodynamic  
   Substrates : dexmedetomidine and nitrous oxide  
   Site of action : sensory pathways involving dorsal root ganglia, fi rst-order neurons 

(ipsilateral posterior column), second-order neurons (cross to contralateral side), 
medial lemniscus, thalamus, third-order neurons, sensory cortex  

   Clinical effect : additive decrease in amplitude of somatosensory evoked potentials        
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         Case 

 A 43-year-old man with a history of penicillin anaphylaxis and end-stage myasthe-
nia gravis complicated by recurrent pneumonia and dysphagia presented for elective 
gastric feeding tube placement. The patient took his usual dose of pyridostigmine 
and was at baseline with respect to myasthenia gravis symptoms. He was breathing 
comfortably with reduced breath sounds bilaterally. The preoperative chest x-ray 
showed decreased lung volumes but no signs of infection. 

 The patient underwent an uncomplicated propofol, fentanyl, and desfl urane anes-
thetic with a reduced dose of rocuronim. Gentamicin 100 mg intravenously was 
dosed at the surgeon’s request because of the history of penicillin anaphylaxis. At 
the conclusion of the case, the patient received a full dose of sugammadex but had 
no response to train-of-four (TOF) stimulation in the presence of an end-tidal des-
fl urane concentration of 6.0%. The patient was transported to the intensive care unit 
(ICU) with propofol sedation where he began to make an effort to breath. Several 
hours later he was able to maintain his own oxygenation with an FiO2 of 40% and 
minimal ventilator support. He was eventually extubated and remained stable until 
his discharge the next day.  

    Abstract  
  Aminoglycoside antibiotics and inhalational anesthetics can profoundly 
impair neuromuscular function in patients with underlying disease.  
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    Discussion 

  This is a complex synergistic pharmacodynamic interaction at both the recep-
tor and transmitter levels . 

 When an electrical impulse reaches the axon terminal of a motor neuron, 
voltage- gated calcium channels open and allow calcium to enter the neuron. 
Intracellular calcium interacts with proteins to mobilize acetylcholine (ACh) 
vesicles and fuse them with the cell membrane. The vesicles exocytose the 
ACh, which traverses the neuromuscular junction (NMJ), binds acetylcholine 
receptors (AChRs), and depolarizes the target myocyte. The calcium concentra-
tion strongly influences ACh release—such that doubling extracellular calcium 
concentration increases ACh release 16-fold. Conversely, limiting calcium 
entry into the neuron decreases ACh release such that some muscle fascicles do 
not depolarize and contract. This can cause weakness that may lead to respira-
tory failure in a patient with an underlying neuromuscular or respiratory 
disease. 

 Postoperative weakness carries a broad differential diagnosis. After assessing and 
treating airway, breathing, and circulation, a TOF monitor should be used to assess 
muscle strength. In the presence of a reduced TOF, evaluate neuromuscular block-
ade drug (NMBD) and NMBD reversal agent dosing throughout the case. If this is 
normal, search for other causes such as residual anesthetic, an electrolyte distur-
bance, or an underlying neuromuscular syndrome. 

 Aminoglycoside antibiotics inhibit calcium ion entry into the cell through the T-type 
voltage-gated calcium channels in a dose-dependent manner. The reduction in intra-
cellular calcium decreases ACh release, resulting in weakness. The weakness can be 
so severe in patients with neuromuscular disorders to require intubation. 1  In healthy 
patients, high doses of aminoglycosides (eg, gentamicin 4 mg/kg versus the stan-
dard 1–2 mg/kg) have been shown to reduce the neuromuscular blocker dose 
required for muscle relaxation and delay the return of muscle function. 2  Calcium 
administration can reduce but not eliminate the weakness induced by aminoglyco-
sides. Although aminoglycosides are classically associated with weakness, the qui-
nine moiety in fl uoroquinolone antibiotics can precipitate myasthenic crisis in 
patients with myasthenia gravis. 

 Inhalational anesthetics reduce muscle strength in the perioperative period by 
binding AChRs and inhibiting motor end-plate depolarization, even in the 
absence of neuromuscular blockade. 3  Volatile anesthetics also enhance the 
effectiveness of NMBDs by increasing the affi nity of NMBDs for the AChR. 4  
The effect of the inhalational anesthetic manifests itself as a sigmoidal dose–
response curve that is more proportional to the blood concentration than lipid 
solubility. Therefore, desfl urane’s higher minimum alveolar concentration 
(MAC) concentration alters the action more so than the other volatile anesthetics 
at equi-MAC dosages.  
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    Take-Home Points 

•     Aminoglycoside antibiotics limit calcium entry into the presynaptic axon 
terminal of spinal motor neurons.  

•   This reduces ACh release after endogenous neuromuscular transmission of 
electrocutaneous stimulation and diminishes the subsequent muscle response.  

•   Volatile anesthetics act postsynaptically by binding to myocyte AChRs and 
inhibiting motor end-plate depolarization.  

•   Inhalational anesthetics reduce NMBD requirements in comparison to 
total intravenous anesthesia (TIVA) techniques.  

•   Thus, TIVA may be preferred for patients with underlying neuromuscular 
pathology so that residual weakness does not compromise postoperative 
respiratory function.  

•   The effect of the volatile anesthetic manifests itself as a sigmoidal dose–
response curve that is more proportional to the blood concentration than lipid 
solubility.     

    Summary 

     Interaction : pharmacodynamic  
   Substrates : aminoglycoside antibiotics, inhalational anesthetics  
   Mechanism / site of action : T-type–gated calcium channels on axon terminals of 

motor neurons, acetylcholine receptors on neuromuscular junction motor end-
plates, acetylcholine receptors  

   Clinical effect : decreased release of acetylcholine as well as decreased binding of 
acetylcholine to motor neuron acetylcholine receptors leads to neuromuscular 
weakness        
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         Case 

 An 60-year-old woman with a history only of obesity and recent appendectomy 
presented to the operating room for a total abdominal hysterectomy and bilateral 
salpingo-oophorectomy for the treatment of papillary adenocarcinoma of the uterus. 
The anesthetic for the appendenctomy had been unremarkable. Anesthestic and 
sedative agents included intravenous (IV) fentanyl, midazolam, sodium thiopental, 
and halothane. Neuromuscular agents included succinylcholine and vecuronium. 

 Similar anesthetic and neuromuscular agents were used for the hysterectomy. The 
procedure lasted 100 minutes and the intraoperative and immediate postoperative 
course was unremarkable. 

 The patient was discharged from the hospital on postoperative day 4. 

 However, the patient presented to her primary care doctor on postoperative day 8 
reporting fevers as high as 38.3 °C and jaundice. She denied abdominal pain, nau-
sea, or vomiting. Her primary care doctor elected to admit her to the hospital for 
further evaluation and management of her fever. 

    Abstract  
  This case discusses possible pharmacokinetic interactions involving halo-
thane and possible cytochrome P450 2E1 inhibitors including isoniazid, 
disulfi ram, and watercress.  
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 A complete blood cell count was normal except for a mild eosinophilia, serum 
electrolytes were normal, and international normalized ratio (INR), alanine 
aminotransferase, and aspartate aminotransferase were slightly elevated. Over 
the next 7 days, the patient became more jaundiced, and her INR, alanine ami-
notransferase and aspartate aminotransferase values continued to increase. 
Despite aggressive medical management, she died on postoperative day 15. 
Histologic examination at autopsy showed centrilobular necrosis of the hepatic 
cells.  

    Discussion 

  This is an example of hepatotoxicity arising from halothane metabolites . 

 Halothane was fi rst introduced in England in 1956 and in the United States in 1958. 1  
Its use has almost been eliminated in developed countries, but it still continues to be 
the main anesthetic in such countries as Iran, South Africa, Tunisia, Kenya, and 
India because of its low cost. 2  

 The first case report of halothane hepatitis appeared in 1958. By 1963, more 
than 350 cases had been reported. 3  The National Halothane Study reported that 
the incidence of halothane hepatitis was 1 in 35,000 anesthesia cases. 1  Risk fac-
tors for halothane hepatitis are 1) repeat exposures, especially when repeat 
exposures occur within 28 days; 2) middle age, with the peak between 50 and 
60 years; 3) obesity; 4) female sex; and 5) a family history of halothane hepa-
titis. Signs and symptoms include fever (which is usually the first sign), mal-
aise, anorexia, gastrointestinal problems, jaundice, eosinophilia, and 
transaminitis with normal or slightly elevated alkaline phosphatase. Histologic 
examination of the liver shows centrilobular necrosis. 1  The mortality of halo-
thane hepatitis is 75%. 4  

 Halothane hepatitis is an immunologic response to halothane metabolites. After 
halothane is inhaled, 50% of it is metabolized by pathways of both oxidation and 
reduction in the liver. The main enzyme involved in its metabolism is cytochrome 
P450 2E1, but P450 2A6 also has a minor role. 5  Halothane is fi rst oxidized to bro-
mide and an unstable intermediate, trifl uoroacetyl chloride. This intermediate com-
pound binds to liver proteins, which form trifl uoroacetylated protein neoantigens. 
Susceptible patients can then generate anti–trifl uoroacetylated protein antibodies. 
These antibodies mediate hepatic necrosis on reexposure to halothane (Fig.  26.1 ). 6  
Research is underway to look at possible medications that can be used before halo-
thane exposure to inhibit 2E1 (known inhibitors of 2E1 include isoniazid, disulfi -
ram, and watercress). This inhibition would prevent the formation of trifl uoroacetyl 
chloride and thus prevent the formation of autoantibodies, ultimately preventing 
halothane hepatitis.   
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    Take-Home Points 

•     Halothane is the main volatile anesthetic agent used in developing countries.  

•   Halothane hepatitis is rare and occurs in 1 in 35,000 anesthesia cases.  

•   Risk factors for halothane hepatitis include frequent repeated exposures, 
middle age, obesity, female sex, and family history.  

•   P450 2E1 is the main enzyme involved in the metabolism of halothane.  

•   Research is underway to inhibit 2E1, thus preventing halothane hepatitis.     

    Summary 

     Interaction : pharmacokinetic  
   Substrate : halothane  
   Enzyme : 2E1  
   Inhibitor : undetermined, possibilities include isoniazid, disulfi ram, and watercress  
   Clinical effect : possible decreased conversion of halothane to hepatotoxic 

metabolites        

  Fig. 26.1    Pathway for the generation of the immune response after halothane exposure in suscep-
tible patients. Halothane is metabolized to a trifl uoracetylated adduct, which binds to proteins in 
hepatocytes. The body recognizes the altered liver proteins as non-self and generates an immune 
response that, on subsequent exposure, leads to toxicity and cellular death. A similar process may 
occur after anesthetic exposure to other fl uorinated drugs that generate a trifl uoroacetylated or 
similar adduct. Abbreviation: TFA, trifl uoroacetyl [Adapted from Njoku D, Laster MJ, Gong DH, 
et al. Biotransformation of halothane, enfl urane, isofl urane, and desfl urane to trifl uoroacetylated 
liver proteins: association between protein acylation and hepatic injury. Anesth Analg. 
1997;84(1):173–8. With permission from Wolter Kluwers Health]       
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         Case 

 A 3-year-old, 14-kg girl without signifi cant past medical history or known drug 
allergies underwent a tonsillectomy/adenoidectomy for known tonsillar and ade-
noid hypertrophy. She was premedicated with oral midazolam and brought to the 
operating room. The patient underwent an inhalational induction with 70% nitrous 
oxide, oxygen, and a slow titration up to 3% halothane. The intubation was uncom-
plicated. Anesthesia was maintained with nitrous oxide, oxygen, and 2% halothane. 
The surgical procedure began with the infi ltration of peritonsillar tissue with 2% 
lidocaine 4 cc with 1:100,000 epinephrine. Within minutes of infi ltration, the patient 
developed multifocal premature ventricular contractions followed by ventricular 
fi brillation. The surgical procedure was immediately stopped and manual ventila-
tion with 100% oxygen was initiated with discontinuation of all anesthetic gases. 
Defi brillation with 2 joules/kg was successful with the return to normal sinus 
rhythm.  

    Abstract  
  The case discusses a pharmacodynamic reaction between halothane and epi-
nephrine resulting in arrhythmias.  

    27    Everybody Clear? 
 Halothane, epinephrine, arrhythmia                     

       Nikhli     Patel   MD     ,     Barbara     Jericho   MD    , 
and     Randal     O.     Dull   MD, PhD   

        N.   Patel   MD      (*) •    R.  O.   Dull   MD, PhD    
  Department of Anesthesiology ,  University of Illinois at Chicago ,   Chicago ,  IL ,  USA   
 e-mail: Itsnikhilpatel@gmail.com   

    B.   Jericho   MD    
  Department of Anesthesiology ,  University of Illinois-Chicago, University of Illinois Hospital 
and Health Sciences System ,   Chicago ,  IL ,  USA    

mailto:Itsnikhilpatel@gmail.com


142

    Discussion 

  This is an example of a pharmacodynamic interaction . 

 Several decades ago, the occurrence of cardiac arrhythmias when adrenergic drugs, 
especially epinephrine, were coadministered with halogenated anesthetic agents, 
especially halothane, was reported in a wide range of clinical scenarios and has been 
the subject of extensive research. 1  –  14  

 Is this relevant to today’s practitioner? The answer is yes! Drug–drug interactions 
concerning halothane and epinephrine are far from being only of historical interest. It 
is certainly true that sevofl urane and desfl urane have replaced halothane for use in 
adults in the United States (US) and the developed world. However, halothane is still 
used at times by pediatric anesthesiologists, even in the US, for bronchoscopies and 
similar procedures as it provides a smooth and reliable induction and emergence. It is 
also very inexpensive compared to sevofl urane and desfl urane and is in widespread, if 
not universal use, in the developing world. Western practitioners would almost cer-
tainly encounter it on medical missions. Furthermore, published reports in the emerg-
ing fi eld of nanotechnology and nanomedicine have suggested that “new tricks for the 
halothane old dog” may be possible. In a 2011 report in the  British Journal of 
Anaesthesia  entitled, “Nanomedicine: Is Really the Future of Anaesthesia” the authors 
stated, “Introducing nanocarriers inside the halothane molecule can increase its ben-
efi ts as an anesthetic in the lungs and cardiovascular system and prevent exposure to 
the liver.” 15  

 The exact mechanisms by which interactions between halogenated anesthetics and 
sympathomimetics result in increased arrhythmogenicity is not known. However, it 
is thought that the halogenated anesthetics produce conduction changes that increase 
impulse re-entry into the myocardial tissue. 

 Catecholamines, like epinephrine, independently induce arrhythmias by increasing 
spontaneous depolarization (phase 4) of automatic cells, which more quickly reach 
the threshold potential for depolarization and therefore increases the overall rate of 
depolarization of these cells. The enhanced rate of depolarization of these cells 
exceeds the rate of the sino-atrial (SA) or atrio-ventricular node and can thereby 
suppress or override them. 

 The occurrence of arrhythmias is further increased in situations of increased mean 
arterial pressure, tachycardia, hypoxia, and hypercapnia, all of which are associated 
with increased circulating endogenous catecholamines. 16  Furthermore, cardiac 
stretch decreases the threshold of epinephrine-induced automaticity thereby pro-
ducing multifocal pacemaker activity. 

 Multiple studies have compared the effect of current day volatiles and epinephrine- 
induced arrhythmias. 17  ,  18  These studies indicate that signifi cantly higher levels of 
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plasma epinephrine were needed to observe premature ventricular contractions 
with newer age inhalational anesthetics such as sevofl urane and isofl urane.  

    Take-Home Points 

•     Halothane is in extremely widespread use in developing and undeveloped 
nations due to its low cost. Halothane continues to be in limited use in the 
developed countries for its anesthetic advantages. It has been suggested 
that the application of nanotechnology might play a role in the clinical 
reemergence of halothane.  

•   Halothane has long been recognized to “sensitize” the myocardium and to 
be associated with cardiac irritability and intraoperative arrhythmias when 
coadministered with sympathomimetics.  

•   The suggested mechanism is the involvement of the increased automaticity 
of latent cardiac pacemakers.  

•   Halothane and epinephrine can be used in conjunction with appropriate 
attention to doses and monitoring that are patient and case specifi c.  

•   Modern day inhalational anesthetics (sevoflurane, desflurane, isoflu-
rane) are relatively safe to use when local anesthetics with epinephrine 
are used.     

    Summary 

     Interaction : pharmacodynamic  
   Substrates : halothane and epinephrine  
   Mechanism / site of action : exact mechanism unknown, conduction changes 

induced by halothane that permit increased re-entry into myocardial cells occurs 
in the situation of epinephrine-induced delayed phase 4 depolarization and 
decreased automaticity of the SA node, ultimately resulting in the escape of 
latent pacemakers  

   Clinical effects : manifestations of ectopic pacemaker foci in the heart with 
arrhythmias        
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         Case 

 A 56-year-old Caucasian man with history of a right inguinal hernia presented for 
laparoscopic herniorrhaphy. His past medical history included hypertension and 
non-insulin–dependent diabetes mellitus, for which he was prescribed lisinopril 
10 mg and glyburide 2.5 mg, respectively. He denied any medication allergies. 
During the preoperative assessment, the patient stated that he took lisinopril but not 
glyburide on the morning of surgery. Following induction of general anesthesia, the 
patient becames profoundly hypotensive, with a blood pressure of 70/30 mm Hg 
that did not improve despite administration of fl uid boluses and signifi cant doses of 
ephedrine and phenylephrine. A vasopressin infusion was initiated at a rate of 0.03 
units/minute, which resulted in prompt normalization of the patient’s blood pres-
sure. The surgery proceeded without further complications and the patient emerged 
from general anesthesia uneventfully.  

    Abstract  
  This case discusses multiple cumulative pharmacodynamic interactions 
between general and neuraxial anesthetics, angiotensin converting enzyme 
inhibitors and angiotensin receptor blockers, resulting in signifi cant intraop-
erative hypotension.  
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    Discussion 

  This is an example of multiple cumulative pharmacodynamic interactions . 

 Angiotensin-converting enzyme inhibitors (ACE-Is) and angiotensin receptor 
blockers (ARBs) are commonly used to treat a number of medical conditions, 
including hypertension and congestive heart failure, and they also administered to 
limit progression of diabetic nephropathy. In patients with congestive heart failure, 
ACE-Is are considered fi rst-line therapy due to their benefi cial effects on left ven-
tricular remodeling. ARBs are frequently prescribed to patients intolerant of 
ACE-Is. In patients with severe congestive heart failure or hypertension, both an 
ACE-I and ARB may be prescribed, as this is thought to result in additive renin-
angiotensin- aldosterone system (RAAS) suppression. The benefi ts of such com-
bined therapy have been called into question due to an increased risk for proteinuria 
and renal dysfunction seen with dual therapy. 

 These medications target RAAS. Specifi cally, ACE-Is block angiotensin II produc-
tion, whereas ARBs inhibit the effects of angiotensin II at the angiotensin receptor. 
This results in reduced arterial blood pressure via several mechanisms, including 
antagonizing the synthesis or effects of the vasoconstrictor angiotensin II, blunting 
aldosterone secretion, and increasing levels of the vasodilator bradykinin. In the 
perioperative setting, this results in dampening of the normal, physiological, renin- 
mediated response to hemorrhage, hypotension, and sympathetic stimulation. 

 Severe hypotension following induction of general anesthesia in patients taking 
ACE-Is was fi rst described in 1989. 1  Since then, numerous case reports and pro-
spective studies have replicated these fi ndings, although a few have not. This post- 
induction hypotension is largely attributed to a cumulative sympatholysis–that of 
general/neuraxial anesthesia combined with the effects of ACE-I/ARB medications 
which, in addition to the effects detailed previously, impede angiotensin II-induced 
catecholamine release. Of note, it has been reported that such hypotension is exac-
erbated by hypovolemia. 2  Also, heed must be paid to the nature of the anti- 
hypertensive agent itself, as data indicate that ARBs produce more profound 
hypotension than other antihypertensive agents, including ACE-Is. 3  

 As with hypotension of any etiology, ACE-I/ARB-associated hypotension should 
be promptly recognized and addressed. Initial treatment includes standard ther-
apy with intravenous fl uid boluses and sympathomimetic agents such as phenyl-
ephrine and ephedrine. Of note, this hypotension seems to be relatively refractory 
to alpha one adrenergic receptor stimulation. 3  If hypotension persists, a vasopres-
sin infusion at 0.03 units/minute is the preferred means of managing refractory 
hypotension secondary to RAAS antagonism. 4  Alternatively, a 1-mg intravenous 
bolus of terlipressin, a synthetic vasopressin analogue, can be administered. 5  ,  6  
Although more effi cacious than norepinephrine in this setting, terlipressin may 
decrease splanchnic blood fl ow. 7  ,  8  Bradycardia, due to the inhibition of RAAS-
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mediated release of catecholamines, can be prevented or treated with 
 glycopyrrolate administration. 9  

 There are certain perioperative situations where ACEI/ARB-associated hypotension 
may be particularly problematic, including surgery in the sitting/beach chair and 
prone positions, due to increased potential for hypotensive neurologic injury. 
Additionally, vasoplegia is of signifi cant concern in procedures requiring cardiopul-
monary bypass (CPB). There have been multiple studies showing that patients 
undergoing CPB while taking ACE-Is have a greater incidence of hypotension than 
those in whom ACE-I therapy was suspended preoperatively and that the degree of 
hypotension is correlated with ACE-I dosage. 10  –  13  

 Although there is no clear consensus regarding withholding ACE-I/ARB therapy 
preoperatively, it is important to balance the risk for poorly controlled hypertension 
or decompensated heart failure with those of profound perioperative hypotension. 
Some advocate continuing ACE-I/ARB therapy preoperatively, whereas others 
adopt a more nuanced approach, holding ACE-I/ARB therapy in those taking it for 
mild to moderate hypertension and continuing it in those patients with severe hyper-
tension or left ventricular dysfunction. Complicating this decision is a recent retro-
spective study involving over 60,000 patients undergoing noncardiac surgery that 
found chronic ACE-I therapy to be associated with a signifi cant decrease in 30-day 
mortality, although preoperative cessation of ACE-Is was not specifi cally 
addressed. 13  Given their variable pharmacokinetics, if the decision is made to hold 
these medications preoperatively, they should be stopped 12 to 24 hours prior to 
surgery. It remains to be seen if similar hemodynamic effects are observed with 
direct renin inhibitors, such as aliskiren (Novartis®), which represent a rather novel 
class of medications that target RAAS.  

    Take-Home Points 

•     ACE-I and/or ARB therapy may result in signifi cant hypotension follow-
ing induction of general or neuraxial anesthesia.  

•   If refractory to more conventional therapies, this hypotension may be 
effectively treated with either a vasopressin infusion or a bolus of 
terlipressin.  

•   There are insuffi cient data to support routinely discontinuing these medi-
cations preoperatively.  

•   Deliberate and individualized decisions regarding continuing or discon-
tinuing ACE-Is/ARBs must be made in light of each patient’s medical 
comorbidities and the anticipated hemodynamic changes/requirements of 
the anesthetic/surgery that they are to undergo.     

28 General anesthetics, ACE-Is, ARBs
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    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  general and neuraxial anesthetics, angiotensin converting enzyme 

inhibitors and angiotensin receptor blockers  
   Mechanism / site of action:  renin-angiotensin-aldosterone system, sympathetic ner-

vous system  
   Clinical effect:  signifi cant or profound hypotension        
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         Case 

 A 52-year-old man with a body mass index (BMI) of 47 kg/m 2  presented for a lapa-
roscopic roux-en-Y gastric bypass surgery. He had a moderately decreased func-
tional status with easy fatigability. He was currently taking hydrochlorothiazide for 
hypertension and metformin for type 2 diabetes mellitus. In addition, he had obstruc-
tive sleep apnea for which he intermittently wore his continuous positive airway pres-
sure (CPAP) machine while sleeping. Preoperative electrocardiogram and laboratory 
values were within normal limits aside from a blood glucose level of 148 mg/dL. 

 The anesthesia team was concerned about the use of opioid analgesics and the 
increased risk for postoperative respiratory depression and mechanical ventilation, 
given the patient’s body habitus and preoperative functional status. It was deter-
mined that dexmedetomidine would be used in place of opioid analgesics. The 
attending anesthesiologist cautioned the resident to be vigilant for bradycardia. 

 During the procedure, mean blood pressures were maintained around 70 mm Hg 
and heart rate was maintained at approximately 75 beats per minute. Only 0.6 MAC 
desfl urane was needed to maintain bispectral index (BIS) values 45 to 50. 1  After the 

    Abstract   
  This case discusses multiple pharmacodynamic interactions between dexme-
detomidine and desfurane, resulting in sedation, analgesia, and possible bra-
dycardia and hypotension.  

 Alpha-2 to the Rescue but 
Beware Bradycardia 
 Inhala  onal anesthe  cs, α2-agents                     

       Phillip     Adams DO       and     Nashaant     N.     Rizk MD    
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surgery was complete, the desfl urane was discontinued and the patient was awak-
ened and extubated in about 10 minutes. In the recovery room, he had stable vital 
signs, no signs of hypoxemia or respiratory depression, and did not require much 
use of his patient-controlled analgesia (PCA). 1  

 After being observed in the postanesthesia care unit (PACU) for 70 minutes, the 
patient remained comfortable and was transferred to fl oor in stable condition.  

    Discussion 

  This is an example of multiple and complex pharmacodynamic interactions . 

 Alpha-2 adrenergic agonists (α 2  agonists) have been used for years for several dif-
ferent reasons. Uses of α 2  agonists include treatment of hypertension, analgesic 
adjuncts for both acute and chronic pain, regional and neuraxial anesthetic adjuncts, 
analgesics for diabetic neuropathy, surgical premedication and anxiolysis, treatment 
of postoperative shivering, and aids in overcoming alcohol and narcotic withdrawal, 
to name a few. 2  

 Commonly used α 2  agonists include clonidine, dexmedetomidine, and tizanidine. 
There are several other agents that are commonly used in veterinary medicine and 
still more that are currently under development. The routes of administration are 
variable. Clonidine and tizanidine are common oral medications, whereas 
 dexmedetomidine is traditionally administered intravenously. Clonidine is also 
available in a transdermal patch and has been approved for epidural administration 
for the treatment of chronic pain associated with malignancy. Intrathecal adminis-
tration of these medications has also been performed. 

 Alpha-2 agonists exert their action via binding to guanine nucleotide-binding regu-
latory proteins (G proteins), in particular central inhibitory G proteins, which 
decrease intracellular adenylate cyclase. 3  By contrast, α 1 -adrenergic receptor activa-
tion is most notable postsynaptically in the periphery. Agonism of peripheral α 1 - 
adrenergic receptors elicits an excitatory effect on the cell and manifestations, such 
as vasoconstriction, are clinically observed. Clonidine has a selectivity ratio for 
α 2 :α 1  of 220:1, whereas dexmedetomidine is much more selective for α 2  receptors 
with a selectivity ratio of 1,620:1. 3  Alpha-2 agonists bind presynaptically on the 
central α 2A  receptor subtype on afferent nociceptive C fi bers and also postsynapti-
cally on the central α 2C  receptor subtype on spinal dorsal horn neurons (Fig.  29.1 ). 4  ,  5  
By binding presynaptically to nociceptive afferent fi bers, α 2  agonists prevent the 
release of neuroexcitatory glutamate. 5  Postsynaptic binding to dorsal horn neurons 
hyperpolarizes these cells and halts further transmission of the nociceptive stimu-
lus. 5  The sedative and analgesic effects are thought to be further mediated by the 
central action on the locus coeruleus (a major noradrenergic center of the brain), 
amygdala, and the descending inhibitory pathways of the spinal cord. 2  ,  3   
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 The use of α 2  agonists does not come without the possibility of adverse effects. 
Most commonly, patients can experience bradycardia and hypotension associated 
with the use of α 2  agonists due to the sympatholytic effects. Furthermore, patients 
on chronic clonidine therapy as part of an antihypertensive regimen should not have 
their clonidine suddenly discontinued, as this could result in sympathetic overactiv-
ity and rebound hypertension. 6  

    Minimum Alveolar Concentration (MAC) Effect 

 Alpha-2 agonists have been shown to reduce the MAC of inhalational anesthetics. 
Even single doses of intravenous dexmedetomidine 2 μg/kg or oral clonidine 5 μg/kg 
can reduce the MAC of inhalational anesthetics and provide cardiovascular stabil-
ity. 7  ,  8  Continuous infusion of dexmedetomidine throughout the operative procedure 
has been shown to decrease the MAC of sevofl urane by as much as 17% in cases 
where sevofl urane and dexmedetomidine were the only agents used. 9  Higher doses of 
dexmedetomidine can reduce isofl urane MAC by as much as 47%. 10  

 Furthermore, α 2  agonists have been shown to not only decrease inhalational anes-
thetic requirements, but intravenous anesthetic requirements as well. When cloni-
dine is administered during intravenous anesthesia with propofol, BIS values 
decrease and there can be up to a 20% reduction in the amount of propofol required. 11   

    Analgesic Effects 

 In addition to their ability to lower the MAC of inhalational anesthetics, α 2  agonists 
have opioid-sparing, analgesic effects. Alpha-2 agonists can also augment the anal-
gesic effects of opioids when given concurrently. A single preoperative dose of oral 
clonidine can reduce postoperative morphine PCA use by as much as 37%. 12  
Dexmedetomidine infusions in the postoperative period can reduce morphine 

α2-adrenergic agonist

α2A
Spinal dorsal
horn neuron

Peripheral nociceptive
afferent neuron

α2C

  Fig. 29.1    Figure illustrating the central pre- and postsynaptic binding of α2-adrenoreceptor ago-
nists. Presynaptic binding to nociceptive afferent nerves prevents neuroexcitatory glutamate 
release. Postsynaptic binding to spinal dorsal horn neurons hyperpolarizes the neuron and prevents 
conductance of the noxious stimulus [Based on data from refs 4 , 5 ]       
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requirements by up to 66%. 13  This has several benefi cial implications in the periop-
erative period. Reducing the amount of opioids consumed reduces the side effects 
commonly encountered with opioids such as respiratory depression, nausea, pruritus, 
and constipation. Not only do α 2  agonists reduce postoperative nausea and vomiting 
(PONV) due to the reduced amounts of opioids consumed, but some research shows 
that norepinephrine binding in the area postrema can result in emesis. 12  Therefore, 
reduced levels of norepinephrine due to α 2  agonists could have a more direct anti-
emetic effect. 12  

 Furthermore, intravenous and epidural administration of clonidine has been shown 
to be effective as the sole analgesic in the postoperative period. 14  Epidural clonidine 
administration was associated with less sedation with equal analgesia when com-
pared to intravenous clonidine. 14    

    Take-Home Points 

•     Alpha-2 agonists can reduce the MAC of inhalational anesthetics when 
given as a premedication or administered as an infusion throughout the 
procedure. Using less inhalational agent can have beneficial effects on 
a patient’s cardiovascular status (although hypotension and bradycar-
dia are possible adverse effects of α 2  agonists) as well as reduce the 
incidence or severity of PONV. 15   

•   Alpha-2 agonists have analgesic properties that can permit a reduction in 
the amount of perioperative opioid that is needed. By reducing the amount 
of opioids that are administered, there can be less of a risk for opioid-
induced respiratory depression and also a decrease in opioid-induced 
PONV. 15  ,  16      

    Summary 

     Interactions : pharmacodynamic (multiple)  
   Substrates : dexmedetomidine, desfl urane  
   Mechanism of action / sites : pre- and post-synaptic central α 2  receptors in multiple 

locations  
   Clinical effect : sedation, analgesia (bradycardia and hypotension are also 

possible)        
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         Case 

 A 23-year-old man with no signifi cant previous medical history and no known drug 
allergies presented to the emergency department with an open left tibial fracture 
after a motorcycle crash. It was determined that he needed an emergent débridement 
and washout of the fracture. He had never undergone general anesthesia and was not 
aware of any anesthetic-related complications in his family 

 The patient had an uncomplicated rapid-sequence induction and intubation with 
propofol and succinylcholine chloride. After induction, his blood pressure was 
135/70 mm Hg; heart rate was 75 beats per minute (bpm), and body temperature 
was 36.7 °C. Anesthesia was maintained with isofl urane in air and oxygen, and he 
received intravenous hydromorphone for pain control. He was stable during the fi rst 
hour of anesthesia. 

    Abstract   
  This case discusses a drug–gene interaction. Administration of the triggering 
drugs isofl urane and succinylcholine interacted with a genetic variation of the 
ryanodine receptor causing malignant hyperthermia during general anesthesia.  

 Hot Stuff ! 
 Triggering drugs, ryanodine receptor, 
malignant hyperthermia                     

       Cornelius     B.     Groenewald MD, ChB       
and     Juraj     Sprung MD, PhD    
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 One hour after anesthetic induction, the patient’s end-tidal CO 2  concentration 
increased from 32 mm Hg to 50 mm Hg, despite repeated adjustments of  mechanical 
ventilation. His heart rate and blood pressure increased to 165/95 mm Hg and 110 
bpm, and the anesthesiologist administered additional pain medication. The patient’s 
temperature increased to 38.5 °C. Efforts to control hypercapnia proved diffi cult, 
and the resident suspected that malignant hyperthermia (MH) might be 
developing. 

 The anesthesiology attending was paged to the operating room and decided to initi-
ate the MH protocol. Arterial blood gas testing showed respiratory and metabolic 
acidosis (PaCO 2 ,75 mm Hg; serum bicarbonate, 15 mEq/L). Serum potassium con-
centration was 6.4 mEq/L, and an electrocardiogram showed widening of the QRS 
complex and tall, peaked T waves. 

 Before the MH protocol was initiated, the patient’s temperature reached 41.2 °C. The 
surgeons quickly packed the wound and completed the operation. Isofl urane was 
discontinued, the patient’s endotracheal tube was connected to a fresh breathing 
circuit and a new CO 2  canister was placed, and his lungs were hyperventilated with 
100% oxygen. Anesthesia was continued with propofol infusion. Simultaneously, 
the pharmacist prepared dantrolene sodium with sterile water, which was adminis-
tered intravenously. An infusion of glucose and insulin also was administered to 
treat hyperkalemia. Soon, the patient’s temperature and end-tidal carbon dioxide 
level started to decrease. The anesthesiologist called the Malignant Hyperthermia 
Association of the United States hotline (1-800-MHHYPER) to speak with an MH 
expert, who agreed that the case might be MH. The patient was transferred to the 
intensive care unit for an overnight stay, where he was extubated the following 
morning. The rest of his hospital stay was uneventful. 

 Six months after this episode, the patient had a muscle biopsy and a contracture test 
result was positive for caffeine and halothane, confi rming MH.  

    Discussion 

  This is an example of a drug – gene interaction . 

 More specifi cally, this is a genetic variation (of the ryanodine receptor) infl uencing 
the toxicity (malignant hyperthermia) with triggering drugs (isofl urane and succi-
nylcholine) during general anesthesia. 

 MH is a potentially fatal pharmacogenetic syndrome of skeletal muscle that devel-
ops after exposure to halogenated volatile anesthetics (ie, enfl urane, methoxyfl u-
rane, isofl urane, sevofl urane, desfl urane, and halothane) and the depolarizing muscle 
relaxant succinylcholine. 1  
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 Signs and symptoms of MH are those of a hypermetabolic state and generally pres-
ent with continuously increasing hypercapnia, despite adjustment of mechanical 
ventilation. This response is associated with metabolic acidosis, hyperkalemia 
(Fig.  30.1 ), hypercalcemia, and elevated serum creatine phosphokinase levels, as 
well as increased heart rate and blood pressure. Elevated temperature develops later, 
and eventually the patient becomes rigid. 2   

 Genetic inheritance of MH is autosomal dominant; however, its expression is variable 
and up to 50% of individuals with the genetic inheritance may give a history of a previ-
ous uneventful general inhalational anesthesia. 3  During the past 15 years, more than 
100 families with MH susceptibility have been identifi ed in Europe, the United States, 
and Japan. For 50% to 80% of these individuals, the disorder is linked to the type 1 
ryanodine receptor gene ( RYR1 ) located on chromosome 19. 4  ,  5  Most  RYR1  mutations 
occur in the area of amino acid residues 35 to 614 (N-terminal region), 2117 to 2458 
(central region), and 3916 to 4973 (C-terminal region). Other areas identifi ed include 

  Fig. 30.1    Changes in body temperature and serum potassium concentration over time during 
anesthesia of a patient with diabetes mellitus and end-stage renal disease who had malignant 
hyperthermia. Treatments consisted of D, dantrolene; G + I, glucose and insulin infusion; R, suc-
cessful cardiopulmonary resuscitation; and V, verapamil. Clearly, temperature increase is gradual 
and a late sign of malignant hyperthermia [Adapted from Sprung J, DeBoer G, Zanettin G et al: 
Intraoperative hyperkalemia as a triggering mechanism or presenting sign of malignant hyperther-
mia in two patients with chronic renal failure. Anesthesiology. 1995;82:1518–22. With permission 
from Wolter Kluwers Health]       
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the dihydropyridine receptor gene on chromosome 7 and the α 1  subunit on chromo-
some 1; however, these mutations are found in less than 1% of patients. 

 The RYR1 protein forms part of the calcium release channel of the skeletal muscle sar-
coplasmic reticulum. Exposure to triggering agents causes excessive release of intracel-
lular calcium from the sarcoplasmic reticulum in the presence of an abnormal  RYR1 . 
High levels of myoplasmic calcium result in the activation of pumps and exchangers to 
drive calcium back to its reservoirs (i.e, mitochondria and the sarcoplasmic reticulum), 
in an energy-intensive process requiring adenosine triphosphate and resulting in a hyper-
metabolic state. Hyperthermia occurs, and the accompanying increased metabolic rate 
causes tachycardia, hypertension, increased CO 2  production, and acidosis. Eventually, 
calcium levels reach the contractile threshold and the patient becomes rigid. 1  

 Treatment is aimed at removing the inhalational anesthetic and reducing calcium 
release from the sarcoplasmic reticulum through dantrolene administration. 
Dantrolene is the skeletal muscle relaxant that inhibits Ca ++  release from the sarco-
plasmic reticulum during excitation-contraction coupling and suppresses the uncon-
trolled Ca ++  release that underlies the skeletal muscle pharmacogenetic disorder in 
persons with MH. 6  Other strategies include giving supportive ventilation, maintain-
ing adequate hemodynamics, actively cooling the patient, and treating the metabolic 
(acidosis) and electrolyte (hyperkalemia) abnormalities. 

 Genetic testing identifi es only about 30% of MH-susceptible patients through 
sequencing of the abnormal  RYR1  and is not widely used currently. The gold stan-
dard for diagnosis continues to be muscle biopsy with the caffeine-halothane con-
tracture test, which is administered at only fi ve locations in North America. 7   

    Take-Home Points 

•     MH is an autosomal-dominant pharmacogenetic disorder with variable 
expression. Triggering agents include enfl urane, methoxyfl urane, isofl u-
rane, sevofl urane, desfl urane, halothane, and succinylcholine.  

•   The abnormally functioning  RYR1  causes increased intracellular calcium 
concentration, which in turn leads to markedly increased metabolism and 
heat production.  

•   Treatment involves stopping all triggering agents and administering 
dantrolene.  

•   The Malignant Hyperthermia Association of the United States provides 
24-hour coverage to medical personnel with questions regarding MH and 
can be reached at 1-800-MHHYPER.     

Inhalational Anesthetic Agents



159

    Summary 

     Interaction : pharmacogenomic  
   Substrates : enfl urane, methoxyfl urane, isofl urane, sevofl urane, desfl urane, halo-

thane, and succinylcholine.  
   Gene ( s ): type 1 ryanodine receptor gene ( RYR1 ) located on chromosome 19 (50%– 

80% of patients) and the dihydropyridine receptor gene on chromosome 7, and 
α 1  subunit on chromosome 1; however, these mutations are found in less than 1% 
of patients (less common)  

   Mechanism / site of action :  RYR1  mutation results in excessive release of intracel-
lular calcium from the sarcoplasmic reticulum with activation of pumps and 
exchangers to drive calcium back to its reservoirs in an energy-intensive process 
requiring adenosine triphosphate and resulting in a hypermetabolic state  

   Clinical effect : constellation of malignant hyperthermia symptoms, including 
hypercapnia, metabolic acidosis, hyperkalemia, hypercalcemia, tachycardia, 
hypertension, hyperthermia (late effect), and rigidity (late effect)        
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      Because the intravenous anesthetic agents are given essentially as unit doses, drug– 
drug interactions (DDIs) in this drug class have not generally been determined to 
involve induction or inhibition of the cytochrome P450 system. Remember that 
inhibition of P450 enzymes generally happens on the order of days and induction on 
the order of weeks—this requires sustained dosing of the drug. 

 Nonetheless, signifi cant and clinically relevant DDIs do occur with these drugs as 
anyone can attest who has ever looked in dismay at the precipitate that formed in an 
intravenous line just as induction was taking place. 

 Another interesting DDI that occurs in this drug class is the interaction between 
dexmedetomidine and spinal bupivacaine (see  Dexy’s Midnight Spinal ). The phe-
nomenon of prolongation of the block has been reported, but the mechanism is still 
not fully elucidated. It is a good illustration, however, of the need to remain vigilant 
and motivated to educate oneself about attendant DDIs whenever a new anesthetic 
drug comes on the market. The drug is introduced and then, usually in fairly short 
order, the case reports start appearing.   

    Abstract   
  This introduces drug–drug interactions involving intravenous anesthetic 
agents.  

 Introduc  on 

                           Catherine     Marcucci MD     
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         Case 

 A 34-year-old man presented to the emergency department with fever, severe 
abdominal pain, vomiting, and clinical signs of peritonitis. A computed tomo-
graphic scan revealed acute appendicitis, and immediate emergent open appendec-
tomy was planned. With some diffi culty, a 22-gauge (22-g) intravenous (IV) line 
was placed on the dorsum of his left hand. The anesthesia team intended to place 
larger IV access after induction. 

 A rapid-sequence induction with cricoid pressure to minimize the risk for aspiration 
was planned. After the patient received adequate preoxygenation, the anesthesiolo-
gist rapidly administered thiopental (500 mg), followed by rocuronium (70 mg). 

 However, immediately after administration of rocuronium, the IV line ceased to 
fl ow. Inspection of the tubing revealed a white precipitate. The nurse anesthetist 
began to gently and slowly mask-ventilate (allowing the end-tidal carbon diox-
ide to rise while preserving arterial oxygen saturation above 90%, balancing the 

    Abstract   
  This case discusses the chemical interaction of thiopental sodium and 
rocuronium resulting in precipitation.  

 How to Successfully 
Occlude an Intravenous Line  
 Thiopental, rocuronium, line precipita  on                     

       Helga     Komen MD,           Juraj     Sprung MD, PhD      
and     Toby     N.     Weingarten MD    
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risk for gastric insuffl ation with that of hypoxemia) with a mixture of sevofl u-
rane and 100% oxygen while the surgical nurse continued to apply cricoid pres-
sure. The anesthesiologist successfully placed a 20-g IV line in the right hand 
and, because the patient showed respiratory efforts, also administered succinyl-
choline (80 mg). Fortunately, the patient did not have oxyhemoglobin desatura-
tion or vomit while the second IV line was placed, and his trachea was 
successfully intubated.  

    Discussion 

  This is an example of a physicochemical  ( acid – base )  interaction . 

 Thiopental is a commonly used anesthetic induction drug. Thiopental is unstable in 
water or normal saline and is stored as a salt with sodium. Before use, it is reconsti-
tuted in water or normal saline. The reconstituted form is alkaline (pH >10). 1  
Acidifi cation of the reconstituted solution results in formation of a precipitate of 
thiopental as a free acid. 1  

 Numerous drugs used in the practice of anesthesia are in acidic solutions and may 
cause thiopental to precipitate (Table  32.1 ). A mixture of these medications with 
thiopental, or their administration in conjunction with or immediately after the 
administration of thiopental, can cause the formation of fi ne crystalline particles 
that may block an IV catheter or needle, especially one that has a small bore 
(≤20 g). 1  –  4 

   In the case of rapid-sequence induction, when rocuronium bromide is given in close 
temporal sequence with thiopental, precipitation can occur. The precipitation is 
immediate and fi rm, and frequently the IV line cannot be fl ushed to overcome the 
blockage. Similar incompatibility with thiopental is found with other muscle relax-
ants, such as succinylcholine and vecuronium. 2  ,  4  

 Human plasma is effective in dissolving thiopental particles, and therefore it is 
unlikely that clinically signifi cant particles of thiopental will stay intact on 
entering the bloodstream. However, mixing thiopental with pancuronium, 
vecuronium, or rocuronium has the potential to disrupt IV access because of 
occlusion with particles. 4  ,  5  So, when thiopental is used in conjunction with a 
muscle relaxant, the anesthesiologist must fl ush the IV tubing adequately before 
subsequent administration of the muscle relaxant. This step is especially impor-
tant to keep in mind during rapid-sequence anesthetic induction, when succinyl-
choline or rocuronium typically are administered in close temporal sequence 
with thiopental.  

Intravenous Anesthetic Agents
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    Take-Home Points 

•     Thiopental is an alkaline solution and is unstable in water and in normal 
saline. When mixed with an acidic solution, the thiopental precipitates.  

•   Rocuronium is an acidic solution and can cause thiopental precipitation 
when given simultaneously through the same needle with or immediately 
after thiopental sodium.  

•   The precipitate, particularly in a small-bore needle or IV line, may result 
in blockage of the catheter.  

•   Succinylcholine, vecuronium, and pancuronium have similar characteris-
tics regarding interaction with thiopental sodium, and care must be taken 
to avoid precipitation when this combination is used.     

  Table 32.1    Incompatibility 
of thiopental with commonly 
used anesthetic drugs  

 Muscle relaxants 
   Atracurium 
   Pancuronium 
   Rocuronium 
   Succinylcholine 
   Vercuronium 
 Vasoactive medications 
   Diltiazem 
   Dobutamine 
   Dopamine 
   Ephedrine 
   Labetalol 
   Nicardipine 
   Phenylephrine 
 Anticholinergic medications 
   Atropine 
   Glycopyrrolate 
 Benzodiazepines 
   Midazolam 
 Opioids 
   Alfentanil 
   Morphine 
   Sufentanil 

  [Based on Data from refs. 1 – 4 ]  
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    Summary 

     Interaction : physicochemical (acid–base)  
   Precipitants : thiopental (alkaline or base compound) and rocuronium (acidic 

solution)  
   Clinical effect : formation of precipitate with occlusion of line        
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         Case 

 A 24-year-old, 65 kg woman presented to the hospital for diagnostic abdominal 
laparoscopy. Because she had a history of severe asthma requiring hospitalization 
and intubation, she was admitted to the hospital on the night before her surgery for 
optimization of her asthma before planned general anesthesia. 

 She was given a loading dose of aminophylline (5.9 mg/kg), followed by an amino-
phylline maintenance infusion (1 mg/kg/hr). The following morning, she was taken 
to the operating room, Anesthesia was induced with ketamine (100 mg) over 2 min-
utes. Within minutes, ventilation became impossible due to jaw rigidity, and her 
upper extremities developed extensor posturing. The patient’s heart rate also 
increased from 80 to 120 beats per minute. Succinylcholine (80 mg) was given, and 
ventilation via mask became easy. The patient was intubated, and the rest of the 
intraoperative course was uneventful.  

    Abstract   
  This case discusses a ketamine/theophylline interaction of unknown etiology 
resulting in decreased seizure threshold.  

 A Curious Cause of Seizures 
 Ketamine, theophylline                     

       Charles     Galaviz MD       and     Randal     O.     Dull MD, PhD    
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    Discussion 

  This is an example of a drug – drug interaction of undetermined mechanism . 

 Drug–drug interactions between ketamine and theophylline resulting in seizures 
have been reported. 4  ,  5  The mechanism is not known. Aminophylline is a combined 
preparation of theophylline and ethylenediamine. Theophylline is a substrate for 
cytochrome P450 1A2 (primarily), and is secondarily a substrate for cytochromes 
2E1 and 3A4, (it is important to note that some studies have shown that 3A4 does 
not contribute to theophylline metabolism.) 1  ,  2  Ketamine has been thought of as pri-
marily a substrate for cytochrome 2B6 and a minor substrate for 3A4 and 2C9 
(although recent research suggests that at clinical concentrations 3A4 may be the 
principle enzyme responsible for ketamine metabolism in the liver). 1  ,  3  Neither drug 
is an inducer or inhibitor of P450 enzymes. 

 There are several case reports of seizures with this drug combination. 4  ,  5  Theophylline 
is rarely used in the United States, however, the drug is still commonly used in 
Africa, Asia, South American, and parts of Eastern Europe. In the cases that have 
been reported, ketamine was always given to someone who was already receiving 
theophylline, and the seizure began shortly after the ketamine was administered. 
A laboratory study in mice demonstrated that the combination of ketamine and the-
ophylline did, in fact, lower the seizure threshold though no mechanism for this 
decrease in the threshold was postulated. 

 High concentrations of theophylline are associated with multiple deleterious side 
effects, one of which is seizures. Because ketamine was administered to a patient 
who was already getting theophylline, and the seizure occurred shortly after the 
ketamine was administered; the inference is raised that the addition of ketamine 
resulted in an increase of the fraction of theophylline available in the bloodstream. 
If so, the possible mechanisms could involve either displacement of theophylline by 
ketamine on the transport proteins in the bloodstream, or a change in the profi le of 
which drug between the two is preferentially metabolized by 3A4.  

    Take-Home Points 

•     Ketamine and theophylline are both metabolized by more than one cyto-
chrome P450 enzyme.  

•   Ketamine administration to someone who is already receiving aminophyl-
line (theophylline) has been reported to result in seizures.  

•   The mechanism for such seizures is unknown. Thus, it is prudent to avoid 
this combination of drugs.     
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    Summary 

     Interaction : unknown  
   Substrates : theophylline and ketamine  
   Mechanism / site of action / enzyme : unknown, possibly displacement of protein 

binding or differential metabolism at cytochrome 3A4  
   Clinical effect : decreased seizure threshold        
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         Case 

 A 36-year-old woman with four previous pregnancies and severe preeclampsia 
underwent emergency Cesarean section (C-section) due to fetal bradycardia in her 
31 st  week of pregnancy. 

 She had been admitted the day before with complaints of severe headache, dizzi-
ness, and blurred vision. She reported allergies to penicillin, morphine, and codeine. 
She had generalized edema and a blood pressure of 160/110 mm Hg on admission. 
Initial laboratory tests showed 2 + proteinuria, hematocrit 35.2%, platelet count 

    Abstract  
  This case discusses pharmacodynamic drug–drug interactions between mag-
nesium sulfate and intravenous anesthetics and between magnesium sulfate 
and vecuronium. Additional information regarding the use of magnesium for 
perioperative patients is presented.  

 Magnesium Mama 
and the Mad Dad 
 Magnesium sulfate, propofol, remifentanil, 
vecuronium                     

       Ana     Maria     Manrique MD,           Catherine     Marcucci MD,      
and     Kathirvel     Subramaniam MD    
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110,000 and creatinine 1.8 g/dL. Serum electrolytes, liver function, and coagulation 
tests were within normal limits. Fetal ultrasound showed a fetus in breech position, 
consistent with 30 weeks gestation. The estimated fetal weight was 1430 g. 

 The patient was transported to the obstetrical intensive care unit (ICU) and magnesium 
sulfate (MgSO 4 ) was started (6 g loading dose, 2 g/h maintenance). Intravenous (IV) 
fl uid administration including MgSO 4  was restricted to 125 cc/h. Central venous and 
arterial lines were inserted and a urinary catheter was placed. A uterine stress test 
showed fetal bradycardia (90/minute) and the patient was rushed to the operating room. 

 In the operating room, the patient was tachycardic and her blood pressure was 
170/110 mm Hg. Clindamycin (600 mg) was administered and MgSO 4  infusion was 
continued at 2 g/hr. It was decided to administer general anesthesia for C-section 
because of the emergent nature of the procedure. The patient was induced with pro-
pofol and intubated easily after muscle relaxation with succinylcholine. The baby 
was delivered with Apgar scores of 7/9 and had a strong and vigorous cry. Anesthesia 
was maintained with desfl urane 3.0% after delivery of the baby and muscle relax-
ation was obtained with vecuronium. No bispectral index (BIS) monitor was used. 
The mother developed two episodes of hypotension requiring fl uid bolus and ephed-
rine boluses (total 15 mg). The abdominal wall was severely edematous and the 
surgeons advised the anesthesia team that surgical closure would be diffi cult and 
prolonged. The surgeons asked for “maximum relaxation” to facilitate closure. The 
patient received a total of 10 mg of vecuronium and a remifentanil infusion was 
started. The closure lasted over an hour and the train-of-four (TOF) was 0/4 at the 
end of surgery and after 30 minutes into recovery. Temperature, glucose, and elec-
trolytes were within normal range. The patient was transported to ICU and placed 
on mechanical ventilation with a propofol infusion for sedation and amnesia. 

 When he fi rst visited his wife at her bedside in the ICU, the exhausted new father grew 
increasingly agitated and angry and had to be escorted to the lounge to talk to the teams. 
After 4 hours in the ICU, two twitches appeared on the TOF monitor, the patient was 
reversed, and the propofol infusion was discontinued. However, the patient did not 
meet criteria for extubation at that time as she was not suffi ciently arousable. The anes-
thesia and ICU teams met again with the new father to explain the situation and reassure 
him. With some diffi culty the nursing staff persuaded her husband to get some sleep 
and he found the patient fully alert and extubated by the morning.  

    Discussion 

  This is an example of two pharmacodynamic drug–drug interactions involving 
magnesium sulfate.  

 Magnesium is an active ion with important function in most of the cellular process. 
Magnesium is involved in the activation of membrane calcium ATPase and sodium-
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potassium (Na-K) ATPase and has an important role in transmembrane ion exchanges 
during depolarization and repolarization. Therefore, magnesium is critical in the 
maintenance of calcium and potassium equilibrium and membrane stabilization. 1  

 Magnesium sulfate (MgSO 4 ) is widely used as coadjuvant therapy in the treatment 
of preeclampsia for the prevention of seizures. MgSO 4  is a tocolytic agent as well. 2  
There is a general consensus that magnesium works by maintaining  membrane 
 stabilization though it is debatable. 3  The MAGPIE study performed in United 
Kingdom compared MgSO 4  with placebo in preeclamptic women and demonstrated 
that MgSO 4  reduces the risk of eclampsia by almost half (relative risk 0.42), and 
95% confi dence interval (CI) 0.29–0.60). 4  MgSO 4  is found to be useful for the 
 prevention of arrhythmias in cardiac surgery and intensive care unit. 5  Magnesium is 
useful in the prevention of hemodynamic responses to intubation and during 
 pheochromocytoma resection. 2  ,  6  

 Magnesium’s molecular action includes competitive calcium channel block thus 
decreasing the calcium conductance of presynaptic voltage-dependent calcium 
channels. Magnesium also limits the outfl ow of calcium from the sarcoplasmic 
reticulum. Magnesium has also been shown to be a noncompetitive  N -methyl-d- 
aspartate (NMDA) receptor antagonist, which may contribute to its role as a useful 
adjuvant pain drug.   21  ,  22  

 Although the fi ndings are not universal across all studies and all doses, a number of 
authors report that administration of magnesium sulfate, particularly intraopera-
tively and in repeated doses, decreases requirements of intravenous anesthetics and 
opioid narcotics in both obstetrical and nonobstetrical patients. 13  –  20  Gupta et al dem-
onstrated decreased requirements for fentanyl and propofol with magnesium infu-
sion during total intravenous anesthesia. 13  A study by Schultz-Stubner et al. 
demonstrated reduction of remifentanil requirements of over 30% with a post- 
induction dose of 50 mg/kg. 14  Similarly, Telci et al. showed a reduction of 38% in 
propofol requirements and a reduction of over 50% in remifentanil requirements 
with the administration of 30 mg/kg of magnesium. 15  Kwon and Lee studied the use 
of IV magnesium in women undergoing C-section and found that preoperative mag-
nesium attenuated BIS readings in the pre-delivery period and decreased use of both 
midazolam and fentanyl. 19  They further suggested that the antagonism of NMDA 
receptors and calcium channel blockade could be responsible for the modifi cation 
of perioperative sedation and analgesia in their study. No BIS monitor was used in 
this case, thus the empirical use of propofol and remifentanil drips to an estimated 
level of anesthetic and amnestic depth, both intraoperatively and postoperatively, 
may have rendered BIS readings signifi cantly below those normally thought to 
insure adequate sedation and amnesia. 

 The need to ensure ongoing sedation and amnesia was of course mandated by the 
prolonged neuromuscular block, a factor which the clinician must always consider 
with the use of magnesium. The calcium channel-blocking actions described above 
collectively result in decreased release of acetylcholine from the end plate of the pre-
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synaptic motor neuron. Therefore, administration of MgSO 4  increases the  sensitivity 
to nondepolarizing muscle relaxants (NDMRs). 7  Czarnetzki et al. performed a ran-
domized and double-blinded study that compared the onset and duration of rocuronium 
between patients who received MgSO 4  infusion (60 mg/kg over 15 minutes) and a 
control group. 7  They found a rapid onset and longer duration for rocuronium in 
MgSO 4  group. However, Kussman et al. could not demonstrate any difference in 
onset but showed prolonged duration of action of rocuronium in patients receiving 
MgSO 4 ; the difference in results could be explained by the fact that patients in the 
Kussman study received magnesium as bolus instead of 15  minutes infusion before 
rocuronium. 8  Several other authors noticed shortened onset (35% to 50%) and pro-
longed duration (25% + 90%) of NDMRs with magnesium administration. 9  –  11  
Na et al. demonstrated a reduction in the requirement for muscle relaxants when 
MgSO 4  infusion was administered for postoperative analgesia in patients with cere-
bral palsy. 12  Pregnant patients have an increased susceptibility to inhalation agents that 
may amplify the duration of muscle relaxants. In addition, antibiotics administered 
(clindamycin in this patient) may interact with muscle relaxants. MgSO 4  elimination 
was decreased as well in these patients if the kidneys are involved in preeclampsia. 
Small, incremental doses of NDMRs are used and it is important to monitor the neu-
romuscular junction and magnesium levels in these patients to avoid adverse interac-
tions. Succinylcholine is not affected and a normal dose is recommended for intubation 
in MgSO 4  treated patients. Because magnesium has been shown to have preventive 
effects against succinylcholine fasciculations and myalgia, it is not necessary to 
administer defasciculating dose of NMDRs in MgSO 4  treated patients. 

 Magnesium is a physiologic antagonist at dihydropiridine calcium receptors and 
produces smooth muscle relaxation. Excessive MgSO 4  can produce progressive 
inhibition of catecholamine release from adrenergic nerve endings, adrenal medulla, 
and postganglionic sympathetic fi bers, which results in decreased systemic vascular 
resistance. MgSO 4  worsens the hypotensive response of epidural blocks especially 
with the extensive blockade required for C-section. Experimental studies showed 
that ephedrine is preferred over phenylephrine to restore blood pressure and uterine 
blood fl ow after epidural block in hypermagnesemic conditions. During induction 
of anesthesia, it may be benefi cial to continue MgSO 4  infusion because this may 
prevent hemodynamic response to intubation. Since calcium is integral to hemosta-
sis, the effect of MgSO 4  on perioperative bleeding and coagulation is not clear at 
this point and merits further investigation.  

    Take-Home Points 

•     Homeostasis of magnesium in the intracellular environment is important to 
maintain the balance between calcium and potassium. Imbalance of this 
ion causes alteration in the cellular activation of enzymatic process and 
unbalanced action of the membrane potential.  
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•   Magnesium is known to decrease the requirement for intravenous 
 anesthetics, and narcotic analgesics by central nervous system depressant 
effects. Studies have found that the need for both propofol and remifentanil 
is decreased with the administration of magnesium sulfate. Antagonism of 
the NMDA receptor has been suggested as a possible mechanism.  

•   Magnesium sulphate administration causes faster onset and prolonged dura-
tion of nondepolarizing muscle relaxants. Clinically signifi cant prolongation 
of muscle relaxation can occur by the interaction between the drugs adminis-
tered during anesthesia such as muscle relaxants, antibiotics, and inhalational 
anesthetics. Careful monitoring of neuromuscular junction is recommended.  

•   Signifi cant hypotension can occur with α -receptor antagonists and regional 
blockade in patients receiving magnesium.  

•   Since magnesium has wide therapeutic applications in anesthesia and criti-
cal care, anesthesiologists should be aware of its potential interactions with 
other commonly used drugs in the perioperative period.     

    Summary 

     Interaction 1:  pharmacodynamic  
   Substrates:  magnesium sulfate, propofol, and remifentanil  
   Mechanism/site of action:  NMDA receptor antagonism  
   Clinical effects:  augmentation of effects of intravenous anesthetics and pain 

medications   

    Interaction 2:  pharmacodynamic  
   Substrates:  magnesium sulfate and vecuronium  
   Mechanism/site of action:  decreased release of acetylcholine from the pre synaptic 

neuron at the neuromuscular junction end plate, increasing the sensitivity to non- 
depolarizing neuromuscular blockers.  

   Clinical effect:  prolonged neuromuscular weakness        

   References 
       1.    James MF. Magnesium: an emerging drug in anaesthesia. Br J Anaesth. 2009;103:465–7.  
     2.    Greene MF. Magnesium sulfate for preeclampsia. N Engl J Med. 2003;348:275–6.  
    3.    Soave PM, Conti G, Costa R, et al. Magnesium and anaesthesia. Curr Drug Targets. 2009;10:

734–43.  
    4.    Magpie Trial Collaborative Group. Do women with pre-eclampsia, and their babies, benefi t 

from magnesium sulphate? The Magpie Trial: a randomised placebo-controlled trial. Lancet. 
2002;359:1877–90.  

34 Magnesium sulfate, propofol, remifentanil, vecuronium



178

    5.    Fawcett WJ, Haxby EJ, Male DA. Magnesium: physiology and pharmacology. Br J Anaesth. 
1999;83:302–20.  

    6.    Lysakowski C, Dumont L, Czarnetzki C, et al. Magnesium as an adjuvant to postoperative 
analgesia: a systematic review of randomized trials. Anesth Analg. 2007;104:1532–9.  

     7.    Czarnetzki C, Lysakowski C, Elia N, et al. Time course of rocuronium-induced neuromuscular 
block after pre-treatment with magnesium sulphate: a randomised study. Acta Anaesthesiol 
Scand. 2009;11:1–8.  

    8.    Kussman B, Shorten G, Uppington J, et al. Administration of magnesium sulphate before 
rocuronium: effects on speed of onset and duration of neuromuscular block. Br J Anaesth. 
1997;79(1):122–4.  

    9.    James MF, Schenk PA, Van der Veen BW. Priming of pancuronium with magnesium. 
Br J Anaesth. 1991;66:247–9.  

   10.    Lampl E, Dandoy M. Priming of atracurium with magnesium. Br J Anaesth. 1993;70:A139.  
    11.    Fuchs-Buder T, Wilder-Smith OH, Borgeat A, et al. Interaction of magnesium sulphate with 

vecuronium induced neuromuscular block. Br J Anaesth. 1995;74:405–9.  
    12.       Na HS, Lee JH, Hwang JY, et al. Effects of magnesium sulphate on intraoperative neuromus-

cular blocking agent requirements and postoperative analgesia in children with cerebral palsy. 
Br J Anaesth. 2010;104:344–50.  

     13.    Gupta K, Vohra V, Sood J. The role of magnesium as an adjuvant during general anesthesia. 
Anaesthesia. 2006;61:1058–63.  

    14.    Schultz-Stubner S, Wettmann G, Reyle-Hahn SM, et al. Magnesium as part of balanced 
 general anesthesia with propofol, remifentanil, and mivacurium: a double-blind, randomized 
prospective study in 50 patients. Eur J Anaesthesiol. 2001;18(11):723–9.  

    15.    Telci L, Esen F, Akcora D, et al. Evaluation of effects of magnesium sulphate in reducing 
intraoperative anaesthetic requirements. Br J Anaesth. 2002;89:594.  

   16.    Khafagy HF, Osman ES, Naguib AF. Effects of different dose regimens of magnesium on 
pharmacodynamics and anesthetic requirements of balanced general anesthesia. J Egypt Soc 
Parasitol. 2007;37(2):469–82.  

   17.    Dabbagh A, Elyasi H, Razavi SS, et al. Intravenous magnesium sulfate for post-operative pain 
in patients undergoing lower limb orthopedic surgery. Acta Anaesthesiol Scand. 2009;53(8):
1088–91.  

   18.    Lysakowki C, Dumont L, Czarnetzki C, et al. Magnesium as an adjuvant to postoperative 
analgesia: a systematic review of randomized trials. Anesth Analg. 2007;104(6):1532–9.  

    19.    Lee DH, Kwon IC. Magnesium sulphate has benefi cial effects as an adjuvant during general 
anaesthesia for Caesarean section. Br J Anaesth. 2009;103(6):861–6.  

    20.    Altan A, Turgut N, Yildiz F, et al. Effects of magnesium sulphate and clonidine on propofol 
consumption, haemodynamics and postoperative recovery. Br J Anaesth. 2005;94:438–41.  

    21.    Mayer ML, Westbrook GL, Guthrie PB. Voltage-dependent block by Mg 2+  of NMDA responses 
in spinal cord neurons. Nature. 1984;309:261–3.  

    22.    Woolf CJ, Thompson SW. The induction and maintenance of central sensitization is dependent 
on N-methyl-D-aspartatic acid receptor activation: implications for treatment of post-injury 
pain hypersensitivity states. Pain. 1991;44:293–9.    

Intravenous Anesthetic Agents



179© Springer Science+Business Media New York 2015 
C. Marcucci et al. (eds.), A Case Approach to Perioperative Drug-Drug 
Interactions, DOI 10.1007/978-1-4614-7495-1_35

         Case 

 A 68-year-old obese man with right knee osteoarthritis presented to the operating 
room for right knee arthroplasty under spinal anesthesia. His body mass index was 
39.1 and he was known to have chronic renal insuffi ciency (creatinine 1.8 mg/dL). 
A spinal anesthetic of 15 mg of hyperbaric intrathecal bupivacaine was placed and 
a dexmedetomidine infusion was started at 1mcg/kg/h for 15 minutes followed by 
0.5 mcg/kg/h. Thirty minutes into the procedure, the dexmedetomidine infusion 
was reduced to 0.3 mcg/kg/h due to excessive sedation. This dose was maintained 
until the start of skin closure, at which time dexmedetomidine was discontinued. 
The total time elapsed since intrathecal injection was 150 minutes. At that time, the 
patient had bilateral dense motor block of the lower extremities and a sensory block 
to cold at T12. 

 Sixty minutes after arrival to postanesthesia care unit (PACU) or 3.5 hours follow-
ing spinal injection, Eileen, the PACU nurse, paged the anesthesia provider because 
the patient’s spinal block had shown no signs of fade, and the patient was still 

    Abstract   
  This case discusses a possible pharmacokinetic interaction between 
 bupivacaine and dexmedetomidine. Bupivacaine is a cytochrome P 450 2D6 
and cytochrome 3A4 substrate. Dexmedetomidine has been shown, in vitro, 
to inhibit both enzymes.  

 Dexy’s Midnight Spinal 
 Dexmedetomidine, bupivaine spinal, 
mul  ple mechanisms, CYP3A4, CYP2D6                     
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 somnolent. The busy anesthesia provider’s initial response was “Come on, Eileen!” 
However, her exam confi rmed Eileen’s fi nding. The injection site of the spinal was 
examined and appeared normal. Radiology was called for emergent magetic reso-
nance imaging (MRI) to rule out spinal hematoma. Over the course of the ensuing 
fi fty minutes, while arrangements were being made for MRI, his spinal block faded 
and he had complete return of motor and sensory function. Pain score was 3/10. The 
patient did well postoperatively and was discharged from the hospital 3 days later.  

    Discussion 

  This is an example of a possible interaction of an inhibitor added to 
a substrate . 

 Bupivicaine, an amide local anesthetic, is metabolized primarily by hepatic cyto-
chrome 3A4 and partially by cytochromes 2D6 and 2C19. 1  

 Dexmedetomidine is a selective α 2  agonist used for sedation. It is an imidazole 
derivative and the active S-isomer of medetomidine. Dexmedetomidine is cleared 
by both hepatic metabolism and renal excretion, with an elimination half-life of 
2 to 2.67 hours in healthy adults. Hepatic metabolism of dexmedetomidine occurs 
primarily via cytochrome 2A6. 2  

 Dexmedetomidine has also been shown, in vitro, to be an inhibitor of 3A4 and 2D6. 
It is a weak competitor inhibitor of 3A4 and binds reversibly to the heme (ferric) ion 
of 2D6. 3  ,  4  The clinical signifi cance of the  in vitro  inhibitory effect of dexmedetomi-
dine on 3A4 and 2D6 has not yet been fully elucidated. 

 The coadministration of intravenous dexmedetomidine with intrathecal bupivacaine 
has been reported to prolong both spinal motor block and sensory block. 5  –  7  In the 
patient in the case presented here, the delay in regression of the block was signifi -
cant enough to raise fears of the rare, but devastating, complication of spinal 
hematoma. 

 Although the exact mechanism of the interaction remains unclear, there cer-
tainly is the potential for clinically significant interactions involving inhibition 
of the 3A4 and 2D6 isoforms (responsible for the metabolism of bupivacaine) 
as hinted at by the  in vitro  data. There is also the possibility of dexmedetomi-
dine-mediated vasoconstriction resulting in reduced effector site clearance of 
bupivacaine. 

 In our clinical scenario, the patient experienced deeper sedation than was antici-
pated. In patients with renal impairment, the elimination half-life of dexmedetomi-
dine is shortened, but the fraction of free, non–protein-bound drug increases. 8  
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The renal impairment (patient’s estimated glomerular fi ltration rate using the 
Modifi cation of Diet in Renal Disease (MDRD) formula is 38 mL/min/1.73 m2, 
chronic kidney disease stage 3) of the patient, most likely increased the amount of 
free, unbound dexmedetomidine in plasma, resulting in prolonged sedation.  

    Take-Home Points 

•     Dexmedetomidine has been shown to have deeper sedative effects in 
patients with impaired renal function due to the increased fraction of 
unbound dexmedetomidine in plasma.  

•   The combination of intravenous dexemedetomidine and intrathecal bupi-
vacaine increases the duration of bupivacaine neuraxial blockade. This 
may be used to advantage during surgeries under spinal anesthesia but, as 
in our case vignette, can also result delays in the regression of the spinal 
block, triggering work up for more devastating complications.  

•   Dose adjustment, such as omission of initial bolus infusion and reduction 
of infusion rate of dexmedetomidine, may need to be taken into account for 
patients with renal and/or hepatic impairment.  

•   The drug effect cannot only be prolonged due to reduced clearance of the 
medication, but also enhanced due to lower protein binding.     

    Summary 

     Interaction : pharmacokinetic (possible)  
   Substrate : bupivacaine  
   Enzyme : 2D6 and 3A4  
   Inhibitor : intravenous dexmedetomidine  
   Clinical effect : prolonged motor and sensory block        
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    Abstract     
This introduces drug–drug interactions involving local anesthetics.  

 Introduc  on 

                           Catherine     Marcucci     MD    

      Interestingly, the dental community has been very proactive in raising awareness of 
drug–drug interactions (DDIs) including those involving the local anesthetics. 
Reports, summaries, and clinical guidelines were published as early as the early 
1990s and have continued to this day. 1  –  4  And this makes sense in a certain way. The 
dentists and their allied practitioners have a compelling need for anesthetics that are 
both reliable and safe. The dental extraction or repair doesn’t go forward if the block 
doesn’t set up or the patient is bleeding profusely and, the recent development of 
“sedation dentistry” aside, the dentists don’t have what we have to get them 
through—the intravenous lines, the propofol, the ketamine, etc. Similarly, they are 
not equipped, on a routine basis, to handle clinically signifi cant local anesthetic 
toxicity. 

 And this is the issue with local anesthetic DDIs that we would like to highlight for 
the reader. It is generally not a question of a little dizziness—these DDIs either 
result in blocks that don’t work, blocks that last too long and distress the patient and 
provider both, or toxicity—all of which are clinical events to be avoided. Local 
anesthetic toxicity due to DDIs is an especially important consideration. One is 
taught of the thresholds between bupivacaine neurological toxicity and cardiovascu-
lar toxicity, but as every experienced anesthesia practitioner can tell you, this thresh-
old can and is broached more quickly than you think while you are still trying to 
diagnose and manage the initial presentation. 

 DDIs involving local anesthetics are a particular interest of the editors and, in 2006, 
we published a case report on a patient who suffered cardiac arrest and needed 
cardiac pacing for an extended period of time after an apparently uncomplicated 
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axillary block. 5  Elements of the complicated DDI we believe this patient suffered 
are presented in this book in the cases “Smoking Guns I and II.” There was a little 
bit of pushback, if memory serves correct, in the form of letters to the editor from 
readers who didn’t buy the DDI story and felt certain that frank overdose or intra-
vascular injection was the cause. Because we ourselves had not done the block and 
did not have bupivacaine blood levels, we could not prove that the DDI had hap-
pened, but were confi dent in our reasoning and pharmacology. And, slowly but 
surely, the anesthesia community seems to have become more aware of this poten-
tially serious, but often unrecognized clinical situation. Recently, we read a report 
on convulsions after normal dosing of lidocaine which the authors felt were caused 
by a probable drug interaction. 6  

 As you go through these chapters, keep in mind that the local anesthetics are sub-
strates of cytochromes (CYP) 1A2 and 3A4—and a lot of other drugs and substrates 
also interact with these particular isoenzymes. Bupivacaine is the outlier, as it is a 
substrate of cytochromes 3A4, 2D6, and 2C19. Of course, as these drugs also have 
potent effects on the sympathetic nervous system, as such they are involved in their 
share of pharmacodynamic DDIs as well. 

 A careful perusal of local anesthetic DDIs will make you both a safer and more 
precise practitioner of regional anesthesia as well as give you something to chat 
about the next time you are at a reception over at the dental school.    
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    Abstract   
 This case discusses the additive effects of local anesthetics.  

 37      Comfortably Numb 
 Local anesthe  cs                     
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         Case 

 A 65-year-old 70 kg man presented to the operating room for open surgical repair 
of a left wrist fracture sustained in a motor vehicle accident after leaving a local bar 
the prior evening. He had a history of congestive heart failure, type 2 diabetes mel-
litus, well-controlled hypertension, and chronic obstructive pulmonary disease 
(COPD). He smoked a pack of cigarettes daily and drank on a daily basis and used 
intravenous recreational drugs. Preoperatively, the anesthesia team noted a recent 
echocardiogram (ECG) showing mild left ventricular dilation with an estimated 
ejection fraction of 40% and mild left ventricular hypertrophy, electrocardiogram 
showing normal sinus rhythm with moderate voltage criteria for left ventricular 
hypertrophy. He was also noted to have mildly icteric sclerae, and a slightly enlarged 
liver. Laboratory data were within normal limits except for aspartate aminotransfar-
ase/aluminic aminotransfarase (AST/ALT) 60/31 IU/L. 

 An uncomplicated ultrasound guided infraclavicular block with a mixture of 20 mL 
each of bupivacaine 0.75% and mepivacaine 1.5% was performed without signs of 
intravascular injection. Twenty minutes after removing the needle, the patient had 
a generalized tonic colonic seizure. Midazolam (3 mg) and propofol (100 mg) were 
given and the airway was secured. The patient’s ECG changed to ventricular 
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 tachycardia. A pulse was not palpable and the Advanced Cardiac Life Support 
(ACLS) protocol was initiated. A rapid bolus of 100 mL of intralipid 20% was 
administered, followed by an infusion of 0.25 mL/kg/min for the next 10 minutes. 
After the bolus of intralipid the patient became hemodynamically stable, surgery 
was postponed, and he was transferred to the ICU.  

    Discussion 

  This is an example of a mixed additive pharmacodynamic and pharmacoki-
netic  ( distribution )  interaction . 

 Mixtures of local anesthetics for regional anesthesia are used to compensate for 
long latency of longer acting agents like bupivacaine with agents that are rapidly 
acting, but shorter in duration such as mepivacaine or lidocaine. 1  The systemic 
effects from combining local anesthetics correlates to the principle of summation 
(drug A + drug B = 2A or 2B). When following the dosage limits of local anesthet-
ics, guidelines are presumed additive and toxicities are dependent on each other. 2  In 
this scenario, 20 cc of 0.75% bupivacaine and 20 cc of 1.5% mepivacaine were 
used. When local anesthetics are mixed in equal volume the original concentration 
is reduced by half. Therefore, a total of 40 cc of 0.375% bupivacaine and 0.75% of 
mepivacaine was used. A 150 mg total dose of bupivacaine was determined by cal-
culating 3.75 mg/cc multiplied by 40 cc. The total dose of mepivacaine was 300 mg 
(7.5 mg/cc multiplied by 40 cc). The maximum dose for bupivacaine is 3 mg/kg and 
for mepivacaine it is 4.5 mg/kg. In our 70 kg patient, that equates to total maximum 
doses of 210 mg bupivacaine and 315 mg mepivacaine. The percentage of the maxi-
mum dose of bupivacaine is calculated as 150 mg/210 mg, or 71%. Similarly, for 
mepivacaine, it is 300 mg/315 mg, or 95%. Both local anesthetics are individually 
under the maximum threshold, however, when both percentages are added together 
(71% bupivacaine + 95% mepivacaine =166%), the toxic dose threshold is exceeded 
by 66%. A study done by Hartrick demonstrated that when mepivacaine and bupi-
vacaine are added together, both amide local anesthetics competitively bind to 
α 1− glycoprotein and albumin. This results in increased free fraction of plasma con-
centrations, with the potential for increased systemic toxicity. 3  

 When large amounts or repeated doses are required, hepatic clearance should be 
considered for aminoamide local anesthetics. Both liver and kidney function decline 
50% by the age of 65. 4  The half-life of lidocaine in patients with normal hepatic 
function is 1.5 hours; however, in patients with liver disease, it may be as long as 
5 hours. Congestive heart failure patients demonstrated a prolonged rate of metabo-
lism of lidocaine or other amide local anesthetics from the blood. Medications such 
as ß-blockers present a concern for clinicians due to its function of reducing hepatic 
blood fl ow, therefore prolonging the elimination of local anstheticss. 5  
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 Systemic reactions can occur by placement of intrathecal, intravascular, or exces-
sive dosing of local anesthetics. The central nervous and cardiovascular systems 
have a direct correlation with the potency of the local anesthetic utilized. 6  When 
large amounts or repeated doses are required, hepatic clearance should be consid-
ered for aminoamide local anesthetics. 2  

 During the initial symptoms of central nervous system (CNS) toxicity, patients may 
experience dizziness, auditory, or visual disturbances. Patients may also experience 
drowsiness or disorientation, followed by convulsions and CNS excitation. When a 
signifi cantly large dose or intravenous injection is administered, seizures may prog-
ress to respiratory depression or respiratory arrest. If patients received CNS depres-
sant drugs with local anesthetics the excitatory phase of CNS toxicity may be 
bypassed directly to respiratory depression or respiratory arrest. 2  

 The CNS excitatory phase correlates with the blockade of the inhibitory pathway in 
the cerebral cortex and the activation of glutamate, which functions as an excitatory 
neurotransmitter and may lead to seizure activity. Moreover, seizure activity pro-
duces hypoventilation which causes respiratory and metabolic acidosis. Increasing 
levels of PaCO 2  will augment cerebral blood fl ow, therefore providing the brain 
with more local anesthetic. 7  Elevated levels of carbon dioxide, which diffuse into 
neuronal cells, reduce intracellular pH, thus converting the base form of local anes-
thetics to cationic ones. Since the cationic form has limited ability to cross nerve 
membranes, ion trapping occurs, which exacerbates CNS toxicity. 2  

 Protective measures should be employed when patients present with CNS depres-
sion or excitation. Assisted ventilation and circulatory support is used to correct the 
acidosis and hypercapnia. Benzodiazepines or thiopental are administered for ter-
minating the excitation phase of CNS toxicity. 2  

 Local anesthetic toxicity can also affect the heart and peripheral blood vessels. 
Direct cardiac effects in fast conducting tissues of Purkinje fi bers and ventricular 
muscle result in a reduction in the rate of depolarization. This decrease in rate is 
caused by minimizing the availability of fast conduction sodium channels. There is 
also inhibition of cardiac duration and refractory period as well. 

 Not all local anesthetics have the same degree of potency or effect of cardiac tissue. 
For example, bupivacaine decreases the rapid phase of depolarization more than 
mepivacaine or lidocaine. High levels of local anesthetics will delay conduction 
time, which is demonstrated by lengthened PR intervals and durations of QRS com-
plexes on ECG. 2  Dose-dependent effects of local anesthetics can decrease pace-
maker activity to a degree that produces sinus bradycardia or arrest. Also, myocardial 
contractility is decreased by the negative ionotropic action of local anesthetics. The 
negative ionotropic effect is caused by inhibiting calcium infl ux and decreases in 
cardiac sarcolemmal calcium and sodium currents. 
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 Direct peripheral vascular effects of local anesthetics are dose related. Lower con-
centrations produce vasoconstriction, while elevated concentrations cause vasodila-
tion. 8  The only local anesthetic to produce vasoconstriction at all concentrations is 
cocaine. 

 When comparing local anesthetics, bupivacaine has the greatest effect on cardiotox-
icity. There is greater diffi culty in cardiac resuscitation with patients who received 
bupivacaine, due to its slow dissociation from the sodium ion channel. Cardiac 
arrest or severe ventricular tachycardia should follow ACLS protocol. Patients who 
experience cardiovascular collapse should also receive a rapid bolus of intralipid 
20% at 1.5 mL/kg without delay. Once the bolus is completed, an infusion of 
0.25 mL/kg/min intralipid should be administered for the next 10 minutes. 2   

    Take-Home Points 

•     Systemic effect from combining local anesthetics follows the principle of 
summation (drug A + drug B = 2A or 2B). When following the dosage lim-
its of local anesthetics, guidelines are presumed additive and toxicities are 
dependent on each other.  

•   When large amounts or repeated doses of aminoamide local anesthetics are 
required, hepatic clearance needs to be considered.  

•   Systemic effects on the central nervous and cardiovascular systems have a 
direct correlation with the potency of the local anesthetic utilized.     

    Summary 

     Interaction : pharmacodynamic  
   Substrates : bupivacaine and mepivacaine  
   Enzyme / site of action : neuronal and cardiac cell sodium channels, CNS 

neurotransmitters  
   Clinical effect : increase in anesthetic drug effect and toxicity   

    Interaction : pharmacokinetic (distribution)  
   Substrates : bupivacaine and mepivacaine  
   Enzyme / site of action : α 1 -glycoprotein, albumin  
   Clinical effect : increase in free plasma fraction leading to potential for increased 

systemic toxicity        
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    Abstract  
  This case discusses the pharmacodynamic interaction between cocaine 
and propranolol, resulting in hypertension and exaggerated cocaine toxicity.  

         Naturally Occurring 
and Nasty 
 Cocaine, propranolol                     

       Lauren     Partyka   MD      and     Li     Meng   MD, MPH   
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         Case 

 The senior anesthesiology resident was called to the trauma boy of the Emergency 
Department to do a preoperative evaluation for a 37-year-old man with a history of 
asthma who presented with a left open femoral fracture after a gunshot wound to the 
leg, sustained at an after-hours dance club. Initially, the patient was oriented to per-
son, place, and time, and was able to answer questions. He complained of severe leg 
pain, chest pressure, a “fl uttering” in his chest, and dizziness, stating, “I can’t get 
air.” He was a heavy smoker and drinker but adamantly denied other drug use and 
stated that he did not use cocaine, “except if I have a toothache or something like 
that.” He denied use of other medications and medication allergies. 

 The patient was diaphoretic and nauseated. His vital signs were elevated with a 
heart rate of 130 beats per minute, systolic blood pressure of 150 mm Hg, and tem-
perature of 101 °F. The ECG confi rmed sinus tachycardia. After multiple attempts 
to place a peripheral intravenous line, he was fi nally given a β-blocker. His tachy-
cardia improved slightly, but his blood pressure escalated to a systolic of 170 mm Hg. 
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 About 20 minutes later, he suddenly became agitated and confused and started vom-
iting with subsequent oxygen desaturation. The anesthesia resident decided to 
secure the patient’s airway. On direct laryngoscopy, oropharyngeal ulcers and an 
infl amed epiglottis were noted. Chest x-ray confi rmed appropriate endotracheal 
tube placement and showed diffuse bilateral infi ltrates and an enlarged heart. A 
Foley catheter was inserted, yielding red-tinged urine. The urine toxicology drug 
screen was positive for cocaine metabolites. Upon closer physical examination, 
track marks were noted bilaterally along the upper extremities. The patient was 
treated with lidocaine, sodium bicarbonate, and diazepam. He was transferred to the 
ICU for further care.  

    Discussion 

  This is an example of a pharmacodynamic interaction . 

 Cocaine produces a state of profound vasoconstriction via increased catecholamines 
at the sympathetic nerve terminals. Medications that are β-antagonists such as pro-
pranolol have been found to increase systemic vascular resistance and decrease car-
diac output, thus enhancing the cardiovascular effects of cocaine toxicity. 

 Cocaine is benzoylmethylecgonine, an ester of benzoic acid and the nitrogen- 
containing base ecgonine; ecgonine is a tropine derivative related to atropine and 
scopolamine. It is the only naturally occurring local anesthetic. 1  Toxicity is not as 
profound with chewing coca leaves as with using manufactured cocaine hydrochlo-
ride that can be absorbed via any mucous membrane. Cocaine can be snorted or 
inhaled in the “free base” and “crack” forms or injected intravenously or intramus-
cularly. 1  ,  2  It is metabolized in the plasma and liver and excreted in the urine, thus 
making urine drug screens ideal for detecting its presence. 3  

 With its multiple means of administration and the ease of production, cocaine abuse 
and dependence has become a signifi cant problem in the United States. Over 6 mil-
lion Americans of all ages regularly use the drug, leading to greater than 143,000 
Emergency Department visits in 2006. 1  ,  4  While its physiologic effects are short with 
the chronotropic effect of IV cocaine peaking between 5 and 15 minutes, it causes 
intense vasoconstriction that can injure multiple organ systems. 5  Cocaine blocks the 
reuptake of norepinephrine, dopamine, and serotonin at the presynaptic sympathetic 
nerve junctions, producing an accumulation of catecholamines in the synaptic clefts 
and leading to a state of increased sympathetic stimulation. 1  ,  2  

 Acute cocaine ingestion causes euphoria and is associated with risky behavior 
resulting from the increased dopamine accumulation. Signs of toxicity include 
 agitation, anxiety, panic, psychosis, hyperthermia, hypertension, tachycardia, 
mydriasis, seizures (often precipitated by increased serotonin), stupor, and 
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 respiratory and cardiac depression. 1  ,  4  Acute hypertension can lead to hemorrhagic 
strokes while vasospasm and endothelial injury increase the risk for ischemic 
strokes. 4  Chronic cocaine use is associated with a more rapid progression of coro-
nary artery disease thought to be associated with direct endothelial injury, which 
causes platelet aggregation, thromboxane production, coronary artery thrombosis, 
and vasospasm. 1  In the gastrointestinal system, it may lead to intestinal ischemia, 
infarction,  perforation, or hemorrhage. 6  Cocaine is also associated with renal infarc-
tions, acute renal failure, and rhabdomyolysis-induced acute tubular necrosis. 
Respiratory pathology includes thermal epiglottitis, crack lung, and pulmonary 
hypertension. 4  

 The local anesthetic effects of cocaine produce a block of the fast sodium channels 
in nerve cells, leading to decreased conduction of nerve impulses. 1  In the heart, it 
decreases the rate of depolarization and amplitude of the action potential, slowing 
its rate of conduction and predisposing the user to arrhythmias and sudden death. 1  
Overall, the intense sympathetic stimulation associated with cocaine toxicity 
increases myocardial irritability and lowers the fi brillation threshold. 3  

 Therefore, use of additional pressors may have little effect on the sympathetic ner-
vous system to elevate blood pressure during a state of cocaine toxicity. 
Phenylephrine, a direct-acting sympathomimetic, is used to increase venous con-
striction and elevate preload and afterload to increase blood pressure. In cocaine 
toxicity, there would be few α 1  receptors available to bind the additional pressor 
used because cocaine already creates a maximal sympathetic state. 7  Likewise, 
ephedrine, an indirect-acting sympathomimetic that stimulates release of norepi-
nephrine, would provide little benefi t in elevating blood pressure during cocaine 
toxicity since there would be no further norepinephrine to release into the synaptic 
terminals. 7  

 Additionally, it is hypothesized that chronic cocaine use causes upregulation of α 
receptors, which results in coronary artery vasospasm if one is treated with an 
α-adrenergic agonist such as phenylephrine or ephedrine. 8  Using a norepinephrine 
drip can enhance tachycardia as it further propagates β- and α-adrenergic receptor 
stimulation via increases in calcium concentrations in the cardiac myocyte that lead 
to increased heart rate, cardiac contractility, and a greater potential for 
dysrhythmias. 

 There is no antidote for cocaine-induced hypertensive crisis and tachycardia. 
Treatment usually involves symptom control. Interestingly, β-blockers have been 
found to increase blood pressure via unopposed α-adrenergic stimulation as shown 
through increased peripheral and coronary vascular resistance. This leads to an 
increased depressant effect of cocaine on the heart and increased mortality. 2  ,  4  One 
study showed that patients on β-blockers at the time of cocaine toxicity were more 
likely to develop a myocardial infarction. 9  Additional studies using small doses of 
cocaine given to patients undergoing cardiac catheterization showed coronary artery 
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vasospasm was exacerbated by the β-blocker, propranolol, and relieved by 
 phentolamine. 10  Finally, animal studies indicate that labetalol, an α- and β-blocker 
with greater β than α antagonist effects, also increases the risk for seizure and death. 
Instead, benzodiazepines such as diazepam have been found to be effective in 
 treating cocaine-induced hypertension. If unsuccessful, vasodilators such as nitro-
prusside and nitroglycerine may be used. 4  Phentolamine, an α-blocker, has been 
used to block the sympathetic effect of norepinephrine. 4 ,  10   

    Take-Home Points 

•     Cocaine toxicity leads to a state of increased sympathetic stimulation and 
resultant vasoconstriction, which can harm multiple organ systems.  

•   β-blockers, such as propranolol, have been found to increase blood pres-
sure during cocaine-induced hypertension and tachycardia via unopposed 
α-adrenergic stimulation.  

•   Use of pressor support in the presence of cocaine ingestion may enhance the 
possibility of coronary artery vasospasm and the potential for dysrhythmias.     

    Summary 

     Interaction:  pharmacodynamics  
   Substrates:  cocaine and propranolol  
   Mechanism / site of action:  increased sympathetic stimulation due to blockade of 

cathecholamine reuptake by cocaine, possible upregulation of alpha receptors by 
cocaine and unopposed α − receptor stimulation by propanolol  

   Clinical effect:  acute cocaine toxicity and hypertension        

   References 
           1.    Shanti C, Lucas C. Cocaine and the critical care challenge. Crit Care Med. 2003;31(6):

1851–9.  
      2.    Voigt L. Anesthetic management of the cocaine abuse patient. AANA J. 1995;63(5):438–43.  
     3.    Torres M, Rocha S, Rebelo A, et al. Cardiovascular toxicity of cocaine of iatrogenic origin. 

Case report. Rev Port Cardiol. 2007;26(12):1395–404.  
          4.    Glauser J, Queen J. Selected topics: toxicology: an overview of non-cardiac cocaine toxicity. 

J Emerg Med. 2007;32(2):181–6.  
    5.    Hill G, Ogunnaike B, Johnson E. General anaesthesia for the cocaine-abusing patient. Is it 

safe? Br J Anaesth. 2006;97(5):654–7.  
    6.    Lingamfelter D, Knight L. Sudden death from massive gastrointestinal hemorrhage associated 

with crack cocaine use. Am J Forensic Med Pathol. 2010;31(1):98–9.  
     7.       Stoelting R, Miller R. Sympathomimetics. In: Basics of anesthesia. 5th ed. Philadelphia: 

Churchill Livingstone; 2007.  

Local Anesthetics



197

    8.    Lustik S, Chhibber A, van Vliet M, et al. Ephedrine-induced coronary artery vasospasm in a 
patient with prior cocaine use. Anesth Analg. 1997;84:931–3.  

    9.    Mohamad T, Kondur A, Vaitkevicius P, et al. Cocaine-induced chest pain and [beta]-blockade: 
an inner city experience. Am J Ther. 2008;15(6):531–5.  

     10.    McCord J, Jneid H, Hollander J, et al. Management of cocaine-associated chest pain and myo-
cardial infarction: a scientifi c statement from the American Heart Association Acute Cardiac 
Care Committee of the Council on Clinical Cardiology. Circulation. 2008;117:1897–907.    

38 Cocaine, propranolol



199© Springer Science+Business Media New York 2015 
C. Marcucci et al. (eds.), A Case Approach to Perioperative Drug-Drug 
Interactions, DOI 10.1007/978-1-4614-7495-1_39

    Abstract 
 This case discusses a pharmacodynamic interaction between lidocaine and 
bupivacaine. Coadministration causes a synergistic anesthetic effect in the 
peripheral nerve system with additive cardiovascular and central nervous sys-
tem toxicity.  

    39    LOL-LOL: Li  le Old 
Lady—Lots of Lido 
 Lidocaine, bupivacaine                     

       Kitling     M.     Lum   BSN, RN, CCRN-CSC      
and     Kelly     N.     Staff ord   BSN, RN, CCRN-CSC   

         Case 

 A frail 40 kg, 85-year-old woman presented for a colectomy for Crohn’s disease. 
Her past medical history included recent, unintentional weight loss, osteoarthritis, 
chronic renal insuffi ciency, and chronic pain related to a previous hip fracture, for 
which she took vicodin. She stated she drank one “Old Fashion” cocktail each eve-
ning. The patient consented to patient-controlled epidural analgesia (PCEA) for 
postoperative pain management. A T10 epidural catheter was placed and a standard 
infusion of bupivacaine 0.125% and hydromorphone (10 mg/mL) was ordered with 
a dosing range of 1-20 mL/h. Following uneventful surgery, the patient was admit-
ted to the intensive care unit (ICU) due to her advanced age and poor nutritional 
status. Early the next morning the pain service anesthesiologist noted that the patient 
reported 10/10 pain despite infusion of the maximum epidural dose (20 mL/h). The 
patient was lethargic but easily arousable, refusing to use her incentive spirometer 
(IS) or get out of bed. The anesthesiologist increased the concentration of the 
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bupivacaine to 0.25% and continued the hydromorphone at 10 mg/mL. The new 
PCEA infusion was started at 10 mL/h. The nurse titrated the infusion to 15 mL/h 
over several hours. The patient reported adequate pain control, used her IS with 
encouragement, and transferred to the chair several times with assistance. 

 On postoperative day 2, the surgical resident placed a left subclavian central venous 
catheter in order to deliver parenteral nutrition. The patient suffered a pneumotho-
rax during the placement. Her oxygen requirements increased from 2L to 6L per 
nasal cannula and her respiratory rate increased to 24 breaths per minute but she 
remained hemodynamically stable. A left pleural chest tube was planned. After 
local infi ltration of 8 mL of 2% lidocaine (20 mg/mL), most to deep tissue after a 
small skin wheal, the patient suffered a tonic-clonic seizure and subsequent cardiac 
arrest. Advanced Cardiac Life Support (ACLS) protocols were started promptly. 
The patient required intubation, multiple defi brillations for ventricular fi brillation, 
and a bolus of 20% lipid emulsion followed by an infusion.  

    Discussion 

  This is an example of a synergistic pharmacodynamic interaction . 

 Adequate postoperative pain management is crucial after major abdominal surgery 
so that normal functions such as ventilation, coughing, gastrointestinal function, 
and mobility are minimally impaired. Studies have shown that PCEA for postopera-
tive analgesia after major abdominal surgery is more effective when local anesthet-
ics are infused with narcotic medications. 1  

 Bupivacaine is the most commonly used epidural anesthetic for postoperative anal-
gesia. It is a long-acting (120-240 minutes) aminoamide that reversibly blocks the 
sodium channels of nerve fi bers, disrupting depolarization and thereby blocking 
transmission of pain signals. Infusion of anesthetic into the epidural space near the 
nerve fi bers produces relief of pain with minimal effect on peripheral sensation or 
muscle action. Epidural, as opposed to perineural or subcutaneous, infusions may 
result in greater systemic absorption that can result in peripheral vasodilation and 
reduced systemic blood pressure as well as increased risk for systemic toxicity. 2  

 Lidocaine 1% solution (10 mg/ml) is the most common anesthetic for local infi ltra-
tion prior to chest tube placement. Lidocaine has an onset of action of 2 to 5 minutes 
and duration of 30 to 120 minutes which is long enough to complete most proce-
dures. Higher concentrations, such as a 2% solution (20 mg/mL), do not promote 
improved onset or duration of analgesia and may increase the risk for toxicity. 3  
Aspiration during infi ltration is recommended when the involved area is close to 
major blood vessels. 4  Even without inadvertent intravenous infusion, rapid infusion 
into the highly vascular intercostal space results in rapid systemic absorption. 5  
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 In this case, the total bupivacaine 0.25% dose at 15 mL/h x 2.5 mg/mL = 37.5 mg/h. 
Bupivacaine toxicity occurs at 2 to 2.5 mg/kg, or 80 to 90 mg for this small patient. 
The total dose of lidocaine 2% delivered was 8 mL x 20 mg/mL = 160 mg. The 
maximum dose of lidocaine is 4 to 4.5 mg/kg or 160 to 180 mg for this patient. In 
elderly patients with either liver or kidney disease, the total dose should be decreased 
by 50% or about 80 mg in this case. 3  

 Bupivacaine and lidocaine can, at toxic levels, produce depressed central nervous 
system (CNS) effects such as decreased level of consciousness and seizures as well 
as cardiotoxic effects such as bradycardia and myocardial depression resulting in 
cardiovascular collapse. 6  

 In this case, a combination of steady state 0.25% bupivacaine via the epidural space 
and rapidly injected lidocaine at a high dose and concentration into the highly vas-
cular intercostal space resulted in blockade of the sodium channels in the CNS and 
heart resulting in seizure and cardiac arrest.  

    Take-Home Points 

•     PCEA is a great postoperative analgesia modality. Ropivacaine, although 
less potent, may be an alternative for PCEA in those with those at increased 
risk for local anesthetic toxicity (elderly, low body weight, cardiac his-
tory). Bupivacaine is a racemic mix of S(-) and R(+) enantiomers. R(+) 
enantiomers increase binding to the sodium channels of the neuro- and 
cardiac tissues. Ropivacaine is a pure S(-) enantiomer, and is less toxic to 
the neuro and cardiovascular systems. 1   

•   Lidocaine 1% is the standard local infi ltration dose for procedures. Dilution 
to 0.5% is recommended in elderly patients and those patients with liver or 
kidneys disease.  

•   Clinicians must evaluate all current medications prior to any procedure and 
keep in mind that local anesthetic toxicity is a risk when local anesthetic is 
used in the setting of epidural or spinal anesthesia and analgesia.  

•   Local anesthetics are highly lipid-soluble and protein-bound. Lipids and 
protein are probably not found in high quantities in this tiny, 40 kg patient, 
therefore increasing her risk for local anesthetic toxicity at somewhat nor-
mal infusion rates.  

•   In the setting of local anesthetic toxicity, standard supportive care should 
be instituted (intubation, mechanical ventilation, IV fl uids, vasopressors 
for hypotension, benzodiazepines for seizures, BLS/ACLS algorithms), as 
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well as an intravenous bolus and infusion of 20% lipid emulsion. As local 
anesthetics are highly lipid soluble, this will bind systemic toxic local 
anesthetic and reverse toxicity.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  lidocaine, bupivacaine  
   Mechanism/site of action:  sodium channel (peripheral nerve)  
   Clinical effect:  synergistic anesthetic effect in the peripheral nerve system with 

additive cardiovascular and central nervous system toxicity        
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         Case 

 The anesthesiologist looked at his patient, looked at the clock, and then looked at his 
patient again, who was an otherwise healthy 65 kg 14-year-old boy undergoing a 
right patellar reconstruction with hamstring harvest. The anesthesiologist was in the 
dreaded position of knowing without a doubt that the surgery was going to outlast 
the spinal as the surgeons had decided to start over and harvest tendon from the 
contralateral leg and had gone to talk to the parents. 

 With just a bit of midazolam and fentanyl sedation, the patient had easily tolerated 
placement of the spinal needle at L4-L5 interspace and a spinal anesthetic of 0.75% 
bupivacaine at 0.3 mg/kg was given with a resulting dense surgical block (Bromage 
score of 3). No intravenous fl uid preload had been given, as the anesthesiologist 
remembered that pediatric patients maintain hemodynamic stability with spinal anes-
thesia as opposed to adults. A propofol infusion had been started at 50 mcg/kg/min.
Vital signs were stable (heart rate was 62 beats per minute) and the patient’s oxygen 
saturation (SpO2) was 100% on oxygen by nasal cannula. 

    Abstract  
  This case discusses primary and secondary pharmacodynamic interactions 
between general anesthesia and spinal anesthesia resulting in hypotension and 
bradycardia.  

40        The Spinal Countdown 
 General anesthesia a  er spinal anesthesia                     
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 General anesthesia was induced with 2.5 mg/kg propofol, a 4.0 laryngeal mask air-
way (LMA) was placed without diffi culty, and sevofl urane 2.5% was started with 
pressure control ventilation until the patient resumed spontaneous ventilations. The 
anesthesiologist heard the oximeter tone deepen before he saw it. The blood pres-
sure cuff cycled but did not display a reading. The SpO2 continued to drop and the 
patient’s heart rate was now 32 beats per minute. The patient had only a faint carotid 
pulse. The overhead call went out, the sevofl urane went off, and fl uids and emer-
gency medications including atropine (1 mg) were given. The patient’s heart rate 
did not increase and there was still no blood pressure by cuff measurement. 
Epinephrine (500 mcg) was given, and after a few seconds the SpO2 began to rise. 
The blood pressure cuff cycled to read a pressure of 113/69 mm Hg. A radial pulse 
was now palpable. The patient was further stabilized over the next ten minutes. At 
that point, the surgeon walked back into the operating room, clapping his hands, and 
said, “Okay, people, let’s get this party started!”  

    Discussion 

  This is an example of a primary pharmacodynamic interaction  ( hypotension ) 
 combined with a secondary pharmacodynamic interaction  ( bradycardia ) 

 The incident in this case stemmed from a misconception regarding spinal anesthesia 
in the pediatric patient. While it is true that pediatric patients have very little hemo-
dynamic derangement with spinal anesthetics, this applies only to patients in the 
neonatal period to ~5 years old. 1  In this age range spinal anesthetics tend to require 
larger doses of local anesthetic and their effects are less prolonged. From age 6 years 
onward, children can exhibit signs of a sympathectomy similar to that of adults, 
with older children (teenagers) having cardiovascular responses almost identical to 
that of adults. 2  Additionally, in a patient with a functioning spinal anesthetic who 
has been on a propofol infusion for approximately half an hour, regular induction 
doses of propofol are unnecessary, especially if one is placing an LMA (which is far 
less stimulating than an endotracheal tube). 

Propofol reduces blood pressure by decreasing sympathetic activity, which can 
compound any sympathectomy incurred by a spinal anesthetic. In addition, propo-
fol is known to induce bradycardia and even asystole and the myocardial depressant 
effect is dose dependent. 3  ,  4  In most patients, the bradycardia is offset by the sympa-
thetic nervous system response. In this patient, however, the spinal anesthetic obvi-
ated this response, and the patient experienced signifi cant bradycardia and 
hypotension, which translated into decreased SpO2 due to decreased cardiac output. 
Additionally, induction doses of propofol attenuate the heart rate response to atro-
pine in a dose-dependent manner and should not have been the fi rst agent used to 
treat the bradycardia. 5  While spinal anesthesia has been shown to be safe and effec-
tive in pediatric patients undergoing low abdominal and lower extremity orthopedic 
procedures, the same precautions must be observed as in adults. 6   
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    Take-Home Points 

•     The sympathectomy incurred by a spinal anesthetic does not occur in pedi-
atric patients  only up to age 5 or 6 . Older pediatric patients, while likely 
less effected hemodynamically than adults, should be considered to have 
the potential for hemodynamic derangement, and be treated accordingly.  

•   If inducing anesthesia after a spinal anesthetic, it is wise to remember that 
normal induction doses are unnecessary, especially if the patient has been 
receiving the same agent for sedation.  

•   If you are treating propofol-induced bradycardia, atropine will not be as 
effective and epinephrine may be a wiser fi rst agent.     

    Summary 

     Interactions : pharmacodynamic  
   Substrates : bupivacaine/propofol and propofol/atropine  
   Sites of action : sympathetic nervous system  
   Clinical effect : pronounced hypotension and refractory bradycardia        
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         Case 

 An 68-year-old, 96 kg man with a history of hypertension, depression, and anxiety 
was scheduled for a total shoulder replacement. An interscalene continuous nerve 
block catheter was planned for postoperative pain. His outpatient medications 
included alprazolam (0.25 mg bid prn anxiety), temazepam (15–30 mg qhs), and 
fl uoxetine (20 mg q day), as well as amlodipine, bupropion, meclizine, and meto-
prolol. The patient received midazolam (2 mg) for anxiolysis in the block area and 
blockade of the brachial plexus was performed via the interscalene approach with 
ultrasound guidance. Ropivacaine 0.5% (30 mL) was administered in divided doses 
with intermittent negative aspiration, and ultrasound visualization of local anes-
thetic spread around the brachial plexus was noted. The patient tolerated the 

        Are Drug–Drug Interac  ons 
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Anesthe  c Toxicity? 
Smoking Gun I 
  Fatal Forty DDI : ropivacaine, fl uoxe  ne, 
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    Abstract 
 This case discusses a pharmacokinetic interaction between ropivacaine and 
fl uoxetine. Ropivacaine is a cytochrome P450 3A4 and cytochrome 1A2 sub-
strate. Fluoxetine is an inhibitor of both enzymes. Coadministration may 
result in ropivacaine toxicity.  
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procedure well, there were no apparent complications, and good motor and sensory 
block were soon established. Upon arrival in the operating room approximately 
20 minutes later, the patient became agitated and confused. ( Personal communica-
tion ,  Catherine Marcucci MD )  

    Discussion 

  This is an example of a substrate added to an inhibitor . 

 Ropivacaine is metabolized primarily by cytochrome P450 (CYP) 1A2 with cyto-
chrome 3A4 serving as a secondary enzyme for metabolism. 1  Fluoxetine and its 
principle metabolite norfl uoxetine are together signifi cant inhibitors of both of these 
enzymes. 2  Inhibition of the action of these enzymes results in decreased rate of 
metabolism of ropivacaine. Thus, the presence of fl uoxetine and norfl uoxetine likely 
led to a greater serum concentration of ropivacaine at the administered dosages than 
would normally have been expected. In this case, the patient’s resulting ropivacaine 
neurologic toxicity manifested as a change in mental status. 

 Anesthesiologists and other anesthesia providers should be aware of the cytochrome 
450 enzymes that metabolize the most commonly used local anesthetics for regional 
blockade. Ropivacaine, lidocaine, and mepivacaine undergo primary and/or second-
ary metabolism by cytochromes 1A2 and 3A4, whereas bupivacaine is metabolized 
chiefl y by 3A4, with minor contributions by 2D6 and 2C19. 3  

 Unrecognized pharmacokinetic and pharmacodynamic drug–drug interactions 
(DDIs) may play a role in producing “unexpected” cases of local anesthetic toxicity. 
When regional anesthesia is planned or when confronted with apparent local anes-
thetic toxicity in a patient with an uncomplicated working block without excessive 
dosing, patients’ medication lists should be reviewed for the presence of a DDI 
“smoking gun” in the form of signifi cant inhibitors of these enzymes. See Tables  41.1  
and  41.2 . 4  ,  5 

  Table 41.1    INHIBITORS 
of Cytochrome P450 1A2  

  Fluoroquinolone Antibiotics  (ciprofl oxacin, enoxacin) 
  Selective Serotonin Reuptake Inhibitors  (fl uvoxamine, 
fl uoxetine) 
  Others  ( Potent )  Inhibitors : Mexilitine, Proprafenone 

  [Based on data from Ref.  4  ,  5 ]  
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        Take-Home Points 

•     Ropivacaine, lidocaine, and mepivacaine undergo metabolism by P450 
cytochromes 1A2 and 3A4. Bupivacaine undergoes metabolism by 3A4, 
2D6, and 2C19.  

•   There are numerous inhibitors of these cytochrome P450 enzymes in mul-
tiple drug classes.  

•   Consider that you may be dealing with an unrecognized DDI when there is 
apparent local anesthetic toxicity without apparent intravascular or exces-
sive dosing.     

   Table 41.2    INHIBITORS of Cytochrome P450 3A4   

 Antidepressants  Antimicrobials 
 Other (Potent) 
Inhibitors 

  Selective serotonin reuptake 
inhibitors  
   Citalopram 
   Fluoxetine 
   Fluvoxamine 
   Norfl uoxetine 
   Paroxetine 
   Sertraline 
  Other antidepressants  
   Nefazodone 

  Antibiotics  
   Ciprofl oxacin 
   Norfl oxacin 
   Quinupristin/dalfopristin 
   Sparfl oxacin 
  Azole Antifungals  
   Fluconazole 
   Itraconazole 
   Ketoconazole 
   Miconazole 
   Macrolide antibiotics 
   Clarithromycin 
   Erythromycin 
  Nonnucleoside reverse transcriptase 
inhibitors  
   Delavirdine 
   Efavirenz 
  Protease inhibitors  
   Amprenavir 
   Indinavir 
   Lopinavir/ritonavir 
   Nelfi navir 
   Ritonavir 
   Saquinavir 
  Antipsychotics  
   Haloperidol 
   Pimozide 

 Diltiazem 
 Grapefruit juice 
 Mibefradil 
 Methadone 

  [Based on data from Ref.  4  ,  5 ]  
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    Summary 

     Interaction : pharmacokinetic  
   Substrate : ropivacaine  
   Enzymes : 3A4 and 1A2  
   Inhibitor : fl uoxetine        
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    Abstract  
  This case discusses a possible synergistic pharmacodynamic interaction 
between bupivacaine and methacarbamol, leading to CNS depression and 
change in mental status.  

         Are Drug-Drug Interac  ons 
The Smoking Guns of Local 
Anesthe  c Toxicity? 
Smoking Gun II 
  Fatal Forty DDI : bupivacaine, methocarbamol                     

       L.     Michele     Noles   MD    

         Case 

 A 65-year-old 110 kg woman underwent right knee videoarthroscopy under general 
anesthesia. Outpatient medications included methocarbamol (500 mg qid) for 
 muscle spasms, amlodipine, atenolol, simvastatin, eplerenone, and a nicotine patch. 
She received infi ltration of 50 mL bupivacaine 0.5% into the joint at the end of the 
operative case. She experienced prolonged hypotension and confusion in the 
 postanesthesia care unit (PACU), at one point becoming nonverbal even while 
 conscious. Her vital signs stabilized and mental status cleared over several hours. 
She was eventually discharged home after an extended PACU stay.  
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    Discussion 

  This is an example of a possible synergistic pharmacodynamics drug – drug 
interaction  ( DDI )  leading to bupivacaine toxicity . 

 The surgical team administered a total of 250 mg bupivacaine into the intra- articular 
space, certainly in the higher dose range. However, the pharmacokinetics of local 
anesthetics administered into joint spaces is not as straightforward as local 
 anesthetics administered intravascularly or even for peripheral nerve blockade. It 
has been reported that absorption into the bloodstream, and hence increases in 
serum levels, are slower than for other routes of administration and are somewhat 
dependent on both the management of the lower extremity tourniquet as well as the 
concomitant use of epinephrine. 1  ,  2  While there are reports of bupivacaine toxicity at 
approximately 1.3 mcg/mL, other sources have stated that with “few  exceptions, 
toxic reactions to bupivacaine do not occur at plasma levels below 4 micrograms/
ml.” 3  –  5  Because a blood level was not obtained, it is diffi cult to state conclusively 
whether this patient’s bupivacaine dose alone led to a toxic serum level and the 
resulting clinical effects. There is, however, a known potent  pharmacodynamic DDI 
between bupivacaine and the methocarbamol that the patient was taking regularly 
for muscle spasm. It has long been recognized that when administered with other 
potential central nervous system (CNS) depressants, methocarbamol has a strongly 
synergistic effect, including fatal interactions. 6  This DDI very likely potentiated the 
negative neurologic effects of the bupivacaine, especially if bupivacaine was present 
in the bloodstream at elevated or toxic levels. The synergistic effects resulting from 
the combination of these two agents almost certainly led to an exacerbated CNS 
depression that would have been less likely and less severe if the patient had received 
only one of these agents. 

 This highlights the need for anesthesiologists, in their role as perioperative 
 consultants, to educate themselves on DDIs, not only to improve their own drug 
selection, but also in order to better advise their colleagues on safe local anesthetic 
administration.  

    Take-Home Points 

•     Intravascular absorption of bupivacaine after intra-articular administration 
is less predictable than after other routes of administration.  

•   Bupivacaine toxicity is associated with CNS signs and symptoms.  

•   Methocarbamol is associated with CNS depression.  
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•   Methacarbamol is known to act synergistically with other CNS depressant 
drugs.  

•   Extra caution is advised in clinical situations involving administration of 
local anesthetics and methacarbamol.     

    Summary 

     Interaction : pharmacodynamic  
   Substrates : bupivacaine and methacarbamol  
   Mechanism : synergistic combination of CNS depressant effects  
   Clinical effects : change in mental status        
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         Case 

 A 73-year-old, 80 kg man underwent open repair of an abdominal aortic aneurysm. 
His past medical history was signifi cant for hypertension, coronary artery disease, 
and peripheral vascular disease. He had suffered two previous strokes with no resid-
ual sensory or motor defi cits. He also had gastroesophageal refl ux disease (GERD) 
and was taking omeprazole (20 mg) twice daily. 

 Prior to the surgical procedure an epidural catheter was placed at the T9-T10 level. 
Repair of the aneurysm was uneventful. Intraoperatively, the patient received a total 
of 5 mg of preservative-free morphine and 20 mL of 0.25% bupivacaine in incre-
ments of 5 mL through his epidural catheter. At the conclusion of surgery, the 
patient was extubated without diffi culty. 

 In the postanesthesia care unit (PACU), the patient was confused and his gaze 
became disconjugate. A noncontrast computed tomography (CT) scan of the brain 

    Abstract   
  This case discusses the pharmacokinetic interactions between bupivacaine, 
nicardipine, omeprazole, and diltiazem. Bupivacaine is a cytochrome P450 
3A4, 2C19, and 2D6 substrate and omeprazole, nicardipine, and diltiazem 
inhibit these, resulting in bupivacaine toxicity.  

 A Perfect Storm? 
  Fatal Forty DDI : omeprazole, nicardipine, dil  azem, 
bupivacaine, CYP3A4, CYP2C19, CYP2D6                     

       J.     Andrew     Dziewit MD       and     Nabil     M.     Elkassabany MD    
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was negative for any acute fi ndings. Shortly after, the patient’s gaze normalized and 
he became more oriented to time and place. An epidural infusion was started at a 
rate of 8 mL/hr of 0.1% bupivacaine with fentanyl 5 mcg/mL. Later that evening, 
the patient was started on a nicardipine infusion for control of hypertension. A  post 
hoc  review revealed that the patient received 48 hours of continuous nicardipine 
infusion and received the bupivacaine epidural infusion for 72 hours, with an aver-
age infusion rate of 8 to 10 mL/h. During this interval, the patient had signs of wax-
ing and waning deterioration in mental status. 

 On postoperative day 3, the patient was again noted to be confused. Fentanyl was 
removed from the epidural infusion, as it was thought to be contributing to the dete-
rioration of the patient’s mental status. That same day, the patient was started on his 
preoperative medications, which included diltiazem (120 mg/d). About 12 hours 
later, the patient required intubation for “worsening mental status” and possible 
aspiration. Mechanical ventilation was initiated. Chest X-ray revealed bilateral 
lower lobe infi ltrates. After reintubation, his epidural infusion was stopped and the 
catheter was removed. His mental status did not improve. Acute brain infarction and 
hemorrhage were ruled out by serial MRI studies. The patient’s clinical picture was 
consistent with acute respiratory distress syndrome with subsequent respiratory 
failure. The patient underwent tracheostomy for prolonged postoperative mechani-
cal ventilation and respiratory failure on postoperative day 10.  

    Discussion 

  This is an example of multiple inhibitors added to a substrate . 

 Postoperative cognitive dysfunction (POCD) and postoperative delirium (POD) are 
relatively common in elderly patients, especially after vascular surgery involving 
the aorta. 1  The pathophysiology of these derangements is still poorly understood. 
POD has been identifi ed as an independent predictor of prolonged hospitalization 
and increased perioperative mortality. The cost incurred because of POCD and POD 
is a signifi cant burden on the health care system. 2  

 Drug–drug interactions (DDIs) are often cited as a possible mechanism for the 
occurrence of POCD. In this case, the temporal relationship between the patient’s 
mental status deterioration and the addition of certain medications is a clue that may 
suggest DDIs as a possible cause. 

 The use of an epidural infusion of bupivacaine, with or without an opioid, for 
 postoperative analgesia after vascular procedures is a common practice. However, 
central nervous system toxicity of local anesthetics is not usually very high on the 
list of causes of postoperative mental dysfunction. 
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 Bupivacaine is metabolized via the cytochrome P450 (CYP) enzyme system, mainly 
through the 3A4 enzyme. It is N-dealkylated to form pipecolylxylidine (PPX), a less 
toxic metabolite. 3  Very little unchanged bupivacaine is eliminated in the urine. The 
CYP enzymes 2C19 and 2D6 also serve as secondary pathways for the metabolism 
of bupivacaine. 

 Both the patient’s home medication (omeprazole) and newly added inpatient medi-
cations (nicardipine and diltiazem) inhibited the P450 enzymes responsible for 
bupivacaine metabolism. Omeprazole has been shown to be a moderate inhibitor of 
cytochrome 2C19. It is also a milder inhibitor of 2C9 and 3A4. 4  Nicardipine strongly 
inhibits 3A4 as well as 2D6 and the cytochrome 2C enzymes (especially 2C8 and 
2C19). 5  Diltiazem and its N-demethylated metabolite have been shown to inhibit 
CYP3A4. 6  

 The inhibition of all three P450 pathways involved in the metabolism of bupiva-
caine may have dangerously increased the bupivacaine level above its systemic tox-
icity threshold. This was demonstrated by the patient’s progression from confusion 
to increased cognitive and respiratory dysfunction, to the point of requiring 
reintubation. 

 Symptoms of central nervous system toxicity from local anesthetics can be broken 
down into two stages.  Early or mild toxicity  includes symptoms of light- headedness, 
dizziness, tinnitus, circumoral numbness, abnormal taste, confusion, and drowsi-
ness. Symptoms of  severe toxicity  can result in tonic-clonic convulsions leading to 
progressive loss of consciousness, coma, respiratory depression, and respiratory 
arrest. 7   

    Take-Home Points 

•     Keep DDIs on your list of causes of postoperative mental dysfunction.  

•   Familiarize yourself with the metabolic pathways of the drugs that you are 
using routinely.  

•   DDIs can occur regardless of the route of drug administration.  

•   Omeprazole and other proton pump inhibitors such as lansoprazole are 
signifi cant P450 inhibitors.  

•   Some calcium channel blockers, like nicardipine and diltiazem, are inhibi-
tors of Cytochrome P450 metabolism.  

43 Fatal Forty DDI: omeprazole, nicardipine, diltiazem, bupivacaine, CYP3A4…
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•   Symptoms of mild local anesthetic systemic toxicity include: light- 
headedness, dizziness, tinnitus, circumoral numbness, abnormal taste, 
 confusion and drowsiness.  

•   Symptoms of severe toxicity include tonic-clonic convulsions, loss of con-
sciousness, coma, respiratory depression, and respiratory arrest.     

    Summary 

     Interaction : pharmacokinetic  
   Substrate : bupivacaine  
   Enzyme : 3A4, 2C19, and 2D6  
   Inhibitors : nicardipine (3A4, 2C19, 2D6), omeprazole (2C19, 3A4), and diltiazem 

(3A4)  
   Clinical effect : bupivacaine toxicity        

  Acknowledgment:   The editors wish to thank John E. Scharf MD for his contribution to the 
 publication of this drug–drug interaction.  
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    Abstract 
 This case discusses a pharmacokinetic interaction between lidocaine and 
cimetidine. Lidocaine is a cytochrome P450 3A4 substrate and cimetidine is 
a 3A4 inhibitor. Coadministration results in lidocaine toxicity.  

 Shake Ra  le and Roll 
  Fatal Forty DDI : lidocaine, cime  dine, CYP3A4                     

       Hans     P.     Sviggum   MD      and     Juraj     Sprung   MD, PhD   

    44   

         Case 

 A 52-year-old, 74 kg man was scheduled for open reduction and internal fi xation of 
a displaced metacarpal fracture suffered while participating in a rock ‘n’ roll dance 
contest at the local county fair. He had tripped on his partner’s feet and tumbled to 
the fl oor, falling on his outstretched right hand. His past medical history included 
occasional migraine headaches and gastroesophageal refl ux disease, which was 
well controlled with cimetidine. 

 The anesthetic plan called for an axillary block. Light sedation was achieved with 
midazolam. Following transarterial puncture, 20 mL of 1% lidocaine with epineph-
rine (1:200,000) was deposited posterior to the axillary artery, 20 mL anterior to the 
axillary artery, 5 mL into the coracobrachialis muscle to block the musculocutane-
ous nerve, and 5 mL to block the intercostobrachial nerve. 

 As the surgical technician prepared the patient’s right arm for surgery and applied 
sterile drapes, the patient reported feeling dizzy and lightheaded. He then became 
restless and agitated and tried to climb off the operating room table. As the anesthe-
sia resident moved to keep him from falling, the patient began shaking and pro-
ceeded to exhibit violent general tonic-clonic seizure activity. Midazolam (2 mg) 
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was given intravenously with propofol (60 mg). The seizure activity ceased. The 
patient was ventilated by mask with 100% oxygen. He resumed spontaneous respi-
rations within 30 seconds and regained consciousness a minute later. The procedure 
was cancelled, and he was admitted to the intensive care unit for further 
observation.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Lidocaine is an amide local anesthetic that is extensively metabolized in the liver. 
Its metabolism occurs primarily through the cytochrome P450 (CYP) 3A4 isozyme 
and, to a lesser extent, the cytochrome P450 1A2 isozyme. Lidocaine is metabo-
lized through a sequential process starting with oxidative  N -dealkylation. The 
metabolites are then excreted by the kidney. Only 3% of lidocaine is excreted 
unchanged. 

 Cimetidine is a histamine 2 -receptor antagonist that acts by inhibiting histamine 
action at the histamine 2 -receptors of the parietal cells within gastric glands in the 
folds of the stomach, thus decreasing basal gastric acid secretion. It is also a potent 
inhibitor of 3A4. Treatment with cimetidine signifi cantly affects the pharmacoki-
netics of lidocaine. Drugs that inhibit hepatic microsomal enzymes, such as cimeti-
dine, may allow the accumulation of an unexpectedly high (possibly toxic) blood 
level of lidocaine by inhibiting its metabolism. Many sources agree that cimetidine 
treatment inhibits the metabolism of lidocaine by interfering with hepatic micro-
somal enzyme activity. 1  –  5  However, the overall effect of cimetidine on the disposi-
tion of lidocaine is complex and likely multifactorial. 

 Cimetidine not only inhibits the oxidative drug metabolism of lidocaine, but it also 
may impair hepatic clearance of lidocaine by other mechanisms. Reduction of 
hepatic blood fl ow by drugs or hypotension decreases the hepatic clearance of 
amide local anesthetics. Although the data are varied, one study reported that 
hepatic blood fl ow decreased 33% after repeated administration of cimetidine. 6  By 
reducing lidocaine clearance, cimetidine increases blood and tissue concentrations 
of lidocaine and enhances its potential toxicity. In this situation, local anesthetic 
toxicity is a real and potentially dangerous situation. 

 Feely et al. looked at the effects of oral cimetidine treatment on a short duration 
intravenous lidocaine infusion. 2  They found that the cimetidine-treated group 
showed a 25% to 30% reduction in lidocaine clearance, a decreased volume of dis-
tribution, and reduced protein binding compared with the placebo group. Cimetidine 
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prolonged the half-life of lidocaine and also increased its peak plasma concentra-
tion. Cimetidine-induced lidocaine toxicity during the short infusion period occurred 
in fi ve of the six study participants who had been treated with cimetidine. The ele-
vated peak plasma concentration of lidocaine suggests that a cimetidine- induced 
increase in acute toxicity is likely due to altered distribution. 2  Any factor which 
decreases the volume of the distribution of lidocaine increases the plasma concen-
tration, thus increasing the risk for toxicity. 

 Although there are a number of local anesthetics and histamine 2 -receptor antago-
nists, neurotoxicity does not seem to be increased by any other combination of these 
drugs than lidocaine and cimetidine. The interaction between cimetidine and lido-
caine has been well described; however, cimetidine did not alter the pharmacokinet-
ics or metabolism of another type of amide local anesthetic, bupivacaine 
hydrochloride. 7  Similarly, the histamine 2 -receptor antagonist ranitidine hydrochlo-
ride was not found to substantially impair the systemic clearance of lidocaine. 5  The 
absence of ranitidine effects on the disposition of lidocaine suggests that histamine 2 - 
receptor blockade may not decrease hepatic blood fl ow and that cimetidine impairs 
drug elimination only by inhibition of hepatic microsomal enzymes.  

    Take-Home Points 

•     Lidocaine is extensively metabolized by the cytochrome P450 system, 
 specifi cally the 3A4 isozyme.  

•   Cimetidine, a histamine 2 -receptor blocker, increases the risk for lidocaine 
toxicity by decreasing its clearance and increasing its peak plasma concen-
tration. This response is likely a multifactorial phenomenon. Cimetidine 
has been found to be a potent inhibitor of the 3A4 isozyme, which is pri-
marily responsible for the metabolism of lidocaine.  

•   Patients taking cimetidine acutely or long term may have increased vulner-
ability to local anesthetic toxicity with lidocaine administration.  

•   Use of ranitidine may be a safer alternative to cimetidine to decrease acid 
gastric secretion with regard to lowering the likelihood of lidocaine 
 toxicity. Other histamine 2 - receptor antagonists similar to ranitidine have 
not been shown to increase the potential toxicities of lidocaine.  

•   The metabolism, clearance, and subsequent likelihood of toxicity of other 
local anesthetics, such as bupivacaine, are not altered substantially by 
treatment with cimetidine.     

44 Fatal Forty DDI: lidocaine, cimetidine, CYP3A4 
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    Summary 

     Interaction:  pharmacokinetic (metabolic)  
   Substrates:  lidocaine  
   Enzyme:  3A4  
   Inibitor:  cimetidine  
   Clinical effect:  lidocaine toxicity        
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    Abstract  
  This case discusses a pharmacokinetic drug interaction between lidocaine 
and metoprolol resulting in changes in drug distribution.  

45         Hello, We Have a Pa  ent 
With Acute Delirium 
and We Need an Urgent 
Psych Consult 
 Lidocaine, metoprolol                     

       Katarina     Bojanić   MD     ,     Juraj     Sprung   MD, PhD    , 
and     Toby     N.     Weingarten   MD   

         Case 

 An 80-year-old man with complex regional pain syndrome of his left lower 
 extremity presented to the pain clinic with a severe exacerbation of leg pain leg that 
developed suddenly that morning while getting out of bed. Fluoroscopic imaging 
showed that the lead to his spinal cord stimulator had migrated. Because his pain 
was unmanageable with opiates alone, he was admitted to the telemetry ward of the 
local hospital for a lidocaine infusion. A loading dose of intravenous lidocaine 
(100 mg) was administered over 10 minutes, followed by a lidocaine infusion at 
4 mg/min. After 6 hours, his lidocaine plasma level was 4 mcg/mL (therapeutic 
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level, 2–5  mcg/mL) and his pain was controlled. The next day, he underwent 
 successful revision of his spinal cord stimulator lead. 

 The patient did well over the subsequent 2 years, except that he developed 
 hypertension, which was treated with extended-release metoprolol (100 mg) at 
night. While moving boxes one morning, he felt pain and a “popping” sensation in 
his back and felt the stimulation pattern shift from his leg to his fl ank. At 8:00 PM, 
the patient went to the emergency department complaining of severe pain which 
was unresponsive to opioids. He was again admitted to the telemetry ward and a 
lidocaine infusion was started. At 6:00 AM, the patient had marked improvement of 
his pain, and his lidocaine plasma level was 4.9 mcg/mL. On morning rounds, it was 
realized that the patient had missed his evening dose of metoprolol, and he was 
given extended-release metoprolol (100 mg). 

 That afternoon, the patient became disoriented and began shouting at the nursing 
staff and pulling at his intravenous line and monitors. An urgent psychiatry 
 consultation was requested to evaluate the acute delirium, and haloperidol was 
administered. A toxicology screen was sent, which was positive only for morphine. 
Fortunately, the psychiatrist also thought to order a serum lidocaine level as well, 
which was elevated at 6.4 mcg/mL. The lidocaine infusion was discontinued. The 
patient’s mental status cleared after several hours, but unfortunately, his leg pain 
returned. He underwent a successful revision of the stimulator lead displacement 
the next day.  

    Discussion 

  This is an example of a pharmacokinetic drug–drug interaction resulting 
in changes in drug distribution.  

 More specifi cally, this is an example of lidocaine neurotoxicity caused by reduction 
in hepatic clearance in the presence of the β-adrenergic blocker metoprolol. 

 Lidocaine is an amide local anesthetic that blocks fast voltage-gated sodium 
 channels in neurons. Peripheral nerve injury can result in upregulation of 
tetrodotoxin- resistant sodium channels on nociceptive fi bers and dorsal root 
 ganglions. 1  Lidocaine inhibits these channels and has been used to treat pain 
 associated with complex regional pain syndrome. 2  Resorption of lidocaine from 
block sites is usually rapid, and in some cases, serum lidocaine levels rise at 
 comparable speed to intravenous injection. Systemic toxic reaction from lidocaine 
may start when serum levels exceed 5 mcg/mL. Steady-state blood lidocaine 
 concentration during an intravenous infusion depends on the infusion rate and 
hepatic drug clearance. Rapid elimination of lidocaine occurs through hepatic 
metabolism with cytochrome P450 3A4 (CYP3A4). 
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 Coadministration of β-adrenoceptor antagonists (eg, propranolol, metoprolol) 
decreases cardiac output and, consequently, hepatic blood fl ow, which results in 
reduction of lidocaine clearance, both after a single bolus of lidocaine (Fig.  45.1 ) 
and during continuous lidocaine infusion (Fig.  45.2 ). 3  ,  4  The coadministration of 

  Fig. 45.1    Serum lidocaine concentrations after a single dose of lidocaine in a patient who received 
propranolol and in a patient who did not receive it. The mean elimination half-life was prolonged 
from 65 min in the control patient to 101 min in the patient who received propranolol 
[Adapted from Ochs HR, Carstens G, Greenblatt DJ. Reduction in lidocaine clearance during 
 continuous infusion and by coadministration of propranolol. N Engl J Med. 1980;303:373–377. 
With  permission from Massachusetts Medical Society]       

  Fig. 45.2    Serum lidocaine concentrations during and after continuous infusion of lidocaine in a 
patient who received propranolol and in a patient who did not receive it [Adapted from Ochs HR, 
Carstens G, Greenblatt DJ. Reduction in lidocaine clearance during continuous infusion and by 
coadministration of propranolol. N Engl J Med. 1980;303:373–377. With permission from 
Massachusetts Medical Society]       
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propranolol with lidocaine results in a 30% increase in mean serum lidocaine 
steady-state concentrations. 4  Other conditions that decrease hepatic blood fl ow, 
such as myocardial infarction and congestive heart failure, as well as advanced age, 
may result in decreased clearance of lidocaine, resulting in lidocaine accumulation 
and toxicity. 5  ,  6    

 Local anesthetic toxicity manifests with both central nervous system and cardiovas-
cular toxicities. Our octogenarian patient had delirium with a lidocaine plasma con-
centration of 6.4 mcg/mL. Greater plasma concentrations can be associated with 
seizures followed by coma. Saravay et al. described patients who had psychiatric 
presentation of lidocaine toxicity, and the spectrum of signs and symptoms ranged 
from mood changes, “doom anxiety,” confusional states, and hallucinations to delu-
sions. 7  Though lidocaine is less cardiotoxic than other local anesthetics, cardiovas-
cular depression also can occur, although typically at much greater concentrations. 
Therefore, physicians should anticipate the need to decrease the dosage of lidocaine 
in situations requiring the coadministration of a β-adrenergic blocker and especially 
for geriatric patients.  

    Take-Home Points 

•     Lidocaine hepatic metabolism is highly dependent on blood fl ow to the 
liver, which may be altered in any condition that decreases cardiac index 
(eg, use of β-adrenergic blockers, myocardial infarction).  

•   Coadministration of metoprolol and lidocaine signifi cantly infl uences 
 lidocaine kinetics and reduces its elimination, leading to an increase in 
 lidocaine levels by about 30% on average, which may result in toxic serum 
concentrations.  

•   Lidocaine toxicity can present as acute psychiatric disturbance, and high–
risk populations include patients with decreased cardiac output and those 
who are elderly.     

    Summary 

     Interaction:  pharmacokinetic (distribution)  
   Substrates:  lidocaine and metoprolol  
   Mechanism/site of action:  reduced hepatic metabolism via reduction hepatic 

blood fl ow  
   Clinical effect:  local anesthetic toxicity        
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         Case 

 A 72-year-old woman was being evaluated for implantation of an intrathecal mor-
phine pump. She had chronic back pain secondary to osteoporosis, numerous old 
compression fractures of the thoracic and lumbar spines, degenerative disk disease, 
and spinal stenosis. She was taking oral morphine (60 mg BID) and oxycodone 
(5 mg every 6 h for breakthrough pain as needed). 

 On the morning of the intrathecal morphine trial, the patient rated her pain 8 on a 
10-point pain scale. She received an intrathecal morphine injection (600 mcg) 
through an indwelling, lumbar intrathecal catheter. Four hours later, she rated her 
pain at 6/10. She was given another intrathecal injection (300 mcg). Two hours later, 
she still rated her pain at 6/10. Her vital signs were normal with a respiratory rate of 
20 breaths per minute. A third intrathecal injection of morphine (300 mcg) with 
bupivacaine (3.25 mg) was administered. 

 Immediately after the third injection, the patient reported total pain relief and rated 
her pain at 0/10. Thirty minutes later, the patient was pain-free still and was able to 
ambulate with adequate motor strength in her lower limbs. Fifteen minutes later, 

    Abstract     
This case discusses a synergistic pharmacodynamic interaction between 
 morphine and bupivacaine, resulting in death. This drug pair eliminated both 
central and peripheral respiratory drive.  

 Fatal Pain Relief 
 Local anesthe  cs, intrathecal morphine                     
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resting comfortably in bed, the patient’s pulse oximeter saturation decreased to less 
than 85%. Oxygen by nasal cannulae (4 L/min) was started. Her vital signs were 
normal, with a respiratory rate of 10 to 12 breaths per minute. 

 Thirty minutes later, the patient was found unresponsive and pulseless. Attempts 
at resuscitation were unsuccessful. She was pronounced dead 75 minutes after 
her last intrathecal injection. An autopsy showed normal heart, lungs, and brain. 
The pathologist ascribed the cause of death to opioid-induced respiratory 
depression.  

    Discussion 

  This is an example of a pharmacodynamic drug–drug interaction(DDI).  

 More specifi cally, this is an example where abolishing pain with local anesthetic 
may eliminate the respiratory stimulus and unmask the respiratory depression 
effects of opiates. 

 Respiratory depression is a well-recognized complication of intrathecal opioid 
administration. 1  However, patients taking opioid therapy long term are generally 
resistant to this adverse effect because tolerance develops against the effects of the 
opioid medication. In this case, respiratory depression did not appear until the 
administration of a local anesthetic. 

 Often, a low dose of bupivacaine is added to intrathecal morphine to improve the 
quality of pain relief. 2  Devoid of respiratory muscle paralysis, intrathecal bupiva-
caine administration per se does not depress respiration. Pharmacokinetic interac-
tion between morphine and intrathecalbupivacaine is minimal and clinically 
insignifi cant. However, an established therapeutic principle states that pain is a 
physiologic antagonist of opioid analgesia. 3  

 Substance P, a strong respiratory stimulant, has effects on respiration opposite to 
those of morphine and endorphin. 4  ,  5  It enhances the rhythmogenesis of brainstem 
motoneurons and increases the tidal volume and minute ventilation. On the other 
hand, substance-P antagonists, applied to the ventral surface of the medulla, blunt 
the ventilatory response to hypoxia, hypercapnia, and somatosensory-induced stim-
ulation. 6  Laboratory studies show that substance P binding to its receptor (NK1) is 
inhibited by local anesthetics at concentrations reached in the cerebrospinal fl uid 
after intrathecal injection. 7  

 It appears that in this case, the stimulating effect of pain on respiration was abol-
ished by administration of a local anesthetic. Intrathecal morphine administered 
nearly 7 hours earlier, along with long-term oral opioid ingestion, had predisposed 
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the patient to respiratory depression. Abolishing the pain that was sustaining 
her respiratory drive probably resulted in respiratory arrest. Similar catastrophic 
respiratory arrests have been reported after various analgesic techniques that abolish 
pain in patients who were opioid–dependent long term. 8   

    Take-Home Points 

•     Pain is an important respiratory stimulant for patients who are opioid–
dependent long term.  

•   Abolishing pain may eliminate the respiratory stimulus in these patients 
and unmask the respiratory depression effects of opiates.  

•   Respiratory functions should be monitored carefully for patients with 
long-term opioid dependency who undergo analgesic or anesthetic inter-
ventions that abolish pain.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  morphine and bupivacaine  
   Mechanism of action:  synergy of pain relief (peripheral and central) and opioid- 

induced respiratory depression  
   Clinical effect:  severe respiratory depression, culminating in death        
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    Abstract 
 This case discusses the interesting but not fully understood pharmacodynamic 
interaction between local anesthetics and lipid emulsion.  

 Lipid Lifesaver 
 Local anesthe  c, lipid emulsion                     

       Adrian     Pichurko   MD      and     Guy     Weinberg   MD   
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         Case 

 A 33-year-old, 72 kg man presented for washout of an open humerus fracture 
under regional anesthesia. The patient complained of dizziness just as the anesthe-
siologist was completing an infracoracoid block with 30 cc of 0.375% bupivacaine 
without epinephrine. The injection was stopped and the needle was withdrawn just 
as the patient had a generalized, tonic-clonic seizure. Oxygen was delivered by 
mask ventilation and the seizures subsided after the patient was given midazolam 
(4 mg) intravenously. Vital signs were stable and the patient was breathing sponta-
neously when, 5 minutes after the seizure, the ECG registered ventricular tachycar-
dia followed rapidly by a slow idioventricular rhythm and then asystole. Chest 
compressions were begun immediately, the trachea was intubated, and the patient 
ventilated with 100% oxygen. A few minutes after the cardiac arrest, while chest 
compressions continued, 150 cc of 20% lipid emulsion were injected intravenously 
over 2 minutes and followed by a continuous lipid infusion of 20 mL/min. A sinus 
rhythm with a palpable pulse returned after a few minutes. The blood pressure was 
110/70 mm Hg and heart rate was 90 beats per minute(bpm). The lipid infusion was 
continued for 20 minutes during which the patient awakened, his heart rate slowed 
to 80 bpm and his blood pressure returned to pre-event levels.  

        A.   Pichurko   MD      (*) •    G.   Weinberg   MD    
  Department of Anesthesiology ,  University of Illinois ,   Chicago ,  IL ,  USA   
 e-mail: pichurko@gmail.com  

mailto:pichurko@gmail.com


234

    Discussion 

  This is an example of a complex and not fully elucidated antagonistic pharma-
codynamic interaction.  

 Local anesthetic systemic toxicity (LAST) results either from the inadvertent intra-
vascular injection, vascular entrainment, or vascular absorption of local anesthetic. 
It is estimated to occur in as many as 1 in 500 peripheral nerve blocks. Specifi c at-
risk subgroups include patients with ischemic heart disease, conduction defects, or 
low cardiac output; the very young and old; and patients with specifi c metabolic 
defects, such as carnitine defi ciency, that affect mitochondrial function. LAST can 
occur immediately (eg, during injection) or after a substantial delay; however, 
intervals of 5 to 10 minutes after injection of local anesthetic are very common. 1  

 Symptoms of toxicity typically involve the central nervous system (CNS) and car-
diovascular system. The brain is more sensitive to local anesthetic overdose and 
thus symptoms like agitation, seizures, and altered mental status tend to occur ear-
lier and at lower levels of toxicity than cardiovascular compromise. Cardiovascular 
toxicity often manifests initially with arrhythmias, tachycardia, and hypertension. 
Signs of worsening toxicity include progressive hypotension, conduction blockade, 
bradycardia, and even, as in the case described here, asystole. Complete cardiovas-
cular collapse secondary to local anesthetics is classically viewed as refractory to 
standard resuscitation measures. The lipophilicity of the particular local anesthetic 
parallels its potential for causing cardiovascular toxicity and among toxic signs of 
overdose involving the most lipophilic agents, arrhythmias, bradycardia, and hypo-
tension tend to occur earlier in the sequence of toxic effects. The most lipophilic 
drugs, like bupivacaine, can cause hemodynamic instability without any premoni-
tory CNS symptoms. 1  

 Bupivacaine is thought to cause cardiac toxicity by action at several sites including 
voltage–dependent sodium, potassium, and calcium channels; adrenergic and lipid 
signaling schemes; and mitochondrial metabolism. This combination of adverse 
effects may explain why LAST is often refractory to standard resuscitation. 

 Intravascular infusion of lipid emulsion has been shown over the past several years 
to effectively reverse both CNS and cardiovascular signs of local anesthetic toxicity. 
Lipid is thought to exert several effects and the precise mechanism(s) of its benefi t 
have not been irrefutably established. The simplest is a sequestering effect, the so-
called “lipid sink” mechanism. It has been demonstrated  in vitro  that local anesthetic 
partitions into lipid droplets contained in the plasma, thereby decreasing the drug’s 
availability to receptors and reducing free (unbound) local anesthetic concentration 
at tissue sites of toxicity. This could result from an initial electrostatic interaction 
between the strong negative surface charge of the lipid membrane and the bupiva-
caine molecule, which is positively charged at physiological serum pH. This is 
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 followed by absorption into the lipid droplet, although the exact interfacial dynam-
ics have not been worked out yet. Such a generic mechanism could account for the 
ability of lipid emulsion infusion to reverse toxicity involving the CNS, a tissue that 
does not normally utilize fatty acid substrates for metabolism. 

 Additional mechanisms including post-ischemic cardioprotection are under investi-
gation. A direct metabolic effect has also been postulated in which increased plasma 
fatty acids overcome the bupivacaine-induced inhibition of mitochondrial fatty acid 
transport and metabolism. Fatty acids released by the lipid infusion can also dis-
place and interfere with local anesthetic binding of sodium channels at the plasma 
membrane. 1  Lipid has also been shown to reduce myocardial stunning and cardiac 
reperfusion injury by inhibiting mitochondrial glycogen synthase kinase-3β. 2  Its 
anti-apoptotic effect is also mediated through the well-known Akt cytoprotective 
pathway. 2  These mechanisms probably do not account for all of the therapeutic 
benefi t of lipid emulsion and research to identify further mechanisms is a focus of 
several laboratories. 1  

 It is noteworthy that several of these mechanisms rely on a bulk-phase effect in 
which a large initial bolus infusion is required. As demonstrated in the case sce-
nario, lipid rescue guidelines recommend that the initial bolus be followed by a 
continuing infusion. This was fi rst noted in animal models of LAST where the sin-
gle bolus alone would result in temporary resuscitation and that a following infusion 
of lipid for several minutes was needed to prevent recurrence of cardiovascular 
instability. This could simply indicate a need to counter the metabolic dissipation of 
lipid droplets to maintain a constant plasma triglyceride or fatty acid concentration. 
However, the exact pharmacokinetics of lipid-local anesthetic interaction are still 
under investigation and identifying the optimal dosing regimen for lipid emulsion is 
a priority of several laboratories. 1  

 The American Society of Regional Anesthesia (ASRA) 2010 guidelines emphasize 
the primacy of airway management, seizure suppression, and Advanced Cardiac 
Life Support (ACLS). 3  They also recommend a 20% lipid emulsion intravenous 
bolus of 1.5 mL/kg of lean body mass, followed by a 0.25 mL/kg/min infusion for 
10 minutes after hemodynamic stability is attained. Failure to resuscitate should 
prompt a second bolus; persistent hypotension after resuscitation would indicate the 
need for an increased infusion rate (eg, 0.5 mL/kg/min). The maximum recom-
mended dose of lipid is approximately 10 mL/kg over 30 minutes. Note that the 
standard ACLS protocol should be revised in two respects: vasopressin is  not  rec-
ommended in LAST and doses of epinephrine should be smaller than usual (eg, ~1 
mcg/kg), since doses ≥70 mcg/kg have been shown to impair lipid rescue. 4  ASRA 
guidelines caution: “ propofol is not a substitute for lipid emulsion therapy  because 
of its low lipid content (10%), the large volumes required for the benefi t of lipid in 
resuscitation (hundreds of milliliters) and the direct cardiac depressant effects of 
propofol.” 3  
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 Few adverse effects of lipid emulsion therapy have been reported in the setting of 
rapid infusion for drug overdose; previous concerns about pulmonary and neuro-
logic damage have not been realized. 1  However, clinical laboratory results will be 
predictably diffi cult to interpret for an hour or so following lipid infusion. Most 
notably, it may falsely elevate hemoglobin and platelet counts on serum analysis 
and obscure electrolyte analysis. It is advised to draw labs before emulsion, if pos-
sible, and to notify the laboratory of the lipemic sample. 5   

    Take-Home Points 

•     Although formal randomized clinical trials are excluded by ethical and 
practical considerations, there is strong evidence that local anesthetic sys-
temic toxicity can be rapidly reversed by bolus injection and continuous 
infusion of 20% lipid emulsion.  

•   There are many proposed mechanisms for this effect and future research 
will identify the differing contributions of these various effects.  

•   Current local anesthetic resuscitation guidelines include lipid emulsion 
along with airway management and ACLS.     

    Summary 

     Interaction:  pharmacokinetic and possible physicochemical  
   Substrates:  local anesthetics, especially bupivacaine and 20% lipid emulsion  
   Site of action/mechanism:  unknown  
   Clinical effect:  marked decrease in local anesthetic toxicity including recovery 

from cardiac and central nervous system collapse        
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    Abstract  
  This introduces drug–drug interactions involving opioid pain medications.  

48         Introduc  on 

                           Toby     N.     Weingarten   MD    

      New Years Day 2001 heralded the decade of pain control and research in the United 
States, established by an Act of Congress. Even before this Act of Congress, the tide 
of clinical practice had already shifted towards a more liberal policy of prescribing 
opioid medication for the treatment of chronic pain. The result has been a dramatic 
increase in the number of opioid analgesic prescriptions, a practice change not 
 without downsides. Opioids render patients tolerant to their analgesic effects, and in 
some cases paradoxically make patients hyperalgesic to pain. The therapeutic 
 window between analgesia and respiratory depression narrows, and opioid-tolerant 
patients are more likely to experience postoperative sedation and respiratory 
 depression. Prescription drug diversion and abuse is rampant. Accidental poisoning 
from overdose and opioid–drug interactions from prescription opioids has become 
common in emergency departments across the country. Deaths of celebrities from 
cardiac dysrhythmias from methadone–drug interactions have captured the 
national headlines. 

 With increasing frequency, all anesthesiologists, no matter if we are pain physi-
cians, intensivists, or perioperative physicians, are encountering patients who are on 
chronic opioid therapy. We are often looked upon as the “experts” of these medica-
tions. It is imperative we have a good understanding of the pharmacodynamic and 
pharmacokinetic properties of opioids. Opioids have numerous drug–drug 
 interactions of important clinical interest. Best known are additive and 
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 synergistic reactions resulting in respiratory depression, typically when opioids are 
administered with other sedating medications such as benzodiazepines. Less known, 
but equally important, effects result from interactions that affect the metabolism of 
opioids. Many opioids are signifi cantly metabolized by the hepatic cytochrome 
P450 (CYP) system; a metabolic pathway then can be induced or inhibited by 
numerous medications including antimicrobials, antidepressants, and seizure medi-
cations. The resulting interactions may be expected, such as opioid withdrawal or 
 oversedation, but there can be idiosyncratic reactions, such as serotonin syndrome 
from the interactions of tramadol and paroxetine, or meperidine and phenelzine. 
The heterogeneity of the P450 system leads to variable metabolism of some opioids. 
For example, codeine is metabolized by the polymorphic cytochrome 2D6, and 
patients may be “poor metabolizers” and have limited analgesia from codeine or 
“ultrafast metabolizers” and experience an exaggerated opioid effect. Thus, a 
thorough understanding of opioid pharmacokinetics, pharmacodynamics, and 
 idiosyncrasies of the different opioids is needed for safe practice. Understanding 
opioid–drug interactions is a crucial component of the practicing anesthesiologist’s 
knowledge base.   

Opioids
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         Case 

 An otherwise healthy 34-year-old man presented to the Emergency Department 
(ED) after being struck by a motor vehicle in a crosswalk. The patient sustained 
abrasions to the face, hands, and arms, along with a fracture of the right tibia and 
fi bula. He reported a pain score of 10 out of 10 despite receiving narcotics from the 
paramedics in transit. The ED team proceeded to administer repeated doses of intra-
venous short-acting opioids without improvement in the patient’s pain score. 

 After 30 minutes of intractable pain, the patient revealed that he had been abusing 
Suboxone® (buprenorphine/naloxone) in order to “clear his urine” of detectable 
cocaine metabolites prior to an employment drug screen. The patient admitted to 
buying “Subs” or “Subbies” on the street, which he began taking over a week ago. 

 A toxicology screen demonstrated a buprenorphine serum level of 0.67 ng/mL indi-
cating abuse of Suboxone® within the last 24 hours. The urine toxicology screen 
was positive for the cocaine metabolite benzoylecgonine. The patient admitted to 
cocaine use concurrently with Suboxone. 

    Abstract   
  This case discusses the pharmacodynamic interaction between buprenorphine 

and opioid µ-receptor agonist resulting in hypoanalgesic effect.  

 No ‘Subs’  tute for Sobriety 
 Buprenorphine, μ-agonist opioids                     
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 The adult pain service was consulted. After assessing the patient, the team offered a 
multimodal approach to manage his pain through the perioperative period. The 
patient was given oral adjuncts, including pregabalin, celecoxib, and acetamino-
phen, and agreed to femoral and sciatic nerve blocks. Prior to leaving for the 
 operating room, the patient reported a pain score of 4 out of 10, and experienced 
reasonably good pain control throughout his recovery.  

    Discussion 

  This is an example of a pharmacodynamic interaction involving antagonism 
(competitive binding) at the μ-receptor.  

 Buprenorphine is a semi-synthetic opioid analgesic derived from thebaine. Thebaine 
is one of the main alkaloids in the opium poppy  Papaver somniferum . Buprenorphine 
is metabolized by cytochrome (CYP) 3A4. Coadministration with 3A4 inhibitors 
such as diltiazem and erythromycin may result in increased plasma levels. The 
opposite is true with 3A4 inducers such as phenobarbital and St. John’s wort, as 
concurrent usage of these medications may decrease plasma levels of 
buprenorphine. 

 Buprenorphine is a centrally acting partial μ-agonist and a κ and δ antagonist. 1  This 
agonist-antagonist activity provides utility in the treatment of opiate addiction by 
avoiding dysphoria associated with naloxone, and euphoria seen with pure μ 1 -
receptor agonists. 2  While the high lipophilicity of buprenorphine results in rapid 
onset and a long duration of action, the tight binding and high receptor affi nity could 
result in partial opioid blockage and a reduction in analgesia from full agonist 
opioids. 3  

 Buprenorphine demonstrates a ceiling effect on µ activity, which reduces the risk for 
respiratory depression in opioid-naïve patients. 4  This characteristic makes buprenor-
phine a suitable analgesic in many pain management scenarios, especially within 
the geriatric population. 5  Despite a ceiling effect at high doses, however, there is an 
increased risk for respiratory depression in pediatric patients. 6  Also, when used with 
benzodiazepines or in the presence of alcohol, a synergistic effect may result in 
excessive respiratory depression and sedation. 1  This effect has resulted in fatal 
overdose. 7  ,  8  

 Buprenorphine is available in combination with naloxone as a sublingual tablet, 
known as Suboxone®, or as a sole agent, Subutex®. Buprenorphine is a schedule III 
agent with an FDA indication for analgesia and the treatment of opiate addiction. 
According to the manufacturer, the estimated worldwide use is 400,000 patients. 9  
Obviously, this estimate does not include the illicit use of Suboxone for self- 
detoxifi cation, which has been reported in the literature. 2  
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 Since the passage of the Drug Addiction Treatment Act in 2000, physicians have 
been able to prescribe opioid medication for the treatment of opioid addiction and 
withdrawal. Buprenorphine/naloxone (Suboxone®) is ideal for this treatment, even 
when compared with methadone. 10  ,  11  The pharmacokinetics and pharmacodynamics 
of buprenorphine allow for rapid titration with minimal risk for lethal side effects. 

 This increased margin of safety allows for less monitoring and observation, unlike 
the requirements of methadone maintenance programs. Additionally, the abuse 
potential for Suboxone® is low. Any attempt to abuse the drug via illicit preparation 
releases the antagonist naloxone and precipitates withdrawal symptoms in opioid–
dependent patients. 12  

 Current literature presents confl icting perioperative pain management strategies for 
the patient on buprenorphine. Some recommend conversion from buprenorphine to 
a full opioid agonist like methadone. 13  Others demonstrate the effectiveness of full 
opioid agonists in patients stabilized on buprenorphine throughout the perioperative 
period. 14  

 A multimodal approach using nonopioid analgesics has proven valuable in manag-
ing postoperative pain in the context of Suboxone use. 1  ,  2  ,  13  ,  14  This approach can 
employ nonsteroidal anti-infl ammatory drugs (NSAIDs), centrally acting analgesic 
adjuncts such as ketamine, pregabalin, and α 2− agonists, as well as regional anesthe-
sia techniques.  

    Take-Home Points 

•     Buprenorphine use and abuse can complicate perioperative pain 
management.  

•   In opioid-sensitive individuals, buprenorphine can have a signifi cant 
μ-receptor effect, including respiratory depression and decreased level of 
consciousness. Fatal overdose can occur when buprenorphine is taken with 
other sedatives/hypnotics, or even alcohol.  

•   Buprenorphine binds to the μ-receptor with high affi nity, but its low activ-
ity results in partial agonism and reduced effi cacy of opioid analgesics. 
Patients who use or abuse buprenorphine can be refractory to conventional 
pain management.  

•   Consider using a multimodal approach to perioperative pain management. 
A plan that is not dependent on narcotics may be effective in the context of 
buprenorphine use.     

49 Buprenorphine, µ-agonist opioids
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    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  Suboxone® and opioid μ-receptor agonists  
   Mechanism/site of action:  central μ-receptor (competitive binding)  
   Clinical effect:  hypoanalgesic effect of opioids        
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    Abstract 
 This case discusses a pharmacokinetic drug interaction between buprenor-
phine, ritonavir, and atazanavir. Buprenorphine is a cytochrome P450 3A4 
substrate. Ritonavir and atazanavir are both potent 3A4 inhibitors.  

 A Needle and the Damage 
Done 
  Fatal Forty DDI:  buprenorphine, ritonavir, CYP3A4                     

       James     Hilliard   MSN, CRNA      
and     Kirk     Lalwani   MD, FRCA, MCR   

    50   

         Case 

 A 38-year-old nurse in the preoperative center sustained a needlestick injury while 
starting an intravenous line and drawing blood from a patient with advanced HIV 
infection. After washing the puncture, the nurse was directed to Employee Health 
for  further evaluation and management. During the history and physical, out of fear, 
the nurse failed to disclose his remote recovery from opiate addiction and current 
substitution therapy with Suboxone® (buprenorphine/naloxone), 12 mg/d. 

 A regimen for highly active antiretroviral therapy (HAART) with a fi xed-dose 
 combination of atazanavir (ATV) and ritonavir (RTV) was prescribed as fi rst-line 
postexposure prophylaxis (PEP). The nurse fi lled the prescription and began the 
treatment. After 5 days, he began to notice worsening daytime somnolence and 
impaired cognition. He called his addiction counselor, who recalled a signifi cant 
drug interaction between Suboxone® and protease inhibitors. 

 The nurse was directed to an emergency room where he was monitored for a few 
hours and released. His daily Suboxone® dose was reduced to 8 mg/d while on the 
prophylaxis regimen, which led to resolution of symptoms.  
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    Discussion 

  This is an example of inhibitors added to a substrate.  

 Buprenorphine, an opioid partial agonist used in the treatment of opioid depen-
dence, is principally metabolized by cytochrome P450 3A4 (CYP3A4). 1  Atazanavir 
and ritonavir are both potent inhibitors of 3A4. When these drugs are used concomi-
tantly, the inhibition of buprenorphine’s metabolic clearance via a clinically signifi -
cant pharmacokinetic interaction has been described. 2  ,  3  

 Interestingly, the pharmacokinetic effects of RTV in combination with other prote-
ase inhibitors are not predictable. For example, lopinavir-ritonavir can result in 
decreased methadone plasma levels and withdrawal symptoms. 4  

 The high frequency of HIV infection among intravenous drug abusers requires care-
ful management of both antiretroviral therapy and the treatment of opiate addiction. 
The known drug interactions between these two regimens can result in clinically 
signifi cant supratherapeutic or subtherapeutic serum concentrations of opioid ago-
nists and partial agonists. 5   

    Take-Home Points 

•     Protease inhibitors may have an inhibitory effect on the metabolism of 
buprenorphine and its active metabolite, norbuprenorphine.  

•   Some protease inhibitor combinations (eg, lopinavir-ritonavir) may reduce 
plasma levels of methadone, resulting in an opiate withdrawal syndrome.  

•   Careful dosage adjustments and monitoring are necessary in order to avoid 
adverse drug interactions, and to maintain compliance with both treatment 
regimens.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  buprenorphine  
   Enzyme:  CYP3A4  
   Inhibitors:  ritonavir and atazanavir  
   Clinical effect:  increased opioid effects including somnolence        
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    Abstract  
  This case discusses a pharmacokinetic interaction between methadone 
and ciprofl oxacin resulting in increased sedative and analgesic effects 
of  methadone. Methadone is a cytochrome P450 3A4 substrate and 
 ciprofl oxacin is a 3A4 inhibitor.  

 51      Dad’s Not Having Much 
Pain 
  Fatal Forty DDI:  methadone, ciprofl oxacin, CYP3A4                     

       Rani     Chova  ya   MD     ,     Mehmet     S.     Ozcan   MD, FCCP    , 
and     Randal     O.     Dull   MD, PhD   

         Case 

 A 59-year-old housepainter fell off a ladder at a job site and suffered a mild 
 concussion. At the time of the accident, he felt numb from the waist up but recov-
ered an hour later. The patient had a longstanding history of pain due cervical 
 stenosis, which he managed with opioid therapy and the recent addition of amitrip-
tyline to circumvent documented opioid tolerance. His internist felt that a follow-up 
X-Ray of his cervical spine would be prudent. The fi lm showed advancing degen-
erative changes (cervical stenosis and multilevel foraminal stenosis) from C3 to C7. 

 The patient subsequently underwent C5-6 and C6-7 anterior cervical diskectomy and 
fusion with C3-T2 posterior decompression and fi xation/fusion. He was  admitted to 
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the neurosurgical intensive care unit postoperatively and extubated on postoperative 
day 1. He complained of excruciating pain. He was started on  hydromorphone via 
patient controlled analgesia, but his pain remained poorly controlled. 

 On postoperative day 2, the pain service was consulted for recommendations and 
noted the patient’s history of opioid tolerance. He was initiated on oral methadone 
therapy three times daily along with intravenous (IV) hydromorphone as needed for 
breakthrough pain. On postoperative day 3, the patient noted that his pain had 
improved to a tolerable level and was satisfi ed with his pain management. On post-
operative day 4, he was started on PO ciprofl oxacin for a urinary tract infection. 
That evening the patient’s daughter spoke to out-of-town family and reported that 
the patient was comfortable. However, on postoperative day 5, the nurse noted that 
the patient appeared to be more drowsy and confused. His breathing had also 
become shallower, and he required supplemental O 2  therapy. He had not requested 
any IV hydromorphone in the last 24 hours. The methadone therapy was stopped 
immediately, and IV naloxone was administered. The patient’s mental status and 
respiratory function promptly returned to baseline.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Methadone is metabolized through  N -demethylation, which is catalyzed by several 
isoenzymes of the cytochrome P450 (CYP) family including cytochromes 2B6, 
2C8, 2C18, 2D6, and 3A4. Among those, 3A4 is suggested as the major enzyme 
involved in the  N -demethylation. 1  Ciprofl oxacin, a fl uoroquinolone antibiotic, is a 
potent inhibitor of the CYP3A4 isoenzyme in humans. 2  Other fl uoroquinolones that 
inhibit 3A4 are norfl oxacin and sparfl oxacin. Therefore, in this example, it is highly 
likely that the administration of ciprofl oxacin led to a decrease in the rate of metab-
olism of methadone, leading to signs and symptoms of opioid overdose. There is 
also a risk for a pharmacodynamic drug–drug interaction (DDI) in the form of addi-
tive QT prolongation and resulting arrhythmias, although that did not occur in this 
case. In fact, there are several case reports of this drug–drug interaction (DDI) in the 
literature. 3  –  5  In these case reports, opioid overdose typically occurred 24 to 48 hours 
after starting ciprofl oxacin in patients receiving methadone. For a patient on a main-
tenance dose of methadone, it is prudent to choose a different antibiotic than a fl uo-
roquinolone when feasible. When a combination of methadone and fl uoroquinolones 
that inhibit CYP3A4 must be used, signs of opioid overdose should be expected to 
occur and dosages revised accordingly  

Opioids



251

    Take-Home Points 

•     Methadone is a substrate of several isoenzymes of the cytochrome P450 
family, mainly cytochrome 3A4.  

•   Ciprofl oxacin (ie, a fl uoroquinolone antibiotic) is an inhibitor of 3A4. 
Norfl oxacin and sparfl oxacin also inhibit 3A4.  

•   Fluoroquinolones that do not inhibit 3A4 include gatifl oxacin, levofl oxa-
cin, moxifl oxacin, and ofl oxacin.  

•   If feasible, choose a non-fl uoroquinolone antibiotic for patients receiving 
methadone. If it is indicated to use both drugs, closely monitor the patient’s 
level of sedation and consider decreasing the dose of methadone as long as 
the fl uoroquinolone is used.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  methadone  
   Inhibitor:  ciprofl oxacin  
   Enzyme:  CYP3A4  
   Clinical effects:  increased sedative and analgesic effects of methadone        
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    Abstract 
 This case discusses a pharmacokinetic interaction between nortriptyline and 
methadone, resulting in tricyclic antidepressant toxicity. Nortriptyline is a 
cytochrome P450 (CYP) 2D6 and 3A4 substrate. Methadone is an inhibitor of 
those enzymes.  

 Royal Flush 
  Fatal Forty DDI:  methadone, nortriptyline, 
CYP2D6, CYP3A4                     

       Kimberly     Mauer   MD     ,     Catherine     Marcucci   MD    , 
and     Neil     B.     Sandson   MD   
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         Case 

 A 45-year-old female black jack dealer on the overnight shift at a Las Vegas casino 
had hit a run of bad luck. Her years of leaning over the card tables had wrecked her 
marriage and wrecked her neck. However, knowing how fi ckle fortune is and having 
her eye on the resident Elvis impersonator, she fi nally decided to move on with her 
life and agreed to start nortriptyline to treat her depression over her divorce. She 
also fi nally saw a chronic pain specialist and requested pharmacological manage-
ment for her cervical facet arthropathy and chronic muscle tension in her neck but 
requested, “the drug addict drug that lets people work.” She was started on metha-
done 30 mg three times per day. 
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 Approximately 1 week later, she was out on a date with her new boyfriend when she 
noticed that her face was red and hot and her mouth was dry. Very worried that she 
now had to deal with “overactive thyroid,” she visited the physician on call at the 
casino and mentioned that she was also sweating very little during the very crowded 
and hot evening hours on the Strip. 

 She reported the nortriptyline and methadone and the physician noticed she was 
lethargic with a rapid heart rate. An electrocardiogram was ordered which showed 
sinus tachycardia. He also noticed that she appeared quite red in the face.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Nortriptyline and the other secondary-amine tricyclics are metabolized primarily by 
cytochrome P450 (CYP) 2D6 but also by CYP3A4. 1  Methadone is a moderately 
strong 2D6 inhibitor, and also 3A4 subtstrate. 2  Thus, the introduction of methadone 
to the patient’s medication panel signifi cantly impaired the ability to metabolize the 
nortriptyline. The introduction of methadone has been shown to increase the level 
of tricyclic antipressants (TCAs). 3  This lead to TCA toxicity, including tachycardia, 
dry mouth, and general anhydrosis. 

 The blood levels of tertiary amines such as amitriptyline may be elevated by either 
2D6 or 3A4 inhibitors. Nortriptyline levels will be increased by 2D6 inhibitors, but 
not 3A4 inhibitors. This is because the hydroxylation performed by 2D6 is quite 
important to the metabolism of both secondary and tertiary amine TCAs, whereas 
the demethylation performed by 3A4 is much less crucial to the metabolism of 
secondary-amine TCAs.  

    Take-Home Points 

•     Nortriptyline is a secondary amine metabolized by 2D6 primarily.  

•   Methadone is 2D6 inhibitor.  

•   Coadministration can cause tricyclic antidepressant toxicity.  

•   Pain physicians should be aware that patients see a variety of practitioners, 
all of whom prescribe metabolically relevant drugs.     
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    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  nortriptyline  
   Enzyme:  2D6 and 3A4  
   Inihibitor:  methadone  
   Clinical effects:  antidepressant toxicity        
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    Abstract  
  This case discusses the pharmacodynamic interaction between oxycodone 
and diazepam resulting in apnea and decreased level of consciousness in a 
patient with chronic back pain.  

 53      The Worry That’s Always 
With Us: A  ernoon Nap  
 Oxycodone, diazepam                     

       Syed     M.     Quadri   DO      and     Randal     O.     Dull   MD, PhD   

         Case 

 An obese 72-year-old man with a history of hypertension and hyperlipidemia was 
seen by his regular pain doctor complaining of an exacerbation of chronic low 
back pain and muscle spasms two days after moving furniture for his daughter. 
The physician noted the patient’s L3-L5 spinal fusion surgery 4 months earlier with 
a  current stable regimen of an extended releaseoxycodone (40 mg BID) and oxyco-
done (5 mg q6h prn) for breakthrough pain, which offered him appropriate relief. 
She felt that the patient’s pain exacerbation was mainly related to muscular spasm 
so instructed him to continue his current regimen, apply heat, rest and given a pres-
cription of diazepam (10 mg q6h prn) for spasm for a duration of 10 days. 

 The patient’s wife called later that afternoon, concerned that she could not arouse 
her husband long enough to get him to the dinner table. She mentioned that “he 
wakes up briefl y but he’s not always breathing.” She was told to call the emergency 
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response team immediately. In the Emergency Department, the patient was found to 
be unconscious and spontaneously breathing with periods of apnea. He was 
 administered oxygen and intravenous fl umazenil. The patient regained  consciousness 
and complained of low back pain. The pain service was consulted. The diazepam 
was discontinued and he was given a trigger point injection with local anesthetic 
and methylprednisolone. He was monitored in the Emergency Department and was 
later discharged home.  

    Discussion 

  This is an example of a synergistic pharmacodynamic interaction at the 
 end- organ level.  

 More specifi cally, this is an example of central nervous system (CNS) depression 
resulting from the concomitant use of an opioid and a benzodiazepine. 

 Opioids are prescribed most commonly for the management of pain. One of the side 
effects of opiod therapy is respiratory depression. The opioid ligand binding to 
μ-receptors causes a dose-dependent suppression of respiratory centers in the brain-
stem and decreased sensitivity to CO 2  levels in the blood thereby increasing apneic 
thresholds. However, opioids alone rarely cause unconsciousness. The use of a ben-
zodiazepine with an opioid is synergistic in producing unconciousness and plays a 
signifi cant role in respiratory depression. 1  ,  2  

 The benzodiazepine in this case was prescribed to alleviate muscle spasm. However, 
one of the side effects of benzodiazepines is sedation. When used alone in healthy 
adults, benzodiazepines rarely cause unconsciousness or respiratory depression. 
They work by increasing the affi nity for γ-amino-butyric acid (GABA), the princi-
pal inhibitory neurotransmitter in the CNS, to its receptor. 3  The respiratory centers 
in the brain are thought to have a rhythmic balance of excitatory and inhibitory 
neurotransmitters that modulate breathing. Benzodiazepines may participate in par-
tially disrupting this modulation. However, benzodiazepines do not directly stimu-
late GABA receptors as doespropofol. 

 Propofol is a potent hypnotic agent used to render patients unconscious or sedated 
for anesthesia or the intensive care unit. Opioid administration reliably decreases 
propofol doses needed for anesthesia induction and maintainence. 

 The concomitant use of long-acting opioids such as extended release morphine, 
oxycontin, methadone, fentanyl patch, and (to a lesser degree) buprenorphine with 
benzodiazepines or propofol have a distinct propensity to cause respiratory depres-
sion. Indeed, there have been cases reported in which methadone and benzodiaze-
pines were found post mortem in overdose fatalities. 4   

Opioids



259

    Take-Home Points 

•     Pure agonist opioids cause respiratory depression in a dose-dependent 
manner.  

•   Benzodiazepines cause sedation and tend to have a ceiling effect as they 
are not direct-acting ligands.  

•   The concomitant use of benzodiazepines and opioids commonly can lead 
to increased sedation, and in some case signifi cant respiratory depression.     

    Summary 

     Interaction:  pharmacodynamic (synergism)  
   Substrates:  oxycontin and diazepam  
   Mechanisms/sites of action:  opioid (oxycodone) binding of μ-receptor in CNS 

respiratory centers decreases response to CO 2  curve, benzodiazepine (diazepam) 
increases GABA affi nity to GABA receptor in the CNS  

   Clinical effects:  apnea and decreased level of consciousness        
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    Abstract  
  This case discusses the pharmacokinetic interaction between methadone and 
rifampin resulting in methadone withdrawal symptoms. Methadone is a cyto-
chrome P450 3A4 and 2B6 substrate and rifampin is a 3A4 and 2B6 inducer. 
Rifampin induces metabolism of methadone via 3A4 and 2B6 and can cause 
methadone withdrawal symptoms.  

      The Bawling Baby 
  Fatal Forty DDI:  rifampin, methadone, CYP3A4, 
CYP2B6                     

       Angela     Kendrick   MD    

         Case 

 A 5-month-old, 6 kg infant girl underwent a Glenn procedure for a second-stage 
repair of her hypoplastic left heart syndrome, after a previous Norwood procedure. 
Following her second cardiac procedure, she had a protracted postoperative course 
in the pediatric intensive care unit and was placed on vancomycin due to mediasti-
nitis. She received intravenous (IV) midazolam and fentanyl for an extended course 
of postoperative mechanical ventilation. 

 The anesthesia pain service recommended a two-stage weaning plan for the opioids 
and benzodiazepine infusions. During her fourth postoperative week, a conversion 
of her constant infusions to scheduled IV methadone and lorazepam was accom-
plished. At the end of her fourth postoperative week, she returned to the operating 
room for a second debridement of her sternum 

 The infectious disease team recommended the addition of an additional antibiotic 
because of the persistent infection. 
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 A methadone wean was started after the second postoperative period. Three days 
after the infant began the new antibiotic, the pain resident was called because the 
baby had become agitated and was crying inconsolably. He reviewed the infant’s 
recent medications, including vancomycin and the recently added rifampin, and 
immediately ordered a rescue dose of methadone.  

    Discussion 

  This is an example of an inducer added to a substrate.  

 Methadone is generally thought to be a cytochrome P450 (CYP) substrate that is 
metabolized by both CYP3A4 (mainly) with a small contribution from 2B6, 2C8, 
2C9, 2C19, and 2D6, (although there is at least one published report of a greater role 
for CYP2B6. 1  ,  2  This complex metabolism of methadone by six different cytochrome 
P450 enzymes offers signifi cant opportunities for drug interactions. 3  CYP3A4 is 
found both in the liver and in the intestine and its activity varies greatly among indi-
viduals. 4  Rifampin is a potent inducer of virtually all of the P450 enzymes, includ-
ing 3A4 and 2B6. There are several articles in the literature documenting withdrawal 
symptoms in patients on methadone maintenance after rifampin was given. Onset of 
the withdrawal symptoms ranged from one to 33 days after the rifampin was 
started. 5  ,  6  Decreased serum levels of methadone were also documented in patients 
receiving rifampin. 

 Methadone does not produce active metabolites, its active form is the parent com-
pound. Despite the pain team’s monitoring of this infant, a withdrawal syndrome 
did develop, likely as a result of a reduction in serum methadone levels from the 
increased enzymatic activity or increased production of 3A4.  

    Take-Home Points 

•     Methadone undergoes metabolism by more than one CYP enzyme 
 subfamily, but 3A4 is responsible for the main biotransformation 
( N -demethylation) of the parent compound.  

•   Rifampin is a potent inducer of the cytochrome P450 system.  

•   Carefully monitoring for changes in sedation level, including the appear-
ance of withdrawal symptoms, is always indicated when adding an enzyme 
inducer in the presence of methadone.     
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    Summary 

     Interaction:  pharmacokinetic  
   Substrates:  methadone  
   Enzyme:  3A4 and 2B6  
   Inducer:  rifampin  
   Clinical effect:  opioid withdrawal        
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         Case 

 A 28-year-old, 49 kg woman who was employed as a runway model was admitted 
to the surgical intensive care unit after undergoing a 4-hour exploratory laparotomy 
and repair of multiple liver lacerations after a motor vehicle collision. She had been 
diagnosed with human immunodefi ciency virus (HIV) one week earlier and started 
on highly active antiretroviral therapy with atazanavir, ritonavir, and tenofovir diso-
proxil/emtricitabine. 

 Anesthesia was induced with fentanyl, etomidate, and succinylcholine, and then 
maintained with desfl urane and a continuous infusion of fentanyl (3 mcg/kg/h). 
Before leaving the operating room, the neuromuscular blockade was fully reversed, 
the fentanyl infusion was reduced to 2 mcg/kg/h, and a propofol infusion (50 mcg/
kg/min) was started. 

 The patient was hemodynamically stable in the intensive care unit (ICU). Expedient 
tracheal extubation was planned and the propofol and fentanyl infusions were dis-
continued. Two hours later, she was making no spontaneous respiratory effort, 
although she opened her eyes in response to tactile stimulation. The patient received 

    Abstract   
  This case discusses the pharmacokinetic interaction between fentanyl and 
ritonavir, leading to prolonged narcotic action. Fentanyl is a cytochrome P450 
3A4 substrate and ritonavir is a 3A4 inhibitor.  

 Sleeping Beauty 
  Fatal Forty DDI:  fentanyl, ritonavir, CYP3A4                     

       Hans     P.     Sviggum MD       and     Juraj     Sprung MD, PhD    
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naloxone (80 mcg) and became more awake, but only briefl y. Her arousal level 
continued to wax and wane. The ICU fellow shook his head and said, “It’s like the 
fairy tale—she’s beautiful, but she won’t wake up.” A naloxone drip was initiated 
and she slowly became alert, awake, and aware over the next 16 hours. She was 
fi nally extubated the next day.  

    Discussion 

  This is an example of a substrate added to an inhibitor.  

 Fentanyl, a widely used synthetic opioid, is metabolized mainly by the hepatic cyto-
chrome P450 (CYP) 3A4 isozyme to its major oxidative metabolite, norfentanyl. 1  
Less than 8% of the drug is excreted unchanged. 2  Ritonavir, a protease inhibitor 
commonly used in the treatment of HIV infection, is one of the most potent inhibi-
tors of 3A4. 3  It also causes some inhibition of CYP2D6. 

 A 1999 study by Olkkola et al. showed that 3 days of ritonavir treatment decreased 
the clearance of fentanyl by 67%. 3  Additionally, the ritonavir treatment more than 
doubled the elimination half-life of fentanyl after a single bolus dose. However, 
plasma concentrations of fentanyl at 15 and 30 minutes after injection did not differ 
signifi cantly between ritonavir and placebo treatments. Likely, initial fentanyl con-
centrations after a bolus dose are not affected because ritonavir has no marked effect 
on the volume of fentanyl distribution. Accordingly, Kharasch et al. found that 
CYP3A alterations did not change peak plasma fentanyl concentrations or the time 
to peak fentanyl concentration, but substantially affected its elimination. 4  

 On the basis of these fi ndings, the interaction between fentanyl and ritonavir appears 
to have little clinical effect on the onset or peak level of analgesia. However, a high 
dosing frequency or continuous infusion of fentanyl can drastically increase plasma 
levels of fentanyl in patients with abnormal 3A4 activity because of impaired elimi-
nation. In this instance, dangerous augmentation of fentanyl-induced respiratory 
depression may occur. It is probable that ritonavir affects the elimination of transder-
mally administered fentanyl at the same magnitude as that of intravenous fentanyl. 1  

 Fentanyl has a high extraction ratio of approximately 0.8, meaning that its elimina-
tion by the liver should be more dependent on liver blood fl ow than on changes in 
intrinsic clearance. 5  This ratio may be why 3A4 inhibitors less potent than ritonavir 
do not cause as marked a decrease in the clearance of fentanyl. 

 Studies by Feierman and Lasker showed that selective inhibitors of other cyto-
chrome P450 enzymes—1A2, 2D6, 2C9, and 2E1—did not inhibit fentanyl metab-
olism. 6  Liver cytochrome P450 enzymes also participate in the metabolism of other 
opioids, such as sufentanil and alfentanil. They do not have as large a role in the 
metabolism of other common opioids, such as morphine and hydromorphone, 
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which are more dependent on glucuronidation in the liver. As with most hepatic 
enzymes, interindividual variability in the activity of 3A4 can be substantial. 
However, the impact of variable hepatic 3A4 expression on interpatient variability 
is diffi cult to predict in the systemic clearance of fentanyl at this time. 1  

 Interestingly, there is some evidence that ritonavir may have varying pharmacoki-
netic effects when used concomitantly with opioids other than fentanyl. Although 
ritonavir is a potent inhibitor of the CYP3A family of isozymes, a component of 3A 
induction may emerge, depending on length of treatment. Specifi cally, ritonavir has 
been found to decrease plasma methadone concentrations, which has been attributed 
to 3A induction. 7  Steady-state compared with acute ritonavir therapy caused mild 
apparent induction of hepatic CYP3A, but net inhibition still predominated. 7  
Additionally, meperidine hydrochloride levels were found to be decreased after 
10-day treatment with ritonavir, suggesting induction of hepatic metabolism. 8  At this 
time, it appears unclear about exactly how the length of ritonavir treatment infl u-
ences pharmacokinetic effects on various opioid medications. However, if the patient 
in the above scenario had been taking ritonavir for over 1 month, it is unclear that the 
above interaction would have proven clinically signifi cant.  

    Take-Home Points 

•     Hepatic cytochrome P450 enzymes are crucial to the metabolism of many 
drugs. The synthetic opioid fentanyl is metabolized largely by the hepatic 
CYP3A4 isozyme.  

•   Ritonavir is a protease inhibitor commonly used as part of highly active 
antiretroviral therapy for HIV infection and is a potent inhibitor of 3A4.  

•   Ritonavir can substantially decrease the elimination of fentanyl and may 
dangerously augment and prolong fentanyl-induced effects, including 
respiratory depression.  

•   Doses of fentanyl should be reduced when repeated or continuous dosing 
(including transdermal dosing) of fentanyl is used for patients who are also 
taking ritonavir, especially at the beginning of ritonavir treatment.  

•   Ritonavir does not increase the peak concentration of fentanyl after a sin-
gle bolus dose.  

•   Ritonavir treatment is unlikely to cause prolonged action of fentanyl when 
fentanyl is administered in small, intermittent bolus doses.  

•   After several weeks, ritonavir’s inductive profi le may mitigate or even 
overtake its inhibitory affects on 3A4.     
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    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  fentanyl  
   Enzyme:  3A4  
   Inhibitor:  ritonavir  
   Clinical effect:  prolonged narcotic action        
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    Abstract  
  This case discusses a pharmacokinetic interaction between the prodrug 
codeine and fl uoxetine. Codeine is converted to its active metabolite  morphine 
by cytochrome P450 2D6. Fluoxetine is a 2D6 inhibitor.  

 56      Codeine Can’t Do It 
  Fatal Forty DDI:  codeine, fl uoxe  ne, CYP2D6                     

       Katarina     Bojanić   MD     ,     Wayne     T.     Nicholson   MD, PharmD, MSc    , 
    Erica     D.     Wi  wer   MD, PhD    ,     Toby     N.     Weingarten   MD    , 
and     Juraj     Sprung   MD, PhD   

         Case 

 A 45-year-old man reported to a surgery center for elective repair of a right inguinal 
hernia with mesh. The anesthesiologist noted that he had a remote history of dental 
pain controlled with codeine and a recent history of depression controlled with 
fl uoxetine (40 mg). He underwent an uncomplicated total intravenous general anes-
thetia with propofol and remifentanil. He also received intravenous hydromorphone 
(1.0 mg), intravenous ketorolac (15 mg), and had the portal sites infi ltrated with 
10 mL of 0.50% bupivacaine. On discharge from the surgical center, the patient had 
only minor discomfort at the surgical site. He received a prescription of 30 acet-
aminophen/codeine tablets (300 mg/30 mg) and was instructed to take one or two 
tablets every 4 to 6 hours as needed for pain. 
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 Eighteen hours later, the patient was in the emergency department, complaining of 
severe right inguinal pain. He reported the onset of pain 4 hours after discharge with 
steadily worsening pain, despite taking the codeine as prescribed. Despite taking the 
codeine tablets, his pain continued to worsen. His physical exam was 
unremarkable. 

 The patient received morphine (4 mg) intramuscularly. Within 15 minutes he 
reported considerable improvement in his pain and was able to go home. His pre-
scription was switched to oxycodone/acetaminophen tablets (5 mg/500 mg). On his 
follow-up visit to the surgeon the next week, he was comfortable and had used only 
18 oxycodone/acetaminophen tablets.  

    Discussion 

  This is an example of a prodrug substrate added to an inhibitor.  

 More specifi cally, this is a pharmacokinetic interaction due to inhibition of the 
hepatic  O -demethylation of codeine to morphine because of suppression of the 
cytochrome P450 (CYP) 2D6 system (fl uoxetine use). 

 Codeine has weak affi nity for the μ-receptor and is considered a prodrug that must 
be metabolized into morphine to have analgesic properties. Approximately 90% of 
codeine undergoes either glucuronidation to form codeine-6-glucuronide or 
 N -demethylation to form norcodeine (Fig.  56.1 ). The by-products are then elimi-
nated. Only 10% of codeine undergoes  O -demethylation and is converted to mor-
phine. The latter pathway is mediated by the cytochrome P450 enzyme 2D6 and is 
thought to be responsible for the analgesic effects of codeine. 1   

 Numerous medications have been shown to inhibit 2D6. 2  ,  3  Pharmacologic inhibition 
by a strong inhibitor of this enzyme has been shown to completely block the conver-

  Fig. 56.1    Metabolism of 
codeine       
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sion of codeine to morphine. For example, plasma morphine levels were undetect-
able in healthy study participants who received a single dose of quinidine followed 
by a dose of codeine. 2  Because codeine has almost no affi nity for the μ-receptor, this 
lack of affi nity resulted in a loss of its analgesic properties. Fluoxetine is a strong 
inhibitor of 2D6 and limitation of codeine to morphine conversion by this enzyme 
is likely if  in vitro  data of dextromethorphan metabolism is considered. 3  Although 
codeine has not been studied, dextromethorphan undergoes metabolism via 
 O -demethylation by 2D6, in a same fashion as codeine, and this process is inhibited 
by fl uoxetine (see Table  56.1 ). 3  Other 2D6 inhibitors may have varying degrees of 
inhibition of this enzyme (see Table  56.1 ), 3  and depending on substrate clinical 
effects may vary.

   Several populations have variability of 2D6 activity due to genetic polymor-
phisms, which can also affect the  O -demethylation of codeine and its conversion 
to morphine. Most individuals are 2D6 extensive metabolizers and convert codeine 
into morphine normally. However, approximately 7% to 10% of the Caucasian 
population metabolize drugs poorly through 2D6 and are unable to convert 

    Table 56.1     In vitro  
dextrometomorphan inhibitor 
constants (K i ) for frequently 
used drugs with variable 
CYP2D6 inhibition potetntial   

 Inhibitor 

  K   i   Value for Substrate 

 Dextromethorphan 
  (μM)  

 Fluoxetine  0.056 
 Paroxetine  0.23 
 Propafenone  0.031 
 Quinidine  0.010 
 Sertraline  0.47 
 Amiodarone  11.8 
 Metoprolol  11.3 
 Verapamil  38.7 

   K   i   values obtained using pooled human liver microsomes. 
Dextromethorphan was used as a substrate for CYP2D6 and 
inhibitors were added to determine the inhibition constants ( K   i  ). 
The inhibition constant describes the potency of an inhibitor and 
is the concentration required to produce half maximum inhibi-
tion. Thus, a lower  K   i   value implies increased inhibitor potency. 
The  K   i   for fl uoxetine is 0.056 μM indicating that a very low con-
centration is required to inhibit the CYP2D6 enzyme from its 
metabolism of dextromethorphan. The last three medications in 
the list of inhibitors have high  K   i   values indicating that they 
would be less likely than the fi rst fi ve to cause enzyme inhibition 
and reduce metabolism of CYP2D6 substrates 
 [Adapted from VandenBrink BM, Foti RS, Rock DA, Wienkers 
LC, Wahlstrom JL. Prediction of CYP2D6 drug interactions from 
in vitro data: evidence for substrate-dependent inhibition.  Drug 
Metab Dispos . 2012;40(1):47–53. With permission from 
American Society for Pharmacology and Experimental 
Therapeutics]  
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codeine into morphine. In these individuals, codeine has no analgesic properties. 4  
Some individuals have ultra-rapid 2D6 metabolism and convert more codeine into 
 morphine and thus are at risk of codeine intoxication. 5  Therefore, the clinical 
signifi cance of inhibition would depend on the inherent activity of the 2D6 
enzyme. 

 This patient began having postoperative pain as the analgesic effects of the hydro-
morphone, ketorolac, and local anesthetic began to wane. Previously, he had a 
normal analgesic response to codeine, indicating he likely has intermediate or 
extensive 2D6 metabolism. With his long-term use of fl uoxetine, 2D6 was inhib-
ited and conversion from codeine into morphine was limited. Thus, the codeine 
was ineffective as an analgesic, his pain became uncontrollable, and he sought 
medical help. 

 When considering other opiates, the P450 enzymes are not involved in the metabo-
lism of morphine, oxymorphone, hydromorphone. 6  For example, oxymorphone is 
the 2D6 metabolite of oxycodone, which is a potent analgesic itself, so a decreased 
2D6 activity should not reduce its analgesic effi cacy. 6  Hydrocodone is partially 
metabolized by 2D6 to hydromorphone although the effi cacy is not completely 
dependent on the metabolite as in the case of codeine. Therefore, because the par-
ent drugs have analgesic effi cacy, they still can be used clinically in patients with 
concomitant use of medication that may inhibit 2D6 activity. In addition, codeine 
may have varying effi cacy due genetic predisposition and possibly drug interac-
tions, therefore all these issues should be considerd in pain management 
strategies.  

    Take-Home Points 

•     Codeine is a prodrug of morphine that requires  O -demethylation by the 
cytochrome P450 enzyme 2D6.  

•   Some medications cause strong inhibition of 2D6, which may diminish the 
analgesic properties of codeine.  

•   Some populations have genetic polymorphisms of 2D6 that affects the pro-
portion of codeine that undergoes  O -demethylation. Individuals who have 
extensive 2D6 metabolism have a normal response to codeine, although 
individuals with poor 2D6 metabolism have no response and those with 
ultra-rapid 2D6 metabolism are at risk for codeine intoxication.  

•   Even after inhibition of 2D6, other opioids—such as morphine, oxyco-
done, and hydromorphone—continue to be effective.     

Opioids



273

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  codeine (prodrug)  
   Enzyme:  2D6  
   Inhibitor:  fl uoxetine  
   Clinical effect:  lack of analgesic effi cacy due to decreased conversion of codeine to 

morphine, the pharmacologically active metabolite at the μ-receptor.        
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         Case 

 A 35-year-old woman drove into a brick wall in a suicide attempt, even though she had 
started taking phenelzine sulfate approximately 3 weeks earlier for treatment- resistant 
depression. She presented for emergency surgery for multiple open fractures. 

 The patient had an uneventful general anesthetic and intraoperative course and the 
trachea was extubated the operating room. She was taken to the postanesthesia care 
unit, where she remained hemodynamically stable, but had severe postoperative 
shivering. Per protocol, the recovery room nurse gave meperidine hydrochloride 
(25 mg) intravenously to the patient. 

 Ten minutes after receiving meperidine, the patient had agitation, tremor, diaphore-
sis, and tachycardia. The anesthesiologist was called immediately and noted ankle 
clonus on physical examination. He quickly reviewed the patient’s medical record, 
noted the treatment with phenelzine, a monoamine oxidase inhibitor (MAOI), and 
suspected a drug interaction with meperidine. Chlorpromazine (25 mg) and mid-
azolam (2 mg) were administered intravenously, after which the patient’s symptoms 
diminished. Subsequently, she was transferred to the intensive care unit for observa-
tion and had no further complications.  

    Abstract   
  This case discusses a pharmacodynamic interaction between phenelzine and 
meperidine resulting in serotonin syndrome.  

 A Shuddering Interac  on 
 Meperidine, phenelzine, serotonin toxicity                     

       Chris  ne     A.     Kenyon     Laundre MD,           Randall     Flick MD,      
and     Juraj     Sprung MD, PhD    
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    Discussion 

  This is an example of a pharmacodynamic interaction at the neurotransmitter 
level.  

 More specifi cally, this is an example of one drug (phenelzine) inhibiting serotonin 
metabolism combined with another drug (meperidine) inhibiting serotonin reup-
take, resulting in serotonin toxicity. 

 This drug combination results in an increased intrasynaptic serotonin concentration, 
which then leads to central serotonin syndrome, or serotonin toxicity (Fig.  57.1 ). 1  
MAOIs inhibit monoamine oxidases, the enzymes responsible for inactivation of 

  Fig. 57.1    Mechanism of serotonin syndrome. Stimulation of postsynaptic serotonin receptors is 
excessive because of decreased serotonin metabolism due to an MAOI and decreased uptake into 
the presynaptic terminal due to meperidine. 5-HT indicates 5-hydroxytryptamine; MAO, mono-
amine oxidase; MAOI, monoamine oxidase inhibitor; red dot, 5-HT       
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numerous neurotransmitters, including dopamine, norepinephrine, epinephrine, 
serotonin, and tyramine. 2  Meperidine is a synthetic opioid analgesic used most com-
monly for treatment of pain and postoperative shivering. 3  In addition to its action on 
opioid receptors, meperidine inhibits presynaptic serotonin reuptake. 1  Because of 
the risk for serotonin toxicity, meperidine is contraindicated in patients who have 
received an MAOI within the previous 14 days. 3   

 Serotonin is produced by the decarboxylation and hydroxylation of L-tryptophan 
and is found in both the central and peripheral nervous systems. It has numerous 
actions throughout the body through its interactions with seven families of 
5- hydroxytryptamine (5-HT) receptors (5-HT 1  through 5-HT 7 ). 4  The actions of 
serotonin include the modulation of thermoregulation, appetite, pain perception, 
vascular tone, gastrointestinal motility, and sympathetic nervous system function. 2  ,  4  
Although serotonin toxicity likely involves multiple types of 5-HT receptors, ago-
nism of 5-HT 2A  receptors seems to contribute substantially to toxicity development. 4  
In addition, serotonin acts as a cotransmitter with γ-aminobutyric acid and norepi-
nephrine, and serotonin receptors exist on some dopaminergic neurons, leading to 
serotonin-induced dopamine release in the brain. 2  These complex interactions prob-
ably contribute to the development of serotonin toxicity, although the exact mecha-
nisms are understood incompletely. 2  ,  4  

 The combination of MAOIs with medications that either cause release of serotonin 
or inhibit serotonin reuptake may precipitate serotonin toxicity by increasing the 
amount of serotonin available at the synapse. Potent serotonin reuptake inhibitors, 
such as the selective serotonin reuptake inhibitors, are more likely to cause toxicity 
than weaker reuptake inhibitors. However, meperidine seems to be an exception to 
this rule. It is a weak serotonin reuptake inhibitor, yet it has been associated with 
severe and fatal serotonin toxicity when combined with MAOIs. The reason for this 
intense response is unknown but may be related to differences in susceptibility and 
drug metabolism among individual patients. 1  

 The fi rst report of interaction between meperidine and an MAOI was published in 
1955. 5  ,  6  It involved a physician who was treated for pulmonary tuberculosis with the 
MAOI iproniazid and received meperidine (100 mg) intramuscularly. Within 20 
minutes, he had muscle twitching, nausea, cyanosis, profuse perspiration, hyperten-
sion, tachycardia, hyperrefl exia, and ankle clonus. He recovered without specifi c 
treatment. Since that time, there have been numerous reports of serotonin toxicity—
some cases of which have been fatal—due to the combination of an MAOI and 
meperidine. 1  ,  4  ,  6  

 Serotonin toxicity consists of a triad of neuroexcitatory features: neuromuscular 
hyperactivity (tremor, clonus, myoclonus, hyperrefl exia, and pyramidal rigidity), 
autonomic hyperactivity (diaphoresis, fever, tachycardia, and tachypnea), and 
altered mental status (agitation, excitement, and, in advanced cases, confusion). 
Generally, the onset of symptoms is rapid, occurring as the second drug reaches an 
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effective blood level. 1  Toxicity severity ranges from mild, self-limited symptoms to 
severe neurologic and hemodynamic instability and death. In mild cases, only 
 supportive treatment may be needed, including discontinuing the causative medica-
tion and providing intravenous hydration. 2  However, the patient should be moni-
tored closely because rapid deterioration may occur. 1  5-HT 2A  antagonists, such as 
cyproheptadine hydrochloride (oral) and chlorpromazine hydrochloride (intrave-
nous), are effective in reducing the symptoms of toxicity, and benzodiazepines are 
useful as adjunctive treatment to control agitation and to blunt hyperadrenergic 
responses. 1  ,  4  In severe cases, intubation, mechanical ventilation, and sedation may 
be required. 1  

  Editor’s Note     The specifi c interaction between phenelzine and meperidine has an 
important medical historical context in the United States. In 1984, Libby Zion, the 
daughter of journalist Sidney Zion, died within 24 hours of admission to a New York 
City hospital. She had been treated with phenelzine prior to admission, and was 
given meperidine shortly after arriving on the ward. She developed hyperthermia, 
and suffered unresuscitatable cardiac arrest. Her father believed she died because 
the medical residents caring for her were careless because of exhaustion, and suc-
cessfully made this case to the media and New York State legislature. In 1989, 
New York State instituted work-hour restrictions for postgraduate medical trainees, 
enshrined in what was named the “Libby Zion Law.” These restrictions were then 
nationally promulgated by the Accreditation Council of Graduate Medical Education 
in 2003. 7    

    Take-Home Points 

•     MAOIs are effective antidepressants but are typically not used as fi rst-
line treatment because of potentially severe interactions with foods and 
other medications.  

•   MAOIs inhibit the metabolism of numerous neurotransmitters, including 
dopamine, norepinephrine, epinephrine, serotonin, and tyramine.  

•   Meperidine is an opioid analgesic that also inhibits serotonin reuptake at pre-
synaptic nerve terminals.  

•   Serotonin has numerous effects throughout the body, including the modu-
lation of thermoregulation, appetite, pain perception, vascular tone, gastro-
intestinal motility, and sympathetic nervous system function.  

•   The combination of MAOIs and any medication that inhibits serotonin 
reuptake may lead to serotonin toxicity, which is characterized by neuro-
muscular hyperactivity, autonomic hyperactivity, and altered mental status.  
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•   Serotonin toxicity may be mild and self-limited or severe and fatal. 
Treatment consists of careful observation and supportive care, 5-HT 2A  
antagonists (cyproheptadine), and benzodiazepines.  

•   Meperidine is contraindicated in any patient who has received an MAOI in 
the previous 14 days.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrate:  phenelzine and meperidine  
   Mechanism:  serotonin reuptake inhibition  
   Clinical effects:  serotonin syndrome        

   References 
           1.    Gillman PK. Monoamine oxidase inhibitors, opioid analgesics and serotonin toxicity. 

Br J Anaesth. 2005;95:434–41.  
        2.   Rapaport MH. Dietary restrictions and drug interactions with monoamine oxidase inhibitors: 

the state of the art. J Clin Psychiatry. 2007;(68 Suppl 8):42–6.  
     3.    Clark RF, Wei EM, Anderson PO. Meperidine: therapeutic use and toxicity. J Emerg Med. 

1995;13:797–802.  
         4.    Boyer EW, Shannon M. The serotonin syndrome. N Engl J Med. 2005;352:1112–20.  
    5.    Mitchell RS. Fatal toxic encephalitis occurring during iproniazid therapy in pulmonary tuber-

culosis. Ann Intern Med. 1955;42:417–24.  
     6.    Stack CG, Rogers P, Linter SP. Monoamine oxidase inhibitors and anaesthesia: a review. 

Br J Anaesth. 1988;60:222–7.  
    7.   Lerner B. “A case that shook medicine” Washington Post, November 28, 2006.    

57 Meperidine, phenelzine, serotonin toxicity



281© Springer Science+Business Media New York 2015 
C. Marcucci et al. (eds.), A Case Approach to Perioperative Drug-Drug 
Interactions, DOI 10.1007/978-1-4614-7495-1_58

    Abstract 
 This case discusses a pharmacokinetic drug interaction involving absorption 
and the P-glycoprotein (P-gp) transport system. Morphine is a P-gp substrate 
and rifampin is a P-gp inducer.  

 Double Indemnity 
  Fatal Forty DDI:  morphine, rifampin, P-glycoprotein                     

       Lisa     Chan   MD     ,     Catherine     Marcucci   MD    , 
    Neil     B.     Sandson   MD    , and     Kirk     Lalwani   MD, FRCA, MCR   
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         Case 

 A 62-year-old man developed a painful case of shingles complicated by posther-
petic neuralgia while serving the last year of an 8-year prison sentence for posses-
sion and distribution of narcotics. Treatment options were somewhat limited during 
his period of incarceration. Fortunately, he experienced reasonable pain relief with 
an oral dose of morphine, a drug whose side-effect profi le he was very willing to 
tolerate. He was eventually titrated to a dose of MS Contin (120 mg BID). Shortly 
after his release, he was seen at his local Veterans Affairs (VA) clinic and diagnosed 
with tuberculosis. He was placed on several medications, including rifampin, and he 
indicated his willingness to be compliant, as he had seen several prison mates 
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succumb to the disease. Sixteen days later, he came to the multidisciplinary pain 
clinic at the regional VA hospital without an appointment. He described a severe 
loss of pain relief from the MS Contin, in spite of the fact that he had frequently 
“doubled up” the dose. Given his history, his primary care provider at the clinic had 
refused to prescribe a signifi cantly higher dose. He appeared agitated and in extreme 
pain, shouting “I can’t live in this hell, just go ahead and put me back in jail!”  

    Discussion 

  This is an example of a (P-glycoprotein) inducer added to a (P-glycoprotein) 
substrate.  

 This interesting drug–drug interaction does not occur as a result of alterations in 
P450-mediated metabolism. Rather, the kinetics of orally administered morphine in 
this case are mediated by the P-glycoprotein (permeability glycoprotein, or P-gp) 
transport system; morphine is a substrate molecule that will be continually trans-
ported back into the gut lumen by an intact transporter. 1  –  4  Rifampin, acting as an 
inducer, increases production of the transport protein, which increased the extrusion 
of morphine from enterocytes and back into the gut lumen. This serves to decrease 
systemic absorption. Some morphine is likely to be absorbed into the systemic vas-
culature despite induction of the P-glycoprotein pump within the plasma membrane 
of enterocytes. However, distribution from the systemic vasculature to the central 
nervous system (CNS) is also decreased through induction of the pump within the 
plasma membrane of blood–brain barrier (BBB) endothelial cells. Induction of the 
pump at this site leads to more extrusion of morphine from the cytosol of BBB 
endothelial cells and back into the systemic vasculature. 1  –  4  

 For any given dose of oral morphine, the presence of a P-glycoprotein inducer will 
cause a decrease in both the plasma level and the concentration of the drug in the 
central nervous system, rendering the original dose less effective in controlling the 
patient’s pain. Rifampin, in particular, has been demonstrated to cause a loss of 
analgesic effi cacy after coadministration with oral morphine for a period of several 
weeks. 5   

    Take-Home Points 

•     This is an effl ux pump P-glycoprotein mediated drug interaction.  

•   P-glycoprotein is a transporter, specifi cally an ATP-binding cassette sub-
family B member 1 (ABCB1), between intra- and extracellular membranes 
most commonly in the gut, liver, kidney, and brain.  
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•   P-glycoprotein has a wide variety of substrates: morphine, methadone, 
antiretroviral, and chemotherapeutic agents. While there is bidirectional 
transport, the net effl ux of oral morphine by intestinal P-gp reduces mor-
phine’s systemic absorption, and the net effl ux by blood brain barrier P-gp 
reduces morphine’s distribution into the CNS.  

•   Rifampin increases the production and thus net activity of P-gp, thereby 
increasing the amount of morphine extruded and decreasing the systemic 
levels of morphine.  

•   Likewise, inhibition of P-gp (by quinidine, for example) will increase the 
systemic levels and clinical effects of morphine.  

•   Current research is looking at the manipulation of P-gp to alter the side 
effect profi les of medications, such as reducing pruritus from morphine. 6      

    Summary 

     Interaction:  pharmacokinetic (absorption and distribution)  
   Substrate:  morphine  
   Transporter:  P-glycoprotein  
   Inducer:  rifampin  
   Clinical effects:  decreased bioavailability of morphine leading to loss of analgesia        
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         Case 

 A 75-year-old man was treated in the pain clinic for chronic back pain due to 
degenerative joint disease. He was on a stable dose of codeine (60 mg po every 6 
hours) for many months with satisfactory pain control. Despite availability of 
sustained- release analgesics, the patient always elected to remain on codeine, feel-
ing that his evening dose helped him fall asleep, and he didn’t want to “use that 
stronger stuff.” 

 However, one day he presented to the clinic with a 1 week acute exacerbation of 
pain, despite taking with his usual pain medications. He reported that extra doses of 
codeine weren’t helping, although a dose of acetaminophen seemed to partially 
alleviate his pain. The anesthesiologist noted that the patient had been seen by his 
internist 10 days earlier, who placed him on quinidine (300 mg po every 6 hours) for 

    Abstract    
 This case discusses the pharmacokinetic interaction between codeine and 
 quinidine. Codeine is a prodrug, metabolized to the active compound mor-
phine by CYP2D6, quinidine is a 2D6 inhibitor.  

 Breaking the Codeine 
  Fatal Forty DDI:  codeine, quinidine, CYP2D6                     

       Clint     Christensen MD,           Nathan     G.     Orgain MD,      
and     Randal     O.     Dull MD, PhD    
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control of his frequent atrial fi brillation episodes. The patient further explained that 
quinidine was started because sotalol, his previous medication, made him feel dizzy. 
He denied any other health or medication changes, and was very hesitant to deviate 
from his analgesic regimen, since he had experienced very good results in pain con-
trol until now.  

    Discussion 

  This is an example of an inhibitor added to a prodrug substrate.  

 Codeine is a well-known opioid used most commonly for its analgesic and antitus-
sive effects. Off-label, codeine is also used in the treatment of diarrhea, narcolepsy, 
and sickle cell crisis. Codeine is a prodrug that undergoes metabolism to three dif-
ferent compounds: norcodeine, codeine-6-glucuronide, and morphine. Morphine is 
the metabolite responsible for the majority of the analgesic effect of codeine. The 
conversion of codeine to morphine relies on metabolism via the cytochrome P450 
2D6 (CYP2D6) enzyme in the liver. 1  –  3  

 Quinidine is the most potent known inhibitor of CYP2D6. The addition of quini-
dine to this patient’s medications impaired the ability of 2D6 to convert codeine 
to morphine. The decrease in morphine production resulted in the loss of anal-
gesic effi cacy seen in this case. Numerous other drugs, including many antide-
pressants (eg, fl uoxetine, paroxetine, bupropion) and the phenothiazine 
antipsychotics (perphenazine, fl uphenazine, chlorpromazine), also interfere 
with the 2D6 pathway. In addition, 5% to 10% of Caucasians and 1% to 2% of 
Asians lack the 2D6 enzyme, and will also obtain an inadequate analgesic 
response to codeine. 2  ,  4  

 Quinidine is a class 1A antiarrhythmic that prolongs the electrocardiac refrac-
tory period and reduces automaticity in the heart. It is used primarily to treat 
atrial fi brillation and fl utter, but may also be used in the treatment of malaria. 
Concerns regarding increased mortality and the pro-arrhythmic potential of 
quinidine led to a substantial decrease in its use over the past 10 to 15 years, 
however this reputation has undergone recent reevaluation, and quinidine use 
may increase. 5  

 CYP2D6 metabolizes numerous other analgesics, including oxycodone and the 
prodrugs hydrocodone and tramadol. 6  Hydromorphone would be a good option 
for this patient, as it does not undergo 2D6 metabolism. Alternatively, if the quini-
dine is discontinued, the analgesic effi cacy of codeine should return within a few 
days.  
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    Take-Home Points 

•     Codeine’s analgesic effect depends primarily on its metabolism to mor-
phine via the CYP2D6 pathway.  

•   Quinidine is one of the most potent inhibitors of CYP2D6. When used in 
combination with codeine, it will likely result in inadequate analgesia.  

•   5% to 10% of Caucasians and 1% to 2% of Asians lack 2D6 and will likely 
obtain inadequate pain relief from codeine. For them, morphine or hydro-
morphone might be better alternative analgesics.  

•   Clinicians may encounter quinidine drug–drug interactions with greater fre-
quency in the future. Although rarely used at present, recent trials suggest that 
quinidine is a safe and effi cacious agent for the treatment of atrial fi brillation. 
It remains to be seen whether or not the use of this medication will increase 
based on this data. Quinidine has also been used successfully to treat idio-
pathic ventricular fi brillation, Brugada syndrome, and short QT syndrome.  

•   This case demonstrates how the consequences of substrate-inhibitor pair-
ings differ depending on whether the substrate is a prodrug or a “standard” 
drug. All substrate–inhibitor pairings raise substrate levels. In the case of a 
“standard” analgesic, such as oxycodone or methadone, the result is a 
 possible increase in effi cacy or even toxicity. In the case of prodrug anal-
gesics, such as codeine, hydrocodone, and tramadol, this interaction can 
produce a loss of effi cacy.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  codeine (prodrug)  
   Enzyme:  2D6  
   Inhibitor:  quinidine  
   Clinical effect:  decreased conversion to active metabolite (morphine)        
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         Case 

 A 45-year-old woman with a long history of depression and fi bromyalgia presented 
for a scheduled visit to her pain clinic. At her last appointment 3 months ago, she 
reported good control of symptoms andan average pain of 3/10 on an analog pain 
scale by taking onlytramadol (50 mg) several times per day 

 However, she now reported an average pain score of 8/10 that was interfering with 
her sleep, job, and other daily activities. Curiously, she reported not feeling as anx-
ious and upset as she expected when her troubled marriage fi nally ended and cred-
ited her psychiatrist with “staving off a mental collapse” by changing her standing 
citalopram dose (20 mg daily) to paroxetine (40 mg daily). The psychiatrist was 
contacted by phone and it was agreed that the patient should change back to 

    Abstract   
  This case discusses a pharmacokinetic interaction between tramadol and par-
oxetine. Tramadol is a prodrug cytochrome P450 2D6 substrate and parox-
etine is a 2D6 inhibitor.  

 The Ul  mate Ultram 
Primer I: My Mood Is 
Be  er, but Boy Do I Hurt! 
  Fatal Forty DDI:  tramadol, paroxe  ne, CYP2D6                     
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 citalopram, but increase the dose to 40 mg daily. A return appointment to the pain 
clinic 2 weeks later revealed that her pain intensity had returned to a manageable 
level and that both her mood and anxiety had improved with the increased dose of 
citalopram.  

    Discussion 

  This is an example of an inhibitor added to a prodrug substrate.  

 Tramadol is a commonly prescribed opioid analgesic for the management of both 
acute and chronic pain conditions. Tramadol produces analgesia through varied 
mechanisms. The preparation of tramadol consist of two isomers (+)-tramadol 
and (−)-tramadol and these produce analgesia through monoaminergic activity 
via the inhibition of serotonin and norepinephrine reuptake, respectively. 1  
Tramadol hydrochloride is also a prodrug that undergoes hepatic  O -demethylation 
by the cytochrome P450 (CYP) isoenzyme 2D6 into (+) and (−) 
O-desmethyltramadol, which is also known as M1. 2  The (+)-M1 metabolite is the 
primary contributor to the opioid activity of tramadol. There is substantial genetic 
variability of the CYP2D6 system among Caucasians, and it has been shown that 
less tramadol is metabolized to M1 and therefore has less analgesic activity 
among subjects who are poor metabolizers compared to those who are extensive 
metabolizers. 2  

 Multiple medications are known to inhibit the CYP2D6 system including the selec-
tive serotonin reuptake inhibitor (SSRI) class of antidepressants. 3  However, the 
degree of 2D6 inhibition varies among different SSRIs: paroxetine and fl uoxetine 
are the most potent inhibitors, sertraline is a moderate inhibitor, and citalopram only 
weakly inhibits this system. 3  It has been demonstrated that clinically used doses of 
paroxetine can inhibit the metabolism of tramadol to (+)-M1 by 67% and result in 
diminish the analgesic activity (see Fig.  60.1 ). 4   

 In this patient, the use of the potent 2D6 inhibitor, paroxetine, resulted in 
decreased metabolism of tramadol to M1. This inhibition resulted in lower levels 
of M1 and less opioid activity of tramadol, as evidenced by the abrupt increase 
in her pain intensity. Tramadol regained its opioid-mediated analgesic properties 
when her antidepressant was changed back again to citalopram. Even though 
citalopram is an inhibitor of 2D6, its action on this system is much less pro-
nounced than paroxetine, and in this patient was insuffi cient to reduce the anal-
gesia produced by tramadol. It should be noted that the adverse interactions 
between SSRIs and tramadol hydrochloride are not limited to decreased analge-
sic effi cacy of tramadol, but can also produce a life-threatening serotonergic syn-
drome, and patients should be monitored for this interaction when combining 
these medications. 5   
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    Take-Home Points 

•     Tramadol produces analgesia via multiple mechanisms including inhibi-
tion of the uptake of monoamines in the central nervous system and opioid 
activity by its metabolite (+)- O -desmethyltramadol (M1).  

•   Metabolism of tramadol into the M1 metabolite is mediated by the cyto-
chrome P450 enzyme 2D6.  

•   Multiple medications, including serotonin reuptake inhibitors (SSRIs), 
inhibit the 2D6 and can reduce the analgesic effect of tramadol by limiting 
its conversion to the M1 metabolite. However, the degree of 2D6 varies 
among the different SSRIs.  

•   The combination of SSRIs and tramadol can also result in the development 
of the serotonin syndrome and patients should be monitored for the devel-
opment of this syndrome.     

  Fig. 60.1    Median, 25th and 75th percentiles, and range of the metabolite (+)-M1 in 16 extensive 
metabolizers of sparteine after single oral dose of 150 mg tramadol after 3 days of pretreatment 
with either 20 mg/d paroxetine (shaded box) or placebo (white box). All measurements were made 
at 2, 4, 6, and 8 hours after medication [Modifi ed from Laugesen S, Enggaard TP, Pedersen RS 
et al. Paroxetine, a cytochrome P450 2D6 inhibitor, diminishes the stereoselective O-demethylation 
and reduces the hypoalgesic effect of tramadol.  Clin Pharmacol Ther . 2005;77:312–23. With per-
mission from Nature Publishing Group]       
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    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  tramadol (prodrug)  
   Enzyme:  2D6  
   Inhibitor:  paroxetine  
   Clinical effects:  decreased conversion of the prodrug tramadol to the more potent 

opioid metabolite led to decreased analgesic effect        
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         Case 

 Late on a Sunday morning, the anesthesiologist on call at a small regional hospital 
received a message from the operating room desk that Dr. Ashbury was posting an 
urgent case. The patient was a 32-year-old woman who was admitted to the ortho-
pedics service for a tibial fracture sustained during a fall while mountain biking. Dr. 
Ashbury had initially planned open reduction for the following day, but there were 
moderate concerns for the patient’s distal perfusion and she was bumped up to a 
Level II weekend case. She was very fi t and in good health. Her only standing 
 outpatient medication were bupropion (Wellbutrin XL ®  300 mg/d) and nortriptyline 
(50 mg qhs) which she had been prescribed with good result for postpartum depres-
sion 9 months earlier. She asked to have this continued, as her depression had been 

    Abstract   
  This case discusses the synergistic pharmacodynamic interaction between tra-
madol and bupropion resulting in new-onset seizures. A possible pharmaco-
kinetic interaction is also discussed.  

 The Ul  mate Ultram 
Primer II: I “Haight” 
Narco  cs, but I Hate 
Seizures More 
  Fatal Forty DDI:  tramadol, bupropion, CYP2D6, seizures                     
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very distressing to both her and her husband. On admission to the hospital the previ-
ous Friday, she had adamantly refused narcotics including morphine, hydromor-
phone, and fentanyl, stating, “Like the song says, I’ve seen the needle and the 
damage done.” The empathic orthopedics resident (yes, that could happen) fi nally 
elicited the history that her parents met in 1967 while living in a certain section in 
San Francisco during the Summer of Love and that both parents had struggled with 
lifelong addiction issues involving heroin and other opioids. She fi nally consented 
only to tramadol (Ultram ® , 75 mg po) every 4 hours as needed, not to exceed 300 mg 
per day. 

 The patient spent a weary 6 hours waiting to go into the operating room as the anes-
thesiologist was very busy with other trauma cases and the labor and delivery deck. 
Fortunately, she was not in signifi cant pain as she had continued to receive tramadol 
as needed. Just as the nurses were pulling the trays for her case, there was a STAT 
overhead call from the nurse covering the preoperative area as the patient had just 
had a seizure. After stabilization and successful completion of the surgical repair, 
she was admitted to the intensive care unit, where pain medicine and psychiatric 
consults were obtained. Both the tramadol and bupropion were discontined and the 
patient ultimately agreed to a fentanyl patch with adjuvant patient- controlled anal-
gesia. The psychiatric consultation-liaison service recommended that her nortripty-
line be continued. She was ultimately discharged with a planned consultation with 
the outpatient psychiatry service to discuss if it would be necessary to restart 
bupropion.  

    Discussion 

  This is an example of a synergistic pharmacodynamic interaction leading to a 
new-onset seizure. It is also an example of a possible pharmacokinetic interac-
tion involving a substrate (tramadol) added to an inhibitor (bupropion), 
impairing the metabolism to a pharmacologically more active compound at the 
μ-receptor.  

 Seizures are a known concern with both bupropion and tramadol, and to a greater 
extent than most other antidepressants and analgesics, respectively. 1  –  3  When these 
two agents are coadministered, the likelihood of new-onset seizures increases 
synergistically. 4  –  6  

 In addition to this pharmacodynamic drug–drug interaction (DDI), this combination 
also presents the possibility of an additional pharmacokinetic DDI. Tramadol is a 
synthetic analog of codeine with an analgesic effi cacy and potency less than that of 
morphine but greater than nonopioids. Metabolism includes a Phase I reaction to 
 O -desmethyltramadol (M1) mediated by cytochrome P450 (CYP) 2D6. 7  ,  8  There are 
other metabolites from other CYP reactions, but the M1 metabolite is notable since 
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it has affi nity 300 times greater than that of the parent compound for μ-opioid recep-
tors. Tramadol also inhibits neuronal reuptake of norepinephrine and serotonin, 
while also increasing presynaptic release of serotonin. Since bupropion is a mean-
ingful CYP2D6 inhibitor, it would be expected that bupropion could interfere with 
this conversion and accordingly impair tramadol’s analgesic effi cacy. 9  However, 
while this DDI is theoretically sound, it has not yet been empirically demonstrated.  

    Take-Home Points 

•     Bupropion and tramadol are both known seizure-genic medications. 
Co administering these medications synergistically increases this already 
elevated risk of new-onset seizures.  

•   Inhibitors of CYP2D6 can decrease the analgesic effi cacy of tramadol by 
impairing tramadol’s conversion to its more potent μ-receptor agonist 
metabolite,  O -desmethyltramadol (M1). Although this has not yet been 
empirically demonstrated, it is reasonable to suspect that this could also 
occur when tramadol is coadministered with bupropion.     

    Summary 

     Interaction 1:  pharmacodynamic  
   Substrates:  tramadol and bupropion  
   Mechanism of action:  synergistic lowering of the seizure threshold  
   Clinical effect:  new-onset seizure   

    Interaction 2 (theoretical) : pharmacokinetic  
   Substrate:  tramadol  
   Enzyme:  2D6  
   Inhibitor:  bupropion  
   Clinical effect:  loss of analgesic effect        
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    Abstract 
   This case discusses pharmacokinetic and pharmacodynamic drug–drug 
 interactions between tramadol and paroxetine resulting in serotonin syndrome.  

         Case 

 A 67-year-old woman underwent a right total knee arthroplasty for chronic 
 osteoarthritis. Her medical history was also notable for chronic back pain, 
 fi bromyalgia, and a 30-year history of recurrent depression, which was well 
 controlled with paroxetine (20 mg daily). Her other medical problems included 
 urinary incontinence and a history of painful herpes zoster. Other medications 
included diclofenac and acetaminophen. 

 Before surgery, the patient underwent a single-injection sciatic nerve block and 
placement of a femoral nerve catheter for postoperative pain control. She had an 
uncomplicated intraoperative course and was ordered for supplemental oral acet-
aminophen and tramadol (50 mg, 6 h) as needed. She had good pain control 
 postoperatively with the femoral nerve catheter and required only one dose of 
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 tramadol during her hospital stay. The femoral nerve catheter was removed in the 
afternoon on postoperative day 2, and she was discharged to home early on postop-
erative day 3. She was instructed to continue the scheduled acetaminophen and was 
given a prescription to continue tramadol therapy as needed. 

 The patient’s knee pain had become intolerable shortly after arriving home, so she 
began taking twice the prescribed dose of tramadol. The next day, the paramedics 
were called when the patient had a sudden onset of confusion, myotonic jerks, 
labored breathing, and increased salivation. She was noted to have a temperature of 
38.7°C; blood pressure, 176/102 mm Hg; heart rate, 100 beats per minute; respira-
tory rate, 16 breaths per minute. Her oxyhemoglobin saturation on room air was 
98%. She had dilated pupils, a mild, bilateral 10-Hz hand tremor, and was diapho-
retic with fl ushed skin. Her neurologic exam and head computed tomography were 
normal and serum laboratory studies were also normal. The patient was admitted to 
the hospital and her home medications were withheld. The embarrassed resident 
apologized, saying, “I missed it. Her medication list looked routine to me for a lady 
her age.” The patient improved to baseline condition on hospital day 2.  

    Discussion 

  This is an example of a pharmacokinetic interaction involving a substrate 
added to an inhibitor. It is also an example of a pharmacodynamic interaction 
leading to serotonin syndrome.  

 Serotonin (5-hydroxytryptamine [5-HT]) syndrome is characterized by the triad of 
altered mental status, autonomic dysfunction, and neuromuscular abnormalities. 1  The 
revised diagnostic criteria for serotonin syndrome described by Radomski et al. require 
either the addition or an increased dose of a serotonergic medication, along with four 
major symptoms or three major symptoms plus two minor symptoms. 2  The major 
symptoms include mental status changes of confusion, euphoria, obtundation, or coma; 
autonomic dysfunction demonstrated by hyperthermia or diaphoresis; and neuromus-
cular dysfunction demonstrated by myoclonus, tremors, chills, rigidity, or hyperre-
fl exia. Minor symptoms include mental status agitation and nervousness or insomnia; 
autonomic dysfunction demonstrated by tachycardia, tachypnea and dyspnea, diarrhea, 
and low or high blood pressure; and neuromuscular dysfunction resulting in ataxia, 
mydriasis, or akathisia. These symptoms cannot be due to a preexisting psychiatric 
disorder, infection, a toxic-metabolic or endocrine cause, or recent treatment with a 
neuroleptic agent. A diagnosis of the syndrome can be made clinically after both rec-
ognition of the signs and symptoms and a careful review of the patient’s medications. 

 The pathophysiologic characteristics of serotonin syndrome are not completely 
clear. 3  Although no single receptor appears to be responsible for its development, 
several lines of evidence converge to suggest that agonism of 5-HT 2A  receptors 
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 contributes substantially to the condition. 1  The population at risk for serotonin syn-
drome includes patients taking one or more medications that increase serotonin 
levels, such as monoamine oxidase inhibitors (MAOIs), tertiary amine tricyclic 
 antidepressants, selective serotonin receptor inhibitor (SSRIs), meperidine, over-
the- counter cough medicines containing dextromethorphan, linezolid (a synthetic 
antibiotic with MAOI activity), ritonavir (an antiviral), weight-reduction agents 
(sibutramine), antiemetics (ondansetron, granisetron, metoclopramide), antimi-
graine agents (triptans), drugs of abuse (methylenedioxymethamphetamine or 
“ecstacy,” lysergic acid diethylamide or “LSD,” Syrian rue), and herbal supplements 
(tryptophan, St. John’s wort, ginseng). 1  

 Several published case reports describe serotonin syndrome attributed to the concomi-
tant use of an SSRI and tramadol. 3  –  7  Tramadol is a unique analgesic medication with 
both opioid and nonopioid properties. Studies  in vitro  and  in vivo  have shown that tra-
madol-induced pain relief is mediated through binding of μ-opioid receptors, as well as 
inhibiting reuptake of norepinephrine and serotonin. 4  Tramadol is metabolized through 
the cytochrome P450 (CYP) isozyme 2D6, and many SSRIs (fl uoxetine, paroxetine, 
high-dose sertraline) are known to have a moderate to potent inhibitory effect on this 
isozyme, 4  ,  5  Therefore, in addition to aggregate serotonin agonism, another contributing 
mechanism in serotonin syndrome development with concurrent use of tramadol and 
certain SSRIs is the inhibition of CYP2D6 by the SSRI, leading to increased tramadol 
levels with subsequent increased serotonin levels. 

 Additionally, seizures have been reported in patients taking tramadol in excessive 
doses, persons predisposed to seizures (those who abuse drugs or alcohol or those 
with stroke, head injury, or epilepsy), and patients taking antidepressants or other 
medications that lower the seizure threshold. 7  In the absence of these factors, trama-
dol alone has not been linked to an increased rate of seizures. 7  Goldsmith et al. 
described the case of a patient with obsessive-compulsive disorder who achieved 
complete remission after the addition of tramadol to his fl uoxetine therapy, suggest-
ing relevant serotoninergic properties of tramadol. 8  

 Most cases of serotonin syndrome are managed adequately with supportive care that 
includes intravenous fl uid therapy, cardiovascular monitoring, and removal of the 
offending drug or drugs. No standard pharmacologic therapies exist for serotonin 
syndrome; however, benzodiazepines, cyproheptadine, and chlorpromazine have 
been reported to be helpful. 1  ,  7  Most cases have acute onset (<24 h) and resolve 
within 24 hours after therapy initiation and the discontinuation of the offending 
agent or agents. 1  Admission to an intensive care unit may be required with severe 
serotonin syndrome. 7  

 Little is known about 5-HT concentrations in cerebrospinal fl uid. However, several 
cases of serotonin syndrome with increased 5-HT concentrations have been reported, 
suggesting that cerebrospinal 5-HT may be a useful test in correctly identifying 
serotonin syndrome. 3   
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    Take-Home Points 

•     Tramadol is a unique analgesic that has opioid and nonopioid properties. 
Its proposed mechanisms of action include binding to μ-opioid receptors 
and inhibiting the reuptake of norepinephrine and serotonin.  

•   The concomitant administration of an SSRI and tramadol increases the risk 
for serotonin syndrome.  

•   Serotonin syndrome is characterized by the triad of altered mental status, 
autonomic dysfunction, and neuromuscular abnormalities.  

•   Seizures have been reported in patients taking tramadol excessively or tak-
ing it concomitantly with drugs that lower the seizure threshold.  

•   Most cases of serotonin syndrome are self-limited and resolve within 24 
hours of initiating supportive care and discontinuing the offending agent or 
agents.  

•   Tramadol and SSRIs are commonly used medications. Education of physi-
cians, modifi cation in prescribing practices, and patient education are 
important steps to take for the detection and avoidance of adverse drug–
drug interactions.     

    Summary 

     Interaction 1:  pharmacokinetic  
   Substrate:  tramadol  
   Enzyme:  2D6  
   Inhibitor:  paroxetine  
   Clinical effect:  serotonin syndrome   

    Interaction 2:  pharmacodynamic  
   Substrates:  tramadol and fl uoxetine  
   Mechanism/site of action:  inhibition of reuptake of serotonin in peripheral and 

central neurons, agonism of 5-HT 2A  receptors  
   Clinical effect:  serotonin syndrome        
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    Abstract    
 This case discusses the drug–gene interaction between cytochrome P450 2D6 
and the prodrug codeine resulting in enhanced narcotic effects.  

         Case 

 At 2:30 AM, the on-call anesthesia resident was called to a fl oor “code” and 
 discovered an unresponsive 60-year-old male patient with a pulse of 60 beats per 
minute. After establishing successful bag-mask ventilation, the resident asked to 
speak to the patient’s spouse who had been dozing in the day lounge, but discovered 
that the patient and spouse were from Saudi Arabia and did not speak English. 

 The nurse reported that 3 days earlier, the patient underwent a left total hip arthro-
plasty. He had hypertension treated with lisinopril and diabetes, which he was trying 
to manage with diet. He had renal insuffi ciency after surgery, and his postoperative 
creatinine value was 1.8 mg/dL. His other laboratory results earlier that day were 
normal, including values of both hemoglobin and an electrolyte panel. He had been 
using patient-controlled analgesia with fentanyl, which was changed the previous 
morning to a combination of acetaminophen and codeine (300 mg/60 mg) for pain. 
The nurse noted that the patient seemed sleepier throughout the day, but he had 
continued to report pain and was given his codeine as scheduled. The nurse came in 
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about 1 hour after his last dose of codeine to obtain vital signs and assess his pain 
level and discovered that the patient was unresponsive. 

 An arterial blood gas showed respiratory acidosis with an arterial partial pressure 
of carbon dioxide of 105 mm Hg. Naloxone was given intravenously, and a few 
minutes later the patient became fully responsive and, fortunately, stated that 
his  pain was tolerable. The patient was transferred to a monitored care unit and 
a  low- dose naloxone infusion was initiated.  

    Discussion 

  This is an example of a pharmacogenomic-related problem caused by 
 ultra-rapid metabolism of codeine, leading to toxicity.  

 Codeine is a prodrug that is metabolized by the hepatic enzyme cytochrome P450 
(CYP) 2D6 to its active metabolite, morphine. 1  Morphine is subsequently glucuron-
idated to its primary metabolites, morphine-3-glucuronide and morphine-6- 
glucuronide, through the enzyme UDP-glucuronosyltransferase 2B7 (UGT2B7). 
Morphine and morphine-6-glucuronide both contain active analgesic and sedative 
properties. 

 Genetic variants related to codeine metabolism have been identifi ed. Patients who 
have poor CYP2D6 metabolism metabolize codeine to the active metabolites to a 
lesser degree than patients with extensive 2D6 metabolism, who metabolize codeine 
in a normal manner. Persons with a poor metabolizer genotype receive less analgesia 
from codeine than those with an extensive metabolizer genotype. 2  In contrast, some 
individuals have ultra-rapid metabolism of codeine, and they produce greater con-
centrations of morphine than individuals with the extensive metabolizer genotype. 2  

 The patient in this example presented as someone with an ultrarapid metabolism of 
codeine due to a duplication of the  CYP2D6  gene, which led to greater-than- average 
conversion of codeine to morphine. These increased concentrations of morphine 
subsequently rely on normal morphine metabolism and clearance. Up to 55% of 
morphine may be renally excreted as morphine-3-glucuronide, 10% as the parent 
compound (morphine), 4% as normorphine, and approximately 10% as morphine-
6- glucuronide, which has twice the potency of morphine. 3  In this case, clearance of 
morphine and morphine-6-glucuronide was impaired because of the patient’s renal 
insuffi ciency, resulting in severe respiratory depression and, ultimately, respiratory 
arrest. 4  Naloxone was given, successfully antagonizing the respiratory depression of 
morphine and morphine-6-glucuronide. However, the patient was transferred to a 
monitored care unit for close observation and the administration of a naloxone 
 infusion because the half-life of naloxone is shorter than the half-life of morphine. 

Opioids



305

 Likely, this pharmacogenomic metabolic problem may be further compounded 
by other pharmacokinetic issues. Drugs that inhibit CYP34A may cause inhibi-
tion of a metabolic pathway of codeine also. In one case report, the use of the 
macrolide antibiotic clarithromycin in combination with the azole antifungal 
voriconazole resulted in 34A inhibition and prevented the conversion of codeine 
to norcodeine (Fig.  63.1 ). 5  This “perfect storm” caused by ultra-rapid 2D6 metab-
olism  (preferential conversion to morphine), renal failure (inhibition of glucuro-
nide metabolite excretion), and 3A4 inhibition resulted in a life-threatening 
codeine intoxication.  

Norcodeine
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elimination

 Reduced in
renal failure

Renal
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Codeine-6-
glucuronide

Morphine-3-
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CYP3A4 UGT2B7
UGT2B7
UGT1A1

UGT2B7
UGT1A1

Codeine
CYP2D6, CYP2D7

CYP2D6

  Fig. 63.1    Codeine metabolism pathways. Codeine is primarily metabolized by the enzyme 
CYP3A4 to norcodeine and by the UGT2B7 enzyme to codeine-6- glucuronide. Codeine is also 
metabolized, usually to a lesser extent, by the CYP2D6 and CYP2D7 enzymes to morphine. In 
individuals with ultra-rapid metabolism, the activity of the CYP2D6 enzyme is increased, which 
increases the conversion of codeine to morphine. After codeine is converted to morphine, morphine 
is metabolized to morphine-3-glucuronide and morphine-6-glucuronide by the enzyme UGT2B7 
and, to a lesser extent, the enzyme UGT1A1. Morphine is also transformed to normorphine. The 
metabolites that have been glucuronidated are renally excreted, including codeine-6-glucuronide, 
morphine-3- glucuronide, and morphine-6-glucuronide. In renal failure or renal insuffi ciency, the 
elimination of these metabolites is reduced. Therefore, in patients with ultra-rapid metabolism and 
reduced renal function, levels of morphine and morphine-6-glucuronide, which may cause sedation 
and respiratory depression, are increased [Based on data from Ref.  5 ]       

 

63 Fatal Forty DDI: codeine, drug–gene interaction, CYP2D6



306

 The frequency of the 2D6 ultrarapid metabolizer genotype is variable. In white 
 persons, the frequency is low—from 1% to 5%—and depends on the geographic 
location of their ancestry. In Asian individuals, the frequency is even lower. By 
comparison, persons of Mediterranean, Saudi Arabian, and Ethiopian descent have 
greater frequencies of ultra-rapid metabolism, with almost one-third of individuals 
in Ethiopia having the ultra-rapid metabolizer genotype. 6  Of note, the opioid trama-
dol  hydrochloride is also a prodrug metabolized through the CYP2D6 enzyme to an 
active metabolite, (+)- O -desmethyltramadol. Thus, individuals with the ultra-rapid 
metabolizer genotype are also at risk for toxicity with tramadol administration. 6  
Patients from these geographic regions may require a heightened level of suspicion 
for the ultra-rapid metabolizer genotype, and it may be prudent to avoid the use of 
codeine or tramadol in these individuals.  

    Take-Home Points 

•     When administering a prodrug, health care providers should be aware that 
patients may experience less drug effect than expected (poor metabolism) 
versus greater effect or more adverse effects than expected (ultra-rapid 
metabolism).  

•   Toxicity, including respiratory depression, is possible for patients who are 
taking codeine or tramadol and possess the ultra-rapid metabolizer 
genotype.  

•   The frequency of the ultra-rapid metabolizer genotype varies on the basis 
of geographic location. When caring for patients from geographic loca-
tions with increased frequencies of this genotype, providers should give 
consideration to the use of alternatives to codeine or tramadol.  

•   Renal insuffi ciency or renal failure can lead to the accumulation of many 
drugs and, when combined with altered metabolism due to genetic varia-
tion, can become especially dangerous.     

    Summary 

     Interaction:  pharmacogenomic (drug–gene)  
   Substrate:  codeine  
   Enzyme:  CYP2D6  
   Mechanism:  ultra-rapid metabolism  
   Clinical effects:  enhanced narcotic effects including somnolence and respiratory 

depression        
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    Abstract    
 This introduces drug–drug interactions involving nonopioid pain medications.  

      The armamentarium of analgesic medications is not limited to opioids, but consists 
of a wide variety of drugs including nonsteroidal antiinfl ammatory drugs (NSAIDs), 
acetaminophen, muscle relaxants, ergot alkaloids, antidepressants, and anticonvul-
sants. Complicating the situation for the pain practitioner is the reality that pharma-
cotherapy for many patients with chronic debilitating pain very often consists of 
multiple drugs, which increases the risk for drug–drug interactions (DDIs). The pres-
ence of signifi cant psychiatric comorbidities in this most deserving, yet often clini-
cally challenging, cohort of patients mandates a constant vigilance against DDIs. 

 Unfortunately for both the patient and the practitioner, DDIs involving the 
 nonopioid pain medications have a high degree of clinical acuity and can be fatal. 
This is refl ected by the number of non-opioid pain medications that appear on the 
 Fatal Forty  1 —namely, NSAIDs, cyclobenzaprine, carbamazepine, and tricyclic 
antidepressants. 

 The best way to start the process of weeding through the thicket of possible non- 
opioid DDIs is to acquire a working knowledge of the cytochrome P450 (CYP) 2D6 
enzyme. Next, the tricyclic antidepressants—amitriptyline, nortriptyline, desipra-
mine, imipramine and others—are a good jumping-off point into this material. They 
all act as CYP2D6 substrates, some preferentially. Although intentional overdoses 
with tricyclic antidepressants have become less common in clinical practice, these 
antidepressants are still an important source of serious or fatal arrhythmias, espe-
cially when used in conjunction with other medications. 

1   The Forty Drugs You Must Know To Keep Your Patients and Yourself Safe from Harm 
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 Next, we would recommend giving attention to the NSAIDs. These are ubiquitous 
medications in the acute and chronic pain populations and, really, in the general 
population as well. Since NSAIDS are available over the counter, patients may not 
disclose their regular use. However, they are often not benign. NSAID–induced 
gastropathies result in tens of thousands of hospitalizations and countless deaths per 
year. The cardiovascular and renal toxicities secondary to NSAIDs harm thousands 
more annually. What is less appreciated is the potential for serious drug–NSAID 
interactions. 

 For example, NSAIDs when administered with phenytoin can result in signifi cant 
phenytoin toxicity. Similarly, acetaminophen, also ubiquitous in clinical practice, is 
often overlooked as it is formulated with opioid analgesics as well as over the coun-
ter cough, cold, fever, and headache remedies. However, its potential to induce life-
threatening hepatoxicity cannot be ignored. 

 A representative array of clinical cases is presented in this section to remind the 
reader, that although nonopioid analgesics may have higher therapeutic indices than 
narcotics, one must always be mindful that they can produce DDIs that range from 
unpleasant to lethal.   
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 Pining for Pete 
in the Pain Clinic 
  Fatal Forty DDI:  nortriptyline, paroxe  ne, CYP2D6                     

       Steven     S.     Liu      MD,     Toby     N.     Weingarten MD,      
and     Catherine     Marcucci MD    

    Abstract    
 This case discusses the interaction of nortriptyline and paroxetine. 
Nortriptyline is a tricyclic antidepressant (TCA) that is a cytochrome P450 
2D6 substrate and paroxetine is a 2D6 inhibitor. The interaction resulted in 
TCA toxicity. The metabolism of other TCAs is discussed.  

         Case 

 A 59-year-old woman with chronic neuropathic pain associated with postherpetic 
neuralgia reported to the pain clinic for a regular visit. She had been on a 4-year 
stable regimen of oral nortriptyline, (100 mg taken at night). Her neuropathic pain 
was well controlled, but over the past month she noticed frequent palpitations, diz-
ziness, and dry mouth. Her physical exam was remarkable for mydriasis and 
decreased bowel sounds. On further questioning, she began to weep and stated that 
she had been struggling with several months of severe grief because her beloved 
companion dog Pete was struck and killed by a car. She was worried she was becom-
ing depressed and 6 weeks ago sought treatment from a psychiatrist. The 
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psychiatrist diagnosed an adjustment disorder and initiated had recently started her 
on oral paroxetine (20 mg). An electrocardiogram was obtained in the offi ce and 
was notable for sinus tachycardia with a heart rate of 135 beats per minute. A phone 
call was immediately placed to the psychiatrist’s offi ce.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 The interaction between nortriptyline and paroxetine is a recognized and clinically 
signifi cant drug–drug interaction (DDI). 1  

 Nortriptyline is a tricyclic antidepressant (TCA) approved for use of the treatment 
of symptoms of depression. However, in contemporary practice it is often used to 
treat neuropathic pain, postherpetic neuralgia, fi bromyalgia, anxiety, and enuresis. 
Nortriptyline is a secondary amine TCA (along with desipramine and protriptyline). 
Nortriptyline undergoes hepatic metabolism primarily by hydroxylation by the 
cytochrome P450 (CYP) 2D6 isoenzyme and to a lesser extent by demethylation by 
the CYP3A4, 2C19, and 1A2 isoenzymes. 2  CYP2D6 is believed to be responsible 
for 90% of nortriptyline metabolism. 3  Typical side effects of TCA relate to their 
anticholinergic actions including dryness of the mouth and drowsiness. 4  Toxicity 
from nortriptyline and other TCA drugs can manifest as more severe anticholinergic 
effects including tachycardia, hyperpyrexia, tremors, convulsions and death. 4  

 Paroxetine is a selective serotonin reuptake inhibitor (SSRI) used in the treatment of 
depression, social anxiety, and post-traumatic stress disorder. It is one of the most 
potent competitive 2D6 inhibitors of clinically used SSRIs. 5  ,  6  The pharmacokinetic 
DDI between nortriptyline and paroxetine is recognized. Briefl y, the addition of 
paroxetine represented a disruption of the metabolic equilibrium of nortriptyline. 
Although the case does not specify an increase in nortriptyline blood levels, up to a 
four-fold increase would be possible in such a scenario. Hence, this patient pre-
sented with a state of mild TCA toxicity. 

 This case also demonstrates the multiple problems faced by pain practitioners pre-
scribing tricyclic antidepressants. All TCAs are at least partial substrates of 2D6 7  
(Table  65.1 ). The tertiary amine TCAs (imipramine, clomipramine, and amitripty-
line) also undergo differential metabolism by the enzymes CYP3A4, 2C19, and 
1A2, depending on the individual TCA in question. This mandates an awareness of 
the inhibitors of each of the enzymes. Many patients with chronic pain also suffer 
from major depression and other psychiatric illnesses. Much like intensive care 
physicians, chronic pain physicians must carefully choose and prescribe in a com-
plicated pharmacologic milieu. Even so, as in this case, the most careful prescriber 
can get tripped up by the other practitioner. Robust and continuous education by the 
pain practitioner of himself and the patient, and ongoing communication with the 
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other prescribing physicians is imperative. A better choice by the psychiatrist, given 
the preexisting stable effi cacy of the nortriptyline and the patient’s symptoms was 
an antidepressant with less inhibition of CYP2D6, such as citalopram or venlafax-
ine (neither of which is a potent CYP2D6 inhibitor).

       Take-Home Points 

•     All tricyclic antidepressants are at least partially metabolized by CYP2D6.  

•   Nortriptyline, as a secondary amine TCA, is preferentially a 2D6 substrate.  

•   Paroxetine is a strong competitive 2D6 inhibitor.  

•   This recognized DDI will produce up to fourfold increases in nortriptyline 
levels and clinical TCA toxicity.     

   Table 65.1    Cytochrome P450s of primary importance for the metabolism of antidepressant and 
neurologic drugs: a schematic presentation   

 Cytochrome 
P450  Antidepressants  Neuroleptics 

 CYP1A2  Fluvoxamine  Clozapine 
 Olanzapine 

 CYP2C19  Amitriptyline 
 Citalopram 
 Clomipramine 
 Moclobemide 

 CYP2D6  Amitriptyline  Haloperidol 
 Clomipramine  Perphenazine 
 Desipramine  Risperidone 
 Fluoxetine  Thioridazine 
 Imipramine 
 Mianserin 
 Mirtazapine 
 Nortriptyline 
 Paroxetine 
 Venlafaxine 

 CYP3A4/5  Mirtazapine  Haloperidol a  
 Reboxetine  Minor enzyme(s) for most 

neuroleptics  Minor enzyme(s) for most 
antidepressants 

   a CYP3A4/5 is only important at high haloperidol doses 
 [Reprinted from Bertilsson L. Metabolism of antidepressant and neuroleptic drugs by cytochrome 
p450s: clinical and interethnic aspects.  Clin Pharmacol Ther.  2007;82:606-9. With permission 
from Nature Publishing Group]  
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    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  nortriptyline  
   Inhibitor:  paroxetine  
   Enzyme:  CYP2D6  
   Clinical effect:  quinidine-like effects on cardiac conduction from nortriptyline 

toxicity        
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 You Do Not Look Well 
Today, Mon Ami 
  Fatal Forty DDI:  amitriptyline, amiodarone, 
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    Abstract    
 This case discusses pharmacokinetic and pharmacodynamic interactions 
between amitriptyline and amiodarone, resulting in QRS widening.  

         Case 

 A 62-year-old man presented to the operating room for a microvascular trigeminal 
nerve decompression. He suffered greatly from right-sided V2 distribution trigemi-
nal neuralgia and had failed conservative management with a 6-month course of 
amitripytline (100 mg per night) and numerous peripheral nerve blocks. He had also 
failed previous trials of carbamazepine, oxcarbazepine, topiramate, phenytoin, and 
gabapentin. 
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 A brief, nonsustained burst of ventricular fi brillation was noted right after 
 induction of anesthesia and the surgery was cancelled. Amiodarone(150 mg) was 
given intravenously (IV) in the operating room and the patient was admitted to 
the  intensive care unit postoperatively. He received amiodarone(360 mg) over the 
next 6 hours and 540 mg in the remaining 18 hours to complete his dosing 
 schedule. However, the patient continued to have infrequent but persistent runs 
of ventricular fi brillation. Each episode was appropriately controlled with further 
IV dosing of amiodarone. The Cardiology service was consulted and he was 
 discharged home after two “arrhythmia-free” days with an oral loading dose of 
amiodarone (800 mg daily for 1-3 weeks). He was then to reduce his dose to 
400 mg daily for the next month. 

 The patient’s trigeminal neuralgia pain continued unabated and the patient contin-
ued taking his usual dose of amitriptyline. One week after returning home, his 
 partner noticed that his pupils appeared dilated and he seemed unusually listless and 
restless. The patient admitted to his partner that he had had diffi culty urinating for 
the last 24 hours, who took him immediately to the emergency department. His 
 electrocardiogram was notable for widened QRS complexes and he was admitted to 
the Coronary Care Unit.  

    Discussion 

  This is a mixed example of both a pharmacodynamic interaction and also a 
pharmacokinetic interaction in which an inhibitor is added to a substrate.  

 Tricyclic antidepressants (TCAs) are particularly important drugs with regard to 
drug–drug interactions (DDIs). They have a low therapeutic index by virtue of their 
quinidine-like effects on cardiac conduction. Additionally, they are quite suscepti-
ble to being “victims” in DDIs. These traits explain why TCAs are included in the 
 Fatal Forty . 

 The pharmacodynamic dimension of this interaction is straightforward. Both ami-
triptyline and amiodarone exert effects in cardiac conduction. When coadminis-
tered, these agents can produce synergistic QT prolongation which can progress to 
potentially fatal arrhythmias such as torsades de pointes or even ventricular 
fi brillation. 1  ,  2  

 In terms of the pharmacokinetic interaction, amitriptyline, as a tertiary amine TCA, 
undergoes both hydroxylation by cytochrome P450 (CYP) enzyme 2D6 and also 
demethylation by CYP2C19, 3A4, and 1A2. 3  ,  4  The latter process actually catalyzes 
the hepatic conversion of amitriptyline into nortriptyline. Amiodarone is basically a 
paninhibitor, and accordingly inhibits the activity of these enzymes. 2  ,  5  As a result, 
the addition of amiodarone to the patient’s regimen elevated amitriptyline levels, 
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further increasing the arrhythmogenic potential of this drug combination. 
The patient’s diffi culty in micturition is due to the enhanced anticholinergic effects 
from elelvated amitriptyline levels.  

    Take-Home Points 

•     Tricyclic antidepressants are used in a variety of neuropsychiatric condi-
tions including chronic pain and are worthy of attention whenever they 
appear in a medication list.  

•   Tricyclic antidepressants have a low therapeutic index and have quinidine-
like effects on cardiac conduction.  

•   Amitriptyline is a substrate of 2C19, 3A4, and 1A2.  

•   Amiodarone is a paninhibitor.     

    Summary 

     Interaction 1:  pharmacodynamic  
   Substrates:  amitriptyline and amiodarone  
   Site of action/mechanism:  synergistic arrhythmogenic effects on cardiac 

conduction  
   Clinical effect:  cardiac arrhythmias   

    Interaction 2:  pharmacokinetic (so obviously dumb that not enough folks have 
done it to produce an extensive literature of reported cases)  

   Substrate:  amitriptyline  
   Inhibitor:  amiodarone  
   Enzymes:  CYP2D6, 1A2, 3A4  
   Clinical effect:  elevated amitriptyline levels and thus greater arrhythmia risk        
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 My Headache Is Gone, 
But My Leg Now Hurts 
  Fatal Forty DDI:  methysergide, erythromycin, CYP3A4                     
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and     Wayne     T.     Nicholson MD, PharmD, MSc    

    Abstract    
 This case discusses the pharmacokinetic interaction between methysergide 
and erythromycin resulting in vasospasm. Merthysergide is a cytochrome 
P450 3A4 substrate and erythromycin is a 3A4 inhibitor.  

          Case 

 A 60-year-old woman presented to a hospital multidisciplinary pain clinic for evalu-
ation of migraine headaches and cluster headaches. She complained also of sinus 
pain precipitated by multiple episodes of acute and chronic sinusitis. She resided 
both in Europe and the United States and stated that she obtained medical care and 
medications “on both sides of the Atlantic, but not penicillin, I’m deathly allergic,” 
as she travelled back and forth frequently and was a dual citizen. She requested a 
refi ll of methysergide as she felt that ameliorated her migraine symptoms most 
effectively. She was frustrated to learn it was not available in the United States but 
stated that she had a large stockpile in Europe and she would continue to get it there. 
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 On a return visit, the patient reported continued use of methysergide for frequent 
migraines and a recent prolonged bout of sinusitis that caused great pain and 
required a 10-day course of erythromycin. She stated that her migraine and sinus 
pain were quiet that day, but “now I seem to be a leg pain patient.” Examination 
showed a cold, pale foot with no appreciable capillary refi ll. Posterior tibial and 
dorsalis pedis pulses were neither palpable nor detectable with a Doppler examina-
tion. She received an angiogram, which showed vasospasm of the right popliteal 
artery. She was treated with intra-arterial vasodilator therapy, and blood fl ow was 
restored to the foot.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 More specifi cally, it is an example an inhibitor of the cytochrome P450 (CYP) iso-
zyme 3A (erythromycin) added to a substrate (methysergide), leading to methyser-
gide toxicity. 

 The serotonin 5-hydroxytryptamine (5-HT) receptors are present in the central and 
peripheral nervous system and mediate both excitatory and inhibitory neurotrans-
mission. The contemporary migraine-specifi c drugs all act as agonists at certain 
subclasses of serotonin 5-HT receptors. The pharmacology of ergot alkaloids is 
complex and effects differ depending on the drug. Methysergide is used prophylac-
tically in the treatment of migraine headaches. 1  Methysergide is an antagonist of 
several receptors including 5-HT 2A , 5-HT 2B , 5-HT 2C , and an agonist of the 5-HT 1B  
receptor and, possibly, the 5-HT 1D  receptor. 2  

  In vitro  studies suggest that methysergide contracts arteries, possibly through 
5-HT 1B  receptors. In addition, antagonism of the 5-HT 2B  and 5-HT 2C  receptors leads 
to increased levels of neuropeptide Y with acute drug administration and increased 
levels of neuropeptide Y mRNA with long-term drug administration. Neuropeptide Y, 
a vasoconstrictor found in some sympathetic nerves, blocks neurogenic infl amma-
tion. 2  In addition to these serotonergic effects, peripheral vasoconstriction may be 
due in part to partial agonist or antagonist effects at adrenergic and dopaminergic 
receptors. 3  In a more complete review, Silberstein discusses the pharmacology of 
methysergide and its metabolite for migraine therapy. 2  

 Methysergide is only one of the ergot alkaloids employed in the therapy of migraine 
headaches. Other agents used for migraine include ergotamine and dihydroergota-
mine. Methysergide is metabolized into its active metabolite methylergometrine 
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(also known as methylergonovine) and this ergot derivative is also a potent vasocon-
strictor. 2  Although methylergometrine (methylergonovine) is also available for ther-
apeutic use, it is used more commonly for the management of postpartum 
hemorrhage rather than for migraine. 

 Methysergide extensively undergoes hepatic fi rst-pass metabolism. 2  Animal studies 
indicate that CYP3A is involved with the biotransformation of ergotamine and other 
ergot alkaloids. 4  By comparison, erythromycin, a macrolide antibiotic, is a potent 
inhibitor of CYP3A. It inhibits both the intestinal and hepatic CYP systems. 5  
However, when concomitantly administered with methysergide, erythromycin 
reduces the metabolism of both methysergide and methylergometrine, leading to an 
increase in their plasma concentrations. In addition, erythromycin is a potent inhibi-
tor of P-glycoprotein. Therefore, caution should be exercised when it is used simul-
taneously with drugs that depend on the P-glycoprotein transport system. 

 Accumulation of methysergide, methylergometrine, and other ergot alkaloids can 
result in symptoms similar to those seen in ergotism. In the Middle Ages, ergotism 
causing painful burning sensations and blackened limbs was referred to as  Holy fi re  
or  St. Anthony’s fi re.  3  ,  6  Ergot alkaloids responsible are produced by the fungus 
 Claviceps purpurea  and historically epidemics of ergotism occurred when rye grain 
became infected with this fungus. Ergot toxicity can present with central nervous 
system effects (eg, hallucinations, psychosis), in addition to vasospastic ischemia 
that may lead to gangrene. 

 Due to the high fi rst-pass metabolism of ergot compounds, vasoconstriction may 
also present when one of these compounds metabolism is inhibited. Ergotism has 
been demonstrated with ergotamine and other potent CYP 3A inhibitors. 6  –  8  Before 
the advent of vasodilating medications, serious morbidity was reported with vaso-
spastic ischemia, including myocardial infarction, abdominal angina with bowel 
infarction, and gangrene that necessitated limb amputation. 8  –  10  This interaction con-
cern is clearly demonstrated by product  black box warnings  about ergot derivatives 
and concomitant CYP3A inhibitor use. 11  

 Methysergide therapy is also associated with other adverse effects, such as retroperito-
neal and pleuropulmonary fi brosis and fi brosis of the cardiac valves and mesenteric 
arteries. Because of these adverse effects, the use of methysergide was discontinued in 
the United States in 2002, but it is used therapeutically outside the United States. 
Although residents in the United States are unlikely to be using methysergide, visitors 
from other countries may present for evaluation in a US hospital or clinic while taking 
it. However since ergotamine and dihydroergotamine are prescribed for migraine ther-
apy, there is a potential for US physicians to encounter vasospastic ischemia when 
patients use ergot derivatives with CYP3A inhibitors such as erythromycin.  
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    Take-Home Points 

•     Methysergide and its active metabolite, methylergometrine, and other 
ergot alkaloids are metabolized by the 3A class of cytochrome P450 
enzymes.  

•   Erythromycin and other potent CYP3A inhibitors reduce metabolism. This 
inhibition may decrease the metabolism of ergot alkaloids leading to 
toxicity.  

•   Vasospastic ischemia may result from inhibition of metabolism, poten-
tially resulting in coronary ischemia, small bowel infarction, or peripheral 
limb ischemia.  

•   Although the use of methysergide was discontinued in the United States in 
2002, people visiting the United States from other countries may be taking 
this medication. Additionally, other ergot alkaloids (eg, ergotamine and 
dihydroergotamine) are available in the United States.  

•   Due to the potential of vasospastic ischemia, potent CYP3A inhibitors are 
contraindicated with ergot alkaloid therapy.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  methysergide  
   Enzyme:  CYP3A4  
   Inhibitor:  erythromycin  
   Clinical effect:  methysergide toxicity manifesting as vasospasm        
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    Abstract    
 This case discusses the pharmacokinetic interaction between oral S-ketamine 
and ticlopidine resulting in enhanced ketamine effects. Ketamine is a 
 cytochrome P450 2B6 substrate and ticlopidine is a 2B6 inhibitor.  

         Case 

 The fi rst case of the day was an arthroscopic menisectomy for a patient listed only 
as “Dr. K.” He was a 58-year-old anesthesia attending at that institution who had 
been in a motor vehicle accident resulting in a series of orthopedic reconstructions 
to his lower limb, complicated by a perioperative myocardial infarction for which 
he had subsequently received a drug-eluting stent. 

 The anesthesiologist, who of course was also Dr. K.’s colleague and friend, saw Dr. 
K. in the preoperative area to make sure he had stopped his ticlopidine a week in 
advance and would restart it postoperatively. Dr. K. then quietly confi ded that he 
had been taking oral ketamine for his knee pain, prescribed by a pain specialist he 
had seen while on a trip outside the United States, and that he had doubled the dose 
in the last several days due to severe pain. He was anxiously hoping that this proce-
dure “would be the end of the issues” and he would suffer less pain. He asked his 
friend for “confi dentiality” in the matter and judicious use of a “balanced” anes-
thetic during the procedure. 
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 The anesthesiologist was on call a few days nights later when he got a call from the 
Emergency Department (ED) physician. The ED doctor reported that Dr. K. had been 
brought in for somnolence and “crazy talk.” Mrs. K was in tears and reported that her 
husband had been in pain and acting strangely at dinner after picking apples with the 
grandchildren and had taken a dose of hydrocodone after dinner. Worried about accusa-
tions of narcotic overuse, she brought along the bottle of hydrocodone. It was nearly full. 

 The anesthesiologist then realized that his friend had experienced increased pain the 
week prior to surgery because the preoperative cessation of ticlopidine was no lon-
ger potentiating the effects of his oral ketamine, leading him to increase the dose. 
After returning home from surgery, he had restarted this higher dose of ketamine, 
supplemented by hydrocodone for postoperative pain relief. When he then resumed 
his ticlopidine, he experienced ketamine’s adverse effects of somnolence and 
hallucinations.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Ketamine is a phencyclidine derivative, and is used as a general (dissociative) anes-
thetic agent, or as a sedative–analgesic at subanesthetic doses. 1  Ketamine is thought 
to exert its analgesic effect by antagonizing  N -methyl- d -aspartate (NMDA) recep-
tors. 2  These receptors are thought to be instrumental in the pathogenesis of chronic 
pain, particularly neuropathic pain for which ketamine has been benefi cial. 3  Ketamine 
is commercially available in the United States as a 1:1 racemic mixture, and in addi-
tion as a S-ketamine isomer in Europe. The purer S-ketamine form is believed to be 
two to four times more potent than the racemic mixture and possibly has a safer side-
effect profi le by reducing adverse central nervous system (CNS) effects such as som-
nolence, hallucinations, dissociative feelings, and blurred vision. 4  ,  5  

 Ketamine is demethylated into the metabolite norketamine by the cytochrome P450 
system (CYP) 3A4 and 2B6 enzymes. 5  Norketamine is pharmacologically active, it 
is one-third as potent as ketamine and norketamine may contribute to the overall 
analgesic effect. 6  Oral administration provides the highest level of norketamine. 7  
Synergistic and additive effects have been described when ketamine is used with 
other forms of pain medications that act via different receptors such as opioids and 
local anesthetics, providing “balanced” analgesia. 8  

 Most clinical data about ketamine is descriptive (ie, case reports, case series) rather 
than controlled studies. One of the few randomized, blinded studies in humans 
has shown that ticlopidine, which is a CYP2B6 inhibitor, greatly decreases the 
 metabolism of ketamine. 9  In light of this fi nding, it is prudent to prescribe a decreased 
dose of ticlopidine when coprescribing ketamine. Unexpectedly, this same study on 
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ticlopidine also found that itraconazole, a CYP3A4 inhibitor, did not change the 
metabolism of ketamine, while clarithromycin, another 3A4 inhibitor, did decrease its 
metabolism. 10  The reason is unknown. There are other drugs metabolized by the same 
enzymes such as bupropion and methadone. The prudent approach to a drug with 
similar metabolism as ketamine is to start at a low dose and titrate to effect, keeping 
in mind that addition of other drugs may change its pharmacodynamic profi le.  

    Take-Home Points 

•     Ketamine is a phencyclidine derivative used for anesthesia and sedation- 
analgesia. It is a NMDA receptor antagonist, and is available in two forms: 
racemic, and S-isomer (available in Europe), with the S-isomer more 
potent and exhibiting a safer side-effect profi le. The cytochrome P450 
(CYP) enzymes 3A4 and 2B6 metabolize ketamine into a pharmacologi-
cally active metabolite, norketamine. Ketamine works synergistically with 
narcotics and local anesthetics to accentuate analgesia. Of all routes of 
administration, oral ketamine has the most analgesia and longest duration 
due to its highest level of norketamine.  

•   Ticlopidine is a potent inhibitor of 3A4 and 2B6 enzymes. Therefore, 
when prescribing ticlopidine for its antiplatelet effect, it may be prudent to 
start with a lower dose of ketamine.  

•   Enzyme inducers such as rifampicin and St. John’s wort (CYP3A4) have 
been shown to accelerate the elimination of S-ketamine and S-norketamine 
from the central compartment, leading to reduced plasma concentrations 
and therapeutic effect. 9  ,  10   

•   Not all inhibitors of the 3A4 and 2B6 enzymes follow the predicted phar-
macodynamic profi le; some seem to have no effect. Therefore, the cautious 
approach to a drug with metabolism similar to ketamine is to start at a low 
dose and titrate to effect, keeping in mind that the addition of other drugs 
may change its pharmacodynamic profi le.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  oral S-ketamine  
   Enzyme:  CYP2B6  
   Inhibitor:  ticlopidine  
   Clinical effects:  enhanced dissociative and somnolent effects of ketamine        
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    Abstract    
 This case discusses a pharmacokinetic interaction between lithium and ketor-
olac. Lithium is excreted by the kidneys and ketorolac is an inhibitor of renal 
excretion.  

         Case 

 A 62-year-old woman with chronic right knee and lower lumbar osteoarthritis pre-
sented to the operating room for a right total knee arthroplasty. Her past medical 
history included hypertension treated with a calcium channel antagonist, and bipo-
lar disease treated with lithium. The patient was very concerned about postoperative 
pain, but refused an epidural, given her lumbar osteoarthritis. The anesthesiology 
team planned a femoral nerve catheter, intravenous (IV) nonsteroidal anti-infl am-
matory drugs (NSAIDs), and an opioid patient-controlled anesthesia (PCA). 

 A femoral nerve catheter was placed preoperatively. Intravenous ketorolac was 
given on induction of general anesthesia. After a prolonged operative procedure, the 
patient was slow to emerge from anesthesia. In the postanesthesia care unit (PACU), 
her pain was treated with a constant infusion of her femoral nerve catheter and an 
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opioid PCA with hydromorphone. Despite this, her pain score was 10+ on a 10-point 
scale. The anesthesiologist in the PACU gave a bolus via the femoral nerve catheter, 
decreased the interval dosing of the PCA, and gave a second dose of IV ketorolac in 
the PACU (with a plan to continue the ketorolac for 48 hours). Her pain score 
decreased to a 5 and the patient appeared much more comfortable. Over the next 30 
minutes, the patient became progressively more somnolent and then had a brief 
seizure. The patient received IV phenytoin and was transferred to the intensive care 
unit. Her workup revealed only a serum lithium level was found to be three times the 
normal therapeutic level (2.6 mEq/L). An osmotic diuretic was administered, and 
IV bicarbonate was started. The patient’s lithium levels normalized 36 hours after 
discontinuation of the ketorolac with continuing supportive care, and the patient’s 
mental status returned to baseline.  

    Discussion 

  This is an example of an inhibitor of renal excretion added to a substrate.  

 Patients on chronic lithium therapy have large stores of lithium in their body. Small 
changes in renal function, or changes in intravascular volume, can lead to dramatic 
changes in serum lithium concentrations. Thus, patients on chronic lithium therapy 
can be at risk for lithium toxicity in the perioperative period. 

 The therapeutic dosage of lithium ranges between 150 and 2700 mg/day, with 
therapeutic serum levels ranging between 0.6 and 1.2 mEq/L. 1  Lithium clearance 
is predominantly renal. Because of minimal protein binding, lithium is freely 
fi ltered at a rate dependent on glomerular fi ltration rate (GFR). Consequently, 
lithium dosing must be adjusted based on renal function. Individuals with chronic 
renal insuffi ciency must be closely monitored for lithium toxicity. 2  Reabsorption 
of lithium is increased, and toxicity is more likely, in patients who are hypona-
tremic or volume depleted. Also, medications that decrease GFR can cause 
increases of serum lithium levels quite quickly. The plasma elimination half-life 
of a single dose of lithium is from 12 to 27 hours, which varies with age. Lithium 
half-life increases to approximately 36 hours in the elderly and is believed to be 
secondary to decreased GFR. 1  

 Three drug classes have been identifi ed as potential precipitants of lithium toxicity 
in the perioperative period. There is a high variability of individual risks associated 
with these medications in patients: 2 

•    Thiazide diuretics will increase excretion of sodium but will enhance reup-
take of lithium ions in the kidney. 2   
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•   Angiotensin-converting enzyme (ACE) inhibitors and angiotensin II receptor 
blockers (ARBs) that reduce GFR and enhance the tubular reabsorption of 
lithium. 1   

•   NSAIDs that reduce GFR and interrupt renal prostaglandin synthesis. All 
NSAIDs appear to raise lithium levels except for aspirin and sulindac 
(Clinoril). 1  –  6     

 The clinical symptoms of lithium toxicity range from mild to severe:

•     Mild lithium toxicity:  Serum lithium concentrations will usually range 
between 1.2 and 1.5 mEq/L. Mild toxicity is refl ected by sedation, nausea, 
skeletal muscle weakness, and changes on the ECG characterized by widen-
ing of the QRS complex. All of these factors can confuse anesthesiology pro-
viders in the perioperative period. Also, it is common for elderly patients 
(who excrete lithium slowly) to become confused, even in the presence of 
normal therapeutic plasma concentrations of this lithium. 1   

•    Moderate lithium toxicity:  Serum lithium concentrations will range between 
1.6 and 2.5 mEq/L. Moderate lithium toxicity can include confusion, drowsi-
ness, restlessness, unsteady gait, coarse tremor, dysarthria, skeletal muscle 
fasciculation, and vomiting. Atrioventricular heart block, hypotension, car-
diac dysrhythmias, and seizures may occur when plasma concentrations of 
lithium are > 2 mEq per liter. 1   

•    Severe lithium toxicity:  Serum lithium concentrations will be > 2.5 
mEq/liter. Symptoms include seizures, coma, and cardiovascular col-
lapse. Patients with severe lithium toxicity can even develop a syndrome 
of irreversible lithium-effectuated neurotoxicity (SILENT) such as cog-
nitive impairment, sensorimotor peripheral neuropathy, and cerebellar 
dysfunction. 1  Severe lithium toxicity is a medical emergency that may 
require aggressive treatment, including hemodialysis. 2  If renal function is 
adequate, increasing renal excretion of lithium can be accelerated by 
osmotic diuresis and IV administration of sodium bicarbonate. 1     

 Treatment for lithium toxicity is based on clinical severity:

•    The care for the patient with lithium toxicity is mainly supportive.  

•   Cases of mild to severe lithium toxicity may be managed with correction of 
hypovolemia (if present) and with removal of any medications that reduce 
GFR.  

•   Cases of severe toxicity may require hemodialysis.     
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    Take-Home Points 

•     Lithium toxicity can mimic many of the postoperative symptoms that are 
associated with exposure to general anesthesia. These symptoms can be 
either gastrointestinal symptoms (nausea and vomiting) or neurological 
symptoms (tremors, lethargy, confusion). Thus, anesthesiologists should 
always keep a high level of suspicion for lithium toxicity during the peri-
operative period.  

•   Avoid introducing NSAIDS or ACE inhibitors to patients on chronic lithium 
therapy in the perioperative period. Anesthesiologists should avoid NSAIDs 
as adjuncts for postoperative pain in patients on chronic lithium therapy.  

•   Procedures involving the kidneys (nephrectomy, vascular procedures of 
the abdominal aorta) may cause changes in GFR, which puts patients on 
chronic lithium therapy at risk for lithium toxicity.  

•   Avoid prolonged periods of NPO status in patients on chronic lithium ther-
apy as this alone could precipitate toxicity.  

•   Avoid hypovolemia in patients on chronic lithium therapy in the operating 
room.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate (renal):  lithium  
   Inhibitor (of renal excretion):  ketorolac  
   Clinical effect:  lithium toxicity        
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    Abstract    
 This case discusses the pharmacokinetic interaction between acetaminophen 
and ethanol.  

         Case 

 A 58-year-old woman was seen in the preoperative clinic for 2 weeks before a sched-
uled total knee replacement. The nurse practitioner was alarmed by the patient’s 
obvious jaundice and contacted the anesthesiologist. The patient reported that she 
had consumed a large quantity of extra-strength acetaminophen in the previous 
2 days (15 g in 48 hours) for severe, intermittent, shooting pain that radiated down 
her left leg and had made standing and sitting diffi cult and painful. She complained 
of nausea as well and vomited in the clinic. She reluctantly admitted to a long history 
of heavy social drinking and admonished herself for not leaving the whiskey in the 
liquor cabinet. Preoperative laboratory values were consistent with acetaminophen- 
induced hepatotoxicity and the patient was admitted to the hospital. 

 Acetaminophen was immediately discontinued, the patient received  N -acetylcysteine 
to treat acetaminophen overdose, and she was referred to the acute pain service to 
treat a newly diagnosed L1-L3 nerve root compression. The pain service anesthesi-
ologist prescribed oxycodone to control her acute, severe pain and discussed the 
paramount importance of maintaining a daily acetaminophen dose of less than 4 g. 
She was referred to an alcohol addiction program. When the patient returned to the 
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preoperative clinic a few months later for her elective total knee replacement 
 surgery, she had been alcohol free for 10 weeks, her laboratory values had returned 
to baseline, and she had no further complications.  

    Discussion 

  This is an example of a substrate added to an inducer.  

 Acetaminophen is an over-the-counter drug commonly used for its antipyretic and 
analgesic properties. The maximum recommended therapeutic acetaminophen dose 
for adults is 4 g per day, which generally is well tolerated. 1  The cytochrome P450 
(CYP) isozyme 2E1 is responsible for generating toxic  N -acetyl- p  - benzoquinone 
imine (NAPQI). 1  At recommended doses and in the presence of adequate physiologic 
glutathione, acetaminophen is 95% detoxifi ed by glucuronidation and sulfation; 5% 
becomes a toxic NAPQI intermediate, which subsequently is inactivated by glutathi-
one conjugation and fi nally is excreted in the urine as a thiol metabolite. 2  

 In an acetaminophen overdose, glucuronidation and sulfation hepatic detoxifi cation 
pathways become saturated, resulting in increased cytochrome P450 metabolism and 
enhanced production of NAPQI. Glutathione stores become depleted, causing reduced 
capacity to inactivate toxic NAPQI. Increased NAPQI generation, coupled with reduced 
NAPQI inactivation, results in characteristic hepatic centrilobular necrosis. 1  ,  2  

 The pattern of ethanol consumption (binge or long term), genetics, and total intake 
of ethanol can contribute to variability in alcoholic liver disease occurrence. 3  
Ethanol is metabolized by oxidative pathways in the liver through ethanol dehydro-
genase, cytochrome P450 enzymes, and catalase enzymes that form acetaldehyde, 
which negatively affects the oxidative metabolic ability of hepatocytes. 1  ,  3  Long- 
term ethanol use induces CYP2E1, the isozyme also responsible for metabolizing 
drugs, including acetaminophen. 

 When acutely combined with acetaminophen ethanol inhibits the oxidative metabo-
lism of acetaminophen, thus preventing toxic NAPQI formation, and appears to 
decrease hepatotoxicity because of competitive inhibition. 3  Long-term ethanol use 
induces 2E1; however, increased toxicity of acetaminophen and increased produc-
tion of toxic NAPQI are not usually seen with therapeutic doses. 4  This effect may be 
due to the inhibition of 2E1 by the ethanol. Therefore, long-term ethanol users who 
take an overdose of acetaminophen in the absence of acute use of ethanol may have 
increased vulnerability to hepatotoxicity because induced 2E1 increases production 
of NAPQI but no acute ethanol level is present to inhibit CYP2E1. 3  ,  4  
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 The controversy continues on whether long-term ethanol users have an increased 
sensitivity to acetaminophen toxicity because of depleted hepatic stores of glutathi-
one. 4  Health care providers should critically evaluate the timing of ethanol and acet-
aminophen consumption and their relationship to provide acetaminophen toxicity 
treatment if needed. 4  

 Case reports and studies link acetaminophen hepatotoxicity potentiation to ethanol 
consumption. 5  –  7  In one case report, a 48-year-old patient with a 33-year history of 
ethanol use ingested 10 g of acetaminophen 2 days before hospital admission. After 
receiving treatment, the patient was discharged without further complications. 5  A 
43-year-old patient with a history of ethanol use ingested 50 g of acetaminophen in 
3 days before hospital admission. After resolution of renal and hepatic failure, the 
patient was discharged. 5  

 In 10 healthy study volunteers, NAPQI formation was increased by 22% when a 
single oral treatment of acetaminophen (500 mg) was administered 8 hours after a 
6-hour continuous intravenous infusion of ethanol. 6  When a group of long-term 
ethanol users received 2 g of acetaminophen, the group showed signifi cantly lower 
plasma levels of glutathione compared with healthy volunteers, suggesting that 
long-term use of ethanol may result in low levels of glutathione and may be a risk 
factor for acetaminophen toxicity. 7  

 Caution with this interaction was reaffi rmed in a recent release by the US Food and 
Drug Administration. 8  Advisory committees recommended that the maximum safe 
dose may not be the same for all individuals. Some persons who take acetaminophen 
may have toxic effects at lower acetaminophen doses than others. Current informa-
tion suggests that some individuals, such as those who use ethanol or have liver dis-
ease, may have increased sensitivity to the effects of the toxic metabolite because of 
increased production or a decreased ability of the liver to clear it from the body.  

    Take-Home Points 

•     Health care providers must be alert to patients with a history of ethanol use 
and be familiar with the potential complications and interactions of ethanol 
with prescription drugs, over-the-counter drugs, and dietary and herbal 
supplements.  

•   Health care providers must carefully collect a patient’s history of use of 
over-the- counter drugs, because many patients do not believe that these 
agents can be harmful.  
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•   All patients should be counseled that acetaminophen use should not exceed 
4 g per day and that larger doses may cause severe hepatotoxicity.  

•   Long-term ethanol use may result in a reduction of protective hepatic 
 glutathione, and thus even 4 g of acetaminophen per day may be excessive 
for some users.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  acetaminophen  
   Enzyme:  CYP2E1  
   Inducer:  ethanol  
   Clinical effect:  increased production of hepatotoxic NAPQI metabolite        
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    Abstract   
  This case discusses a pharmacodynamic interaction between ketorolac and 
lisinopril that resulted in acute renal failure.  

         Case 

 A 64-year-old woman weighing 51 kg underwent an uncomplicated general anes-
thetic for an abdominal hysterectomy. On her preoperative evaluation, she reported 
hypertension, well controlled with daily lisinopril (10 mg) and hydrochlorothiazide 
(25 mg) and her creatinine was noted to be 1.3 mg/dL. She had an uneventful intra-
operative course under general anesthesia with propofol, fentanyl, and isofl urane. 

 Postoperatively, the patient was normotensive. She had mild nausea and one episode 
of vomiting that resolved with intravenous (IV) ondansetron hydrochloride (4 mg). 
She received a total of 10 mg of IV morphine sulfate and 30 mg of IV ketorolac 
tromethamine. The Acute Pain Service initiated morphine patient- controlled anal-
gesia (PCA) and IV ketorolac (30 mg q6h) as needed. On the fl oor, the patient was 
mildly hypertensive and the surgical resident restarted her outpatient medications. 
Her pain was under good control overnight well with only one additional dose of 
ketorolac. Urine output decreased throughout the night, and, despite receiving 
maintenance hydration, the patient had minimal urine output (<30 mL/h) the 
 following morning. 

 Routine follow-up labs showed an increase in creatinine to 2.9 mg/dL. The ketoro-
lac, lisinopril, hydrochlorothiazide, and morphine were discontinued immediately 
and the patient’s PCA was changed to fentanyl. The patient’s serum creatinine value 
peaked at 4.6 mg/dL early the following day. Over the next 3 days, the patient was 
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adequately hydrated, her urine output gradually increased, and her serum creatinine 
value decreased to 1.4 mg/dL. Treatment with lisinopril and hydrochlorothiazide 
was restarted, and she was discharged from the hospital later that day. Subsequent 
follow-up showed no further renal issues.  

    Discussion 

  This is an example of a pharmacodynamic interaction between ketorolac and 
an ACE inhibitor . 

 More specifi cally, this is an example of a pharmacodynamic interaction between a 
nonsteroidal antiinfl ammatory drug (NSAID) (ketorolac) and an angiotensin- 
converting enzyme (ACE) inhibitor (lisinopril) on glomerular fi ltration rate. 

 Ketorolac use may induce acute renal failure. 1  In most cases, NSAID use does not 
pose a signifi cant risk to kidney function. 2  However, situations that reduce volume 
(eg, diuretic use, vomiting, postoperative blood loss) increase the risk involved with 
NSAID use. This risk is further increased by the concomitant use of ACE inhibitors. 
Known in the medical literature as the  triple whammy , the combination of diuretics, 
NSAIDs, ACE inhibitors, or angiotensin receptor II blockers, may cause renal 
dysfunction. 3  

 The mechanism of injury involves the different actions of these agents on renal 
hemodynamics. Adequate glomerular blood fl ow is dependent on prostaglandin- 
mediated afferent arteriolar vasodilation; angiotensin II–mediated efferent arte-
riolar vasoconstriction, and cardiac output. 4  NSAIDs inhibit cyclooxygenase, 
causing the reduction of prostaglandin production and resulting in reduced 
afferent vasodilation. ACE inhibition decreases the production of angiotensin 
II, resulting in reduced efferent vasoconstriction. A volume state lowered by 
pathologic factors or hypovolemia reduces cardiac output. This combination 
causes a drop in glomerular blood fl ow and a subsequent reduction in glomeru-
lar fi ltration rate. 

 This drug combination is frequently prescribed for older patients, and severe renal 
adverse effects may present in this high-risk population. 5  Many physiologic changes 
are associated with aging. Renal aging is associated with alterations in renal mor-
phologic characteristics and a decline in renal function, which is accelerated or 
accentuated, or both, by such diseases as diabetes mellitus and hypertension. 6  
Alterations in cardiac function have been described in this population and also may 
be a consequence of aging. Additionally, there may be an altered production of or 
response to endogenous vasodilating substances on aging vasculature. 7  Likely, one 
or more of these physiologic changes elevate the risk for renal adverse effects in the 
aging individual. 
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 Since it is possible for selective (ie, cyclooxygenase-2 inhibitors) or nonselective 
NSAIDs to cause adverse renal effects, dosage should continue to be a consider-
ation for the older population. In practice, an “adult dose” of these agents is often 
used without the consideration of treatment individualization. 

 NSAIDs have a ceiling effect on the treatment of pain. However, the adverse effects 
of these agents continue to be dose related. There are likely instances in clinical 
practice where NSAID dosage exceeds the ceiling effect, shifting the risk– benefi t 
ratio. Also, in practice, the serum creatinine level alone is often used to assess the 
renal function of an older patient. Since many older individuals may present with 
normal serum creatinine levels, renal function in this population cannot adequately 
be predicted with serum creatinine values. 8  Instead, an estimate of clearance calcu-
lated with the Cockroft-Gault equation or the Modifi cation of Diet in Renal Disease 
formula should be performed. Aside from the interactions discussed herein, proper 
assessment of renal function in this case should have resulted in a reduction of the 
ketorolac use to a safer, more individualized dose.  

    Take-Home Points 

•     Nonselective NSAIDs and cyclooxygenase-2 selective inhibitors may 
cause dose-related toxicities. The lowest dose for the shortest period of use 
should be a primary consideration, especially in the older individual.  

•   The risks for adverse effects with NSAID use are likely increased in the 
older population because of the physiologic changes (renal and cardiovas-
cular) associated with aging.  

•   Risk for renal adverse effects associated with NSAIDs is increased by 
hypovolemic states (postoperative fl uid loss or vomiting), diuretic use, or 
conditions of poor cardiac output.  

•   Risk of renal adverse effects associated with NSAID use increases with the 
concomitant use of angiotensin-converting enzyme inhibitors or angioten-
sin receptor II blockers, or both, and these adverse effects further compro-
mise renal hemodynamics.  

•   Renal function should be assessed before NSAID use. However, in older 
individuals, adequacy of renal function cannot be judged simply by serum 
creatinine value. An estimate of clearance should be calculated for dosage 
considerations.  

•   Recognition of this interaction and the prompt discontinuation of the 
offending agents usually results in recovery of renal function.     
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    Summary 

     Interaction : pharmacodynamic  
   Substrates : ketorolac and lisinopril  
   Mechanism / site of action : decreased renal function through synergistic reduction 

of glomerolar fi ltration rate  
   Clinical effect : renal failure        
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    Abstract    
 This case discusses the pharmacokinetic interaction between cyclobenzaprine 
and smoked tobacco resulting in cyclobenzaprine toxicity due to reversal of 
enzyme induction. Cyclobenzaprine is a cytochrome P450 1A2 substrate. 
Smoked tobacco is a 1A2 inducer.  

         Case 

 A 32-year-old woman with a history of anxiety disorder and a one-pack-per-day 
smoking habit fell and injured her back at work, causing signifi cant muscle spasms 
and general and localized back pain. An orthopedic surgeon advised her that surgery 
was possible if her symptoms did not improve and urged her to stop smoking. She 
was started on oral ibuprofen (400 mg orally q6h), cyclobenzaprine (5 mg orally 
three times a day), physical therapy due to suspected radiculopathy, and scheduled 
for a follow-up scan in 3 weeks. 

 The patient struggled through the next week as best she could, gradually the cyclo-
benzaprine dose to 15 mg orally three times a day, but counting her disinclination 
for cigarettes as a hidden blessing. Unfortunately, she developed cauda equina 
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syndrome and underwent emergent and successful laminectomy and diskectomy 
with signifi cant improvement in her pain. Right before her scheduled discharge, she 
began experiencing lethargy and mild blurred vision, but did not discuss these with 
the surgeons as she was desperate to get home to her young children. She insisted to 
her husband that she could “sleep it off” when she got home and was duly dis-
charged with oral opioids, cyclobenzaprine, gabapentin, nicotine replacement ther-
apy to maintain her tobacco-free status, and instructions to continue physical 
therapy. 

 Four days later, the patient was seen in the emergency department for new-onset 
hypertension and palpitations. Sinus tachycardia and frequent premature ventricular 
complexes (PVCs) were noted with no clear etiology for these signs and symptoms. 
She was admitted to the cardiology step down unit, where the consulting pharmacist 
recommended immediate discontinuation of the cyclobenzaprine. Her symptoms 
and electrocardiogram changes resolved over the next 36 to 48 hours.  

    Discussion 

  This is an example of reversal of induction.  

 This clinical scenario illustrates the impact that smoking has on cyclobenzaprine 
metabolism and the risk for developing cyclobenzaprine toxicity after smoking 
cessation. 

 Cyclobenzaprine is a skeletal muscle relaxant acting at the central nervous system, 
where it infl uences α and γ motor systems. Cyclobenzaprine undergoes extensive 
metabolism at the level of the hepatic cytochrome P450 (CYP) system. CYP1A2 
and CYP3A4 are the major enzymes responsible for its metabolism. CYP2D6 
seems to play only a minor role. 1  

 Polycyclic aromatic hydrocarbons found in tobacco smoke induce CYP1A2, result-
ing in faster metabolism of many drugs, including cyclobenzaprine. Smoking cessa-
tion reverses smoking-induced 1A2 levels to normal, increasing plasma 
concentrations of drugs whose dose was established while smoking. Increased 
plasma concentrations after smoking cessation may cause serious clinical conse-
quences, particularly in drugs with narrow therapeutic ratio. 2  Nicotine replacement 
treatment to assist smoking cessation will not prevent this effect because cyto-
chrome enzyme induction is not related to the nicotine component of tobacco, but 
to polycyclic aromatic hydrocarbons in tobacco smoke. 

 Caffeine is also metabolized by CYP1A2 and its clearance has been used to study 
1A2 activity in smokers subjected to sudden smoking cessation. By the second day 
after smoking cessation, caffeine clearance decreases 20% and by the seventh day 
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the clearance decrease is about 36%. 3  These results have led to recommendations 
for immediate reduction in dose of CYP1A2- metabolized drugs whenever patients 
stop smoking. These recommendations are particularly relevant for hospitalized 
patients who are abruptly subjected to involuntary smoking cessation due to the 
speed at which the induction of 1A2 dissipates. 

 Cyclobenzaprine is structurally related to the tricyclic antidepressant amitriptyline. 
Cyclobenzaprine toxicity may produce similar life-threatening neurologic and car-
diovascular effects seen with tricyclic antidepressant overdose. 4  A 5-year multi-
center retrospective review of cyclobenzaprine toxicity confi rmed the clinical 
picture characterized by prominent central nervous system depression and anticho-
linergic effects. 5  In that review, symptomatic patients had a mean dose ingested of 
184 mg. Some cases were serious enough to require intensive care unit admission 
and mechanical ventilation but there was no report of life-threatening events. 
Previous reports of deaths involving cyclobenzaprine were in situation of multiple 
drug intoxication, including drugs with documented cardiovascular toxicity. The 
limited toxicity from cyclobenzaprine, when compared with amitriptyline, may be 
the relatively smaller doses ingested by cyclobenzaprine overdose patients vs 
the tricyclic-overdose patients.  

    Take-Home Points 

•     Tobacco smoking increases cyclobenzaprine metabolism by inducing 
cytochrome P450 1A2 activity.  

•   Smoking cessation will rapidly reverse this induction and result in increased 
plasma concentration of cyclobenzaprine, possibly attaining toxic levels.  

•   Nicotine replacement therapy will not prevent reversal of CYP1A2 
induction.  

•   Smoking cessation may require immediate dose reduction of cyclobenzap-
rine and other drugs metabolized at CYP1A2 level.     

    Summary 

     Interaction:  pharmacokinetic (enzyme induction)  
   Substrate:  cyclobenzaprine  
   Enzyme:  cytochrome CYP1A2  
   Inducer:  polycyclic aromatic hydrocarbons found in tobacco smoke  
   Clinical effect:  Smoking cessation may result in cyclobenzaprine toxicity by rever-

sal of CYP1A2 induction.        
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    Abstract    
 This case discusses dual pharmacokinetic drug–drug interactions that occur 
with coadministration of valproic acid and aspirin. There is mutual plasma- 
protein–binding displacement that will increase free valproic acid. Also, val-
proic acid is a substrate of mitochondrial β-oxygenase and aspirin is an 
inhibitor of mitochondrial ß-oxygenase.  

         Case 

 An 80-year-old woman (45 kg) presented to the Emergency Department with a 
complex head laceration that she sustained after rising too quickly during a com-
mercial break from her favorite television show and striking her head against the 
coffee table. She was confused and appeared tentative and frail but she was able to 
report that she had been feeling lightheaded or dizzy upon standing over the past 
several weeks. She had a history of generalized seizures well controlled with a sta-
ble dose of divalproex sodium (500 mg BID), and mild hypertension treated with 
hydrochlorothiazide (25 mg daily). Two months ago, her granddaughter, who was a 
fourth-year medical student, recommended that she take a daily morning aspirin for 
mild to moderate osteoarthritis in her knees and hips and also for its cardioprotec-
tive properties. Dutifully, she had been taking aspirin 325 mg daily. 

 After surgical repair of the laceration, the patient was admitted to the intensive care 
unit. The patient was confused and uncertain about what was going on and why she 
was there, but the anesthesia team was neither of these things and strongly 
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suspected two related drug–drug interactions (DDIs) involving the coadministration 
of aspirin and valproic acid. Sure enough, her valproic acid level was measured and 
the total valproic acid level was found to be 90 ng/mL, within the therapeutic range 
(therapeutic level, 40 [trough]–100 [peak] ng/mL), but the free valproic acid level 
was found to be above therapeutic range, 20 ng/mL, (therapeutic levels, 4–15 ng/mL).
She was also found to have mild hypoalbuminemia. Her aspirin was discontinued 
and her divalproex sodium was decreased to 250 mg twice a day for a few days, 
and then retitrated back to 500 mg twice a day. After several weeks, she no longer 
experienced lightheadedness when standing and her total and free serum valproic 
acid concentrations had returned within therapeutic levels.  

    Discussion 

  This is an example of a pharmacokinetic drug–drug interaction involving 
 distribution. It is also an example of an inhibitor added to a substrate.  

 Valproic acid is a commonly used anticonvulsant and mood stabilizer. Valproic acid 
is tightly bound to plasma proteins, such as albumin, and in this form it is pharma-
cologically inactive. 1  Approximately 5% is not bound to proteins, or “free,” and this 
“free fraction” is able to cross into the central nervous system, and is thus pharma-
cologically active. 2  The therapeutic index of valproic acid is suffi ciently narrow that 
higher levels can result in central nervous system toxicity, manifesting initially as 
lightheadedness and dizziness, that can progress to confusion and increasing 
somnolence. 

 Aspirin also binds to plasma proteins. 3  When it is administered with valproic acid 
there is mutual displacement of both drugs with resultant increase in the free frac-
tion of both. 4  ,  5  In situations where there is at the same time a decrease in plasma 
proteins this affect maybe more pronounced. 6  ,  7  In our case, the patient was malnour-
ished as evidenced by her low weight and mild hypoalbuminemia, which also may 
have contributed to the increased free fraction of valproic acid. 

 Additionally, valproic acid is metabolized via several pathways, of which 40% is 
by the mitochondrial β-oxidation pathway. 8  Aspirin inhibits ß-oxidation. 9  When 
there is both an increase in the free fraction of valproate as well as meaningful 
metabolic inhibition, then free concentrations of valproate can rise up to four-
fold. 7  There are numerous reports of valproic toxicity in the context of aspirin 
therapy. 5  –  7  The standard clinical practice of a patient taking valproic acid is to 
measure total serum valproic acid concentrations. 7  However, the therapeutic range 
of valproic acid based on total levels is dependent on a predictable relationship 
between total and free valproate serum concentrations, based on the assumption of 
normal albumin levels, absence of displacement of valproic acid from plasma pro-
teins, and absence of co-occurring metabolic inhibition. Thus, in clinical situations 
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where these assumptions cannot be met, as they were not in this case, monitoring 
free valproic acid concentration is more appropriate for the titration of valproic 
acid. 6  ,  7  

 In conclusion, drugs such as aspirin, which can both displace valproic acid from 
plasma proteins, (thus increasing the free fraction) and inhibit the metabolism of 
valproic acid, can increase the free valproic acid concentration and lead to toxicity. 
Hypoalbuminemia can contribute to this affect. In these situations, free valproic 
acid concentration measurements are a better guide to titrate this antiepileptic 
medication.  

    Take-Home Points 

•     Valproic acid is tightly bound to plasma proteins. Only the free form is 
pharmacologically active.  

•   Aspirin displaces valproic acid from plasma proteins, resulting in an 
increased fraction of the unbound, or free form.  

•   Aspirin also inhibits the metabolism of valproic acid and can increase both 
total and free levels.  

•   Hypoalbuminemia increases the fraction of free valproic acid.  

•   Though usually total valproic acid levels are used manage valproic ther-
apy, free valproic acid levels may be more appropriate in the setting of 
coadministration of aspirin.     

    Summary 

     Interaction 1:  pharmacokinetic (distribution)  
   Substrates:  valproic acid and aspirin  
   Mechanism:  mutual protein binding displacement with rise in free fraction of val-

proic acid  
   Clinical effects:  valproic acid toxicity including lightheadedness and dizziness   

    Interaction 2:  pharmacokinetic (metabolism)  
   Substrate:  valproic acid  
   Enzyme:  mitochondrial ß-oxidation  
   Inhibitor:  aspirin  
   Clinical effects:  decreased elimination of valproic acid leading to toxicity        
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    Abstract    
 This case discusses two pharmacokinetic interactions between ibuprofen and 
phenytoin, resulting in phenytoin toxicity.  

         Case 

 The anesthesia department and the various surgical subspecialty departments at an 
academic medical center were in the habit of having a “stump the service” contest 
four times per year, with the losing service buying pizza. It was the orthopedic resi-
dents’ turn to present. Their favorite internal medicine consultant had found them a 
good case and they were very confi dent they had a case that no one on the anesthesia 
service would be able to untangle, as it would look, for all the world, like an infec-
tious disease (ID) case. 

 The patient was an otherwise healthy 72-year-old woman except for trigeminal 
neuralgia that was managed stably and effectively with phenytoin (300 mg/day). 
She had presented to the orthopedics clinic fearful that she had “torn a ligament” 
after a fall from her bicycle. She had a swollen painful right knee and intermittent 
fevers and fl u-like symptoms three weeks after vacationing on the Eastern Shore 
of Maryland. She was given the presumptive diagnosis of Lyme disease and 
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started on doxycycline, with a plan to refer her to the ID clinic for additional test-
ing and therapy for babesiosis if her Lyme symptoms did not improve. She 
requested oxycodone for the knee pain, but was advised to initiate management of 
her knee pain ibuprofen, maximum daily of 2400 mg, in divided doses. Two days 
later, the patient’s husband called the clinic, stating, “it’s gone to her nerves, she’s 
wobbly and her eyes are googly.” The “stumper” question for the anesthesiolo-
gists was whether ID had diagnosed tertiary Lyme disease or babesiosis. The 
anesthesia residents took a moment to huddle and then announced that Ortho 
would be buying the food for next conference as the correct answer was actually 
to ask for the baseline and followup phenytoin levels before and after starting 
ibuprofen therapy 

 More than a little impressed, the surgeons admitted that the patient’s baseline 
 phenytoin trough level had been 18 mcg/mL. Repeat trough level three days later 
was 25 mcg/mL. Her “disseminated Lyme” symptoms were actually the unsteadi-
ness and nystagmus of moderate phenytoin toxicity.  

    Discussion 

  This is a combined pharmacokinetic drug–drug interaction (DDI) in which an 
inhibitor was added to a substrate, in addition to the occurrence of mutual 
plasma-protein–binding displacement.  

 The paninducer (and  Fatal Forty  member) phenytoin is itself metabolized primar-
ily by the cytochrome 450 (CYP) enzymes 2C9 and 2C19, with greater reliance on 
2C9. 1  ,  2  Ibuprofen, a ubiquitous nonsteroidal anti-infl ammatory drug (NSAID) and 
also a  Fatal Forty  drug, is a moderate inhibitor of CYP2C9, as is the case for many 
other NSAIDs as well. 3  By itself, this inhibitor–substrate interaction would proba-
bly not be suffi cient to generate signifi cant phenytoin toxicity. However, a synergis-
tic contribution from another dimension of pharmacokinetic drug handling, namely 
plasma–protein–binding displacement, magnifi es this effect. Both phenytoin and 
ibuprofen (and again, most other NSAIDs as well) are highly bound and have blood 
concentrations in the mcg/mL range, rather than the ng/mL range, as is the case with 
most other medications. 4  ,  5  This leads to signifi cant mutual displacement from 
plasma proteins. In a manner analogous to the interaction of aspirin and valproate 
(see “  Befuddled by Aspirin    ”), the addition of ibuprofen increases the free fraction 
of phenytoin, and then the inhibition of 2C9 disproportionately increases  free  phe-
nytoin concentrations, even though there may not be much evident change in  total  
phenytoin concentrations. As in this case, this can lead to phenytoin toxicity. 6   
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    Take-Home Points 

•     Phenytoin is a preferential CYP2C9 and CYP2C19 substrate.  

•   Ibuprofen is a moderate 2C9 inhibitor.  

•   The effect of the DDI is magnifi ed by a protein-binding displacement 
interaction.  

•   DDIs are all around us, occur in the setting of acute on chronic medical 
conditions, and can present with symptoms that are easily mistaken for 
other conditions.     

    Summary 

     Interaction 1:  pharmacokinetic (metabolic)  
   Substrate:  phenytoin  
   Inhibitor:  ibuprofen  
   Enzyme:  CYP2C9  
   Clinical effect:  phenytoin toxicity   

    Interaction 2:  pharmacokinetic (distribution)  
   Substrates:  ibuprofen and phenytoin  
   Site of action:  plasma proteins  
   Clinical effect:  phenytoin toxicity        

   References 
    1.    Cadle RM, Zenon 3rd GJ, Rodriguez-Barradas MC, et al. Fluconazole-induced symptomatic 

phenytoin toxicity. Ann Pharmacother. 1994;28(2):191–5.  
    2.    Mamiya K, Ieiri I, Shimamoto J, et al. The effects of genetic polymorphisms of CYP2C9 and 

CYP2C19 on phenytoin metabolism in Japanese adult patients with epilepsy: studies in stere-
oselective hydroxylation and population pharmacokinetics. Epilepsia. 1998;39(12):1317–23.  

    3.    Kumar V, Wahlstrom JL, Rock DA, et al. CYP2C9 inhibition: impact of probe selection and 
pharmacogenetics on in vitro inhibition profi les. Drug Metab Dispos. 2006;34(12):1966–75. 
Epub 2006 Sep 8.  

    4.   Phenytoin Package Insert. PARKE-DAVIS (Division of Pfi zer Inc) NY, NY 10017. Revised 
10/2009.  

    5.   Hydrocodone Bitartrate and Ibuprofen Tablets Package Insert -- Bryant Ranch Prepack, North 
Hollywood, CA. Revised 9/2009.  

    6.    Sandyk R. Phenytoin toxicity induced by interaction with ibuprofen. S Afr Med 
J. 1982;62(17):592.    

74 Fatal Forty DDI: ibuprofen, phenytoin, CYP2C9, protein binding



IX      Drug–Drug Interac  ons 
Involving Benzodiazepines 
and Other Seda  ves 

       



357© Springer Science+Business Media New York 2015 
C. Marcucci et al. (eds.), A Case Approach to Perioperative Drug-Drug 
Interactions, DOI 10.1007/978-1-4614-7495-1_75

      Introduc  on 

                           Catherine     Marcucci     MD    

        C.   Marcucci   MD      
  Anesthesia Services Department ,  Philadelphia Veterans Affairs Medical Center , 
  Philadelphia ,  PA ,  USA   
 e-mail: sandson.marcucci@comcast.net  

 75
    Abstract    
 This introduces drug–drug interactions involving benzodiazepines and other 
sedatives.  

      Drug–drug interactions (DDIs) involving benzodiazepines and other sedatives are 
worthy of our study because these drugs, as well drugs that are not nominally seda-
tives but have as their side effect central nervous system (CNS) depression, are used 
ubiquitously in the perioperative period. 

 The interactions themselves, both pharmacokinetic DDIs and pharmacologic DDIs, 
are relatively straightforward. The benzodiazepines, including midazolam, are cyto-
chrome P450 (CYP) 3A4 substrates. The list of CYP3A4 inhibitors is fairly well-
identifi ed (eg, protease inhibitors, some macrolide antibiotics, ketoconazole, 
itraconazole, verapamil). One would hope that prescribing practitioners in all medi-
cal subspecialties would already be in a state of vigilance regarding benzodiazepine 
DDIs and had taken steps to ensure that their patients are in a state of vigilance 
regarding DDIs. But, unfortunately these DDIs still happen with distressing 
frequency. 

 This is even more true when pharmacodynamic DDIs are considered. Central ner-
vous system depression resulting from sedative DDIs ranges from somnolent-but- 
arousable to true changes in mental status. Associated clinical sequelae range from 
increased incidence of hypoxia, hypercarbia, aspiration, falls, and prolonged hospi-
tal stays. Interventions range from fl umazenil to oxygen to intubation. 

 Of course, it is not always possible to avoid administering DDI drug pairs to patients. 
Patients on protease inhibitors come to the operating room or the procedure room 
and need benzodiazepines. Nobody would suggest that these patients forego 
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sedation and amnestic agents or that their providers make that choice for them. But 
this is where the time invested in reading and studying these cases is time well 
spent. It should serve to make the perioperative practitioner able to mitigate the 
potential the distressing and deleterious clinical sequelae, even if the coadministra-
tion of specifi c drug pairs cannot be avoided. This will make the perioperative 
period safer for our patients. And, of course, as the title of several cases alludes to, 
this should also help to alleviate “the worry that’s always with us.”   

Benzodiazepines and Other Sedatives
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    Abstract    
 This case discusses the pharmacodyamic interactions seen with the coadmin-
istration of propofol, opioids, and benzodiazepines.  

         Case 

 The anesthesia chief resident went to the preoperative area to talk to her fi rst patient 
of the day, a 70-year-old man scheduled for foot surgery. He was accompanied by 
his wife and daughter and stated he was very nervous and did not like hospitals. He 
confi rmed that he took no regular medications except for lisinopril and simvastatin. 
The plan was for ankle block and sedation as needed under monitored anesthesia 
care (MAC). 

 The patient remained anxious in the operating room (OR) and was given mid-
azolam (2 mg) and fentanyl (50 mcg) before the block was performed. The patient 
startled with the incision and received fentanyl (50 mcg) and propofol (20 mg). He 
was also started on a propofol infusion. He began to breathe more slowly and 
become apneic despite chin lift and jaw thrust maneuvers. He was intubated after 
bag-mask ventilation proved diffi cult. The rest of the case proceeded without inci-
dent and the patient was extubated in the OR before being transported to the post-
anesthesia care unit. 
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 Later, the anesthesia resident visited the patient in the recovery room to update him 
and his family about what happened during the case. The resident explained that the 
reason he required intubation was likely due to medication effects and, as she had 
explained while obtaining consent, this was a known risk of such procedures. The 
wife was very understanding but the daughter appeared uneasy. She approached the 
resident later and admitted that she gave her father one of her “alprazoprams” that 
morning because he seemed so nervous about his surgery. The resident accompa-
nied the daughter back to her father’s bedside and explained to both the patient and 
family how important it is to be up front about any and all medications taken because 
of the effects they have on the body, especially in combination with other media-
tions. The resident went home that evening and discharged her frustration by 
recounting the whole story in minute detail to her spouse.  

    Discussion 

  This is an example of multiple synergistic pharmacodynamic interactions.  

 The combination of propofol, benzodiazepines, and opioids is one that is used com-
monly with general anesthesia and is being used increasingly more often in routine 
sedation. Procedures such as colonoscopy or those involving extremities lend them-
selves well to the combination of regional anesthesia with MAC. 1  ,  2  The likely rea-
son for the popularity of this combination is that when propofol, opioids, and 
benzodiazepines are administered together they act synergistically to produce a 
hypnotic effect as well as to induce immobility. 3  This means that, in addition to the 
decreased anxiety obtained with benzodiazepines and the pain control achieved 
with opioids, these drugs also work to accomplish the level of decreased awareness 
and decreased response to stimuli desired for surgical procedures. Several studies 
have demonstrated this point. 

 Most of the research has investigated combinations of two of these agents rather 
than all three at once. However, interactions between the two-drug combinations of 
propofol and benzodiazepines, propofol and opioids, and benzodiazepines and opi-
oids have shown that each of these pairs exhibits synergistic activity in terms of 
producing hypnosis. 3  Also, although opioids and benzodiazepines cannot produce 
immobility on their own, when each agent is combined with propofol it causes left- 
shifts in the propofol immobility dose response curves. 3  Furthermore, giving opi-
oids has been shown to yield higher concentrations of propofol in the blood than 
when the same dose of propofol is administered alone. 4  Interestingly, although opi-
oids enhance the hypnotic effects of propofol, this is not refl ected by a change in the 
bispectral index. 5  ,  6  The synergistic effects of propofol, benzodiazepines, and opi-
oids on awareness as well as immobility allow for the desired level of sedation to be 
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achieved using reduced dosages of each individual drug. Using lower doses of mul-
tiple drugs may decrease the incidence of side effects caused by any individual 
drug. This is suggested by studies in the intensive care setting that show increased 
hemodynamic stability in patients receiving a combination of these drugs for seda-
tion versus one drug alone. 7  ,  8  

 Even though combining these drugs has clear benefi ts that can be used to the anes-
thetist’s advantage, it is not without risks. Propofol, benzodiazepines, and opioids 
all have the potential to cause respiratory depression independently and, when given 
together, these effects are additive and respiratory depression can occur at lower 
doses. 6  Propofol alone has the potential to decrease hypoxic respiratory drive up to 
80%. 9  Under general anesthesia this is not as much of a concern until assessing for 
readiness to extubate. It is not surprising that depressive effects on ventilation 
become more signifi cant in situations where it is desirable to have the patient breathe 
spontaneously. One retrospective study on sedation for gastrointestinal endoscopy 
cites the need for intubation during these procedures as occurring in 0.07%-0.1% of 
cases. 1  The effects on respiratory depression are dose-dependent for each agent as 
well as being additive when combining agents. 

 The cumulative nature of respiratory depression in response to these drugs may be 
more apparent in certain patient populations that are more sensitive to the effects of 
these drugs. This is the case in older patients who generally have reduced metabolism 
and/or clearance of the drug itself and may benefi t from dose decreases. 8  Another 
patient population that would be expected to have more profound respiratory depres-
sion at standard doses and would benefi t from decreased doses is the group of patients 
with liver disease. Although even cirrhotic liver changes do not affect the clinically 
relevant actions of propofol, the normal metabolism of both benzodiazepines and 
opioids occur in the liver and are highly impacted by decreased liver function. 8  ,  9  The 
potential for the combination of these drugs to cause increased respiratory depression 
may be the reason why some studies show an increase in weaning time from the ven-
tilator with a combination regimen as compared with a single drug regimen. 7  ,  8   

    Take-Home Points 

•     In combination, propofol, opioids, and benzodiazepines work synergisti-
cally to produce hypnotic and immobilizing effects and therefore allow 
decreased doses of each drug when they are used together. The decreased 
doses may lead to more hemodynamic stability and decreased incidence of 
side effects from each individual drug.  

•   Propofol, opioids, and benzodiazepines all have the potential to cause 
respiratory depression, and when these drugs are used in combination, 
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their effects on respiratory depression are additive. These effects are espe-
cially pronounced in older patients and patients with liver disease.  

•   The importance of an accurate and complete history and physical cannot 
be overemphasized.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  propofol, opioids, benzodiazepines  
   Mechanism/sites of action:  multiple central nervous system sites  
   Clinical effect:  increased hypnosis and sedation, decreased respiratory drive        
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    Abstract    
 This case discusses the additive respiratory effects of benzodiazepines and 
opioid narcotics. The case was complicated by obstructive sleep apnea  

         Case 

 A 37-year-old man with past medical history of generalized anxiety disorder, intra-
venous heroin abuse, morbid obesity, and obstructive sleep apnea (OSA) who was 
followed in the sleep clinic was in recovery for his heroin abuse for over a year. He 
was prescribed buprenorphine/naloxone (Suboxone®) 24 mg sublingual daily to 
help with his recovery, as well as clonazepam (1 mg orally), which he took twice 
daily for his anxiety. 

 He was increasingly anxious for the past couple of days and acquired several tablets 
of alprazolam from a friend. One day his girlfriend found him unconscious in his 
recliner. She immediately called paramedics, who found him apneic and unrespon-
sive. The fi rst responders administered advanced cardiac life support as well as 
several doses of naloxone but the patient unfortunately expired. 

 There was no drug paraphernalia anywhere in the residence, nor did the patient have 
any signs of recent intravenous drug use. His girlfriend adamantly insisted that he 
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had not used illegal drugs in over a year and had been “clean” during that time. 
Ultimately, the cause of death was determined to be cardiac arrest due to severe 
hypoxia, which was likely a result of respiratory arrest following respiratory depres-
sion worsened by airway obstruction.  

    Discussion 

  This is an example of a pharmacodynamic drug–drug interaction.  

 More specifi cally, ventilatory responsiveness to rises in PaCO 2  is depressed in 
patients who have received opioids or benzodiazepines and the effect is augmented 
when the two drug classes are administered concurrently. 

 Benzodiazepines (BZs) and opioids are commonly used as preoperative sedatives, 
general anesthetic adjuncts, and as sole agents for intravenous (IV) sedation cases. 
Their use as anxiolytics and analgesics, respectively, is also quite common in the 
outpatient population. 

 BZs have several clinical uses including sedation, amnesia, anxiolysis, and as anti-
convulsants. BZs mimic the inhibitory neurotransmitter γ-aminobutyric acid 
(GABA) and exert their action by binding allosterically to the GABA A  receptor 
subtype. 1  The BZ effect on GABA A  receptors allows for chloride channel opening 
and an infl ux of chloride ion, leading to hyperpolarization of the neuron. 2  Opioid 
medications are used mostly for their analgesic effects. There are several opioid 
receptor subtypes including mu (μ), delta (δ), kappa (κ), and nociceptin orphanin 
FQ. 3  All of the receptor subtypes are associated with some degree of analgesia; 
however different subtypes are responsible for the various adverse effects observed 
(Table  77.1 ).

   Both classes of medications are associated with respiratory depression. Opioids are 
known for their effects on respiratory depression and are sometimes implicated in 
cases of severe respiratory depression with respiratory acidosis, hypoxia, and even 
death. Opioid agonists have the ability to push the CO 2  responsiveness curve to right 
and also decrease the slope of the curve, which means a higher PaCO 2  is required to 
drive respirations. 4  This occurs in a dose dependent fashion such that a large dose of 
opioid can shift the CO 2  response curve so far that apnea and hypoxia ensue. BZs 
can independently decrease the slope of the CO 2  response curve in a dose-depen-
dent fashion, however, this effect is much less pronounced than that of opioid-
induced respiratory depression (Fig.  77.1 ). 5  –  8   

 When BZs and opioid medications are combined, their respiratory depressant 
effects are additive. 9  When using a small dose of a BZ, such as midazolam, as a 
premedication, signifi cant respiratory depression is unlikely. However, when com-
bined with an opioid, such as fentanyl, patients can experience severe respiratory 
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depressant effects to the point of needing assisted mask ventilation. Similar events 
can occur in the endoscopy suite where the combination of fentanyl and midazolam 
is commonly utilized. 

 In what is probably the most uncontrolled setting, patients are often prescribed a BZ 
and an opioid analgesic in the outpatient setting and it is not uncommon that these 
prescriptions may come from different practitioners. 10  These medications can be 
taken in large dosages and in a discrete manner, in such a way that over consumption 
with sedation and respiratory depression can go unnoticed to the point of apnea, 
hypoxia, and eventual brain death. Death rates from unintentional prescription drug 
overdose rose 142% from 1999-2004. 11  Naloxone and fl umazenil can be given as 

   Table 77.1    Opioid Receptor Subtypes   

 Receptor  Distribution  Effect 

 μ 1   Brain, spinal cord, periphery  Analgesia 
 μ 2   Brain, spinal cord, periphery  Analgesia, GI transit, respiratory depression, 

pruritus 
 μ 3   Immune cells, amygdale, peripheral 

neural, CV endothelial cells 
 Various including nitric oxide release 

 δ 1   Brain, periphery  Analgesia, cardioprotection 
 δ 2   Brain, spinal  Analgesia, cardioprotection, thermoregulation 
 κ 1a   Brain (nucleus accumbens, 

neocortex, cerebellum) 
 Analgesia, feeding 

 κ 1b  
 κ 2a   Brain (hippocampus, thalamus, 

brainstem) 
 Analgesia, diuresis, neuroendocrine 

 κ 2b  
 κ 3   Brain  Spinal analgesia, peripheral effects 

  Table illustrating receptor subtypes, distribution, and effects. Nociceptin orphanin FQ is not 
included due to lack of defi nitive data. 
 [Adapted from Dietis N, Rowbotham DJ, Lambert DG. Opioid receptor subtypes: Fact or artifact? 
Br J Anaesth 2011; 107 (1): 8-18. With permission from Oxford University Press.]  

  Fig. 77.1    Figure illustrating the carbon dioxide-ventilatory response curve and the effects of dif-
ferent medications. Benzodiazepines can reduce the slope of the curve, whereas opioids can both 
reduce the slope of the curve and move the curve to the right. These effects necessitate a higher 
PaCO 2  to drive minute ventilation [Based on data from refs. 4 – 8 ]       
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opioid and BZ antagonists, respectively; however, they may not be administered in 
suffi cient time to prevent irreversible injury. Buprenorphine, a long-acting opioid 
used for the treatment of chronic pain and recovery from opioid addiction, has respi-
ratory depressant effects and has led to several deaths when combined with a BZ. 12  ,  13  
If taken parenterally, the naloxone component of the buprenorphine/naloxone com-
bination (Suboxone®) becomes active and antagonizes the effects of burprenor-
phine. 14  However, the respiratory depressant effects of buprenorphine are more 
resistant to antagonism by naloxone and an additional intravenous infusion of nal-
oxone may be required. 15  

 Furthermore, the use of sedative medications in patients with obstructive sleep 
apnea further increases the risk for developing respiratory complications, even with 
light sedation. OSA is present in 3% to 7% of middle-age adults and patients with 
OSA carry a higher risk for postoperative respiratory depression and airway obstruc-
tion. 16  ,  17  This same risk carries over to the outpatient setting where medications, 
such as BZs and opioids, can lead to sedation, respiratory depression, and obstruc-
tion that can further augment hypercarbia and hypoxia. Opioid therapy alone can 
lead to both obstructive and central sleep apnea. 18  Extreme caution should be used 
when choosing to treat patients with known OSA with  combinations of opioids and 
BZs in the outpatient setting due to the increased risk sedation, obstruction and pos-
sible profound hypercarbia. 

 In addition to patients with OSA, any disease state that puts a patient at risk for 
hypoventilation should have their BZ and opioid therapy managed cautiously. 
Patients with chronic obstructive pulmonary disease (COPD) and neuromuscular 
diseases, such as myasthenia gravis, muscular dystrophy, and amyotrophic lateral 
sclerosis to name a few, can also be negatively impacted by concurrent BZ and opi-
oid therapy. 

 BZs and opioids have great clinical effi cacy in the perioperative, inpatient, and out-
patient settings. These benefi ts do not come without risks, and one that must not be 
overlooked is the potential for respiratory depression. Knowledge of the additive 
effects of these medications, and vigilance in the management of their use, can help 
to limit these adverse effects.  

    Take-Home Points 

•     Benzodiazepines and opioids alone can cause a dose-dependent shift in the 
CO 2  responsiveness curve, necessitating higher PaCO 2  to drive spontaneous 
ventilation.  

•   When drugs from these classes are used concurrently, their effects on ven-
tilation are additive and ventilation can be signifi cantly depressed.  
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•   Certain patient populations are at an increased risk for respiratory depres-
sion and the development of profound hypercarbia.  

•   Patients who suffer from obstructive sleep apnea can develop obstruction 
and respiratory depression due to sedation and a decrease in CO 2  respon-
siveness that is inherent to benzodiazepines and opioids.     

    Summary 

  Interaction:  pharmacodynamic 
  Substrates:  buprenorphine/naloxone, clonazepam, and alprazolam 
  Mechanism/site of action:  additive respiratory depression 
  Clinical effects:  hypoventilation leading to hypercarbia, hypoxia, and death     
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    Abstract     
This case discusses a pharmacokinetic interaction between midazolam and 
carbamazepine. Midazolam is a cytochrome P450 3A4 substrate and carbam-
azepine is a 3A4 inducer. Coadministration signifi cantly decreases the seda-
tive effects of oral midazolam.  

         Case 

 A 15-year-old, 40 kg girl was scheduled to undergo tonsillectomy with general 
anesthesia. She had frequent migraine headaches that disrupted her life consider-
ably. She had tried numerous medication regimens and was currently taking sumat-
riptan and caffeine to treat her headaches and carbamazepine for migraine 
prophylaxis. 

 The patient was extremely nervous about having an intravenous (IV) line placed and 
began to cry. The anesthesia team decided to do an inhalation induction, and dis-
cussed the technique with the patient and her parents. The patient’s mother asked 
whether the patient could take something to help her relax before going to the oper-
ating room. The resident ordered oral midazolam (20 mg) for the patient. 

 On arrival at the operating room 45 minutes later, the patient was still tearful and 
asked when the “relaxing medicine” would begin to work. She reported that she felt 
no relief from her anxiety and still was very nervous. She was reassured by the resi-
dent and the nurse and began to relax after breathing a nitrous oxide–oxygen 
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mixture for several minutes. The remainder of the inhalation induction was unevent-
ful. When the attending anesthesiologist visited the patient before discharge to 
home, the patient’s mother questioned why the sedation medication did not help her.  

    Discussion 

  This is an example of a substrate added to an inducer.  

 More specifi cally, this is an example of a pharmacokinetic interaction of an inducer 
(carbamazepine) and a substrate (midazolam). 

 Midazolam is a benzodiazepine metabolized by the cytochrome P450 3A4 
(CYP3A4) isozyme and commonly used for its anxiolytic and sedative properties. 
It may be used as a premedicant for patients going to the operating room for surgery 
and also is used in the intensive care unit as a sedative for patients receiving mechan-
ical ventilation. Commonly, oral midazolam is used as a premedicant for children 
and IV midazolam is used for adults. In the case described, the teenager was so 
anxious about the IV line placement that oral midazolam was administered. 

 The patient had been taking carbamazepine, a commonly used antiepileptic drug 
that is also used as a prophylactic agent in the treatment of migraine headaches. It is 
metabolized by CYP3A4 and also has the ability to induce this enzyme to increase 
metabolism. Induction of CYP3A4 results in increased metabolism of other 3A4 
substrates, such as midazolam. Another frequently used antiepileptic, phenytoin, 
has the same effects on 3A4. In one study of patients taking carbamazepine or phe-
nytoin, the area under the plasma concentration–time curve (AUC), maximum con-
centration, and half-life of a single dose of oral midazolam were shown to be 
signifi cantly reduced, and the patients taking these antiepileptics did not have seda-
tion. 1  In contrast, the comparative participants not taking the antiepileptics had sig-
nifi cant sedation (Fig.  78.1 ).  

 Several other medications can affect midazolam serum levels. For example, rifampin 
is an antibiotic used to treat certain infections, including tuberculosis, and also has 
the ability to induce CYP3A4. Its use has been shown to decrease both the AUC and 
the half-life of oral midazolam when midazolam was administered after 5 days of 
rifampin treatment. 2  The reduction in the pharmacokinetic parameters was also par-
alleled with a reduction in the pharmacodynamics of midazolam to such a degree 
that midazolam completely lost its effectiveness. Armodafi nil, used to promote 
wakefulness, such as in the treatment of narcolepsy, is also a moderate 3A4 inducer 
and has been shown to reduce the AUC and maximum concentration of oral mid-
azolam. 3  Armodafi nil is a less commonly used medication; however, rifampin, 

Benzodiazepines and Other Sedatives



371

phenytoin, and carbamazepine are frequently encountered medications, and the 
interaction with midazolam should be considered when a sedative or anxiolytic is 
needed for patients taking these medications. Midazolam may be administered in 
the clinical setting of a seizure in patients taking these antiepileptics, and increased 
doses may be required to achieve effect. 

 Of note, these studies investigated the effect of 3A4 inducers on orally dosed mid-
azolam. 1  -  3  Although the effect on IV midazolam has not been elucidated, it is likely 
that the oral interaction is more substantial because of fi rst-pass metabolism. 
CYP3A4 inducers will reduce the pharmacokinetic and pharmacodynamic param-
eters of IV midazolam, but IV administration likely gains greater importance when 
metabolism through 3A4 has an increased role (ie, multiple boluses or infusion).  

  Fig. 78.1    Plasma midazolam concentrations over the 10 hours after a 15-mg oral dose of 
 midazolam in six patients with epilepsy taking carbamazepine or phenytoin and in seven healthy 
control subjects [Adapted from Backman JT, Olkkola KT, Ojala M et al. Concentrations and 
effects of oral midazolam are greatly reduced in patients treated with carbamazepine or phenytoin. 
 Epilepsia.  1996;37(3):253-7. with permission from John Wiley & Sons, Inc.]       
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    Take-Home Points 

•     Carbamazepine, phenytoin, rifampin, and armodafi nil are inducers of the 
CYP3A4 enzyme.  

•   Midazolam is metabolized through CYP3A4, and induction of this enzyme 
increases midazolam metabolism.  

•   In the presence of 3A4 inducers, the effect of oral midazolam can be com-
pletely obliterated. This response is especially relevant when midazolam is 
prescribed as a premedicant for children who are taking these medications, 
because midazolam is frequently administered in oral form to children.  

•   The impact of 3A4 induction on the pharmacokinetics and pharmacody-
namics of IV midazolam has not been elucidated but may be reduced to 
some degree.     

    Summary 

     Interaction:  pharmackinetic  
   Substrate:  oral midazolam  
   Enzyme:  CYP3A4  
   Inducer:  carbamazepine  
   Clinical effects:  obliteration of sedative effects        
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    Abstract   
  This case discusses a pharmacokinetic interaction between midazolam and 
goldenseal. Midazolam is a cytochrome P450 3A4, 3A5, and 2D6 substrate 
and goldenseal is an inhibitor of these enzymes. Coadministration leads to 
prolonged sedative effects of midazolam.  

         Case 

 The outpatient surgical center had eight cataract surgeries scheduled. The resident 
recognized it was going to be another fast-paced Friday with no time for slow case 
starts or delayed recoveries. Her last patient of the day was a 68-year-old man 
(90 kg) who drank two beers daily. He had a history of type 2 diabetes mellitus that 
was controlled with metformin and two episodes of pneumonia in the past year, one 
of which caused had caused the cancellation of a previously scheduled cataract 
surgery. His preoperative serum glucose and creatinine values were normal. Two 
previous episodes of upper respiratory tract infection in the past year had caused his 
cataract surgery to be cancelled several times. To circumvent this, the patient had 
taken herbal supplements in the prior month to “build up my immune system and 
help speed my recovery.” 

 The anesthesia team planned sedation with midazolam and alfentanil. They antici-
pated his tolerance for benzodiazepines might be elevated due to his alcohol 
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intake, so the resident gave midazolam (2 mg IV) right after monitors were placed. 
When the attending arrived, the patient was very drowsy and the resident decreased 
the dose of alfentanil prior to surgical manipulation, The case went smoothly; 
 however, the patient continued to be somnolent and required placement of a nasal 
trumpet. 

 At the end of the case, the surgeon thanked the resident for a smooth and fast day. 
However, the patient remained somnolent in the postanesthesia care unit, despite 
loud verbal and strong tactile stimulation. The patient’s wife was interviewed and 
she restated how hard they had worked to make sure he was ready for this surgery.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 An appropriate history and physical is essential to good anesthesia practice. 
However, even the most careful practitioner may fail to elicit information regard-
ing herbal medications. Patients may not consider herbal supplements as medica-
tions or deem them as harmless. Specifi c questioning regarding herbal medications 
should be included in the preoperative evaluation. This can help reduce poten-
tially harmful drug–drug interactions that may affect anesthetic or surgical 
outcome. 

 Goldenseal is readily available and commonly used for the prevention of upper 
respiratory infections, aid digestion, topical antimicrobial effects, and commonly 
combined with other herbals to enhance medicinal effects. It is also known for hid-
ing toxins on urine drug screens, specifi cally marijuana. 1  

 Goldenseal is composed of two principal isoquinoline alkaloid compounds; hydras-
tine and berberine. It is also sold under the alternative names Indian pain, eye balm, 
and ground raspberry. 1  It is a known cytochrome P450 (CYP) 3A4 and CYP2D6 
inhibitor. 2  ,  3  

 Midazolam, a triazolobenzodiazepine, is a CYP3A4 substrate. 

 The mechanism of this drug interaction, therefore is due to inhibition of various 
CYP isoforms, specifi cally CYP3A4/5 and CYP2D6. Approximately 50% of all 
prescription drugs undergo metabolism by 3A4. 1  Drugs with a narrow therapeutic 
index that are metabolized by 3A4 (such as tacrolimus and cyclosporine) and 2D6 
(nortriptyline) have the potential for toxicity when administered concurrently with 
goldenseal. 2  ,  3  Goldenseal has moderate to major interactions with many medica-
tions commonly used for anesthesia including triazolobenzodiazepines, opioids 
such as methadone and alfentanil, volatile agents, antiemetics such as ondanestron 
and dexamethasone, and local anesthetics like lidocaine. 4  ,  5  
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 Goldenseal is contraindicated in patients who are pregnant or have glucose-6- 
phosphate defi ciency. 1  

 To determine the cause of this patient’s prolonged recovery time, the differential diag-
nosis of prolonged emergence should be considered. Advanced age slows drug 
metabolism. Chronic alcohol intake can cause liver disease, thus reducing the liver’s 
detoxifi cation/metabolism ability. Chronic alcohol intake may cause poor nutrition 
and reduce albumin synthesis. Low albumin increases the amount of ionized or 
“active” drug, thus increasing the medications clinical effect. Renal failure is a com-
mon complication with poorly controlled DM. The clearance of midazolam could be 
reduced by decreased renal function. Blood glucose levels should be determined to 
eliminate hypoglycemia. Errors in drug administration may have resulted in excess 
drug administration. The patient may be taking other drugs not mentioned on the 
medication list, or have other medical problems not revealed in the patient interview. 

 In this case, the patient was normoglycemic and had normal preoperative kidney 
and renal function. On discussion with his wife, further details were obtained about 
the herbal supplement which was likely a combination of echinacea with golden-
seal. Midazolam is a known substrate for CYP3A4 metabolism. 2  –  4  The concurrent 
use of goldenseal with midazolam resulted in decreased metabolism, thus increas-
ing the clinical effect of the midazolam.  

    Take-Home Points 

•     Herbal supplements can have signifi cant drug–drug interactions.  

•   Goldenseal is a CYP3A4 and CYP2D6 inhibitor.  

•   Midazolam is a CYP3A4 substrate.  

•   Know all medications (including herbals) and doses taken by patients prior 
to drug administration.  

•   If the patient is taking goldenseal, check the medication list for 3A4 and 
2D6 substrates such as benzodiazepines, tacrolimus, cyclosporine, nortrip-
tyline, methadone, alfentanil, ondansetron, dexamethasone, and lidocaine.  

•   Watch especially for the presence of tacrolimus, cyclosporine, and nortrip-
tyline on the drug list as these drugs have a narrow therapeutic index and 
impaired metabolism can easily cause clinical toxicity.  

•   With chronic alcohol intake, poor nutrition should also be considered in drug 
interactions. Preoperative labs may include albumin to assess nutritional sta-
tus. Lower levels of albumin increase the ionized (active) form of drugs.     
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    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  midazolam  
   Enzyme:  CYP3A4, CYP3A5, and CYP2D6  
   Inhibitor:  goldenseal  
   Clinical effects:  prolonged sedation        
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    Abstract  
  This is an example of one drug (diltiazem hydrochloride) suppressing hepatic 
metabolism of two other drugs (midazolam hydrochloride and alfentanil 
hydrochloride) through inhibition of several isoenzymes in the cytochrome 
P450 3A family  

         Case 

 A cardiac anesthesia group at a large academic center was examining its anesthetic 
practice of patients undergoing coronary artery bypass graft surgery (CABG) in an 
effort to streamline postoperative patient care and reduce demands on the intensive 
care unit. The new cardiac anesthesia fellow was given the task of analyzing the 
time from surgery completion to extubation to determine the variation of extubation 
times. When he reviewed the charts of several hundred recent cases, he noticed that 
the extubation times of patients of one anesthesiologist in particular were consis-
tently several hours longer than the times of other anesthesiologist. Intrigued, the 
fellow started looking at individual practice patterns. He noticed that the “slow” 
anesthesiologist regularly administered a loading dose of diltiazem prior to induc-
tion and then a diltiazem infusion during the case. Her intraoperative use of intrave-
nous infusions of midazolam and alfentanil was also unique. When queried, she 
explained that she used diltiazem as prophylaxis against postoperative atrial fi bril-
lation. Also she felt the use of midazolam and alfentanil infusions provided a 
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consistent level of anesthesia and allowed for the use of a lower concentration of 
isofl urane resulting in more stable patient hemodynamics during the case.  

    Discussion 

  This is an example of coadministration of an inhibitor and two substrates.  

 More completely, this is an example of one drug (diltiazem) suppressing hepatic 
metabolism of two other drugs (midazolam and alfentanil) through inhibition of 
cytochrome P450 3A (CYP3A). 

 Diltiazem is a calcium ion infl ux inhibitor during membrane depolarization of car-
diac and vascular smooth muscle. Diltiazem has been shown to reduce the incidence 
of postoperative atrial fi brillation in patients undergoing open heart surgery. 1  
Diltiazem undergoes extensive hepatic biotransformation by  N -demethylation by 
CYP3A and is also a competitive inhibitor of that enzyme. 2  

 The subfamily of CYP3A includes CYP3A4, CYP3A5, and CYP 3A7. In adults, 
3A4 and 3A5 are the most frequently considered in biotransformation, since 3A7 is 
found primarily in fetal tissue. Midazolam is metabolized by CYP3A into 
1′-hydroxymidazolam and 4–hydroxymidazolam. 3  Alfentanil undergoes dealkyl-
ation metabolism by CYP3A into noralfentanil and  N -phenylpropionamide. 4   In 
vitro  midazolam has been shown to act as a competitive inhibitor in relation to the 
metabolism of alfentanil and thus reduce the formation rates of alfentanil metabo-
lites via inhibition of CYP3A4. 5  In addition, elevations in plasma concentrations of 
both midazolam and alfentanil have been clearly demonstrated following CYP3A 
inhibition in human studies. 6  

 The use of diltiazem in conjunction with alfentanil and midazolam has been shown 
to result in a delay in extubation by several hours. 7  Although no “perfect” cardiac 
anesthetic exists, many clinicians employ combinations of different anesthetic 
agents to provide a balanced anesthetic that minimizes hemodynamic instability. 
Many cardiac anesthetic groups are focusing on “fast-track” postoperative recovery 
including reducing the time to extubation. A thorough appreciation of drug–drug 
interactions can help minimize postoperative oversedation.  

    Take-Home Points 

•     Diltiazem, midazolam, and alfentanil are metabolized by CYP3A.  

•   Several drugs, including diltiazem, are potent inhibitors of CYP3A.  
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•   Inhibition of CYP3A can slow the metabolism of midazolam and alfent-
anil. This can result in clinically relevant prolongation of sedation from 
these medications especially when these are administered via continuous 
infusion.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrates:  midazolam and alfentanil  
   Enzyme:  CYP3A subfamily  
   Inhibitor:  diltiazem  
   Clinical effects:  prolonged anesthetic effect and delayed extubation        
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         Case 

 On a Friday night, the junior anesthesiology resident on call was assigned to do the 
preoperative evaluation for a 10-year-old girl who would be coming to the operating 
room the following morning for a repeat irrigation and debridement of an infected 
right lower extremity wound right, sustained along with open fractures in a car crash 
2.5 weeks previously. She was receiving antibiotics, including vancomycin. A recent 
culture was concerning for fungal infection, and she had started receiving itracon-
azole 4 days ago. Previous anesthesia notes indicated an uneventful endotracheal 
intubation and anesthesia course. 

 The nurse told the resident that the patient had been doing well except that she was 
very anxious about waking up from the procedure in severe pain, as she had previ-
ously. The resident ordered oral midazolam (18 mg) for the patient. Forty minutes 
later, the resident and the was summoned by her parents to come to her room 
because they were not able to arouse her. The patient was breathing at a rate of 
5 breaths per minute; with some stimulation, her respirations increased to 10 per 
minute. It was apparent that the patient was oversedated from the midazolam. 

    Abstract  
  This case discusses the pharmacokinetic interaction between midazolam and 
itraconazole, resulting in increased sedation. Midazolam is a cytochrome 
P450 3A4 substrate and itraconazole is a 3A4 inhibitor  
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However, the parents did not understand why because the child had tolerated mid-
azolam with minimal sedation a few days ago. 

 The patient was transferred to the monitored care unit, where she continued to be 
sedated and somnolent overnight. Gradually, she became more responsive and was 
appropriately answering questions in the morning. It was decided that she should 
come to the operating area for surgery as scheduled, but she was not given a benzodi-
azepine. The procedure was uneventful, and the patient woke up without diffi culty.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Itraconazole is an antifungal that is metabolized by the cytochrome P450 (CYP) isozyme 
3A4 to metabolites, including hydroxyitraconazole. Both itraconazole and hydroxyitra-
conazole are potent inhibitors of CYP3A4. 1  ,  2  Administration of medications that are also 
substrates for CYP3A4 may lead to decreased metabolism of those drugs and, subse-
quently, to increased plasma levels and increased effect or toxicity (Fig.  81.1 ).  

 Midazolam is a commonly used anxiolytic and sedative that is metabolized by 3A4. 
Studies have shown signifi cantly altered pharmacokinetics, including an increased 
area-under-the-concentration curve versus the time curve, peak concentration lev-
els, and half-life when midazolam was administered to study participants taking 
itraconazole orally 3  ,  4  (Fig.  81.1 ). 

 When midazolam is administered in the oral form, the pharmacokinetics and phar-
macodynamics are signifi cantly altered because of an inhibition of metabolism due 
to itraconazole. However, when midazolam is administered in the intravenous form, 
the impact of itraconazole on the pharmacokinetics and pharmacodynamics of mid-
azolam is reduced. 5  This difference in interaction is likely because oral midazolam 
goes through substantial fi rst-pass metabolism in the liver. When the pharmacody-
namics of orally administered midazolam are altered because of CYP3A4 inhibi-
tion, the clinical picture is increased sedation and an extended period before the 
sedation resolves. Caution should still be used when administering midazolam in 
intravenous form for patients receiving itraconazole because the interaction poten-
tially could cause clinically signifi cant pharmacodynamic alterations, especially 
when large doses are administered or midazolam is used in multiple doses or infu-
sions (ie, the intensive care unit setting) for an extended period. 

 Itraconazole is not the only azole antifungal that interacts with drug metabolism. 
Posaconazole and ketoconazole also inhibit CYP3A4 and have been found to impair 
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the metabolism of midazolam. 6  The clinical interactions of CYP3A substrates with 
fl uconazole are of lesser magnitude and generally are observed only with daily 
doses of 200 mg or more. 7  In addition to midazolam interactions, the coadministra-
tion of ketoconazole or itraconazole with other CYP3A substrates—such as cyclo-
sporine, tacrolimus, alprazolam, triazolam, nifedipine, felodipine, simvastatin, 
lovastatin, vincristine sulfate, terfenadine, and astemizole—may also result in clini-
cally signifi cant drug interactions, some of which can be life threatening. 7  Therefore, 
it is prudent to avoid the use of oral midazolam for patients receiving these antifun-
gals. Intravenous midazolam should be used with caution and with close observa-
tion for increased or extended effects.  

  Fig. 81.1    Concentrations of midazolam in plasma after oral midazolam (7.5 mg) administration 
following pretreatment with placebo (open circle), itraconazole (100 mg; closed circle), and terbi-
nafi ne (250 mg; closed triangle). (The allylamine antifungal terbinafi ne does not inhibit cyto-
chrome P450 in vitro.) [Adapted from Ahonen J, Olkkola KT, Neuvonen PJ. Effect of itraconazole 
and terbinafi ne on the pharmacokinetics and pharmacodynamics of midazolam in healthy volun-
teers.  Br J Clin Pharmacol.  1995;40:270-272. With permission from Wiley-Blackwell.]       
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    Take-Home Points 

•     Itraconazole, posaconazole, and ketoconazole inhibit CYP3A4, the iso-
zyme responsible for the metabolism of midazolam.  

•   Prolonged and increased sedation is observed when itraconazole is used 
with oral midazolam.  

•   These effects are not as pronounced after intravenous midazolam adminis-
tration; however, this route should also be used with caution for patients 
receiving itraconazole, posaconazole, or ketoconazole.  

•   Oral midazolam should be avoided for patients receiving itraconazole, 
posaconazole, or ketoconazole.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  midazolam  
   Enzyme:  CYP3A4  
   Inhibitor:  itraconazole  
   Clinical effects:  increased sedative effects        
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    Abstract   
  This case discusses a pharmacokinetic interaction between carbamazepine 
and alprazolam leading to sedation. Alprazolam is a cytochrome P450 3A4 
substrate. Carbamazapine is a 3A4 inducer. Discontinuation of carbamaze-
pine leads to less metabolism of alprazolam and greater sedation.  

         Case 

 The anesthesiologist taking care of a 72-year-old man scheduled for rhizotomy was 
paged by the nurse checking him in. She asked to have someone from the anesthesia 
service come over to the preoperative area, saying “He still needs anesthesia con-
sent, but he’s really sleepy. I can’t even get him undressed.” When the anesthesiolo-
gist arrived, she found a somewhat disheveled elderly man, who appeared quite 
sedated but conscious, and a very distressed daughter. By the daughter’s report, the 
patient had always been in generally good health, except for trigeminal neuralgia, 
for which he had been taking carbamazepine (Tegretol®) 400 mg twice daily for the 
past 3 years. He had also suffered from persistent generalized anxiety since the 
death of his wife 2 months earlier, although his distress and agitation had remitted 
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somewhat after titration of a standing alprazolam dosage of 1 mg twice daily. He 
had been seen by his internist 2 weeks earlier for a preoperative history and physi-
cal. His internist had noted a mild leukopenia on his preoperative labs and quite 
correctly surmised that the carbamazepine might be the culprit. Due to the patient’s 
age and since he was “getting the nerve zapped anyway,” the internist advised the 
patient to discontinue the carbamazepine. The patient’s daughter confi rmed the 
recent history, stating that after the surgery she was planning on looking at nursing 
homes as her father seemed to be getting senile rapidly. She confi ded that she had 
cried that morning when he been unable to dress himself.  

    Discussion 

  This is an example of reversal of induction.  

 By discontinuing the carbamazepine without decreasing the alprazolam dose, the 
internist inadvertently exposed the patient to the increased sedating effects of ele-
vated serum benzodiazepine levels. 

 The triazolobenzodiazepines (alprazolam, midazolam, triazolam, and estazolam), 
as well as other drugs such as haloperidol are all 3A4 substrates. 1  ,  3  Carbamazepine 
is an inducer of cytochrome P450 (CYP) 3A4, in addition to multiple other P450 
enzymes. 1  ,  4  ,  5  The original presence of the carbamazepine (inducer) in the standing 
medication panel resulted in titration to a higher dose of alprazolam (substrate) than 
otherwise would have been required to achieve the desired clinical effect. Abrupt 
discontinuation of the carbamazepine led to a reversal of 3A4 induction. In such 
cases, the resulting decrease in available 3A4 will lead to less active metabolism of 
the alprazolam, yielding higher alprazolam blood levels at the same alprazolam 
 dosage and subsequent oversedation.  

    Take-Home Points 

•     This is an example of a classic DDI than can occur because drugs are 
 stopped  in the perioperative period. Carbamazepine was  removed  from the 
patient’s medication list, and therefore, is not an obvious contributor to the 
patient’s sedated state when reviewing only the current medications.  

•   Anesthesiologists may be the fi rst to detect DDIs set in motion by provid-
ers from other specialties.  

•   Remember that induction of a P450 enzyme means “more enzyme, not 
more powerful” enzyme. It is a quantitative rather than qualitative issue. 
“De- induction” will mean that less total enzyme is available.  

Benzodiazepines and Other Sedatives



387

•   Because enzymes are complex proteins, it takes time for the liver to syn-
thesize them—induction generally becomes clinically signifi cant over the 
course of weeks, not hours or days.  

•   Carbamazepine is an inducer of multiple P450 enzymes. 2      

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  alprazolam  
   Enzyme:  CYP3A4  
   Inducer:  carbamazepine  
   Clinical effect:  removal of the inducer leads to less metabolism of the benzodiaz-

epine and greater sedation        
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    Abstract   
  This case discusses the pharmacokinetic interaction between diazepam and 
fl uvoxamine resulting in excessive sedation. Diazepam is a cytochrome P450 
3A4 and 2C19 substrate and fl uvoxamine is a cytochrome P450 3A4 and 
2C19 inhibitor.  

         Case 

 A 29-year-old female triathlete was admitted to the step-down unit for intravenous 
administration of vancomycin, fl uid and wound management, and intravenous 
hydromorphone patient-controlled analgesia (PCA). She had just undergone exten-
sive soft tissue debridement and fasciotomy of her right perineum, groin, and lower 
extremity due to a virulent community-acquired methicillin-resistant  Staphylococcus 
aureus  infection. She had a remote history of Tourette’s syndrome as an adolescent 
and an anxiety disorder due to the tragic murder of her parents in a robbery 2 years 
ago. Her only standing medication was diazepam (Valium®, 5 mg three times a day), 
which was continued in the perioperative period as she had failed an attempt to taper 
the diazepam dosage some months earlier. On the second postoperative day, the 
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surgical service increased the diazepam to 10 mg three times daily as the patient was 
very anxious about the application of the vacuum wound dressing. On the fourth 
postoperative day, the step-down nurses urgently paged the anesthesia fellow cover-
ing the unit. The patient now had extreme anxiety and distress with an overwhelm-
ing urge to repeatedly take off the vacuum dressing and check the incision sites, 
even after the nurses had carefully shown her the wounds twice in an attempt to 
reassure her that the infection was gone and she was not bleeding. 

 The anesthesiologist, fearful of “mixing benzodiazepines,” ordered a stat extra dose 
of Valium with additional dosing as needed and consulted the psychiatric service. 
The consulting team saw the patient and entered a provisional diagnosis of obses-
sive-compulsive disorder (OCD) precipitated by acute stressors. They prescribed 
fl uvoxamine (Luvox®, 25 mg twice a day), as the patient had responded well to it 
during a brief Tourette’s-associated OCD fl are as a child. Over the next 2 days, there 
was no appreciable diminution of OCD symptoms while the patient was awake, but 
her periods of wakefulness decreased to just a few hours per day, during which time 
she also began to complain bitterly of pain. Ultimately she became so sleepy, she 
choked while nodding off with a bite of dinner in her mouth.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Diazepam is a substrate of two cytochrome P450 enzymes, 2C19 and 3A4, with 
primary metabolism via 2C19. 1  Fluvoxamine is a strong 2C19 inhibitor and a mod-
erate 3A4 inhibitor. 2  –  4  Thus, the addition of fl uvoxamine impaired the metabolism 
of diazepam via both 2C19 and 3A4 and led to a signifi cant increase in the blood 
level of diazepam. 5  Fluvoxamine, while superfi cially a reasonable choice (the 
patient had previously responded well to it for OCD), was not advantageous in 
terms of its pharmacokinetic profi le. This is because onset of clinical effi cacy of 
fl uvoxamine for remission of OCD symptoms is on the order of 6 weeks. 
Unfortunately, the kinetics of P450 inhibition typically are much shorter (on the 
order of days), so the deleterious effects of increased sedation (such as a near- 
aspiration event) appeared long before the OCD symptoms could have been expected 
to remit. 

 Unwittingly, the clinicians caring for this patient committed several other blunders. 
For instance, it was not necessarily inappropriate for the patient to remain on diaz-
epam after the fl uvoxamine was started, so long as the diazepam dose was appropri-
ately adjusted downward to account for the drug–drug interaction (DDI). The 
standing order of diazepam (10 mg three times daily) should have been rewritten, 
perhaps as low as 2 mg three times daily, and orders for as needed diazepam doses 
should have been similarly decreased. Alternatively, the prescribing doctors could 
have instead started the patient on a different benzodiazepine altogether. Because 
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lorazepam and oxazepam are metabolized by phase II conjugation and do not rely 
on Phase I (P450) metabolism, they would have been better choices. Lastly, the 
increase in overall sedation decreased the awake cycles of the patient both in fre-
quency and duration to the point that there was a decrease in her demand-dosing via 
PCA, which caused her to “get behind the pain curve.”  

    Take-Home Points 

•     Inhibition of Phase I oxidative metabolism (P450 metabolism) takes place 
over a relatively short time frame, often days, not weeks or months.  

•   Consultants will sometimes recommend a medication that is suitable for 
the very specifi c problem they have been asked to address, without consid-
ering the whole medication regimen.  

•   What has worked for the patient in the past must still be looked at  critically–
patients’ medication regimens are in a constant state of fl ux.  

•   Remember that drugs within a drug class are not necessarily metabolized 
via the same pathways! In North America, diazepam is the benzodiazepine 
that is “outside the family group,” it is the only widely used benzodiaze-
pine to undergo signifi cant metabolism via CYP2C19. Etizolam, a benzo-
diazepine whose metabolism has been studied in Japan, is also a 2C19 
substrate. It is not available in the United States or Canada. A number of 
widely used benzodiazepines are metabolized by CYP3A4 or by phase II 
conjugation (glucuronidation).  

•   When evaluating a medication panel for potential DDIs, it is as important 
to know what  isn’t  the culprit as it is to know what “the suspects” are. In 
this case, neither the administration of vancomycin nor hydromorphone 
are relevant to the DDI in question, as neither one undergoes appreciable 
Phase I oxidative metabolism. Vancomycin is largely (80% to 90%) 
excreted unchanged by the kidney and hydromorphone undergoes exten-
sive metabolism via glucuronidation (Phase II metabolism) in the liver.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  diazepam  
   Enzyme:  CYP3A4 and CYP2C19  
   Inhibitor:  fl uvoxamine  
   Clinical effects:  excessive sedation        
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    Abstract   
  This case discusses a pharmacokinetic drug interaction between midazolam 
and ritonavir/lopinavir. Midazolam is a cytochrome P450 3A4 substrate and 
ritonavir/lopinavir is a 3A4 inhibitor.  

         Case 

 A 68-year-old HIV-positive man presented to the OR for repair of closed metatarsal 
fracture he incurred after tripping over his dog. As instructed, he had taken his 
morning medications with a sip of water at 6 AM, including his morning dose of 
lopinavir/ritonavir 400/100 mg. 

 The patient had a life-long fear of paralysis and was terribly afraid of general anes-
thesia, stating “I don’t do well being put under.” He refused both general and spinal 
anesthesia and could not be reassured, eventually consenting to general anesthesia 
only in the case of a life-threatening emergency. He did agree to an ankle block and 
sedation. While waiting in the preoperative area the patient was extremely nervous 
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and agitated. He requested something to help him relax and midazolam (2 mg) was 
administered intravenously (IV). One hour later, he was next to go to the operating 
room and his block was accomplished in the block area with monitoring, supple-
mental oxygen, and an additional dose of midazolam (4 mg IV). 

 As the nurses were pulling the instruments, the podiatry attending paged the anes-
thesiologist. Review of the fi lms had indicated fracture also of the distal tibia, neces-
sitating a longer, more involved repair including use of a thigh tourniquet and 
placement of an external fi xation device. A “bigger anesthetic” was requested. 
When the anesthesiologist approached the patient to revisit the question of a general 
or spinal anesthesia, she found that he lacked capacity to consent to an elective spi-
nal anesthetic as he was sedated to the point of being nonverbal, even while con-
scious. The case was cancelled since repair of a closed ankle fracture did not meet 
the “emergency” criterion. The patient was transferred to the PACU where he had 
an extended stay and eventually required admission to a monitored bed. He under-
went surgery under general anesthesia the following afternoon when he was alert 
and able to provide consent.  

    Discussion 

  This is an example of a substrate added to an inhibitor.  

 Lopinavir is a protease inhibitor that is used in the treatment of HIV to reduce virus 
proliferation in the body. It is completely metabolized by the cytochrome P450 3A 
family of enzymes (CYP 3A). Although ritonavir is also a protease inhibitor, the 
lower dose present within this combination is used to inhibit CYP3A metabolism 
of the lopinavir to increase effi cacy. In addition, this ritonavir enzyme inhibition 
also leads to increased levels of other drugs that are metabolized by CYP3A 
enzymes. 

 Midazolam is a benzodiazepine commonly used in the operating room, procedure 
suites, and the intensive care unit for sedation and anxiolysis. Administration is usu-
ally by either IV or oral routes. Several protease inhibitors (eg, indinivir, nelfi navir, 
saquinavir) are known to inhibit CYP3A enzymes and their manufacturers’ product 
information sheets contraindicate or caution the concomitant use of midazolam. 

 Signifi cant decreases in midazolam clearance are observed by both the IV and oral 
administration demonstrating the inhibitory effects of lopinavir/ritonavir on both 
absorption and metabolism. Hepatic inhibition of CYP3A4 by lopinavir/ritonavir 
results in a 77% reduction in midazolam clearance following IV administration. 1  
With oral midazolam administration, inhibition of both intestinal and hepatic 
CYP3A enzymes should be considered. Lopinavir/ritonavir results in an increase in 
intestinal midazolam availability from 78% to 87%, along with a decrease in 
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hepatic clearance. 2  Overall, inhibition of CYP3A by the lopinavir/ritonavir combi-
nation demonstrates a 92% decrease in clearance of oral midazolam. 1  Decreased 
clearance results in an increased plasma concentration of the midazolam which can 
prolong sedation. Since increases in the concentration of midazolam are expected to 
be higher with oral vs IV administration, lopinavir/ritonavir and oral midazolam is 
contraindicated. 3  However in a recent retrospective study, a sixfold risk for severe 
prolonged sedation was associated with the coadministration of intravenous mid-
azolam with either lopinavir/ritonavir or atazanavir/ritonavir in a population HIV- 
positive patients receiving sedation during bronchoscopy. 4  Therefore, selection of a 
sedative that does not undergo signifi cant CYP3A metabolism (eg, lorazepam) 
should be a consideration. 5  

 It should be noted that administration of protease inhibitors can result in very compli-
cated drug–drug interactions. The CYP3A inhibition can be variable with among 
different protease inhibitors although, ritonavir is the most potent. 4  Following multi-
ple dose therapy the CYP3A activity is reduced by 90%. 6  However, it is important 
that inhibition should be considered with other ritonavir metabolic effects. Although 
many drugs undergo metabolism by CYP3A there are often other metabolic pathways 
involved in biotransformation of a given drug. In addition to 3A inhibition, ritonavir 
may also cause induction of several CYP450 enzymes including 1A2, 2B6, 2C9 and 
2C19. 1  ,  6  Possibly these or other inductive effects may result in drug–drug interactions 
that appear paradoxical when only CYP3A inhibition is considered. Here, other 
minor metabolic pathways might now have a greater importance once induced. 

 In a properly monitored setting, a single bolus of IV midazolam is generally consid-
ered to be safe in patients taking protease inhibitors, however, the combination of 
two IV boluses and the patient’s age contributed to his oversedation. 7  Oral adminis-
tration of midazolam in a patient taking protease inhibitors would not be recom-
mended. Additionally, a continuous midazolam infusion should be avoided with 
patients receiving protease inhibitor therapy. 7   

    Take-Home Points 

•     Protease inhibitors such as lopinavir/ritonavir may have complex drug 
interactions because enzyme induction or inhibition may occur depending 
on metabolic pathway.  

•   Midazolam is a substrate of CYP3A and coadministration with lopinavir/
ritonavir may lead to increased levels resulting in prolonged sedation.  

•   Although a single dose of IV midazolam may be used in a properly moni-
tored setting, benzodiazepines that do not undergo signifi cant CYP3A 
metabolism (eg, lorazepam) should be considered.     
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    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  midazolam  
   Enzyme:  CYP3A4  
   Inhibitor:  lopinavir/ritonavir  
   Clinical effects:  extended and exaggerated effect of midazolam        
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    Abstract   
  This case discusses a complex interaction involving chloral hydrate. A syner-
gistic pharmacodynamics interaction occurred between chloral hydrate and 
other sedatives. A protein-binding displacement reaction between chloral 
hydrate and furosemide also occurred.  

         Case 

 Jimmy, a 3-year-old, 14 kg boy, was admitted to the intensive care unit (ICU) after 
he had required resuscitation during magnetic resonance imaging (MRI) under rou-
tine sedation. He had a history of low-grade astrocytoma, which had been debulked 
6 months ago, and he was on an antiepileptic medication, which he took regularly. 
He was in his usual state of health when he presented for the surveillance imaging. 
Prior to starting the scan, he received a sedating dose of chloral hydrate (Noctec®, 
100 mg/kg orally). He was positioned in the MRI scanner 30 minutes later with 
adequate sedation. Twenty minutes later, Jimmy’s SpO 2  was noted to be 55% and 
his heart rate 40 beats per minute (bpm). He was quickly removed from the MRI 
suite, evaluated, and noted to be pulseless. CPR was initiated. He was intubated, 
ventilated with 100% O 2 , given one dose of epinephrine and 450 mL. of normal 
saline. Approximately 6 minutes passed between removal from the MRI suite and 
return of spontaneous circulation. 

 Jimmy was taken to the ICU where he remained sedated and ventilated, now 
4 hours after the aborted scan. His medical history was reviewed with his mother 
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and it was ascertained that he had been receiving phenobarbital (50 mg po 
every 12 hours) since being diagnosed with seizures secondary to his astrocy-
toma. His ICU nurse also noted that he had made almost no urine in the fi rst 4 
hours of his ICU stay despite receiving 30 mL/kg of crystalloid during resusci-
tation. A decision was made to administer one dose of IV furosemide. A few 
minutes after the dose, Jimmy became fl ushed, diaphoretic, tachycardic, and 
appeared restless in the ICU bed. The symptoms lasted approximately 20 min-
utes and resolved spontaneously. His urine output picked up and he awoke 1 
hour later. He was extubated that night and discharged the next morning with no 
residual sequelae.  

    Discussion 

  This is an example of a mixed pharmacodynamic and pharmacokinetic drug– 
drug interaction.  

 More specifi cally, this case demonstrates several concerns when using chloral 
hydrate. First, there is a signifi cant risk for synergy between chloral hydrate and 
sedative medications such as benzodiazepines, opioids, or in this case, barbiturates. 
Second, chloral hydrate and its metabolites will displace or be displaced by other 
protein-bound medications and give rise to transient symptoms of toxicity. 

 Chloral hydrate is a commonly used synthetic sedative/hypnotic agent used pri-
marily for sedation and analgesia in children. Both chloral hydrate and its primary 
active metabolite cause nonspecifi c sedation of the central nervous system (CNS) 
through an unknown mechanism. Therapeutic doses range from 25 to 125 mg/kg 
and result in sedation in approximately 30 minutes. 1  Sedation is long lasting, 80 
minutes ±15 minutes in one study, and deeper than the sedation achieved with 
comparable doses of midazolam. 2  Chloral hydrate is rapidly metabolized by alco-
hol dehydrogenase in the liver and erythrocytes resulting in trichloroethanol 
(TCE). TCE is the primary active metabolite of chloral hydrate. A portion of the 
TCE produced is conjugated with glucuronic acid to form TCE-glucuronide, 
which is excreted in the urine (primarily) and bile. The remainder is oxidized to 
trichloroacetic acid (TCA), which is less active than the primary active metabolite 
TCE. Direct oxidation of chloral hydrate to TCA also occurs, primarily in the 
liver and kidney. 3  The half-life of TCE is in the range of 7 to 10 hours while 
the half-life of TCA is much longer, 60+ hours. 4  The unlucky patient in this 
case  suffered from two separate drug–drug interactions associated with chloral 
hydrate. 

 Chloral hydrate is capable of causing vomiting, stupor, coma, respiratory depres-
sion, hypotension, and even arrhythmias in high doses. Excessive sedation and 
respiratory depression is a serious concern when combining chloral hydrate with 
benzodiazepines, opioids, barbiturates, or other CNS depressant drugs. 5  In our case, 
Jimmy had been receiving barbiturates, which should have led to reconsideration of 
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the dose of chloral hydrate administered, or selection of a short-acting drug such as 
propofol. 

 The dose of furosemide Jimmy received in the ICU triggered the second of the 
described interactions, that of displacement of the drug from protein-binding sites 
resulting in symptoms of overdose. Furosemide displaces TCA from its binding site 
within albumin. It is unclear whether the now displaced TCA directly causes the 
symptoms described above, or if TCA displaces thyroxine from its thyroid-binding 
proteins resulting in tachycardia, fl ushing, diaphoresis, and agitation. 6  Either way, 
elevated TCA due to displacement by furosemide is associated with this short-lived 
toxicity. A similar effect is seen when chloral hydrate is administered with warfarin. 
Chloral hydrate displaces warfarin from its protein-binding site resulting in a tran-
sient increase in the anticoagulant effect, the clinical signifi cance of which is unclear. 7   

    Take-Home Points 

•     CNS depressants may act synergistically when combined, resulting in 
excessive sedation or respiratory depression. When multiple CNS depres-
sant medications are given in combination, it is imperative that adequate 
monitoring be provided and that staff trained in airway management and 
resuscitation are available.  

•   When furosemide and chloral hydrate are combined, symptoms of agita-
tion, tachycardia, fl ushing, and diaphoresis may result from displacement 
of chloral hydrate metabolites from their binding sites on albumin.  

•   When chloral hydrate is combined with warfarin, a transient increase in 
warfarin activity may be observed due to displacement of warfarin from its 
protein- binding sites.     

    Summary 

     Interaction 1:  pharmacodynamic  
   Substrates:  chloral hydrate and phenobarbital  
   Site of action:  CNS  
   Clinical effects:  synergistic sedation and cardiopulmonary depression   

    Interaction 2:  pharmacokinetic (distribution)  
   Substrates:  chloral hydrate and furosemide  
   Mechanism:  plasma protein displacement  
   Sites of action:  multiple systemic end-organs  
   Clinical effects:  sympathetic discharge symptoms including tachycardia and 

diaphoresis        

85 Fatal Forty DDI: chloral hydrate, phenobarbital, furosemide



400

   References 
    1.    Napoli KL, Ingall CG, Martin GR. Safety and effi cacy of chloral hydrate sedation in children 

undergoing echocardiography. J Pediatr. 1996;129:287–91.  
    2.    D’Agostino J, Terndrup TE. Chloral hydrate versus midazolam for sedation of children for 

neuroimaging: a randomized clinical trial. Pediatr Emerg Care. 2000;16:1–4.  
    3.    Buck ML. The use of chloral hydrate in infants and children. Pediatr Pharm. 2005;11(9):1–4.  
    4.    Breimer DD. Clinical pharmacokinetics of hypnotics. Clin Pharmacokinet. 1977;2:93–109.  
    5.    Pershad J, Palmisano P, Nichols M. Chloral hydrate: the good and the bad. Pediatr Emerg Care. 

1999;15:432–5.  
    6.    Dean RP, Rudinsky BF, Kelleher MD. Interaction of chloral hydrate and intravenous furose-

mide in a child. Clin Pharm. 1991;10:385–7.  
    7.    Griner PF, Raisz LG, Rickles FR, et al. Chloral hydrate and warfarin interaction: clinical sig-

nifi cance? Ann Intern Med. 1971;74:540–3.    

Benzodiazepines and Other Sedatives



401© Springer Science+Business Media New York 2015 
C. Marcucci et al. (eds.), A Case Approach to Perioperative Drug-Drug 
Interactions, DOI 10.1007/978-1-4614-7495-1_86

    86   

        E.  D.   Wittwer   MD, PhD      (*) •    J.   Sprung   MD, PhD    •    W.  T.   Nicholson   MD, PharmD, MSc    
  Department of Anesthesiology ,  Mayo Clinic ,   Rochester ,  MN ,  USA   
 e-mail: Wittwer.erica@mayo.edu  

 Predisposed to Doze 
 Promethazine, CYP2D6 poor metabolizer                     

       Erica     D.     Wi  wer MD, PhD,           Juraj     Sprung MD, PhD,      
and     Wayne     T.     Nicholson MD, PharmD, MSc    

    Abstract    
 This case discusses a drug–gene interaction. Promethazine is a cytochrome 
P450 (CYP) 2D6 substrate. Patients who are CYP2D6 poor metabolizers 
exhibit greater sedation for a given promethazine dose.  

         Case 

 A 63-year-old woman experienced persistent nausea and vomiting in the postanes-
thesia care unit (PACU) after an uncomplicated general anesthesia for right total 
knee arthroplasty, despite treatment with ondansetron, granisetron, and droperidol. 
In addition, she had moderately severe postoperative pain and required supplemen-
tal hydromorphone. She was otherwise healthy and took only nonsteroidal anti- 
infl ammatory drugs for knee pain. She had no known adverse drug reactions, but did 
report that codeine had been ineffective in treating her pain after a dental procedure 
several years earlier. The anesthesiologist administered one dose of ketorolac 
(15 mg) intravenously to improve her pain control to minimize sedation or potential 
for respiratory depression, as well as promethazine (12.5 mg) for persistent nausea. 
Her pain decreased signifi cantly and she continued receiving hydromorphone as 
needed while in the PACU. 

 On the Orthopedics fl oor, the patient had orders for a hydromorphone patient- 
controlled administration pump and ketorolac every 6 hours for pain, granisetron 
once daily as needed for nausea, and promethazine every 4 to 6 hours as needed for 
nausea. She continued to require promethazine and hydromorphone for treatment of 
nausea and pain. On the night of surgery the surgical resident was urgently called 
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because the patient was very sleepy and apneic when not stimulated. She had 
received a total of three doses of promethazine and 2.2 mg of hydromorphone, 
including the doses in the PACU. Naloxone was administered and although the res-
pirations improved, she remained quite somnolent. The patient gradually became 
more alert in the intensive care unit and hydromorphone was resumed the following 
day without noticeable sedation. After discussion with the pharmacist it was postu-
lated that poor metabolism of the promethazine may have resulted in this case of 
excessive sedation. She was later tested and found to have a genotype consistent 
with poor cytochrome P450 2D6 metabolism.  

    Discussion 

  This is an example of a pharmacogenomic or drug–gene interaction character-
ized by poor metabolism.  

 Promethazine is a histamine-1 antagonist used, among other indications, to treat 
nausea and vomiting and may cause increased sedation. Promethazine is metabo-
lized by P450 (CYP) 2D6. 1  The 2D6 isozyme is responsible for approximately 25% 
of all drug metabolism by cytochrome P450 enzymes. Genetic polymorphisms can 
alter the activity or concentration of CYP2D6, signifi cantly changing plasma levels 
of drugs dependent on 2D6 for clearance. Poor metabolism of promethazine can 
potentially lead to increased adverse effects and toxicity. 

 Different phenotypical presentations in metabolism can present depending on geno-
type. Metabolism can be described as poor, intermediate, extensive (normal) or 
ultra-rapid and depending on allelic activity. Individuals who metabolize drugs 
poorly have no active copy of the CYP2D6 allele; those with intermediate metabo-
lism phenotypes have one active copy. Extensive metabolizers have two active cop-
ies, and those with ultra-rapid metabolism have duplicate or multiple active copies. 
Phenotypes for extensive metabolizers of 2D6 clear these substrates normally. An 
intermediate metabolism phenotype is less predictable since it can result in drug 
clearance that might resemble normal to less than normal. Those who metabolize 
drugs poorly and who metabolize drugs ultra-rapidly have decreased and increased 
drug clearance, respectively. 

 Several categories of drugs such as antidepressants (including amitriptyline, fl uox-
etine, duloxetine, venlafaxine, etc.), antipsychotics (including haloperidol, chlor-
promazine, risperidone, aripiprazole, etc.), antiemetics (including metoclopramide, 
ondansetron, etc), codeine, dextromethorphan, and some cardiac drugs (including 
metoprolol, carvedilol, propranolol, timolol, etc.) are biotransformed by CYP2D6. 
As codeine is a prodrug, individuals who are 2D6 poor metabolizers do not metabo-
lize codeine to its active metabolite morphine, and thus do not receive the analgesic 
effect as those who metabolize codeine normally. 2  Our patient reported that codeine 
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was ineffective in treating her pain which was a clue for the pharmacist that she 
might be a CYP2D6 poor metabolizer when taken together with this outcome. 

 Foster et al. described an interesting case that emphasized the interaction between 
promethazine and opioids that caused intolerable adverse effects. 3  Administration 
of promethazine with other medications that can cause sedation or respiratory 
depression, may worsen the adverse effects for a patient with poor CYP2D6 metab-
olism, and this was a most plausible explanation for the excessive sedation with 
promethazine encountered in our patient.  

    Take-Home Points 

•     Promethazine is metabolized through the isozyme CYP2D6. Individuals can 
have poor drug metabolism with no active copy of the CYP2D6 allele, lead-
ing to increased adverse effects or toxicity, or both, from promethazine use.  

•   The 2D6 isozyme is responsible for approximately 25% of all drug metab-
olism and different phonotypical presentations may be seen in metabolism 
by CYP2D6.  

•   Reduced clearance resulting in promethazine toxicity can manifest as som-
nolence, blurred vision, confusion, extrapyramidal symptoms, uncoordina-
tion, and seizures.     

    Summary 

     Interaction:  pharmacogenomic (drug–gene)  
   Substrates:  promethazine  
   Enzyme:  CYP2D6  
   Clinical effect:  sedation        
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    Abstract  
  This case discusses a pharmacodynamic interaction between clozapine, mid-
azolam, fentanyl, hydromorphone, and oxycodone resulting in central nervous 
system depression. It also discusses a pharmacokinetic interaction between 
clozapine and sertraline resulting in increased bioavailability of clozapine.  

         Case 

 A 50-year-old man with a history of schizophrenia was stably maintained on clo-
zapine (Clozaril®, 300 mg TID) and sertraline (Zoloft®, 100 mg qd). He developed 
hemoptysis and underwent lung resection for squamous carcinoma of his left lung. 
He was anxious in the holding area and received midazolam (2 mg) intravenously. 
An epidural was placed and anesthesia was induced. Intraoperatively, the patient 
was persistently and severely hypotensive and required repeated boluses of phenyl-
ephrine and a phenylephrine infusion despite minimal blood loss. Over the last 2.5 
hours of the procedure, fentanyl (250 mcg) was given via the epidural catheter to 
augment postoperative analgesia. An epidural infusion of 0.1% bupivacaine with 
hydromorphone 10 mcg/mL was started in the postanesthesia care unit. 
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 Because he could not be weaned from the phenylephrine infusion in the postopera-
tive period, the intensive care team decided to decrease the epidural infusion post-
operative period. Interestingly, although the patient aroused to stimulus, he was also 
noted to be sleeping on all nursing assessments. When the patient fi nally awoke and 
drowsily complained of pain, he was given a total two doses of oxycodone (5 mg 
orally) over a 10-hour period. He subsequently exhibited mental status changes and 
respiratory depression. He suffered an early aspiration pneumonia that was likely 
due to excessive sedation. Reintubation was considered, however, he was ultimately 
managed on bi-level positive airway pressure (BiPAP) therapy for several hours. 
The psychiatric consultation service was called, and they recommended a decrease 
of his clozaril dose to a total of 500 mg/day and discontinuation of the sertraline. By 
the third postoperative day, the patient had striking improvement in his mental sta-
tus, was off phenylephrine, and was awake and appropriate.  (Personal   communica-
tion 2014, Michael Hutchens MD)   

    Discussion 

  This is an example of a pharmacodynamic drug–drug interaction (DDI) 
between several central nervous system depressants. This is also an example of 
a pharmacokinetic DDI involving reversal of inhibition.  

 Clozapine is an atypical antipsychotic with especially potent central nervous system 
(CNS) depressant capabilities. The package insert for clozapine specifi cally lists a 
“black box” warning of “…collapse, respiratory arrest, and cardiac arrest” when 
clozapine is coadministered with benzodiazepines during the early titration phase. 1  
While this patient had been on clozapine chronically before the lung resection, the 
black box warning indicates clozapine’s ability to synergize with other CNS depres-
sants, such as benzodiazepines and narcotic analgesics, to produce mental status 
changes and impairments in cardiopulmonary function. 

 The addition not only of midazolam, but also oxycodone, high-dose epidural fen-
tanyl, and epidural hydromorphone, to clozapine likely produced synergistic CNS 
depression that led to the patient’s hemodynamic and respiratory depression. 
Additionally, clozapine is a P450 substrate and is specifi cally metabolized by sev-
eral CYP450 enzymes, including 2D6. 2  

 Sertraline is a mildly sedating CNS depressant as well as a dose-dependent CYP2D6 
inhibitor. 3  Discontinuation of the sertraline served to remove one of several sedating 
medication and eliminate a potential, although probably mild, impediment to enzy-
matic elimination of clozapine. 4   
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    Take-Home Points 

•     Clozapine is an antipsychotic medication with strong CNS depressant 
effects.  

•   Clozapine carries a black box warning with respect to CNS sedation when 
it is coadministered with benzodiazepines.  

•   Clozapine is a CYP2D6 substrate.  

•   Coadministration of sertraline, a dose-dependent CYP2D6 inhibitor, was 
a potential contributor to the clinical situation by impeding clozapine 
metabolism.     

    Summary 

     Interaction 1:  pharmacodynamic  
   Substrates:  clozapine, midazolam, fentanyl, hydromorphone, and oxycodone  
   Mechanism/site of action:  synergistic CNS depression  
   Clinical effect:  sedation   

    Interaction 2:  pharmacokinetic (mild)  
   Substrate:  clozapine  
   Enzyme:  CYP2D6  
   Inhibitor:  sertraline  
   Clinical effect:  increased bioavailability of clozapine        
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    Abstract  
  This introduces drug–drug and drug–gene interactions involving neuromus-
cular blocking agents.  

      “You must not be in much of a rush to get home,” my attending said to me as he 
walked out of the operating room. This was said on a Friday evening around 7:00 
PM and I, as a CA-1, had just simultaneously given a dose of pancuronium along 
with starting a vancomycin infusion right before the surgeon decided he was done 
for the night. Ultimately, I ended up staying a couple of hours later but had learned 
a valuable lesson about drug interactions. 

 Since curare was introduced as a muscle relaxant for use in surgery in the 1940s, 
neuromuscular blocking (NMB) agents have become an important tool in the arma-
mentarium of the anesthesia provider. We believe that mastery of neuromuscular 
blockade is a  sine qua non  of mastering the practice of anesthesiology. Part and 
parcel of the requisite intimate knowledge of the effects of neuromuscular blockers 
is knowledge of the associated interactions. 

 These drugs are particularly interesting because they are involved in both drug– 
gene and drug–drug interactions with effects mediated at the neuromuscular junc-
tion, plasma cholinesterases, and the hepatic enzymes. Also, the effects of NMBs 
can either be prolonged or shortened by the addition of other agents and these effects 
can have results from minor annoyances to a signifi cant impact in patient safety. We 
have included more than one succinylcholine case scenario, because, although the 
debate rages on about succinylcholine and its role in rapid sequence and/or emer-
gent intubation, it is a drug that has been in constant and enormous clinical use for 
60 years. Additionally, it’s been our experience that  nobody  can ever remember the 
basics of pseudocholinesterase and how it relates to the dibucaine number  without 
sneaking away and reviewing the information on the sly. We felt, therefore, that a 
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second (or third) opportunity to review this material might be of benefi t to the 
reader. 

 We hope you enjoy this section and that we’ve achieved our goal of explaining 
these drug–drug and drug–gene interactions in clear and memorable detail. Of 
course, we hope also to maybe save you some day from ruining the start of your 
weekend……….   
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Abstract
This case discusses the effects of repeated doses of succinylcholine.

 Case

A 51-year-old woman with an elevated body mass index presented for a bronchos-
copy and lung biopsy. Her past surgical history included a colonoscopy, knee 
arthroscopy, and childhood tonsillectomy without anesthesia or airway difficulties. 
Her airway exam revealed a Mallampati 2 airway, thyromental distance of two fin-
ger-widths, normal mouth opening, and normal cervical range of motion. Her pre-
operative laboratory values were normal.

After preoxygenation, the patient received a 4 mg defasciculating dose of rocuronium, 
propofol (200 mg) and succinylcholine (120 mg). Endotracheal tube placement, 
using both MacIntosh 3 and Miller 2 blades, was unsuccessful. She was ventilated 
by mask and a #4 LMA was placed. The difficult airway cart was requested. The 
patient’s vital signs remained stable with a heart rate of 77 beats per minute but she 
began to cough a little. With about 5 minutes elapsed since induction, she received 
additional propofol (200 mg) and succinylcholine (80 mg) in order to intubate with a 
8.0 endotracheal tube via videolaryngosope. The patient’s heart rate dropped into the 
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range of 30 to 40 beats per minute (bpm) from a baseline rate of 65 bpm. Following 
administration of 0.5 mg atropine, the heart rate increased to 80 bpm.

Since the thoracic surgeon was extremely fast, muscle relaxation was maintained 
with a succinylcholine infusion at 85 mcg/kg/min. Nerve stimulation monitoring 
ensured that twitches were palpable for the duration of the 30 minute case. After 
cessation of the infusion, the anesthesiologist was surprised to find that patient’s 
response to train-of-four (TOF) stimulation exhibited fade and post-tetanic facilita-
tion. Recovery of the TOF ratio to greater than 75% took about 6 minutes and the 
patient was safely extubated and taken to the recovery room.

 Discussion

Technically speaking, this is not an example of a classic drug–drug interaction. 
But you still need to know it and you had better know it.

Drug–drug interactions are most correctly defined as occurring between two 
drugs of the same class or drugs interacting across drug class or type. However, 
the preceding case scenario highlights a different issue for the anesthesia pro-
vider, one that is important enough to conceptualize it, if you will, as a “tem-
poral” drug interaction., ie, the interaction of “new” succinylcholine with “old” 
succinylcholine.

Succinylcholine consists of two acetylcholine molecules joined end to end and, 
therefore, can stimulate all cholinergic receptors. Succinylcholine’s primary action 
is at the nicotinic receptors of the neuromuscular junction but it can also act at the 
sympathetic and parasympathetic ganglia, the adrenal medulla, and the muscarinic 
receptors of the sinus node. Hence, succinylcholine can lead to increased or 
decreased heart rate and blood pressure. Most commonly, succinylcholine can cause 
sinus bradycardia or nodal bradycardia in children (who have high parasympathetic 
tone) or in adults, following administration of a second dose.

A second dose of succinylcholine given five minutes after the first will frequently 
cause bradydysrhythmias.1 The “self-taming” technique (pretreatment with a small 
dose of succinylcholine in an effort to decrease the incidence of muscle fascicula-
tions and myalgia following succinylcholine administration) has been shown to sig-
nificantly increase the likelihood of bradycardia after both a single and a second 
dose of succinylcholine.2 The higher incidence of bradycardia after a second dose 
suggests that products of succinylcholine hydrolysis (choline and succinylmono-
choline) may sensitize the heart to subsequent doses. The bradycardic effect is usu-
ally transient and is attenuated by prior intravenous administration of atropine,3 
glycopyrrolate,4 d-tubocurarine,5 thiopentone,6 ganglionic blockers, or ketamine.7 
The efficacy of these treatments suggests that muscarinic stimulation, direct 
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 myocardial effects, and ganglionic stimulation may all play a role in the bradycardia 
produced by succinylcholine. In our clinical scenario, the anesthesiologist might 
have chosen to pretreat with atropine (0.01 mg/kg) prior to the second dose of 
succinylcholine.

Phase II block is a neuromuscular block, with characteristics similar to blocks by 
nondepolarizing neuromuscular agents, that can be caused by prolonged succinyl-
choline infusion. Succinylcholine infusion can cause three distinct phases of neuro-
muscular blockade. Initially, the patient exhibits a profound block with diminished 
twitch height, no fade on TOF stimulation or tetanic stimulation, no potentiation of 
twitch height after tetanus, and no reversibility with anticholinesterase administra-
tion. This can be followed by a period of tachyphylaxis with increased infusion 
requirements and subsequent Phase II block. Phase II block results in a profound 
block which shows fade on TOF and tetanic stimulation, post-tetanic potentiation, 
and variable reversibility with anticholinesterase drugs. Some of these Phase II 
characteristics have more recently been shown to occur after single intubating doses 
of succinylcholine.8 When Phase II block occurs, allowing for spontaneous recov-
ery is recommended.

Classically, Phase II block was thought to show prolonged recovery times in com-
parison to Phase I block, however, a study of succinylcholine infusions by Chen and 
colleagues showed no significant difference in recovery time between patients who 
developed Phase I and those who developed Phase II blocks.9 This study used lower 
average total doses (4.3 mg/kg) and shorter average infusion durations (52 min) com-
pared to earlier studies. The authors also found no simple correlation between dose, 
duration, and the occurrence of Phase II. The incidence of Phase II block was about 
30%. It would appear that infusions of 2 to 6 mg/kg total dose and up to 80 minutes 
total duration can be used with no abnormal prolongation of recovery time.

 Take-Home Points

• Succinylcholine can cause significant bradycardia, particularly in children, 
and with a second dose, in adults.

• Atropine (0.01 mg/kg), given prior to a second dose of succinylcholine, 
may prevent bradycardia.

• Phase II block can occur with succinylcholine infusion; but prolonged 
recovery is less likely if infusions of 2 to 6 mg/kg total dose for less than 
80 minutes are used.

• The preferred treatment for Phase II block is allowing for spontaneous 
recovery.
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 Summary

Interaction: “pharmacodynamic”
Substrates: repeated succinylcholine doses
Mechanism/sites of action: cholinergic receptors
Clinical effect: Phase II block, bradycardia, other cholinergic responses
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    Abstract  
  This case discusses the pharmacodynamic interaction between neostigmine 
and succinycholine, resulting in increased neuromuscular weakness.  

         Case 

 A 60 kg 74-year-old woman with past medical history signifi cant for coronary 
artery disease, hypertension, hyperlipidemia, diabetes mellitus type 2, peripheral 
vascular disease, and chronic kidney disease on dialysis three times weekly pre-
sented for left femoral-popliteal bypass. After, induction of general anesthesia, suc-
cinylcholine (120 mg) was then given to facilitate intubation. A nerve stimulator 
was placed and after return-of-four twitches, the patient was given rocuronium to 
maintain paralysis. Surgery was uneventful and, upon completion, testing with 
nerve stimulator revealed 2/4 twitches. The patient was given glycopyrrolate (0.6) 
along with neostigmine (5 mg) for reversal of paralysis. She was extubated without 
complication and transported to the postanesthesia care unit (PACU). 

 In the PACU, the patient was tachycardic and hypotensive. Ten minutes into the 
PACU stay, signifi cant swelling of her left lower extremity edema was noted 
and she was taken back to the operating room emergently for suspected arterial 
bleed. Etomidate and succinylcholine were again given to facilitate replacement 
of the endotracheal tube. Upon completion of the repair, nerve stimulator failed to 
 demonstrate any twitches. Return of spontaneous ventilation was not observed. The 
patient required intubation and mechanical ventilation for 2 hours postoperatively.  
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    Discussion 

  This is an example of an antagonistic pharmacodynamic interaction.  

 Succinylcholine (suxamethonium chloride) is a quaternary ammonium compound 
consisting of two acetycholine molecules linked together. Clinically, it is a depolar-
izing neuromuscular blocking agent that binds to nicotinic M receptors for acetyl-
choline. It initially causes depolarization of the neuromuscular junction leading to 
“desensitization” and paralysis. The onset of action of succinylcholine is quite 
rapid, on the order of 30 to 60 seconds, and it ordinarily has a short duration of 
action, about 3 to 5 minutes. Succinylcholine is broken down by butyrylcholinester-
ase, or pseudocholinesterase, found in the plasma. Succinylcholine is capable of 
producing two types of neuromuscular blockade, a Phase I or a Phase II block. 
Phase I blockade is the depolarizing block mentioned above. Phase II blockade is 
characteristic of a nondepolarizing block which becomes apparent after large doses 
of succinylcholine are given. 7  

 Acetylcholinesterase inhibitors (such as neostigmine, pyridostigmine, and edropho-
nium) are used to reverse neuromuscular blockade due to nondepolarizing agents. 
They block the enzyme acetylcholinesterase from breaking down acetylcholine, 
allowing for a build up of this molecule and the ability to overcome the competitive 
blockade from nondepolarizing agents. However, in addition to acetylcholinester-
ase, these medications inhibit the enzyme pseudocholinesterase. 4  Neostigmine, 
 pyridostigmine, and edrophonium are all eliminated by renal excretion. 5  ,  8  ,  10  

 If given concomitantly, succinylcholine and acetylcholinesterase inhibitors are 
capable of prolonging the neuromuscular blockade. 3  In a Phase I or depolarizing 
block, neostigmine will directly potentiate the block by inhibiting the metabolism 
of succinylcholine. This leads to a prolonged requirement for intubation and 
mechanical ventilation. 

 In Phase II blockade the effects of acetylcholinesterase inhibitors can be diffi cult to 
determine. In a pure Phase II blockade, paralysis would be reversed by these agents. 1  
However, if there were an aspect of Phase I blockade intermixed with Phase II, 
acetylcholinesterase inhibitors would potentiate the blockade. Even with a nerve 
stimulator and train-of-four monitoring it can be diffi cult to ascertain whether a 
pure Phase II block or mixed block is present. The recommended course of action 
for a Phase II block is to allow for spontaneous recovery. 

 Certain disease processes can amplify the interaction between succinycholine and 
acetylcholinesterase inhibitors. This includes patients that have reduced or atypical 
pseudocholinesterase, or the presence of renal failure leading to reduced plasma clear-
ance of the actetycholinesterase inhibitor. 6  ,  11  The timing between administrations of 
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these drugs also requires close monitoring. In the absence of renal disease, the half-
life of neostigmine is from 51 to 90 minutes, the half-life of edrophonium is 33 to 110 
minutes, and the half-life of pyridostigmine is 63 to112 minutes. In regards to pseudo-
cholinesterase activity, it will have returned to roughly half of its baseline value ninety 
minutes after the administration of neostigmine. 

 It should be mentioned that acetylcholinesterase inhibitors have other clinical uses 
and their presence needs to be elicited by a thorough history. Specifi cally, they have 
been used in eye drop medications for the treatment of glaucoma and strabismus. Of 
these, echothiophate has been shown to be absorbed systemically in an amount suf-
fi cient to inhibit pseudocholinesterase leading to prolonged blockade with succin-
ycholine. 2  ,  9  It is debated whether the other acetylcholinesterase inhibitors have 
systemic absorption in amounts high enough to inhibit pseudocholinesterase to a 
clinically relevant level, however the theoretical interaction remains. Most of these 
agents, including echothiophate have fallen into disuse in clinical medicine.  

    Take-Home Points 

•     Succinycholine is a depolarizing neuromuscular blocking agent that is 
 broken down by pseudocholinesterase found in plasma.  

•   Acetylcholinesterase inhibitors such as neostigmine, pyridostigmine, 
and edrophonium will inhibit pseudocholinesterase in addition to 
acetylcholinesterase.  

•   If given concomitantly with succinylcholine, acetylcholinesterase inhibi-
tors will prolong a phase I blockade.  

•   Abnormal or decreased pseudocholinesterase, and renal failure can exacer-
bate the interaction between succinylcholine and acetylcholinesterase 
inhibitors.     

    Summary 

     Interaction:  pharmacodynamic (competitive antagonism)  
   Substrates:  neostigmine, succinylcholine  
   Enzyme/site of action:  pseudocholinesterase  
   Inhibitor:  neostigmine  
   Clinical effect:  decreased metabolism of succinylcholine leading to increased 

 neuromuscular weakness        
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         Case 

 A 35-year-old parturient at 36 weeks gestation presented to the obstetric ward in 
active labor with a blood pressure of 178/87 mm Hg. She was morbidly obese (body 
mass index 49 kg/m 2 ) and had undergone one prior Caesarean section (C-section). 
She was diagnosed with preeclampsia and started on a magnesium sulfate infusion. 
Despite her risk factors, the obstetrician agreed to the patient’s desire for a trial of 
vaginal birth after Caesarean section. 

 After 12 hours of active labor, the patient complained of 10/10 pain radiating to her 
left shoulder. The obstetrician diagnosed uterine rupture and an emergent Caesarean 
section was performed under general anesthesia. The patient received fentanyl, pro-
pofol, and succinylcholine (180 mg) for intubation. The nurse anesthetist also gave 
vecuronium (5 mg) to provide relaxation during the vertical incision C-section. The 
obstetrical team estimates the blood loss to be 1500 cc, so a basic metabolic panel 
and complete blood count were obtained that showed hematocrit 26% and electro-
lytes within normal limits. At the end of the case, the patient received neostigmine 
(5 mg) and glycopyrrolate (0.6 mg) to reverse neuromuscular blockade. Her respira-
tory rate was 30 breaths per minute with tidal volumes of ~100 cc. Train-of-four 
showed two weak twitches with fade. She was transferred to the intensive care use 
with sedation where her strength improved and she was extubated 5 hours later.  
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    Abstract  
  This case discusses the antagonistic pharmacodynamics interaction between 
magnesium and calcium at the neuromuscular junction, causing neuromus-
cular weakness.  
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    Discussion 

  This is an example of a pharmacodynamic interaction (antagonism).  

 Calcium is a divalent cation that is essential to neuron and muscle function. The 
neuron transmits an electrical impulse to the neuromuscular junction where it causes 
presynaptic voltage-gated calcium channels to open. Calcium then enters the cell 
and mobilizes acetylcholine (ACh) vesicles for ACh release. Once released, it tra-
verses the neuromuscular junction, binds acetylcholine receptors (AChRs) and 
depolarizes the postsynaptic myocyte. Extracellular calcium concentration strongly 
infl uences intracellular calcium levels and ACh release—such that doubling extra-
cellular calcium concentration increases ACh release 16-fold. By subjecting a nerve 
to a tetanic stimulus, calcium accumulates in the neurons faster than it can be 
removed. This intracellular calcium overload increases ACh release with subse-
quent train-of-four stimulation and may be suffi cient to overcome existing muscle 
blockade. Conversely, conditions that reduce intracellular calcium will decrease 
ACh release with the potential to block neuromuscular transmission. 

 Magnesium is another divalent cation that is a cofactor for many essential enzymes 
in the body. Its ability to block calcium entry at calcium channels has several neu-
romuscular effects that are relevant in the perioperative period. The administration 
of 2 to 4 g of MgSO 4  with a muscle relaxant shortened the time to relaxation by 
33%, and extended the duration of blockade by 25%. 1  In a case report, MgSO 4  
dosed in the PACU setting for atrial fi brillation was shown to cause recurarization 
and respiratory failure that required intubation. 2  The preeclamptic parturient classi-
cally exhibits magnesium toxicity and may also require general anesthesia for an 
obstetric procedure. Case reports detail patients with magnesium levels of 5 to 
6 mg/dL that have required 3 to 4 hours to recover after a standard (0.05-0.1 mg/kg) 
dose of vecuronium. 3  Magnesium sulfate has minimal impact on the function of 
depolarizing muscle relaxants, but may reduce succinylcholine-induced fascicula-
tions and hyperkalemia. 4  In sum, magnesium decreases calcium entry pre- and post-
synaptically, leading to decreased ACh release and muscle contraction, 
respectively. 

 Lithium is a monovalent cation whose size approximates that of magnesium. In the 
1980s, case reports of lithium extending neuromuscular blockade after electro- 
convulsive therapy (ECT) led scientists to investigate the effect of lithium on the 
neuromuscular junction.  In vitro  studies showed that neuromuscular function was 
only impacted with toxic lithium levels. 5  Lithium appears to activate adenosine tri-
phosphate-sensitive potassium (K ATP ) channels pre- and postsynaptically. These 
effects decrease calcium entry leading to decreased presynaptic ACh release and 
postsynaptic muscle contraction.  
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    Take-Home Points 

•     Magnesium can antagonize the effect of calcium at the neuromuscular 
junction with the potential to unmask an underlying neuromuscular junc-
tion disease, extend the duration of neuromuscular blockade, or lead to 
recurarization in the susceptible individual.  

•   Lithium only causes clinically signifi cant muscle weakness at toxic 
concentrations.     

    Summary 

     Interaction:  pharmacodynamics (antagonistic)  
   Substrates:  magnesium and calcium  
   Mechanism/sites of action:  neuromuscular junction  
   Clinical effect:  neuromuscular weakness        
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         Case 

 An 18-year-old, 80 kg, otherwise healthy man presented for knee reconstruction 
following an athletic injury. He underwent unremarkable placement of femoral and 
sciatic nerve blockade catheters and induction of general anesthesia. Rocuronium 
was administered for muscle relaxation at the surgeon’s request and there were 0/4 
twitches on train-of-four (TOF) testing 5 minutes later. Bispectral index (BIS) mon-
itoring was employed to assess and monitor anesthetic depth. 

 Following exanguination of the lower extremity, a thigh tourniquet was infl ated to 
300 mm Hg. Surgical incision was made and the procedure proceeded without inci-
dent for the next 2 hours. At this time, with the tourniquet still infl ated, the skin 
closure was completed. As the surgical dressings were applied, the patient’s heart 
rate gradually increased to 120 beats per minute. The BIS monitor read 39. There 
were 4/4 twitches with presence of fade on tetanic stimulation. 

 In order to reverse residual muscle relaxation without exacerbating the patient’s 
tachycardia, he received neostigmine (4 mg) followed immediately by glycopyrro-
late (0.2 mg). Within several minutes, the patient’s heart rate dropped to 25 beats per 
minute followed by sinus arrest and asystole. Chest compressions were immedi-
ately started, and atropine administered with epinephrine. Within a minute, the 

    Abstract  
  This case discusses a pharmacodynamic interaction between glycopyrolate 
and acetylcholine. Neostigmine, when given before or out of proportion to 
glycopyrrolate can cause bradyarrythmia and sinus arrest.  
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patient recovered sinus rhythm with tachycardia and hypertension. Thereafter, the 
patient’s emergence from anesthesia proceeded without incident and the patient was 
taken to the recovery room.  

    Discussion 

  This is an example of a pharmacodynamic interaction (antagonism)  

 Neostigmine (along with edrophonium and pyridostigmine) belongs to the class of 
pharmacologic agents called anticholinesterases. Also known as acetylcholinester-
ase inhibitors, drugs from this class reversibly inhibit the enzyme acetylcholinester-
ase, thereby preventing the rapid hydrolysis of acetylcholine and ultimately 
increasing the concentration of this neurotransmitter at its sites of action. 1  ,  3  Among 
these sites of action is the neuromuscular junction (NMJ) where nondepolarizing 
muscle relaxants act competitively to inhibit the interaction of acetylcholine with its 
receptor. Neostigmine is therefore commonly used for the reversal of neuromuscu-
lar blockade as the increased concentration of acetylcholine it produces overcomes 
the competitive inhibition of muscle relaxants. 

 In addition to its action at the NMJ, acetylcholine is also released at all pre- 
ganglionic autonomic nerve endings and at all postganglionic parasympathetic 
nerve endings. 1  ,  3  At the NMJ and autonomic ganglia, acetylcholine acts on nicotinic 
receptors whereas it acts on muscarinic receptors at postganglionic parasympathetic 
nerve endings. Among these postganglionic parasympathetic nerve endings is the 
vagus innervation of the heart. Increased availability of acetylcholine at the musca-
rinic receptor sites on the heart can produce bradycardia, bradyarrythmias (includ-
ing nodal and ventricular escape beats), heart block, and even asystole. 1  ,  3  –  5  ,  7  –  9  

 Glycopyrrolate (along with atropine and scopolamine) belongs to the class of phar-
macologic agents called anticholinergics. It acts as a competitive antagonist at mus-
carinic receptors, thereby antagonizing the effect of acetylcholine (and 
anticholinesterases by extension) at these sites. 2  It is commonly used in combina-
tion with neostigmine to antagonize the cardiac side-effects associated with anti-
cholinesterase use. 

 Both the dose and timing of neostigmine administration relative to glycopyrrolate 
can modify cardiac effect. The onset of action for neostigmine is 7 to 11 minutes as 
determined by studies using reversal of muscle relaxant, rather than heart rate, as the 
endpoint. 1  ,  3  ,  10  It is known that the muscarinic effects of anticholinesterases are 
apparent at lower concentrations than the nicotinic effects, however, and it follows 
that the cardiac effects present earlier. 1  Glycopyrrolate has an onset of action of 2 to 
3 minutes. 2  ,  3  A study by Mirakhur et al. demonstrated that combined administration 
of neostigmine and glycopyrrolate in a 5:1 ratio was optimal for cardiac stability, 
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while lower relative doses of glycopyrrolate led to a high incidence of conduction 
disturbances and bradyarrhythmias. 4  

 In addition to dosage and timing, several patient-specifi c factors may contribute or 
predispose to the adverse cardiac effects of anticholinesterases. Among these fac-
tors are β-adrenergic blockade, 5  ,  6  co-existing heart disease, 7  diabetic neuropathy, 8  
and previous heart transplantation. 9  In theory, ongoing ß-adrenergic blockade pre-
operatively may predispose to exaggerated and unopposed parasympathetic stimu-
lation upon administration of anticholinesterases. While there are case reports of 
prolonged bradycardia in patients under β-blockade, this has not been demonstrated 
in animal studies. 5  ,  6  An increased incidence of dysrhythmia has been observed with 
reversal of neuromuscular blockade in patients with pre-existing coronary artery 
disease, conduction defects, or hypertension. 7  Heart transplant patients with dener-
vated hearts and diabetic patients with autonomic neuropathy (functionally 
 denervated hearts) may also be at increased risk for bradyarrythmia and arrest 
 following reversal of muscle relaxation as has been seen in several case studies. 8  ,  9  
Perhaps this is explained by receptor upregulation and hypersensitivity in the dener-
vated heart, which would lead concurrently to an exaggerated response to increased 
acetylcholine concentration and possibly a blunted response to anticholinergic 
agents. 1  ,  8  ,  9   

    Take-Home Points 

•     Administration of neostigmine before, or at high doses relative to glyco-
pyrrolate can result in bradycardia, bradyarrythmias, heart block, and even 
asystole.  

•   Patient-specifi c factors and co-existing disease may predispose to adverse 
cardiac events following reversal with neostigmine and glycopyrrolate.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrate:  acetylcholine and glycopyrrolate  
   Mechanism/site of action:  muscarinic receptor, neuromuscular junction  
   Clinical effect:  mitigation of effects of increased acetylcholine        
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    Abstract  
  This case discusses a pharmacokinetic interaction between phenytoin and 
vecuronium. Vecuronium is a substrate of the cytochrome P450 system and 
is metabolized in the liver. Phenytoin is an inducer of many subenyzmes of the 
cytochrome P450 system.  

         Case 

 A 52-year-old, 90 kg man presented to the operating room for elective repair of his large, 
painful ventral hernia. The patient had a history of posttraumatic epilepsy managed with 
phenytoin sodium and essential hypertension controlled with hydrochlorothiazide. 
General anesthesia was induced with propofol and succinylcholine. After recovery from 
succinylcholine, as confi rmed by train-of-four (TOF) monitoring, vecuronium (9 mg) 
was given to ensure abdominal muscle relaxation. Anesthesia was maintained with iso-
fl urane and fentanyl. Approximately 20 minutes after the incision, the surgeon reported 
that the abdominal musculature was not relaxed, and immediately thereafter the patient 
began to move spontaneously. The anesthesiology resident quickly assessed the patient 
and elected to give an additional 5 mg of vecuronium. Twenty-fi ve minutes after the 
second dose of vecuronium, the surgeon again noted a lack of abdominal muscle relax-
ation. The anesthesiology resident decided to deepen the anesthetic by increasing the 
end-tidal isofl urane concentration, which resulted in improved surgical conditions. The 
operation was successfully completed, and the patient received reversal medication for 
neuromuscular blockade, despite the presence of four twitches on the TOF monitor. His 
emergence from general anesthesia was uneventful.  
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    Discussion 

  This is an example of a substrate added to an inducer.  

 Phenytoin is an antiepileptic drug that is thought to enhance sodium effl ux from 
 neurons in the motor cortex. This cellular event tends to stabilize the threshold against 
hyperexcitability, which is thought to contribute to disorders of cortical hyperexcitabil-
ity, the most common of which is seizures. Phenytoin metabolism occurs primarily 
through the cytochrome P450 (CYP) system and, more specifi cally, its isozymes 2C9 
and 2C19. Phenytoin is extensively protein bound in plasma, such that nearly 90% of 
the drug is bound and less than 5% of any dose is excreted unchanged in the urine. 

 Vecuronium, an intermediate-acting, nondepolarizing neuromuscular blocking 
agent, acts as a competitive antagonist at the acetylcholine receptors of the end plate 
of the neuromuscular junction. Metabolism of vecuronium primarily occurs in the 
liver through deacetylation by liver microsomes, but up to 25% of its metabolism 
can occur in the kidney. 1  Most of vecuronium metabolism is either by conversion to 
the principal metabolite, 3-desacetylvecuronium, or by direct excretion of the par-
ent compound into the bile. 1  ,  2  

 The induction of the CYP system by phenytoin, as well as other antiepileptics, has 
been well described. 3  ,  4  Drugs that induce hepatic microsomal enzymes, such as phe-
nytoin, allow the rapid metabolism of certain drugs, including vecuronium, thereby 
reducing the drug’s duration of action. Alloul and colleagues demonstrated that a 
single dose of vecuronium can be metabolized rapidly in patients receiving long-term 
anticonvulsant therapy. 5  They concluded that the mechanism of action was increased 
hepatic clearance, although it remains unclear which of the numerous enzymes 
induced by phenytoin (CYP3A4, 2C9, 2C19, or phase II/UGT) is involved in this 
interaction. Clearly this is a repeatedly observed phenomenon most prevalent in those 
who have taken anticonvulsants long term but the exact mechanism is as yet unknown. 

 In contrast, Gray and colleagues showed that in anticonvulsant-naïve patients, acute 
administration of an anticonvulsant drug can actually enhance the effects of nonde-
polarizing neuromuscular agents. 6  This enhancement was thought to occur through 
a suppression of the posttetanic potentiation of the muscle and end plate or because 
of a decrease in acetylcholine release at the nerve terminal. Finally, in addition to 
these mechanisms, most anticonvulsants have been shown to increase α 1 -acid gly-
coprotein concentrations. 7  An increase in α 1 -acid glycoprotein can increase the pro-
tein binding of drugs and alter their distribution. 8  This increased binding is thought 
to be an additional mechanism of resistance that is mediated by the lack of the active 
circulating free fraction. 

 In conclusion, careful analysis of a patient’s medication list is essential. If the 
patient is taking anticonvulsant therapy, the anesthesiologist should pick 
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a neuromuscular blocking agent that is not affected by these mechanisms 
(eg,  atracurium metabolism and elimination are not affected by anticonvulsant 
therapy).  

    Take-Home Points 

•     Phenytoin is metabolized widely by the CYP system—specifi cally, the iso-
zymes CYP2C9 and CYP2C19.  

•   Vecuronium is an aminosteroidal nondepolarizing neuromuscular block-
ing agent metabolized primarily in the liver and secondarily in the 
kidney.  

•   Patients who have been taking phenytoin or carbamazepine long term have 
reduced clearance of nondepolarizing neuromuscular blocking agents. 
This is thought to occur through either an induction of the liver enzymes 
that metabolize these agents or increased protein binding of these drugs, 
thereby reducing their active free fractions.  

•   Patients who have not been taking anticonvulsant therapy and have received 
acute doses of these drugs may show prolonged effects of nondepolarizing 
neuromuscular agents.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  vecuronium  
   Enzyme/transporter:  unclear  
   Inducer:  phenytoin  
   Clinical effect:  decreased neuromuscular blockade        
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    Abstract  
  This case discusses the pharmacokinetic interaction between rocuronium and 
carbamazepine, resulting in shortened duration of neuromuscular blockade.  

         Case 

 On a busy Friday afternoon, a 3-year-old, 20 kg boy was added to the operating room 
(OR) schedule for an urgent revision a ventriculoperitoneal (VP) shunt revision pro-
cedure due to mental status changes. The patient had a history of congenital hydro-
cephalus and birth trauma and suffered from tonic-clonic seizures. His seizures had 
been diffi cult to control and he had been on several different seizure medications in 
the past. The conscientious CA-1 posted to do the case with a pediatric anesthesiol-
ogy attending “had heard” about the increased neuromuscular requirements of 
patients on chronic phenytoin therapy. When she called her attending to review the 
case, she specifi cally mentioned that the patient was not on phenytoin therapy. 

 The previous VP shunt removal and replacement in this patient had been diffi cult 
secondary to adhesions. The surgeon requested “really good” muscle relaxation to 
provide optimal conditions for placing the new shunt. The patient was brought to 
the OR and received an intravenous induction with propofol (3 mg/kg) followed 
byrocuronium(0.6 mg/kg). The patient was intubated without diffi culty and  prepared 
for surgery. About 15 minutes later, on incision, it was noted that the patient was 
attempting spontaneous ventilation over the mechanical ventilator. The surprised 
resident elicited train-of-four twitch response of 4/4. 
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 The patient was redosed with rocuronium (0.1 mg/kg) immediately and twitches 
were rechecked ten minutes later. The patient already had return of two to three 
twitches and was redosed with rocuronium (0.1 mg/kg). The puzzled resident called 
her attending to discuss the situation. When the chart was rechecked for concurrent 
adminstration of phenytoin, she discovered that the patient was on Neurotol® for 
seizure prophylaxis. The chagrined resident realized that she had missed the pres-
ence of a slow-release carbamazepine prepration on the patient’s medication panel, 
mistaking it for a neurontin preparation. 

 She then checked twitches and redosed rocuronium approximately every 10 minutes 
in order to provide adequate muscle relaxation during the case. Her attending came to 
the room presently to bring some extra rocuronium vials and give her a break, joking 
as he came into the room, “I guess the rocuronium factory will be working the mid-
night shift tonight!” After the surgeons had closed the wound and applied the dress-
ings, twitches were again checked and the patient already had nearly full return to 
baseline of twitch response. The patient was taking adequate tidal volumes and dem-
onstrated adequate strength return by lifting his legs prior to extubation. The resident 
was asked to present her case at the upcomingweekly resident case conference, which 
was scheduled to be on drug–drug interactions mediated by the P450 system.  

    Discussion 

  This is an example of a substrate added to an inducer.  

 Rocuronium is an aminosteroid nondepolarizing neuromuscular blocker (NMB) 
that is metabolized in the liver by deacetylation. 

 Phenytoin, an antiepilepsy medication approved for use in children, is a potent 
inducer of the cytochrome P450 (CYP) enzyme system, particularly CYP3A4, but 
also CYP2B6, 2C9, and 2C19. 2  ,  3  

 Carbamazepine is used also used widely for prophylaxis of seizures in children. It comes 
in both standard and slow-release formulations. The standard formulation is trade-
marked as Tegretol® and the slow-release formulation is trademarked as Neurotol®. 
Neurotol® helps to stabilize carbamazepine blood levels and reduce dosing frequency. 6  
Carbamazepine is a paninducer, including CYP3A4, 2B6, 2C9, and 1A2. 1  ,  4  

 The chronic nature of this child’s carbamazepine use ensured steady-state blood 
levels. It is not yet fully known which of the P450 enzymes play a role in the 
enhanced metabolism of rocuronium. However, the shortened neuromuscular block-
ade seen withcoadministration of carbamazepine (or phenytoin) with the 
aminosteroid NMBs has been extensively reported. 1  –  5  

 As a fi nal note, it is imperative for anesthesiologists to acquaint themselves with the 
“true identity” of every drug on a patient’s medication list.  
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    Take-Home Points 

•     Phenytoin and carbamazepine are pan-inducers of the cytochrome P450 
enzyme system.  

•   Rocuronium, vecuronium, and other aminosteroid nondepolarizing muscle 
relaxants undergo metabolism by deacetylation in the liver. The primary 
enzyme mechanism is not known.  

•   Rocuronium’s neuromuscular blocking action will be attenuated by both 
phenytoin and carbamazepine.  

•   Careful twitch monitoring is required during a case when aminosteroid nonde-
polarizing muscle relaxants are used in the presence of chronic anti-seizure 
medications.  

•   Extra dosing of—and quick recovery time from—nondepolarizing muscle 
relaxants may need to be planned for patients on chronic anti-seizure medica-
tion regimens.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  rocuronium  
   Enzyme:  unclear  
   Inducer:  carbamazepine  
   Clinical effect:  shortened neuromuscular blockade        
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    Abstract  
  This case discusses a drug–gene interaction between succinylcholine and 
a pseudocholinesterase variant, resulting in prolonged action of 
succinylcholine.  

         Case 

 A 23-year-old woman presented for her fi rst electroconvulsive therapy (ECT) for 
depression after being admitted for a major depressive episode. ECT was being used 
urgently as fi rst-line treatment because of a suicide attempt. She had no prior medi-
cal history and was taking no medications. The anesthesia induction for this ECT 
was her fi rst experience with anesthetics, and she had no known medication 
allergies. 

 Anesthesia for ECT was induced with thiopental (3 mg/kg) and succinylcholine 
(1 mg/kg), and the airway was managed by bag-mask ventilation. Thirty minutes 
after ECT, she still was not breathing on her own and showed no muscle function. 
Given the absence of both a confounding medical condition and a medication cause 
for the prolonged wake-up period, a diagnosis of pseudocholinesterase defi ciency 
was considered. A nerve stimulator showed no twitches on train-of-four stimulation. 
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A propofol infusion was started, and the patient was transferred to the postanesthesia 
recovery unit. After 210 minutes, the patient had four twitches on TOF with no fade. 
Sedation was stopped, she had normal muscle function, and her trachea was extu-
bated. The patient continued to receive ECT three times weekly with good clinical 
results, using atracurium besylate or rocuronium bromide for the subsequent 
anesthetics. 

 The patient was determined to have low plasma pseudocholinesterase levels and a 
dibucaine number (DN) of 21%. She and her family were counseled about heredi-
tary pseudocholinesterase defi ciency and scheduled for an anesthesia consultation. 
Testing of family members showed that two of her three siblings had pseudocholin-
esterase defi ciency; genetic testing showed that one was heterozygous for atypical 
enzyme, and the other was homozygous for atypical enzyme, as was the patient. 
They were issued medic alert bracelets and received education about pseudocholin-
esterase defi ciency.  

    Discussion 

  This is an example of a drug–gene interaction.  

 More specifi cally, this is an example of a pharmacogenetic abnormality in a patient 
homozygous for atypical pseudocholinesterase, resulting in pseudocholinesterase 
defi ciency and prolonged apnea after succinylcholine administration. 

 Pseudocholinesterase (also known as  plasma cholinesterase  and  butyrylcholinester-
ase ) is an enzyme synthesized in the liver. It circulates in plasma and hydrolyzes 
exogenous choline esters, such as succinylcholine, mivacurium chloride, and ester 
local anesthetics (eg, chloroprocaine, procaine). Pseudocholinesterase is differenti-
ated from true cholinesterase, which is present in red blood cells and nerve tissue 
and breaks down acetylcholine. Whether it has a biologic function is unclear. 

 Various medical conditions (eg, liver disease, uremia, hyperpyrexia, malignancy, 
collagen vascular disease, pregnancy, burns, malnutrition secondary to Crohn’s dis-
ease or anorexia) and medications (eg, oral contraceptives, cytotoxic drugs, meto-
clopramide hydrochloride, anticholinesterase insecticides) can cause decreased 
pseudocholinesterase levels. However, these decreased levels are seldom of clinical 
consequence because a 75% decrease in pseudocholinesterase is required before 
succinylcholine effect is prolonged. Furthermore, decreased pseudocholinesterase 
levels in an individual with the normal chromosomes results in less than 25 minutes 
of paralysis after succinylcholine administration. 1  

 A single gene at the E 1  locus on the long arm of chromosome 3 encodes for pseudo-
cholinesterase. A single amino acid substitution error or a sequencing error at or 

Neuromuscular Blockade Agents



439

near the enzyme active site can result in production of an abnormally functioning 
enzyme. Variants of the enzyme include usual variant, atypical variant (dibucaine 
resistant), silent variant, F variant (fl uoride resistant), Newfoundland variant, and K, 
H, and J variants. 

 A person may be homozygous for the usual gene (wild type), homozygous for the 
atypical gene (most severe form; prevalence, 1 in 3,200 persons), heterozygous for 
one abnormal gene (usually clinically signifi cant only when heterozygous for atypi-
cal or silent type; prevalence, 1 in 480 persons for atypical type), or heterozygous 
for two abnormal genes (intermediate forms) (Table  95.1 ). 2  Thus, numerous differ-
ent genotypes with various combinations of these genes are possible. 2  In addition, 
new genotype variants continue to be discovered.

   Usually, heterozygosity for atypical pseudocholinesterase delays by up to 
35 minutes a patient’s recovery from succinylcholine. 2  In homozygous abnor-
mality, maximal recovery time after succinylcholine is much longer. 2  More spe-
cifi cally, suffi cient recovery of neuromuscular function after succinylcholine 
(1.0-1.5 mg/kg -1 ) was 15 to 30 minutes for patients heterozygous for one abnor-
mal gene, 35 to 45 minutes for those heterozygous for two abnormal genes, and 
90 to 180 minutes, or even longer, for those homozygous for the abnormal gene. 2  
Therefore, the anesthesiologist always should use a peripheral nerve stimulator, 
which can help determine whether the patient is homozygous or heterozygous for 
abnormal gene. 

 The dibucaine-resistant variant is the most important clinically. Diagnosis is con-
fi rmed with the test that uses amide-type local anesthetic dibucaine (dibucaine test). 3  
DN is the percent inhibition or hydrolysis of benzyl choline with dibucaine added to 
the plasma sample. Dibucaine inhibits normal pseudocholinesterase by 80% and the 
atypical enzyme by 20%. DN can be used to determine the genetic makeup: homo-
zygous typical individuals have a DN of 70 to 80; homozygous atypical individuals, 
20 to 30; and heterozygous atypical individuals, 50 to 60. 4  

   Table 95.1    Relationship between dibucaine number and duration of succinylcholine effects   

 Type of 
Pseudocholinesterase  Genotype  Prevalence 

 Dibucaine 
Number a  

 Response to 
Succinylcholine or 
Mivacurium 

 Homozygous typical  E 1  u E 1  u   Normal  70-80  Normal 
 Heterozygous atypical  E 1  u E 1  a   1/480  50-60  Lengthened by 

50%-100% 
 Homozygous atypical  E 1  a E 1  a   1/3,200  20-30  Prolonged to 4-8 h 

  [Adapted from Savarese JJ, Caldwell JE, Lien CA et al: Pharmacology of muscle relaxants and 
their antagonists. In: Miller RD, ed. Anesthesia. 5th ed. Vol. 1. Philadelphia, PA: Churchill 
Livingstone; 2000: 412-490. With permission from Elsevier.] 
 Abbreviations: E 1 , long arm of chromosome 3, E 1  locus; E 1  u , usual/normal gene; E 1  a , abnormal gene 
  a  Dibucaine number shows percentage of enzyme inhibited  
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 DN is a qualitative test and cannot determine the actual enzyme levels or activity. 
Plasma pseudocholinesterase activity (IU/volume unit) and level may be determined 
by a quantitative test that detects micromoles of substrate hydrolyzed by pseudo-
cholinesterase per unit of time. 

 Use of blood products and anticholinesterase drugs can interfere with DN testing, and 
in order to avoid confusing results, it is best to perform this testing at least 24 hours 
after their last administrations. Additionally, genotyping for known genes can be done. 
However, none of these tests predicts the response to succinylcholine precisely. 

 Management is as described in the present case, with sedation and ventilation 
until muscle function is normal and the patient can be extubated. Fresh frozen 
plasma contains pseudocholinesterase but is seldom given. Electromyography or 
intermittent use of a nerve stimulator should be used to monitor the nerve block. 5  
Patients with prolonged blockade after succinylcholine should be tested and anes-
thesia counseling of the patient and the patient’s family members should be 
conducted.  

    Take-Home Points 

•     A quantitative pseudocholinesterase defi ciency may occur with several 
medical conditions and medications; however, it is seldom clinically 
relevant.  

•   Qualitatively atypical pseudocholinesterase or decreased pseudocholines-
terase production, or both, are caused by several rare genetic variants of 
the gene encoding for pseudocholinesterase, the most important being 
dibucaine-resistant variants.  

•   Pseudocholinesterase defi ciency is suspected with prolonged relaxation 
after succinylcholine administration and is confi rmed with a nerve stimula-
tor after other causes have been ruled out.  

•   The diagnosis is made through measurement of pseudocholinesterase 
activity, DN, and genetic tests.  

•   Treatment consists of immediate sedation and ventilatory support and sub-
sequent testing and counseling of the patient and the family members.     
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    Summary 

     Interaction:  pharmacogenomic (drug–gene)  
   Substrates:  succinylcholine and gene located at E1 locus of long arm of chromo-

some 3  
   Mechanism:  gene deletions produce pseudocholinesterase variant  
   Clinical effect:  prolonged action of succinylcholine        
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    Abstract   
  This case discusses a drug–gene interaction involving the inborn genetic vari-
ability of plasma cholinesterase causing prolonged neuromuscular weakness 
after succinylcholine.  

         Case 

 Early one morning at the end of a long night on call, Dr. Green was paged for an 
emergent laparoscopic appendectomy. The patient was an otherwise healthy 
28-year-old woman with no signifi cant past medical history other than a vaginal 
delivery notable for a “really good epidural.” She had a BMI of 27 kg/m2, was able 
to do >10 METS of activity and had never had a general anesthetic. She denied 
allergies to any medications, and took only birth control pills. She denied any family 
history of problems with anesthesia. She was NPO for more than 6 hours. A brief 
physical exam was done and was unremarkable. 

 After speaking with his attending, Dr. Green planned to do a rapid-sequence induc-
tion with propofol, succinylcholine, and fentanyl using desfl urane for maintenance. 
No additional muscle relaxant was used. The case proceeded smoothly without inci-
dent. She received a total of 200 mcg of fentanyl through the case. After skin 
 closure, the patient was continued on mechanical ventilation to facilitate 
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elimination of desfl urane. The patient opened her eyes spontaneously at an end-tidal 
percent of 0.2 of desfl urane. The attending was called in for extubation and a trial of 
spontaneous breathing was attempted. The patient however subsequently appeared 
anxious and weak and was noted to be taking inadequate tidal volumes. Dr. Green 
checked his syringe to verify that 100 mg of succinylcholine was given 60 minutes 
previously. The patient continued to struggle. She became tachycardic, hyperten-
sive, and then began to desaturate. Train-of-four (TOF) monitoring showed four 
signifi cantly diminished twitches. A propofol bolus was given and mechanical ven-
tilation was resumed. She was transferred to the postanesthesia care unit (PACU) 
still intubated and sedated for presumed prolonged neuromuscular weakness sec-
ondary to residual succinylcholine. She was mechanically ventilated, monitored, 
and observed until her neuromuscular function returned to baseline. She was subse-
quently safely extubated 2 hours later.  

    Discussion 

  This is an example of a drug–gene interaction.  

 This clinical scenario in part represents an example of the interface between genet-
ics and the practice of anesthesiology and, specifi cally, interpatient variability regu-
larly observed in drug metabolism. These differences can lead to unpredictable 
responses, toxicities and sensitivities, as well as variations in duration of action. In 
this circumstance, succinylcholine metabolism is presumed to be effected. Plasma 
cholinesterase, otherwise known as pseudocholinesterase or butyrylcholinesterase 
(and not to be confused with RBC cholinesterase) is the plasma protein responsible 
for metabolism of acetylcholine, succinylcholine, and other esters including miva-
curium and ester type local anesthetics. If this enzyme is not present in normal form 
or quantity, the duration of action these drugs can be prolonged. This might in part 
explain the patient’s prior history of a “really good epidural.” 1  The many causes of 
decreased enzymatic activity of plasma cholinesterase can be categorized as genetic, 
physiologic, pathologic, or pharmacologic in nature. A few of the most relevant 
causes in each category are listed below in Table  96.1 .

   Table 96.1    Causes of decreased plasma cholinesterase activity   

  Genetic    Pathologic    Pharmacologic  
 Atypical, silent, and fl uoride 
resistant genes 

 Liver disease 
 Renal disease 
 Alcoholism 
 Malnutrition 
 Myxedema 
 Neoplastic disease 
 Plasmaphoresis 
 Thyrotoxicosis 

 Echothiophate iodine 
 Neostigmine 
 Pyridostigmine 
 Bambuterol 
 Monoamine oxidase inhibitors 
 Organophosphates 
 Cytotoxic drugs 

  Physiologic  
 Newborn 
 Advanced age 
 Pregnancy 
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   While there are many causes for decreased enzyme quantity, clinically relevant 
effects are usually only seen after levels are reduced to ~20% to 30% of normal. 
Therefore, succinylcholine-associated apnea is most often seen in patients who have 
some sort of pseudocholinesterase gene mutation. 2  Homozygotes for the atypical, 
silent, and fl uoride resistant mutations can have signifi cantly prolonged effects from 
succinylcholine. 3  Heterozygote combinations of the three can also have prolonged 
effects, although individuals who carry one wild enzyme do not typically manifest 
signifi cantly prolonged succinylcholine blocks unless they have an associated 
abnormality leading to diminished levels of enzyme. 

 Plasma cholinesterase is synthesized in the liver and the coding sequence is located 
on chromosome 3q26. Mutations associated with prolonged apnea have been well 
described and are mostly point mutations causing deletions or substitutions of 
nucleotides. New enzyme polymorphisms continue to be described in the literature. 
The incidence of the most common polymorphisms has been studied in Europe with 
the following percentages: homozygous wild type 96%, heterozygous wild/atypical 
2.5%, wild/fl uoride or wild/silent 0.3%, atypical/fl uoride 0.005%, fl uoride/silent or 
fl uoride/fl uoride 0.006%, and atypical/atypical 0.05%. 4  

 When prolonged succinylcholine block is suspected, a dibucaine number and 
enzyme activity measurement can aid in the diagnosis. 5  Dibucaine is a local 
anesthetic that inhibits the normal enzyme by 80% and the homozygous atypical 
enzyme by 20% (heterozygous ~40% to 60%). The dibucaine number is simply 
a number indicating the percentage by which plasma cholinesterase is inhibited. 
Each polymorphism is associated with a different amount of enzyme inhibition 
by dibucaine, but this test alone is not sensitive for the silent, fl uoride, and other 
type mutations that require further testing not discussed here. It should also be 
noted that the dibucaine number refl ects only the qualitative activity of the 
enzyme not the quantity, hence the value in assaying total enzyme activity 
as well. 

 Treatment of prolonged neuromuscular blockade is supportive in nature. Generally, 
patients can be transferred to the PACU or intensive care unit intubated and venti-
lated where mechanical ventilation and close supervision can continue until the 
patient’s neuromuscular function returns and they can be safely extubated. Attempted 
reversal of depolarizing neuromuscular block with neostigmine is controversial. If 
given without any evidence of fade on TOF monitoring neostigmine will only pro-
long the block, since neostigmine is itself a potent inhibitor of pseudocholinester-
ase. There is some thought that if a phase II type block is present a dose of <0.3 mg/kg
of reversal can be helpful. 

 After identifi cation of the cause, patients with prolonged weakness should receive 
counseling and possibly identifi cation bands warning of prolonged effects of these 
medications. Routine screening of relatives isn’t suggested, but relatives should 
notify physicians of a family history of atypical pseudocholinesterase.  
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    Take-Home Points 

•     Clinically signifi cant prolongation of succinylcholine may be secondary to 
decreased levels of enzyme, drug related changes in enzyme activity, or 
genetically atypical enzyme.  

•   When genetically normal pseudocholinesterase is present, levels may be 
reduced to ~20% of normal before clinically relevant prolongation of suc-
cinylcholine is recognized.  

•   Homozygous atypical, silent, and fl uoride types, as well as heterozygote 
atypical/silent and atypical/fl uoride are associated with signifi cant pro-
longed succinylcholine effects.  

•   Close clinical monitoring return of neuromuscular blockade when admin-
istering any neuromuscular blocking agent, including succinylcholine, is 
strongly recommended.  

•   The dibucaine number is a laboratory test that assists in characterizing the 
abnormality. When added to plasma  in vitro , dibucaine inhibits normal 
enzyme by 80%. Normal cholinesterase therefore has a dibucaine number 
of 80 while homozygous atypical enzyme has dibucaine number of 20. 
Heterozygotes typically show a ~40% to 60% inhibition. Fluoride resistant 
or silent types exist as well but are far less common.  

•   Treatment of prolonged succinylcholine neuromuscular blockade is sup-
portive in nature with continued mechanical ventilation until neuromuscu-
lar  function returns  

•   Patient counseling and name band identifi cation is suggested following 
diagnosis.     

    Summary 

     Interaction:  pharmacogenomic  
   Substrates:  succinylcholine and plasma cholinesterase  
   Gene:  point mutations causing deletion or substitutions of nucleotides located at 

chromosome 3q26  
   Mechanism:  decreased metabolism of succinylcholine  
   Clinical effect:  prolonged neuromuscular weakness        
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    Abstract  
  This case discusses prolonged paralysis after succinylcholine administration 
in a patient with atypical pseudocholinesterase and potentiation of the para-
lytic effects by inhibition of donezipil metabolism by verapamil (cytochrome 
P450 3A4) and paroxetine (cytochrome P450 2D6).  

         Case 

 A 70-year-old, 80 kg woman with a history of mild Alzheimer’s disease, depression, 
and hypertension presented to the operating room for a repair of a small ventral 
hernia. She had a history of one unremarkable general endotracheal anesthesia 8 
years ago. She reported that she had taken her outpatient daily medications that 
morning, which were donepezil (10 mg), paroxetine (20 mg), and sustained- release 
verapamil hydrochloride (240 mg). 

 At induction, she received fentanyl (100 mcg), propofol (130 mg), and succinylcho-
line (140 mg). She received vecuronium (5 mg) before skin incision and a periph-
eral nerve monitor was then placed in the preauricular area over the facial nerve. 
Forty minutes later, the hernia was repaired and skin closure began. The peripheral 
nerve train-of-four (TOF) stimuli produced three of four twitches. To reverse the 
neuromuscular block, the patient received neostigmine (5 mg) and glycopyrrolate 
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(1 mg). Desfl urane was discontinued, and the ventilator respiratory rate was reduced 
to 6 breaths per minute to facilitate the initiation of spontaneous respirations. 

 Ten minutes after skin closure, the patient had made no respiratory efforts and trig-
gering of the peripheral nerve stimulator produced no twitches. The anesthesia gas 
monitoring system detected zero end-tidal desfl urane and the patient had become 
tachycardic and hypertensive. A propofol infusion was initiated and the patient was 
transferred to the intensive care unit for continued mechanical ventilation. 
Subsequently, the test for atypical pseudocholinesterase (dibucaine number) was 
45% (reference range, 70%-80%). 

 Eight hours later, the TOF stimuli spontaneously produced four strong twitches, and 
the patient initiated respiratory effort and was able to follow commands. Her trachea 
was extubated without further incident.  

    Discussion 

  This is an example of multiple inhibitors added to multiple substrates.  

 Donepezil is a reversible inhibitor of central acetylcholinesterase and is used to treat 
mild to moderate dementia associated with Alzheimer’s disease. It has been shown 
to inhibit pseudocholinesterase peripherally only at increased plasma concentra-
tions; at typical clinical doses, it usually does not interfere with succinylcholine 
metabolism. 1  This inhibition is dose dependent (Fig.  97.1 ). Donepezil is metabo-
lized by the cytochrome P450 (CYP) isozymes 2D6 and 3A4. 2  The present patient 
was taking both verapamil, which inhibits CYP3A4, and paroxetine, which inhibits 
CYP2D6. 3  ,  4  The combination of these two medications may have resulted in consid-
erable inhibition of donepezil metabolism and thus increased its plasma levels, 
potentiating anticholinesterase activity.  

 The patient also received neostigmine to reverse the nondepolarizing neuromuscular 
blockade of vecuronium. The peripheral TOF obtained at the end of the operation 
produced a fade pattern, but it is not clear from this scenario whether the fade repre-
sented a partial reversal of the vecuronium block or a Phase II block from succinylcho-
line (secondary to prolonged effects of succinylcholine). The TOF should have been 
measured before administration of vecuronium, to ensure that the patient had normally 
functioning pseudocholinesterase (ie, to confi rm that the patient recovered four strong 
twitches without fade) and that the neuromuscular effects of succinylcholine had dis-
sipated. However, given that the patient had an uneventful anesthesia previously, there 
was no reason to suspect that she may have atypical pseudocholinesterase. 

 Neostigmine can potentiate the neuromuscular blockade produced by succinylcho-
line and also inhibits plasma pseudocholinesterase (the only reversal agent that does 

Neuromuscular Blockade Agents



451

not have an effect on plasma cholinesterase activity is edrophonium chloride). 5  
Although reversal of Phase II block after excessive use of succinylcholine can be 
accelerated with neostigmine, reversal of Phase II block that is present in patients 
with atypical plasma cholinesterase may not be reliable. 6  The combination of neo-
stigmine and donepezil has an additive effect on pseudocholinesterase inhibition. 1  

 In a patient with normal pseudocholinesterase levels (ie, the patient is homozygous 
for normal pseudocholinesterase), it is doubtful that a moderately depressed pseu-
docholinesterase level induced by donepezil would cause prolonged neuromuscular 
block in response to succinylcholine. However, the present patient was heterozy-
gous for atypical pseudocholinesterase, as indicated by the dibucaine number of 
45%, and had decreased levels of normal pseudocholinesterase at baseline. The 
increased plasma donepezil concentrations secondary to its suppressed metabolism 
and in conjunction with the administration of neostigmine could inhibit plasma 
pseudocholinesterase suffi ciently to cause prolonged paralysis due to nonhydro-
lyzed acetylcholine. 

 Donepezil has a good safety record, but still there are reports of some patients who 
have muscle weakness and muscle fasciculations with its use (signs and symptoms 
related to acetylcholine-induced depolarization). This observation suggests that in 
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  Fig. 97.1    Mean serum pseudocholinesterase activity of fi ve patients taking donepezil (don), neo-
stigmine (neo), and three doses of neostigmine plus donepezil. Error bars indicate SD. Percents 
cited above the respective histograms indicate remaining pseudocholinesterase activity based on the 
control activity equaling 100%.  a   P  < .01 vs control;  b   P  < .007 vs control;  c   P  < .05 vs neostigmine;  d  
 P  < .0001 vs control;  e   P  < .003 vs neostigmine [Adapted from Sprung J, Castellani WJ, Srinivasan 
V et al: The effects of donepezil and neostigmine in a patient with unusual pseudocholinesterase 
activity. Anesth Analg 1998; 87: 1203-1205. With permission from Wolter Kluwers Health.]       
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some rare instances and in some susceptible individuals, donepezil may induce 
clinically signifi cant cholinesterase inhibition. It also is plausible that this response 
may occur when pathways for donepezil metabolism are inhibited, as was the case 
in our patient who received verapamil (inhibits CYP3A4) and paroxetine (inhibits 
CYP2D6). 3  ,  4   

    Take-Home Points 

•     Donepezil is a reversible inhibitor of central acetylcholinesterase and mod-
estly inhibits plasma cholinesterase. In patients with normal pseudocholin-
esterase activity, this inhibition has no clinical effect on neuromuscular 
transmission.  

•   Drugs that inhibit CYP3A4 and CYP2D6 may slow elimination of donepe-
zil and therefore may enhance its otherwise small physiologic effects on 
plasma cholinesterase.  

•   It is always important to assess whether paralysis from succinylcholine has 
resolved before the administration of nondepolarizing neuromuscular 
blocking drugs or anticholinesterases. This practice avoids the potential for 
substantial drug–drug interaction that may complicate spontaneous recov-
ery from neuromuscular blockade.     

    Summary 

     Interaction:  pharmacokinetic (complex)  
   Substrate:  donezipil  
   Enzyme:  CYP3A4 and CYP2D6, pseudocholinesterase  
   Inhibitor:  verapamil (3A4), paroxetine (2D6), and neostigmine (pseudo cholinesterase)  
   Clinical effects:  prolonged paralysis after succinylcholine administration in a 

patient with atypical pseudocholinesterase; potentiation of the paralytic effects 
by inhibition of donezipil metabolism.        
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    Abstract  
  This case discusses the complex pharmacodynamic interaction between 
vecuronium and amikacin resulting in increased neuromuscular blockade.  

         Case 

 When Mr. Johnson’s retirement funding ran dry, he reluctantly moved to a less-
expensive facility. Three days after the transfer, he developed severe abdominal 
pain. The staff thought this was “his way of adjusting.” Two days later, Mr. Johnson 
was in the operating room (OR) for repair of a perforated bowel and washout of 
abdominal sepsis. 

 In the intensive care unit (ICU), the patient suffered from multiorgan system failure 
with acute kidney and liver function derangements. He was diagnosed with pneu-
monia with cultures that were positive for  Pseudomonas aeruginosa  and therapy 
with piperacillin/tazobactam and amikacin was initiated. Mr. Johnson’s family was 
heartbroken and scared as they visited him every day, especially when he returned 
to the OR for exploratory laparotomy to rule out an anastomotic leak. 

 The case started smoothly with low doses of fentanyl, sevofl urane, and vecuronium. 
As the patient’s hemodynamics worsened and multiple vasoactive drugs became nec-
essary, the attending anesthesiologist set up an infusion of vecuronium so that they 
could be sure of neuromuscular blockade while they focused on other issues. With an 
open abdomen the patient’s core temperature dropped to 32°C. 

 After returning to the ICU, the patient was surprisingly stable, although on a low 
dose of sedation to help facilitate mechanical ventilation. On his postoperative 
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check, the surgical resident was pleasantly surprised to see that Mr. Johnson had 
been weaned from all pressors. In fact, he was slightly hypertensive and tachycardic. 
A neurologic exam revealed no response to commands. “He needs to wake up from 
the anesthetic, so turn off all the sedation and pain meds,” he instructed the nurses. 
After the sedative had worn off, the tachycardia and hypertension worsened, but Mr. 
Johnson would still not open his eyes or follow commands. Prior to departing after 
a long night of call, the patient’s anesthesiologist went to the ICU to do a postanes-
thesia check. A review of the situation prompted the anesthesiologist to consider the 
possibility of prolonged neuromuscular blockade. Eight hours after surgery, a train-
of-four (TOF) monitor revealed just one faint twitch out of four stimuli. The anes-
thesiologist recommended re-sedating the patient until the neuromuscular function 
recovered to the point that the TOF would result in four strong, equal twitches.  

    Discussion 

  This is an example of a complex pharmacodynamic interaction.  

 Vecuronium is an intermediate-acting neuromuscular blocking agent in the steroidal 
class. Like the other nondepolarizing neuromuscular blockers, it acts by competing 
with acetylcholine at the postsynaptic receptor of the neuromuscular junction. The 
normal duration of action of vecuronium after a dose for tracheal intubation is 
approximately 30 to 50 minutes. 1  Normally, 30% to 40% of a dose of vecuronium is 
metabolized by the liver, and elimination is accomplished both by renal (40% to 
50%) and hepatic (50% to 60%) pathways. One of the metabolites, 3-desacetylve-
curonium, exhibits slower plasma clearance and longer duration of action than 
vecuronium, has about 80% of the potency of the parent drug, and accumulates in 
patients with renal failure. 2  Liver disease will predictably reduce the elimination of 
vecuronium and prolong the duration of neuromuscular blockade, especially after 
repeated doses or the use of prolonged infusions. 3  ,  4  

 Amikacin, an aminoglycoside, has been in use for decades and remains an impor-
tant therapeutic against aerobic gram-negative bacterial infections. In this case it 
was being used for double coverage against  Pseudomonas aeruginosa . Amikacin, 
like other aminoglycosides, increases sensitivity to vecuronium and other non-
depolarizing neuromuscular blocking agents. The mechanism is twofold. The ami-
noglycosides decrease presynaptic quantal release of acetylcholine and they 
decrease postjunctional sensitivity to acetylcholine. 5  

 This case represents an unfortunate confl uence of factors leading to prolonged neu-
romuscular blockade: a drug–drug interaction, poor renal function, poor hepatic 
function, hypothermia (which prolongs recovery from neuromuscular blocking 
agents), and a long continuous infusion which promotes build-up of parent drug and 
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active metabolites. The patient in this case was subjected to a preventable 
 complication of ICU care: iatrogenic muscle paralysis in the absence of adequate 
sedation. Mr. Johnson eventually recovered fully and luckily did not remember the 
night he spent paralyzed without sedation.  

    Take-Home Points 

•     Administration of neuromuscular blocking agents in critically ill patients 
requires a high level of vigilance to avoid drug–drug interactions or other 
adverse effects.  

•   When critically ill patients are on antibiotics, we must be cognizant of the 
potentially detrimental drug–drug interactions that they might cause.  

•   When an aminoglycoside is in use and other patient factors might lead to 
enhanced neuromuscular blockade, we should consider opting for agents 
that do not require normal organ function for breakdown and elimination. 
Atracurium and cisatracurium are examples of agents with predictable off-
set even in the setting of renal and hepatic dysfunction.  

•   Using peripheral nerve stimulation (eg, train-of-four) and titration to 
effect, even in cases where extubation is unlikely, might prevent situational 
overdose of neuromuscular blocking agents.  

•   Intraoperative overdose of drugs has important postoperative con  sequences.  

•   Physicians must minimize factors that contribute to prolonged neuromus-
cular blockade, such as hypothermia.     

    Summary 

     Interaction:  pharmacodynamics (complex)  
   Substrate:  vecuronium and amikacin  
   Receptor site:  undetermined  
   Agonist/Atagonist:  undetermined  
   Clinical effect:  increased effect of vecuronium        
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    Abstract  
  This case discusses a synergistic pharmacodynamic interaction between 
vecuronium and gentamicin.  

         Case 

 A thin, 63-year-old woman was transferred from the nursing home to the hospital, 
with a report of abdominal pain and fever. She had a past history of diverticulitis and 
stroke that resulted in permandent and profound right-sided weakness. A working 
diagnosis of diverticulitis was made and she was started on metronidazole 
(500 mg 98 h intravenously) and gentamicin (4 mg/kg intravenously once daily), 
given the patient’s history of penicillin allergy. A left hemicolectomy was recom-
mended after additional workup was concerning for bowel microperforation. 

 The patient presented to the operating room immediately after completion of her 
morning doses of gentamicin and metronidazole. The anesthesiologist decided to 
avoid succinylcholine and use vecuronium to facilitate intubation, given her pro-
found right-side weakness from her prior stroke. The patient received vecuronium 
for muscle relaxation during the case. At skin closure, train-of-four (TOF) stimuli 
to the left facial nerve showed two of four twitches. Neostigmine and glycopyrrolate 
were given to reverse residual effects of the neuromuscular blockade. She was extu-
bated ten minutes later, after breathing spontaneously, opening her eyes, and squeez-
ing her left hand. 
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 In the recovery room, the patient had labored respirations. Her oxygen saturation on 
pulse oximetry showed a decrease from 95% to 85%. She still was able to grasp 
weakly with her left hand but was unable to sustain a head lift for longer than 1 
second. She was started on bilevel positive airway pressure via a closed mask to 
assist her respiratory effort. Over the next 60 minutes, her oxygenation levels 
improved and her strength returned to her baseline level.  

    Discussion 

  This is an example of a synergistic pharmacodynamic interaction.  

 More specifi cally, this is an example of gentamicin potentiating the neuromuscular 
blockade of vecuronium, resulting in prolonged muscle weakness. 

 Aminoglycosides are known to have neuromuscular blocking effects that can mani-
fest as muscle weakness. 1  ,  2  These antibiotics inhibit both presynaptic and postsyn-
aptic transmissions, but the presynaptic activity predominates. 3  ,  4  Traditionally, it 
was thought that aminoglycosides directly inhibited the presynaptic, voltage-acti-
vated calcium channels, but direct inhibition of these channels occurs at very high 
concentrations only. 2  It is now believed that the primary mechanism is mediated by 
aminoglycoside activation with presynaptic calcium ion–sensing receptors (CaSRs). 
When the CaSR is activated by calcium, it inhibits voltage-dependent nonselective 
cation channels (Fig.  99.1 ). These channels allow the fusion of acetylcholine-con-
taining vesicles with the terminal membrane, permitting acetylcholine release. At 
normal calcium concentrations, CaSR is not fully activated, allowing acetylcholine 
release in response to an action potential. However, when exposed to calcium and 
an aminoglycoside, the CaSR becomes fully activated and inhibits the nonselective 
cation channels, preventing acetylcholine release. 2  Aminoglycoside activity at both 
the presynaptic CaSRs and the presynaptic voltage- activated calcium channels 
results in a decrease in acetylcholine release at the neuromuscular junction, in 
response to presynaptic action potentials.  

 The neuromuscular effects of aminoglycosides typically result in mild generalized 
weakness of little clinical signifi cance. However, more severe weakness may mani-
fest in patients with underlying neuromuscular disease, such as myasthenia gravis. 
Aminoglycosides and neuromuscular blockers, when used in conjunction, have syn-
ergistic effects at the neuromuscular end plate: 1) inhibition of acetylcholine release 
at the neuromuscular synapse by the aminoglycoside, and 2) competitive antago-
nism of acetylcholine at the motor end plate receptors by the neuromuscular block-
ing agent. Prolonged neuromuscular blockade has been reported in patients who 
simultaneously receive gentamicin and vecuronium, as was the case with the pres-
ent patient. 5  ,  6  

 The synergism between neuromuscular blocking agents and aminoglycosides 
appears to be more profound with vecuronium than other muscle relaxants, such as 
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atracurium. 6  Compared with divided doses, once-daily dosing of gentamicin may 
enhance the synergistic activity of vecuronium between these two medications, but 
this observation is not consistent. 5  ,  6  The prolonged neuromuscular blockade between 
gentamicin and vecuronium may not always be easily reversed with anticholinester-
ases. 4  ,  6  It has been suggested that calcium administration may facilitate the reversal 
of the neuromuscular blockade induced by aminoglycosides. 4  

 The potential for prolonged neuromuscular blockade of patients receiving both gen-
tamicin and vecuronium should be monitored closely. In addition, the anesthesiolo-
gist should be aware that prolonged neuromuscular blockade may persist in the 
recovery room, despite use of reversal agents. Ideally in this case, clinical signs of 
strength (adequate head lift) would have been assessed before extubation, given the 
patient’s history of underlying muscle weakness secondary to a previous stroke.  

    Take-Home Points 

•     Aminoglycosides can inhibit acetylcholine release at the neuromuscular 
junction, resulting in generalized muscle weakness. Fortunately, this effect 
is usually mild. However, it can be clinically signifi cant for patients with 
neuromuscular dysfunction.  

a b c

  Fig. 99.1    Diagram of proposed model for aminoglycoside inhibition of acetylcholine release at 
the presynaptic motor nerve terminal. A, Under normal physiologic conditions, the presynaptic 
calcium ion (Ca ++ )–sensing receptor (CaSR) (yellow oval) is partially activated by extracellular 
Ca ++  (red circles). When activated by Ca ++ , the CaSR inhibits voltage-dependent nonselective cat-
ion channels (NSCCs) (black ovals), which impedes the fusion of acetylcholine-containing vesi-
cles with the terminal membrane and prevents release of acetylcholine (black circles). At 
physiologic concentrations of Ca ++ , CaSR is not fully activated and acetylcholine is released in 
response to an action potential. I indicates inhibition; VACC, voltage-activated calcium channel. B, 
During low concentration of the aminoglycoside neomycin (green circles), the CaSR binds to both 
neomycin and Ca ++  and becomes fully activated, reducing acetylcholine release. C, During high 
concentration of neomycin, the CaSR is fully activated, plus neomycin blocks the VACCs, further 
attenuating acetylcholine release. Active molecules are colored yellow and inactive molecules are 
colored gray. The second messenger-mediating signaling between NSCC and CaSR has not been 
identifi ed and is denoted by a small, yellow, intracellular circle [Adapted from Harnett MT, Chen 
W, Smith SM. Calcium-sensing receptor: a high-affi nity presynaptic target for aminoglycoside- 
induced weakness.  Neuropharmacology  2009;57:502-505. With permission from Elsevier.]       
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•   The simultaneous use of gentamicin and vecuronium can lead to prolonged 
neuromuscular blockade, and this blockade may not be reversed easily 
with neostigmine.  

•   The mechanism for prolonged neuromuscular blockade is due to the com-
bination of prejunctional effects by aminoglycosides and the motor end 
plate receptor blockade by nondepolarizing neuromuscular blockers.     

    Summary 

     Interaction:  pharmacodynamic (synergism)  
   Substrates:  vecuronium and gentamicin  
   Mechanism/site of action:  inhibition of acetylcholine release at the neuromuscular 

synapse by the aminoglycoside and competitive antagonism of acetylcholine at 
the motor end-plate receptors by the neuromuscular blocking agent.  

   Clinical effect:  enhanced neuromuscular weakness        
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    Abstract  
  This case discusses a pharmacodynamics interaction between pancuronium 
and mivacurium. Pancuronium administered before mivacurium can result in 
prolonged muscular blockade.  

         Case 

 A 54-year-old man with a history of type 2 diabetes and chronic obstructive pulmo-
nary disease (COPD) arrived for a wedge resection of his right upper lobe after 
being diagnosed with lung cancer. He had no previous adverse reactions to anesthe-
sia while undergoing an appendectomy at age 15 and a right knee repair at age 52. 
He took only metformin, and denied any use of illicit drugs or alcohol. 

 He underwent an uncomplicated general anesthetic. He was given succinylcholine 
for intubation and pancuronium was administered after return of train-of-four (TOF) 
upon peripheral nerve stimulation. Towards the end of the case, the surgeons 
requested “brief but heavy” neuromuscular blockade to help close the chest. In an 
effort to facilitate extubation immediately postoperatively, a dose of mivacurium 
was administered to provide paralysis for the remainder of the procedure. At the 
conclusion of the procedure 20 minutes later, the patient did not have any detectable 
twitches and the neuromuscular blockade was unable to be reversed. The patient 
remained under anesthesia in the operating room for another 30 minutes before he 
recovered adequate twitch height to be reversed. The patient was then extubated and 
transferred to the postanesthesia care unit. No adverse reactions were otherwise 
noted, and the patient was later discharged to home.  
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    Discussion 

  This is an example of a complex synergistic pharmacodynamic interaction.  

 Nondepolarizing neuromuscular blocking agents (NMBA) bind to one of the two α 
subunits of the nicotinic acetylcholine receptor at the neuromuscular junction. They 
act as reversible competitive inhibitors of acetylcholine, preventing propagation of 
action potentials from the neuron to the muscle. These drugs are often described by 
the length of their duration as short, intermediate, or long-acting. 

 Mivacurium, a short-acting NMBA, is predominantly metabolized by plasma pseu-
docholinesterase. This results in only a small portion of the administered dose 
reaching its site of action at the neuromuscular junction. 1  Although no longer manu-
factured in North America, the drug is still used in much of the world and maintains 
some popularity for neuromuscular blockade in pediatric cases. It can be adminis-
tered in boluses or as a continuous infusion. Pancuronium, on the other hand, is a 
long-acting NMBA with duration of action of approximately 1.5 to 2 hours. 2  It has 
an active metabolite whose potency is about one-half of pancuronium itself. Unlike 
other NMBAs, it has been shown to increase heart rate, blood pressure, and cardiac 
output, making it a popular choice for cardiac surgery often in combination with 
high-dose fentanyl regimens. 2  

 It has been shown that the combined use of structurally different NMBAs results in 
a synergistic effect. 1  ,  3  –  5  Structurally different molecules may have different prejunc-
tional and postjunctional effects, leading to a greater number of occupied receptors. 
 In vitro  studies have confi rmed synergistic interactions with combinations of cisa-
tracurium and rocuronium, as well as cisatracurium and vecuronium. 4  ,  5  However, 
when structurally similar NMBAs are combined, such as two aminosteroids 
(eg, rocuronium and vecuronium) or two benzylisoquinolines (eg, cisatracurium 
and atracurium), the effect has been shown only to be additive. 4  ,  5  In the case 
described above, mivacurium is a benzylisoquinoline and pancuronium is an 
aminosteroid. Their structural dissimilarity likely contributed partially, although not 
fully, to the unexpectedly prolonged neuromuscular block. 

 Beyond structural dissimilarity, prior administration of pancuronium further poten-
tiated the effects of mivacurium. This is due to a reduction in pancuronium pseudo-
cholinesterase levels after administration of pancuronium. It has been shown that 
pancuronium transiently decreases pseudocholinesterase by approximately 25%, 
which can lead to clinically signifi cant prolongations of action for both succinyl-
choline and mivacurium. 1  –  3  ,  6  In the case of mivacurium, it is believed that the 
decrease in pseudocholinesterase not only results in a delay of metabolism, but it 
also allows more of the administered dose to initially reach the site of action. 1  The 
end result is a more effective and prolonged neuromuscular blockade.  
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    Take-Home Points 

•     The administration of mivacurium after pancuronium can result in pro-
longed paralysis as a result of mivacurium behaving more like an interme-
diate-acting, rather than short-acting NMBA. This prolonged effect is from 
decreased plasma pseudocholinesterase activity caused by pancuronium 
and from the use of structurally different NMBAs.  

•   The use of structurally different NMBAs in combination has been shown 
to have synergistic effects. Specifi cally, this includes the use of benzyliso-
quinolines (eg, atracurium, cisatracurium) with aminosteroids (eg, 
rocuronium, vecuronium).  

•   The use of structurally similar NMBAs in combination has been shown 
only to have additive effects.     

    Summary 

     Interaction: pharmacodynamics (synergism)   
   Substrates : pancuronium and mivacurium  
   Mechanisms/sites of action:  increased binding at the α subunit of nicotinic acetyl-

choline receptor at neuromuscular junction, decreased levels of plasma 
cholinesterase  

   Clinical effects:  prolonged neuromuscular blockade        
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    Abstract  
  This case discusses IgE sensitization by pholcodine resulting in cross- 
sensitization to rocuronium bromide.  

         Case 

 A 70 kg, 23-year-old Norwegian man who was a graduate student in the United 
States presented to the operating room for laparoscopic abdominal exploration for 
suspected appendicitis. He had been nauseated, so the anesthesiologist decided to 
use rapid sequence induction for intubation. General anesthesia was induced with 
fentanyl (100 mcg) given intravenously (IV), propofol (150 mg IV) and rocuronium 
(80 mg IV). 

 Shortly after induction the patient became profoundly hypotensive, tachycardic, and 
hypoxic. Urticaria developed across his face, torso, and limbs. Ventilation of his 
lungs was diffi cult. The anesthesiologist suspected anaphylactic reaction and 
administered epinephrine (0.5 mg), diphenhydramine (50 mg), and hydrocortisone 
(100 mg), all intravenously. After 45 minutes of aggressive treatment, the blood 
pressure, ventilation, and oxygenation normalized. The appendix appeared to be 
perforated and the surgery continued with an open technique. The patient was extu-
bated at the end of the case, and he was transferred to the intensive care unit for 
observation. Six hours later, a tryptase level was 67 ng/mL (normal <11 ng/mL). 
Consultation was sought with an allergist, and skin prick test performed 6 weeks 
later disclosed a positive response to rocuronium. On questioning, the patient 
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reported that on a visit home to Norway 3 months prior to surgery he had developed 
a severe cough. He had self-medicated with an old bottle of the cough syrup Tuxi® 
which he had found in his father’s medicine cabinet.  

    Discussion 

  This is an example of a pharmacodynamic (immunologic) drug interaction.  

 More specifi cally, this is an example of IgE sensitization by pholcodine resulting in 
cross-sensitization to rocuronium bromide. 

 Severe intraoperative anaphylactic reactions are rare but associated with substantial 
morbidity and mortality. Several large epidemiological studies from Europe have 
reported that neuromuscular blocking agents (NMBA) are the most frequent cause 
for perioperative anaphylactic reactions. 1  –  3  However, a recent study that reported 
intraoperative allergic reactions from the Mayo Clinic practice found that NMBA 
were rarely associated with anaphylactic reactions. 4  Furthermore, even within 
Europe, regional discrepancies have also been noted. For example, compared with 
Sweden, a 10-fold greater incidence of anaphylactic reactions to NMBA drugs 
were observed in Norway. 5  Analysis of sera from Norwegians and Swedes found 
that Norwegians had higher rates of IgE antibodies to morphine and 
succinylcholine. 5  ,  6  

 The IgE antibody-binding site of antigens may contain quaternary ammonium ions 
(QAI). Studies have found that common QAIs may exist on unrelated substances, 
which serve as common allergenic epitopes on different antigens. 7  Thus, a patient 
who has been previously sensitized to another environmental antigen with a similar 
QAI may experience an anaphylactic reaction following exposure to an unrelated 
drug event after the fi rst time this drug is administered. For example, QAIs are 
found on compounds used in cosmetics, toiletries, and household cleaners and dis-
infectants. A study of a British patient who had suffered a near-fatal reaction to 
succinylcholine showed IgE antibody cross-reactivity to three common ingredients 
of cosmetics and two commonly used disinfectants. 10  

 In regards to the differences observed in Scandinavia, it was found that there was 
widespread use of the cough suppressant, pholcodine (marked as Tuxi®) in Norway, 
but not in Sweden. It was estimated that at the time when pholcodine was on the 
market about 40% of the population were taking the drug, and about 5% to 10% of 
population became IgE sensitized to pholcodine, indicating that this drug is a potent 
sensitizer. 8  Pholcodine is thought to share a QAI with NMBAs and morphine. A 
previously pholcodine IgE-sensitized individual after a 7-day exposure to pholco-
dine had a 60-fold increase in overall serum IgE levels and 60-fold to 85-fold 
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increase in IgE antibodies to pholcodine, morphine, and succinylcholine 
(Fig.  101.1 ). 9  In that individual, serum IgE levels remained elevated for more than 
1 year. Pholcodine was withdrawn from the Norwegian market in 2007. Subsequently, 
there has been a decrease in the rate of Norwegians with detectable IgE antibodies 
to  succinylcholine as well as a signifi cant (45%) decline in the total number of sus-
pected anaphylactic reactions attributed to NMBAs between 2005 and 2009. 8    

    Take-Home Points 

•     In many countries, neuromuscular blocking agents were reported to be a 
primary cause of intraoperative anaphylactic reactions.  

•   Numerous antigens contain common quaternary ammonium ions that 
serve as binding sites to IgE antibodies, which can result in cross sensitiza-
tion between unrelated substances.  

•   A cough suppressant, pholcodine, which was widely used in Europe, was 
found to cause sanitization to neuromuscular blocking agents and mor-
phine. This resulted in increased rates of anaphylactic reactions related to 
these drugs during anesthesia in Europe.  

a b

  Fig. 101.1    An individual previously sensitized to pholcodine was exposed to 20 mg pholcodine 
daily for 7 days. Serum levels of IgE increased by 60 fold and remained elevated for more than 1 
year (Panel A). Levels of IgE antibodies to pholcodine, morphine, and succinylcholine increased 
between 60-fold and 85- fold from baseline values (Panel B) [Modifi ed from Florvaag E, Johansson 
SG, Irgens A et al. IgE-sensitization to the cough suppressant pholcodine and the effects of its 
withdrawal from the Norwegian market. Allergy. 2011; 66:955-960. With permission from John 
Wiley & Sons.]       
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•   Withdrawal of pholcodine from the Norwegian market resulted in a dra-
matic reduction of allergic reactions to neuromuscular blocking agents in 
that country.  

•   It has been suggested that cosmetics, shampoos, and cleaning agents that 
have additives with quaternary ammonium ion sites have also caused clini-
cally signifi cant immunologic reactions to succinylcholine.  

•   New substances—drugs with quaternary (as well as tertiary) ammonium 
ion epitopes—need to be closely monitored for potential for inducing 
cross-sensitization against NMBAs.     

    Summary 

     Interaction:  immunologic  
   Cross-reactants:  pholcodine and rocuronium bromide  
   Mechanism:  quaternary ammonium ions serve as common allergenic epitopes on 

different antigens leading to cross-reactivity and IgE-sensitivity  
   Clinical effects:  allergic reaction or anaphylaxis when a patient is exposed to unre-

lated compound with a common quaternary ammonium ion moiety        

   References 
    1.    Mertes PM, Laxenaire MC, Alla F. Anaphylactic and anaphylactoid reactions occurring during 

anesthesia in France in 1999-2000. Anesthesiology. 2003;99:536–45.  
   2.    Laxenaire MC, Mertes PM. Anaphylaxis during anaesthesia. Results of a two-year survey in 

France. Br J Anaesth. 2001;87:549–58.  
    3.    Harboe T, Guttormsen AB, Irgens A, et al. Anaphylaxis during anesthesia in Norway: a 6-year 

single-center follow-up study. Anesthesiology. 2005;102:897–903.  
    4.    Gurrieri C, Weingarten TN, Martin DP, et al. Allergic reactions during anesthesia at a large 

United States referral center. Anesth Analg. 2011;113:1202–12.  
     5.    Florvaag E, Johansson SG, Oman H, et al. Prevalence of IgE antibodies to morphine. Relation 

to the high and low incidences of NMBA anaphylaxis in Norway and Sweden, respectively. 
Acta Anaesthesiol Scand. 2005;49:437–44.  

    6.    Fisher MM, Baldo BA. Immunoassays in the diagnosis of anaphylaxis to neuromuscular 
blocking drugs: the value of morphine for the detection of IgE antibodies in allergic subjects. 
Anaesth Intensive Care. 2000;28:167–70.  

    7.    Baldo BA, Fisher MM. Substituted ammonium ions as allergenic determinants in drug allergy. 
Nature. 1983;306:262–4.  

     8.    Florvaag E, Johansson SG, Irgens A, et al. IgE-sensitization to the cough suppressant pholco-
dine and the effects of its withdrawal from the Norwegian market. Allergy. 2011;66:955–60.  

    9.    Florvaag E, Johansson SG, Oman H, et al. Pholcodine stimulates a dramatic increase of IgE in 
IgE-sensitized individuals. A pilot study. Allergy. 2006;61:49–55.  

    10.    Weston A, Assem ES. Possible link between anaphylactoid reactions to anaesthetics and 
chemicals in cosmetics and biocides. Agents Actions. 1994;41 Spec. No:C138–9.    

Neuromuscular Blockade Agents



XI      Drug–Drug Interac  ons 
Involving An  bio  cs 
and An  fungals 

       



473© Springer Science+Business Media New York 2015 
C. Marcucci et al. (eds.), A Case Approach to Perioperative Drug-Drug 
Interactions, DOI 10.1007/978-1-4614-7495-1_102

      The drug–drug interactions in this section are well worth the reader’s time and atten-
tion. It is a sad fact that antibiotics and antifungals, although in ubiquitous use, are 
very far from being benign drugs. It is notable the Fatal Forty has not just three indi-
vidual drugs from these related drugs classes, but three  families  of drugs—the azole 
antifungals, the macrolides, and the quinolones, plus the solo agent rifampin. What is 
more, these drugs exist in our informal “Perpetrators” subclass of the Fatal Forty 
drug list. The azole antifungals are potent cytochrome P450 (CYP) 3A4 inhibitors, 
ketoconazole being the worst actor in a family of drug–drug interaction troublemak-
ers. Remember that the CYP3A4 enzyme is the “workhorse” enzyme—there are no 
inborn poor metabolizers of CYP3A4 as it is not consistent with life and/or evolution-
ary advantage. Macrolide antibiotics are also 3A4 inhibitors and inhibit P-glycoprotein 
as well. The quinolones are QT prolongers and, of this drug class, ciprofl oxacin, 
ofl oxacin, and norfl oxacin are CYP1A2 and CYP3A4 inhibitors. Rifampin is some-
what of an outlier in the antibiotic class as it is a P450 pan- inducer as well as being a 
P-glycoprotein inducer. Anesthesiologists working in the intensive care unit will fre-
quently encounter some or many of these drugs. Likewise, pain physicians may see 
patients on rifampin, as of course, neither chronic nor tuberculosis has ever been 
conquered as a public health issue, and comorbidities abound in every patient cohort. 

 To summarize in list form:

    Azole antifungals  (ketoconazole, itraconazole): strong CYP3A4 inhibitors  

   Macrolide antibiotics  (azithromycin, clarithromycin, erythromycin): inhibit 
CYP3A4 and P-glycoprotein  

    Abstract   
  This introduces drug–drug interactions involving antibiotics and antifungals.  

 Introduc  on 
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   Quinolones:  QT prolongers (ciprofl oxacin, ofl oxacin, and norfl oxacin are CYP1A2 
and CYP3A4 inhibitors)  

   Rifampin:  paninducer of P450 and P-glycoprotein      

Antibiotics and Antifungals
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    Abstract     
This case discusses the physicochemical interaction between calcium and 
 ceftriaxone and the potentially fatal consequences in neonates.  

 Full Stop 
 Ce  riaxone, calcium                     

       Norah     Janosy     MD    
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         Case 

 It was late in the day when the pediatric anesthesia fellow fi nished her last case. As 
she was packing up her things, the attending anesthesiologist asked her to do one 
more case. The patient was a 7-day-old, 3 kg term male baby delivered by normal 
spontaneous vaginal delivery who had just been added to the operating room (OR) 
schedule for an emergency exploratory laparotomy. Three days ago, the mother of 
the infant noticed his stomach was getting bigger and rounder, but she did not bring 
him to the hospital until the infant started vomiting his breast milk feedings. The 
abdominal x-ray had been read as distended loops of bowel with possible free air in 
the abdomen. His only preoperative laboratory abnormality was hypocalcemia. 

 General anesthesia was induced using a 22-gauge peripheral intravenous (IV) line 
in place in the left antecubital fossa, which was dispensing a D10 1/4NS solution at 
maintenance rate. After the infant was successfully intubated, the fellow noted that 
the heart rate and blood pressure were low. Fluids and a dose of calcium were 
administered to treat the neonate’s depressed cardiac output. The surgeon requested 
that the neonate be given an appropriate dose of ceftriaxone prior to incision. The 
fellow mixed the antibiotic and just as she was about to give it as an IV bolus, the 
attending walked back into the room and asked which antibiotic had been chosen. 
The fellow responded and the attending yelled: “STOP!” The fellow, startled by the 
outburst, stepped back from the OR table, antibiotic still in hand.  
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    Discussion 

  This is an example of a physicochemical drug–drug interaction (DDI).  

 More specifi cally, this is an example of the physical incompatibility of calcium and 
ceftriaxone. Concurrent use of these drugs is contraindicated in neonates. 

 Ceftriaxone is a third-generation cephalosporin. Current indications for the use of 
third generation cephalosporins in neonates include suspected meningitis, and ini-
tial empiric therapy of other neonatal infections including pneumonia, nosocomial 
bacteremia (as in this infant), and urinary tract infections. 

 When calcium, or any calcium-containing solution, is mixed with ceftriaxone, there 
is a risk for precipitation of a ceftriaxone-calcium salt. This drug interaction has 
been the probable cause of seven reported deaths in neonates. All died of cardiopul-
monary arrest. On autopsy, a precipitate, or white crystalline material, was found in 
the vascular beds, most often the lungs, of the neonates. 1  This drug-drug interaction 
came to the attention of the Food and Drug Administration (FDA) via international 
case reports, thus leading to a change in the package insert of ceftriaxone. 2  The cur-
rent recommendation is that ceftriaxone sodium should never be reconstituted with 
any solution containing calcium, such as Ringer’s Lactate, because of the risk for 
precipitate formation. Neonates (infants < 28 days old) should not receive concomi-
tant IV ceftriaxone and calcium even if they are given using different IV tubing or 
at different times. At no time should a neonate receive ceftriaxone if he is receiving 
total parenteral nutrition containing calcium, or is on an IV calcium infusion. 2  The 
FDA has modifi ed its September 2007 recommendations (which recommended that 
no age group should receive these medications within 48 hours of each other) in 
April, 2009. The relaxation of the 2007 recommendation was based results of test-
ing for precipitation in adult and neonatal serum done by Roche at the FDA’s 
request. Neonates remain a special risk group in the 2009 alert. This particular DDI 
appears to be limited to neonates as there have been no reports of cardiopulmonary 
arrest from this interaction in adults. However, the recommendation is to verify that 
the IV line is fully fl ushed prior to giving these two drugs in succession to an adult. 
The reports of cardiopulmonary arrest are limited to the IV forms of ceftriaxone and 
calcium. 3  Bradley et al. suggest that the increased risk for death in neonates could 
be due to a variety of factors including, a higher dose of ceftriaxone being given 
than is recommended by the FDA, the antibiotic being administered as an IV push, 
or the entire daily dose being administered as one infusion. 

 Many medical centers have instituted policies that mandate an automatic substitu-
tion (by the pharmacy) of cefotaxime ( another third generation cephalosporin) for 
ceftriaxone in neonates. This is an effective safeguard outside of the OR environ-
ment and should be adopted in the surgical suite. We recommend substitution of 
cefotaxime for ceftriaxone in this vulnerable population. All anesthesia providers 
need to know of the potential fatal outcome of coadministering calcium and ceftri-
axone to neonates.  

Antibiotics and Antifungals
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    Take-Home Points 

•     It is contraindicated to give a neonate calcium and ceftriaxone.  

•   Drug–drug interactions may be different for different patient populations. 
This interaction can be fatal in neonates, but has not been shown to be fatal 
in adults.  

•   If when administering drugs to patients, a precipitate forms in the intrave-
nous line, do not push the precipitate into the patient.     

    Summary 

     Interaction:  physicochemical  
   Substrates:  ceftriaxone and calcium  
   Mechanism:  chemical precipitation  
   Clinical effect:  cardiopulmonary arrest        
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         Case 

 A 16-year-old girl was scheduled for an outpatient cystoscopy as part of a workup 
for recurrent urinary tract infections. She reported a history only of idiopathic sco-
liosis for which she took tizanidine (Zanafl ex®) to help alleviate muscle spasms and 
back pain; her last dose was the morning of her procedure. She took no other medi-
cations aside from ibuprofen as needed for back pain. The nurse practitioner in the 
preoperative clinic consulted the urology service standing orders and prescribed 
ciprofl oxacin (400 mg orally BID) for 4 days as the patient’s preoperative antibiotic, 
as she was allergic to sulfa. 

 In the preoperative area, the anesthesiologist encountered a patient that appeared 
very different from the healthy teen she was expecting. The patient was very drowsy 
and failed to arouse to the anesthesiologist’s voice alone. When she fi nally did 
arouse to a sharp shake of her shoulder, she complained of being dizzy. Her blood 
pressure was 88/50 mm Hg with a heart rate of 59 beats per minute, both of these 
vital signs were decreased from the patient’s preoperative vital signs of 112/63 mm 
Hg and 70 beats per minute. Suspecting a drug–drug interaction (DDI), the anesthe-
siologist immediately opened up the patient’s intravenous fl uids to administer a 
fl uid bolus. The surgical case was postponed and the nurse practitioner and her 

    Abstract     
This case discusses the pharmacokinetic interaction between  tizanidine and 
ciprofl oxacin. Tizanidine is a cytochrome P450 1A2 substrate and ciprofl oxa-
cin is a 1A2 inhibitor.  

 Flummoxed by the FLOX 
  Fatal Forty DDI:  ciprofl oxacin,  zanidine, CYP1A2                     
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supervising physician met later in the day to discuss the case and it was agreed that 
ciprofl oxacin would not be automatically prescribed on a standing basis for preop-
erative patients without a specifi c review of the medication list for possible DDIs.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Tizanidine is an α-adrenergic agonist and a centrally acting skeletal muscle relax-
ant. It has a narrow therapeutic index. The adverse side effects of tizandine—includ-
ing a decrease in heart rate and blood pressure as well as symptoms of drowsiness, 
dizziness, and dry mouth—occur in a dose-dependent manner. Studies have shown 
that plasma tizanidine concentrations are linearly related to dose. Metabolism 
occurs mainly by cytochrome P450 (CYP) 1A2 and undergoes extensive fi rst-pass 
metabolism such that the oral bioavailability is only 21%. 1  ,  2  Ciprofl oxacin, a fl uoro-
quinolone, is a potent inhibitor of 1A2. 3  The concurrent administration of tizanidine 
and ciprofl oxacin will therefore increase tizanidine’s plasma concentration by inhi-
bition of its metabolism. 4  ,  5  In this patient, the ciprofl oxacin increased the concentra-
tion-dependent adverse effects of tizanidine.  

    Take-Home Points 

•     Tizandine is principally metabolized by CYP1A2. Thus, this medication is 
very susceptible to the effects of 1A2 inhibition and induction.  

•   The side effects of tizanidine occur in a dose-dependent manner.  

•   Ciprofl oxacin is an inhibitor of the 1A2 enzyme.  

•   Both tizanidine and ciprofl oxacin are commonly used medications. The 
astute provider should be aware of the drug–drug interaction between them.     

    Summary 

     Interaction : pharmacokinetic  
   Substrate : tizanidine  
   Enzyme:  CYP1A2  
   Inhibitor:  ciprofl oxacin  
   Clinical effects:  sedation, hypotension        
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         Case 

 After an outbreak of anthrax due to a bioterrorism attack using the US Postal 
Service, the US Department of Health and Human Services identifi ed all persons 
who had suspected contact with anthrax spores and instructed them to seek post-
exposure prophylaxis. As part of this initiative, a 50-year-old male postal worker 
was sent to his primary care physician for initiation of antibiotic prophylaxis. His 
past medical history included hypertension managed with metoprolol (50 mg BID) 
and hyperlipidemia managed with simvastatin (40 mg every night). He began a 
2-month treatment of oval ciprofl oxacin (500 mg BID). 

 Three days after starting the treatment, the patient had severe muscle aches and 
generalized weakness. He also noted that his urine was dark red. He presented to the 
local emergency department. There, he was found to have increased erythrocyte 
sedimentation rate and creatine kinase level, and his urine was positive for myoglo-
bin. Rhabdomyolysis was diagnosed, and he was admitted to an intensive care unit 
(ICU) for treatment. 

 In an extensive search for the etiologic factors of the patient’s rhabdomyolysis, most 
of the common causes were excluded. His medications also were carefully reviewed. 
It was noted that he had been taking a stable dose of simvastatin, which he was 
tolerating well, and ciprofl oxacin was a newly added therapy. A quick search of the 

    Abstract     
This case discusses the pharmacokinetic interaction between simvastatin and 
ciprofl oxacin, resulting in statin toxicity and rhabdomyolyis. Simvastatin is a 
cytochrome P450 3A4 substrate and ciprofl oxacin is a 3A4 inhibitor.  

 Tales of Terror 
  Fatal Forty DDI:  ciprofl oxacin, simvasta  n, CYP3A4                     
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medical literature by the diligent ICU pharmacist confi rmed rhabdomyolysis as an 
adverse effect of the combination of ciprofl oxacin and simvastatin. Ciprofl oxacin 
therapy was changed to doxycycline treatment, and supportive management and 
physical therapy were instituted. The patient was discharged to a rehabilitation 
facility 5 days later.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Simvastatin belongs to the statins, a class of drugs that lower serum cholesterol 
levels by decreasing cholesterol synthesis. Simvastatin decreases the synthesis of 
cholesterol by inhibiting 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 
reductase, which catalyzes the fi rst step in the cholesterol synthesis pathway. 
Simvastatin is a prodrug and is hydrolyzed extensively in the liver during fi rst-pass 
metabolism to the β-hydroxy acid derivative, its active form. 

 Metabolism of simvastatin is through the cytochrome P450 (CYP) system in the 
liver: 80% by CYP3A4 and 20% by CYP2C8. 1  P-glycoproteins and multidrug resis-
tance–associated proteins, members of the adenosine triphosphatase–binding cas-
sette (ABC) drug effl ux transport family, also may have a role in the excretion of 
statins. The functioning of these proteins is subject to inhibition by many drugs, 
including simvastatin and ciprofl oxacin. 

 Statin use has two major adverse effects: myopathy and elevated liver transaminase 
levels. Myopathy is present in 0.1% to 0.2% of cases of statin monotherapy, although 
the presence of myalgias is substantially greater. 2  These adverse effects are thought 
to be a direct result of HMG-CoA inhibition, and the increase is dose- dependent. 3  
The incidence of myopathy increases more than 10-fold when simvastatin is admin-
istered in combination with drugs that increase its blood level. 2  

 Ciprofl oxacin is a second-generation fl uoroquinolone antibiotic with bactericidal 
activity against gram-positive and gram-negative organisms. It acts by specifi -
cally binding to and inhibiting bacterial DNA gyrase, thus inhibiting relaxation of 
supercoiled DNA and promoting breakage of double-stranded DNA. Ciprofl oxacin 
is metabolized primarily in the liver, where it strongly inhibits CYP1A2 and 
CYP3A4 (the isozyme responsible for simvastatin metabolism). The coadminis-
tration of simvastatin and ciprofl oxacin leads to increased blood levels of simvas-
tatin through inhibition of 3A4 by ciprofl oxacin, producing increased blood levels 
of simvastatin and resulting in simvastatin toxicity. 4   
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    Take-Home Points 

•     Simvastatin, an HMG-CoA reductase inhibitor, is an effective lipid-lowering 
agent used widely in clinical practice; its use has been shown to cause a 
dose- dependent increase in the incidence of myopathy.  

•   Simvastatin is metabolized in the liver by CYP3A4 (80%) and CYP2C8 
(20%).  

•   Ciprofl oxacin strongly inhibits CYP3A4, the isozyme responsible for sim-
vastatin metabolism.  

•   The combined use of ciprofl oxacin and simvastatin may lead to increased 
risk of myopathy and rhabdomyolysis, and this fact should be taken into 
account when a combination of these drugs is prescribed.     

    Summary 

     Interaction : pharmacokinetic  
   Substrate : simvastatin  
   Enzyme:  CYP3A4  
   Inhibitor:  ciprofl oxacin  
   Clinical effect:  simvastatin toxicity        

   References 
    1.    Prueksaritanont T, Ma B, Yu N. The human hepatic metabolism of simvastatin hydroxy acid is 

mediated primarily by CYP3A, and not CYP2D6. Br J Clin Pharmacol. 2003;56:120–4.  
     2.    Pedersen TR, Berg K, Cook TJ, et al. Safety and tolerability of cholesterol lowering with sim-

vastatin during 5 years in the Scandinavian Simvastatin Survival Study. Arch Intern Med. 
1996;156:2085–92.  

    3.    Ucar M, Mjorndal T, Dahlqvist R. HMG-CoA reductase inhibitors and myotoxicity. Drug Saf. 
2000;22:441–57.  

    4.    Sawant RD. Rhabdomyolysis due to an uncommon interaction of ciprofl oxacin with simvas-
tatin. Can J Clin Pharmacol. 2009;16:e78–9.    

105 Fatal Forty DDI: ciprofl oxacin, simvastatin, CYP3A4



487© Springer Science+Business Media New York 2015 
C. Marcucci et al. (eds.), A Case Approach to Perioperative Drug-Drug 
Interactions, DOI 10.1007/978-1-4614-7495-1_106

    Abstract    
 This case discusses a pharmacokinetic interaction between erythromycin and 
nifedipine resulting in postinduction hypotension. Nifedipine is a cytochrome 
P450 3A4 substrate and erythromycin is a 3A4 inhibitor.  

      Too Low To Go 
  Fatal Forty DDI:  erythromycin, nifedipine, CYP3A4                     

       Catherine     Marcucci   MD      and     Neil     B.     Sandson   MD   

         Case 

 At 8:10 AM one morning, the intensive care unit (ICU) resident received a call that 
the fi rst case in room 5 was being cancelled and the patient was coming over intu-
bated and on a phenylephrine drip. The patient that arrived was a 64-year-old man 
who had been scheduled for a cystectomy for bladder cancer. He had completed an 
at-home bowel prep regimen. 

 The operating room (OR) anesthesia team reported that the patient had a history of 
asthma, chronic stable angina, and a remote history of seizures while a heavy drinker 
many years earlier. His standing medications were nifedipine (Procardia® 20 mg 
three times daily), an asthma inhaler as needed, and a multivitamin. On arrival in the 
preoperative area, the patient reported that he had taken his nifedipine that morning 
as instructed. His blood pressure was 92/49 mm Hg. He had complained of being 
“dry as a chip” and a “little dizzy coming in from the car” and was given a fl uid 
bolus of 1000 cc of Ringer’s Lactate at the time of intravenous line insertion. The 
fi rst blood pressure in the operating room was 101/57 mm Hg and the attending 
mentioned to the resident that the patient was “probably a little dry, so a light hand 
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with the propofol, please.” After intubation, the fi rst blood pressure reading was 
47/37 mm Hg. Thinking this was the typical drop in blood pressure seen after induc-
tion in a bowel-prepped patient, the anesthesia team continued to give fl uids and 
began administering increasing boluses of both ephedrine and phenylephrine. They 
were unsuccessful in maintaining a sustained blood pressure greater than 
90/50 mmHg without wide-open fl uids and continuous sympathomimetics and the 
case was cancelled. 

 The patient’s blood pressure stabilized in the ICU and the pressors were slowly 
weaned over the next 15 hours. The ICU resident was assigned to present the case 
in the next week’s cancellation conference. She found an important clue pertaining 
to the patient’s severe postinduction hypotension when she thought to check the 
patient’s bowel prep regimen and found that it specifi ed multiple large doses of 
erythromycin.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 This is an especially interesting example of inhibition of cytochrome P450 (CYP) 
3A4-mediated nifedipine metabolism. Nifedipine is a CYP3A4 substrate. 1  
Erythromycin is recognized as an irreversible “suicide” 3A4 inhibitor—that is, it 
binds irreversibly to the enzyme, rendering the protein permanently incapable of 
enzymatic action. 2  Symptomatic hypotension has been described when CYP3A4 
inhibitors are administered with dihydropyridine calcium antagonists, such as nife-
dipine. This interaction, coupled with volume depletion due to the bowel prep, 
accounted for the patient’s somewhat hypotensive state on arrival to the OR. When 
he received propofol for induction (on fi rst look, not an unreasonable choice, given 
his history of asthma and seizures), the hypotensive effects were compounded. In 
this example, the pharmacokinetic interaction had the clinical effect of making 
nifedipine a longer-acting drug, so treatment required both supportive measures 
and time. 

 It is important for perioperative clinicians to recognize that antibiotic bowel preps 
that include erythromycin typically involve large doses. For most indications the usual 
adult dose of erythromycin is 250 mg every 6 hours. If given for Legionnaire’s Disease, 
the recommended dose is 500 mg every 12 hours. However, an antibiotic bowel prep 
contains multiple doses of erythromycin 1 g in the 1 to 2 days prior to surgery. Due to 
the covalent binding capabilities of erythromycin to the CYP3A4 enzyme, this almost 
certainly results in meaningful inhibition of 3A4-mediated metabolism. 

 This patient had a number of reasons to become hypotensive after induction, 
including volume depletion and the hemodynamic effects of propofol. However, 
most patients induced with propofol, even those who undergo bowel preps, do not 
have their cases cancelled before the surgery begins. As supporting evidence, when 
she presented in conference, the resident took with her a copy of the bowel prep 
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order sheet used by the urologists and literature citing clinical effects (such as ortho-
stasis) resulting from the interaction between nifedipine and fl uoxetine (another 
CYP3A4 inhibitor). 3  –  5   

    Take-Home Points 

•     The antibiotic bowel prep can pose a signifi cant drug–drug interaction risk 
if it includes erythromycin.  

•   Erythromycin is a “suicide” inhibitor of CYP3A4—it irreversibly binds to 
the enzyme molecule. This is also known as mechanism-based inhibition. 
In order for “full-strength” metabolism to take place again, the inactivated 
enzyme must be replaced by newly synthesized enzyme proteins.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  nifi edipine  
   Enzyme:  CYP3A4  
   Inhibitor:  erythromycin  
   Clinical effects:  exaggerated nifedipine effects and persistent hypotension in the 

setting of volume depletion      

     References 
    1.    Iribane C, Dreano Y, Bardou LG, et al. Interaction of methadone with substrates of human 

hepatic cytochrome P450 3A4. Toxicology. 1997;117:13–23.  
    2.    Zhou S, Chan E, Lim LY, et al. Therapeutic drugs that behave as mechanism-based inhibitors 

of cytochrome P450 3A4. Curr Drug Metab. 2004;5(5):415–42.  
    3.    Greenblatt DJ, von Moltke LL, Harmatz JS, et al. Human cytochromes and some newer anti-

depressants: kinetics, metabolism, and drug interactions. J Clin Psychopharmacol. 1999;19(5 
Suppl 1):23S–35.  

   4.    von Moltke LL, Greenblatt DJ, Court MH, et al. Inhibition of alprazolam and desipramine 
hydroxylation in vitro by paroxetine and fl uvoxamine: comparison with other selective sero-
tonin reuptake inhibitor antidepressants. J Clin Psychopharmacol. 1995;15(2):125–31.  

    5.    Azaz-Livshits TL, Danenberg HD. Tachycardia, orthostatic hypotension and profound weakness 
due to concomitant use of fl uoxetine and nifedipine. Pharmacopsychiatry. 1997;30(6):274–5.    

106 Fatal Forty DDI: erythromycin, nifedipine, CYP3A4



491© Springer Science+Business Media New York 2015 
C. Marcucci et al. (eds.), A Case Approach to Perioperative Drug-Drug 
Interactions, DOI 10.1007/978-1-4614-7495-1_107

         Case 

 A 35-year-old Woman with metastatic breast cancer was admitted to the neurointen-
sive care unit (ICU) after suffering several serious seizures at home from new brain 
metastases. She had an indwelling chemotherapy catheter. The ICU team decided to 
start anticonvulsant therapy with intravenous (IV) phenytoin. She was given a load-
ing dose of fosphenytoin (15 mg PE/kg, 1200 mg PE IV once) and then started on a 
maintenance dose of oral phenytoin extended release (ER) capsules (200 mg/12h). 
Her baseline albumin level was 3.1 grams/dl and all of her laboratories were within 
normal limits, including renal and hepatic function. 

 On hospital day 7, the patient developed fevers and an elevated white blood cell 
count. Blood cultures were drawn from the porta-catheter which grew  Candida albi-
cans . Fluconazole was started at 800 mg IV once followed by 400 mg by mouth daily. 
Four days later, the patient became more drowsy. Upon neurologic evaluation, she 
had nystagmus and ataxia. An urgent free phenytoin level came back at 3.8 mg/dL. 

    Abstract    
 This cases discusses a pharamcokinetic interaction between phenytoin and 
fl uconazole, resulting in phenytoin toxicity. Phenytoin is a cytochrome P450 
2C9 and 2C19 substrate and fl uconazole is a 2C9 and 2C19 inhibitor.  

 A Fungal Story 
  Fatal Forty DDI:  fl uconazole, phenytoin, CYP2C9, 
CYP2C19                     

       Jerusha     Taylor     PharmD, BCPS      
and     Ansgar     M.     Brambrink     MD, PhD   
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 An astute anesthesiology resident recognized a drug interaction between fl ucon-
azole and phenytoin. Further doses of phenytoin were held until the patient’s free 
phenytoin level was < 2 mg/dL. She was restarted on oral phenytoin ER capsules at 
a lower dosage (200 mg every evening). Her symptoms of dizziness, ataxia, and 
nystagmus diminished over the next few days as her phenytoin level decreased. The 
patient fi nished a 14-day course of fl uconazole for the  C albicans  fungemia and her 
porta-cath was removed. She was discharged home shortly after on phenytoin 
200 mg ER at bedtime and her follow-up level in clinic 1 week later was 0.7. Her 
dose was then increased back to 200 mg ER every 12 hours.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Fluconazole is an azole antifungal and a potent inhibitor of the cytochrome P450 
(CYP) enzyme 2C9. 1  It is a less potent inhibitor of CYP2C19 and CYP3A4. Phenytoin 
is metabolized via 2C9 and 2C19. 2  Fluconazole inhibits the metabolism of phenytoin 
and patients can experience elevations in phenytoin concentrations with concomitant 
therapy. Phenytoin toxicity can occur as early soon as 2 days after the addition of fl u-
conazole. 3  ,  4  Therefore, when a patient is taking both fl uconazole and phenytoin, phe-
nytoin serum concentrations must be monitored due to the risk for phenytoin toxicity.  

    Take-Home Points 

•     Phenytoin is a CYP2C9 and 2C19 substrate.  

•   Fluconazole is a potent inhibitor of CYP2C9.  

•   Phenytoin and the azole antifungals are both implicated in clinically 
 signifi cant drug–drug interactions.  

•   Remember that inhibition happens in a matter of days, as opposed to 
induction, which happens in a matter of weeks.  

•   Patients must have phenytoin serum concentrations monitored while on 
fl uconazole due to inhibition of phenytoin metabolism.     
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    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  phenytoin  
   Enzyme:  CYP2C9 and 2C19  
   Inhibitor:  fl uconazole  
   Clinical effect:  phenytoin toxicity        
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    Abstract    
 This case discusses a pharmacokinetic interaction between tacrolimus and 
voriconazole, resulting in elevated tacrolimus plasma levels. Tacrolimus is 
a cytochrome P450 3A4 and P-glycoprotein substrate and voriconazole is a 
cytochrome P450 3A4 and P-glycoprotein inhibitor.  

    108    Rejec  on Protec  on 
Turned Kidney Killer 
  Fatal Forty DDI:  voriconazole, tacrolimus, CYP3A4, 
P-glycoprotein                     

       Erica     D.     Wi  wer   MD, PhD     ,     Juraj     Sprung   MD, PhD    , 
and     Chris  ne     M.     Formea   PharmD, BCPS   

         Case 

 A 55-year-old, 91 kg man was admitted to the intensive care unit (ICU) with an 
apparently seriously infected right groin angiogram access site. He had a history of 
hypertension, diabetes mellitus, and kidney failure and had undergone cadaveric 
kidney transplant 1 year earlier. His medications were tacrolimus (5 mg orally BID), 
mycophenolate mofetil (1 g orally BID), prednisone (2.5 mg orally daily), oral 
extended-release metoprolol (200 mg orally daily), and regular human insulin (as 
directed). His baseline serum creatinine concentration was stable at 1.0 mg/dL since 
his renal transplant and his baseline tacrolimus level was 7 ng/mL. 

 Preliminary culture results indicated the presence of  Candida albicans.  Treatment 
was started with broad-spectrum antibiotics and a loading dose of voriconazole 
(550 mg intravenously once every 12 h over 24 h). He then received maintenance 
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doses of IV voriconazole (360 mg 912 h) because of his immunosuppressive drug 
regimen and his cliically threatening situation. His urine output was low initially, but 
improved after fl uid administration. 

 On hospital day 3, the patient’s urine output was noted to be slowly decreasing and 
his serum creatinine had increased to 2.1 mg/dL from 1.5 mg/dL the previous day 
and 1.2 mg/dL at admission. Tacrolimus toxicity was suspected when the tacrolimus 
level was discovered to be 18 ng/mL and the drug was stopped immediately. A tacro-
limus trough level was obtained the following morning and tacrolimus therapy was 
restarted at 33% of his normal dose and for 14 days while he continued to take vori-
conazole to treat the candidemia. His urine output improved and his serum creati-
nine concentration began to decrease toward his baseline level during the next 
several days. He resumed his baseline tacrolimus dosing and instituted closer renal 
surveillance after discharge from the hospital.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Tacrolimus and cyclosporine are calcineurin inhibitors used as immunosuppressive 
agents to prevent transplant allograft rejection. The therapeutic index of these medi-
cations is narrow, and both tacrolimus and cyclosporine can cause signifi cant neph-
rotoxicity when their blood concentrations become supratherapeutic. 1  

 Also, tacrolimus and cyclosporine are substrates that are metabolized and cleared from 
the human body through the combined activities of cytochrome P450 (CYP) isozyme 
3A4 in the liver and gut and the P-glycoprotein pump on the intestinal mucosa. 1  ,  2  
P-glycoprotein works to actively transport substances out of the body and reduce 
plasma concentrations of many drugs, including tacrolimus and cyclosporine. 1  –  3  

 Transplant patients are at increased risk for fungal infection, and the mortality of 
these infections is high. Azole antifungals—including fl uconazole, itraconazole, 
ketoconazole, posaconazole, and voriconazole—inhibit the metabolism of CYP3A4 
substrates and result in increased plasma concentrations of the antifungal. 3  ,  4  In addi-
tion, the azole antifungals inhibit P-glycoprotein transporter activity, which increases 
drug absorption in the gut and ultimately results in increased plasma concentrations. 3  ,  4  
The azole antifungals increase tacrolimus and cyclosporine plasma concentrations 
through these two mechanisms. 1  This response is of particular concern because of the 
narrow therapeutic windows of cyclosporine and tacrolimus, since supratherapeutic 
plasma concentrations of these two drugs can result in nephrotoxicity. Dose adjust-
ments and frequent drug level monitoring are necessary when azole antifungals are 
administered concomitantly with either tacrolimus or cyclosporine. 1  ,  3  
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 All azole antifungals increase levels of cyclosporine and tacrolimus and thus require 
dose reductions of immunosuppressants during coadministration. 3  Orally adminis-
tered ketoconazole has been shown to increase by two fold the bioavailability of 
orally and intravenously administered tacrolimus, from 14% to 30%. 5  Ketoconazole 
at a dose of 50 mg increases the area under the concentration curve of cyclosporine 
by almost three-fold ( 6 ) (Fig.  108.1 ). Itraconazole increases cyclosporine trough con-
centrations, and this effect lasts several weeks because of the long half- life of itra-
conazole. 7  ,  8  When itraconazole is administered with tacrolimus, the pharmacokinetics 
of tacrolimus are altered, an effect that lasts for a prolonged period also and requires 
a tacrolimus dose reduction of approximately 50%. 9  A dose reduction of 40% has 
been recommended when oral tacrolimus is given concomitantly with oral 
fl uconazole. 10   

 In the present case, the iatrogenic administration of an antifungal agent caused rapid 
elevation of serum creatinine level, which signaled acute nephrotoxicity due to 
supratherapeutic tacrolimus plasma concentrations.  

  Fig. 108.1    Augmentation of area under the time concentration curve (AUC) of cyclosporine with 
addition of 50 mg of ketoconazole. With addition of 100 mg of ketoconazole, the mean rise of 
AUC of cyclosporine did not increase further signifi cantly [Adapted from Abraham MA, Thomas 
PP, John GT et al. Effi cacy and safety of low-dose ketoconazole (50 mg) to reduce the cost of 
cyclosporine in renal allograft recipients.  Transplant Proc  2003;35:215–216. With permission 
from Elsevier.]       
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    Take-Home Points 

•     Tacrolimus and cyclosporine are commonly used immunosuppressants 
that are metabolized through CYP3A4 and whose absorption is mediated 
by P-glycoprotein.  

•   Azole antifungals, including fl uconazole, itraconazole, ketoconazole, 
posaconazole, and voriconazole, inhibit the CYP3A4 isozyme and the 
P-glycoprotein transporter.  

•   Patients taking immunosuppressant drugs are at risk for infection and may 
need treatment with azole antifungals. When an immunosuppressant agent 
is administered concomitantly with an azole antifungal, the plasma con-
centrations of either drug may become dangerously increased unless the 
dose of that drug is reduced appropriately.  

•   Interactions between immunosuppressants and CYP3A4 inhibitors need to 
be monitored closely and dose reductions, evaluation of immunosuppres-
sant levels, and further dose adjustments must be made on the basis of the 
patient’s response.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  tacrolimus  
   Enzyme/transporter : CYP3A4 and P-glycoprotein  
   Inhibitor:  voriconazole  
   Clinical Effect:  renal failure        
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    109    Can’t Get Well 
  Fatal Forty DDI:  itraconazole, budesonide, CYP3A4                     

       Michael     J.     Sikora   MD     ,     Barbara     Jericho   MD    , 
and     Randal     O.     Dull   MD, PhD   

    Abstract    
 This case discusses a pharmacokinetic interaction between budesonide and 
itraconazole, resulting in Cushing’s disease. Budesonide is a cytochrome 
P450 3A4 substrate and intraconazole is a 3A4 inhibitor.  

         Case 

 A 46-year-old male with a 50 pack-year smoking history presented to his primary 
care physician with tinea corporis. The patient’s past medical history was signifi cant 
for a worsening chronic cough, fatigue, and unintentional weight loss over the past 
2 months. A chest radiograph revealed a 2 cm right upper lobe lung mass. The 
patient was started on inhaled budesonide (200 mcg BID) for his pulmonary symp-
toms and oral itraconazole for his fungal skin infection. 

 Thoracic surgery was consulted for the evaluation of the lung mass and the patient 
underwent a video-assisted thoracoscopy. The intraoperative biopsy revealed non-
small cell carcinoma, and his surgeon performed an upper lobe resection of the lung. 
The patient’s postoperative course was notable for moderate hypertension, weight 
gain, a rounded face, and easy bruising. A dexamethasone suppression test was 
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ordered and revealed that the morning cortisol level was elevated and did not respond 
to intravenous steroid, leading to a diagnosis of iatrogenic Cushing’s  syndrome. His 
symptoms resolved after the patient discontinued itraconazole and budesonide. The 
patient then restarted only the inhaled budesonide without the return of Cushing’s 
syndrome.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 The oral antifungals, ketoconazole and itraconazole, both inhibit cytochrome 
P450 (CYP) 3A4, while steroids are substrates of CYP3A4. 1  This clinical vignette 
illustrated how adding itraconazole to budesonide over a relatively short period of 
time resulted in increased levels of the substrate, budesonide. 1  In this case, ele-
vated budesonide translated into elevated cortisol, manifesting clinically as exog-
enous Cushing’s syndrome. Not only brief courses of steroids but also longer 
courses of steroids administered with CYP3A4 inhibitors may cause secondary 
adrenal insuffi ciency. For example, the chronic administration of steroids along 
with a nefazadone (a CYP3A4 inhibitor) was reported by Hagan et al. 2  They pre-
sented a case in which a woman medicated for depression with nefadozone under-
went triamcinolone injections secondary to chronic back pain. 2  One month later, 
she displayed undetectable cortisol levels. 2  This observation becomes clinically 
relevant to the anesthesiologist when deciding whether to administer a stress dose 
of steroids intraoperatively. Patients remotely treated with steroids but chronically 
treated with CYP3A4 inhibitors may be at increased risk for secondary adrenal 
insuffi ciency during an operation. In addition to oral antifungals and nefadozone, 
case reports of CYP3A4 inhibition also exist for diltiazem and the protease inhibi-
tor ritonavir. 3  ,  4   

    Take-Home Points 

•     Itraconazole is a CYP3A4 inhibitor and budesonide is a substrate of 
CYP3A4.  

•   This clinical vignette illustrates how adding itraconazole to the inhaled 
steroid budesonide can result in increased levels of budesonide. 3   

•   In this case, increased budesonide manifests as iatrogenic Cushing’s 
syndrome.  

•   Case reports discussing CYP3A4 inhibition also exist for diltiazem and the 
protease inhibitor ritonavir. 4  ,  5      
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    Summary 

  Interaction:   pharmacokinetic 
  Substrate:   budesonide 
  Enzyme:   CYP3A4 
  Inhibitor:   itraconazole 
  Clinical effects:   Cushing’s syndrome     
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    Abstract    
 This case discusses the interaction of linezolid and bupropion resulting in 
hypertension.  

         Case 

 A 54-year-old man with history of depression and a 40 pack-year history of smok-
ing was readmitted to the vascular surgery service with a graft infection on postop-
erative day 7 after a femoral-popliteal bypass. One year earlier, the patient had been 
placed on bupropion (Wellbutrin®) by his primary care provider, to help with smok-
ing cessation. This medication was continued in the hospital. Over the next several 
days, there was little improvement in his status from antibiotic therapy and blood 
cultures revealed vancomycin-resistant  Enterococcus faecium  (VRE). The patient 
was started on linezolid and scheduled for graft removal the next day. 

 The next day, the anesthesiologist reviewed the patient’s previous anesthetic record 
from two weeks earlier and noted that the patient was hemodynamically stable during 
an anesthetic performed with 0.8% isofl urane, 50% nitrous oxide, and minimal opioids. 
Her anesthetic plan was to repeat the prior anesthetic. Following an uneventful induc-
tion, however, the patient had multiple severe elevations in blood pressure, including 
one reading as high as 250/130 mm Hg. With the unexpected hemodynamic lability, the 
anesthesiologist placed an arterial line and started a nitroprusside infusion. Upon 
reviewing the chart again, she noted that the only difference in this patient’s manage-
ment from the last anesthetic was the introduction of linezolid. The patient was admitted 
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to the intensive care unit (ICU) following surgery, and the psychiatry and infectious 
disease services were consulted. Upon full review of his history and a discussion with 
the patient on risks and benefi ts, the ICU team proceeded to discontinue his Wellbutrin® 
while continuing the linezolid with close hemodynamic monitoring. No further epi-
sodes of acute hypertension were noted, the patient fi nished his linezolid course without 
additional episodes of extreme hypertension, and was ultimately discharged to home.  

    Discussion 

  This is an example of a two-stage pharmacodynamic interaction at the 
neurotransmitter level.  

 Bupropion is an antidepressant that is also a non-nicotine aid to smoking cessation 
and is chemically unrelated to tricyclic antidepressants (TCAs), selective serotonin 
 reuptake inhibitors (SSRIs), or other antidepressants. Along with one of its metabo-
lites (hydroxybupropion), bupropion is a relatively weak inhibitor of neuronal 
uptake of norepinephrine and dopamine, which are monoamines. Bupropion and 
hydroxybupropion are also inhibitors of cytochrome P450 (CYP) 2D6. 1  

 Linezolid is an oxazolidinone with potent antimicrobial effects against gram- positive 
bacteria, including methicillin-resistant  Staphylococcus aureus  (MRSA), penicillin-
resistant pneumococci, macrolide-resistant streptococci, and VRE. It is equally 
potent as an oral or parenteral agent. Because of these desirable characteristics, line-
zolid is increasingly being prescribed. 2  

 Interestingly, linezolid was originally developed as an antidepressant. In addition to 
its antimicrobial properties, linezolid is a reversible, relatively weak nonselective 
monoamine oxidase inhibitor (MAOI). Despite this, no linezolid-SSRI interactions 
were noted in Phase I, II, or III studies prior to its 2000 FDA approval. 2  However, 
since its release, linezolid has been implicated in multiple drug interactions consis-
tent with its MAOI qualities. On most occasions, this has been with the serotonin 
syndrome, but as can be seen with this case presentation, it may lead to severe hyper-
tensive events. 3  –  6  

 In this case, the MAOI (linezolid) was added to bupropion, a norepinephrine and 
dopamine reuptake inhibitor. With the inihibition of MAO, there were increasing 
amounts of norepinephrine and dopamine, leading to the severe hypertensive epi-
sodes similar to the adrenergic crises seen with pheochromocytoma. 4  

 Management of the severe hypertensive episodes should include cessation of the 
inciting agents, placement of an arterial line for beat-to-beat monitoring, and aggres-
sive treatment of the blood pressure with anti-hypertensive agents. Recommended 
therapies include phentolamine or nitroprusside with β-blockers. It may be prudent 
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to avoid β-blockers as a fi rst-line therapy, as there is a risk for paradoxically increased 
blood pressure from unopposed α effects. 7  ,  8  

 There is debate in the literature about the best way to prescribe linezolid for patients 
already taking antidepressants. At present, all antidepressants exert their effects 
through biogenic amine pathways, and the MAOI properties of linezolid may lead to 
excessive accumulation of those substrates. At present, the literature suggests the 
most frequent interaction is with the SSRIs leading to serotonin syndrome. 3  ,  5  ,  6  
However, linezolid is a  weak  MAOI and a study demonstrated that even when a 
patient concomitantly took an SSRI and linezolid, only 3% developed the serotonin 
syndrome. 6  For this reason, the authors suggest simply adding linezolid to the anti-
depressant therapy with close monitoring for the serotonin syndrome. At the other 
end of the spectrum, several sources (including the manufacturer) espouse a 14-day 
“washout” of the antidepressant before starting linezolid and another 14 day “wash-
out” before restarting antidepressant therapy. 2  Psychotherapy and electroconvulsive 
therapy (ECT) may be utilized to help treat the depression while on linezolid. 

 Curiously, although this is a pharmacodynamic interaction, it is still meaningful to 
refer to substrates and inhibitors in this interaction. However, the substrate in ques-
tion is not a drug, rather, the substrates are the neurotransmitters norepinephrine and 
dopamine.  

    Take-Home Points 

•     Linezolid is a reversible, weak nonselective MAOI. One must be careful 
when adding this antibiotic to patients on antidepressants, as all current anti-
depressants exert effects through biogenic amine pathways. Drug interactions 
may include central serotonin syndrome or hypertensive crises, depending on 
the antidepressant. Both conditions are possibly life threatening.  

•   If linezolid is required, providers may consider the use of psychotherapy or 
electroconvulsive therapy in lieu of pharmacologic antidepressants.  

•   There is debate about how to best introduce linezolid to patients on antide-
pressants, ranging from simply adding the linezolid with close monitoring 
to 14-day “washouts” before and after antibiotic therapy.  

•   Beware the use of β-blockers as a fi rst-line agent in treating MAOI-induced 
severe hypertension, as it may lead to unopposed α effects and paradoxi-
cally increased blood pressure.  

•   Bupropion and hydroxybupropion are also inhibitors of CYP2D6. Care 
should be taken when this medication is prescribed to ensure no other pre-
scribed medications utilize that pathway.     
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    Summary 

     Interaction:   pharmacodynamic  
   Substrates:   norepinephrine and dopamine (levels are increased because neuronal 

reuptake is blocked by bupropion)  
   Mechanism/sites of action:   cathecholaminergic receptors  
   Inhibitor:   linezolid (inhibits monoamine oxidase and the metabolism of 

neurotransmitters)  
   Clinical effect:   hypertension        
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         Case 

 A 58-year-old man was in the hospital after a radical retropubic prostatectomy for 
prostate cancer. His postoperative course was complicated with a surgical wound 
infection, for which he was receiving appropriate antibiotic therapy. He was sched-
uled to return to surgery for wound irrigation and débridement. Two nights prior to 
surgery, he had a fever. Blood cultures grew an  Enterococcus  resistant to vancomy-
cin, and his antibiotic therapy was changed to linezolid. 

 The patient had been healthy previously and was taking no medications before his 
hospitalization. He tolerated his previous anesthetic well and was intubated without 
diffi culty. Aside from antibiotics, he was receiving meperidine via a patient- 
controlled intravenous pump. The morning of surgery, the nurse in the preoperative 
holding area mentioned that the patient was irritable and confused, which was in 
contrast to his usually intact mental status noted on multiple surgical progress notes. 
He had reported incisional pain, and the surgical team had encouraged him to use 
his patient-controlled analgesia more often. 

    Abstract  
  This case discusses the pharmacodynamics interaction between linezolid and 
meperidine, resulting in serotonin syndrome.  
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 The consultant anesthesiologist evaluated the patient and found him to be agitated 
and confused. He was tachycardic, diaphoretic, and febrile (40 °C). The surgical 
procedure was canceled, and the patient was transferred to the intensive care unit for 
further evaluation and monitoring. There, the patient was found to have clonus. A 
diagnosis of serotonin syndrome was made, and both the linezolid and meperidine 
were discontinued.  

    Discussion 

  This is an example of a pharmacodynamics interaction.  

 Serotonin syndrome, also referred to as  serotonin toxicity , is the result of an increased 
intrasynaptic serotonin concentration, elevated to a level at which symptoms occur. 
Serotonin syndrome manifests as three categories of excitatory symptoms: neuro-
muscular, autonomic, and mental status alterations, which include hyperrefl exia, 
clonus, myoclonus, diaphoresis, tachycardia, fever, excitement, confusion, and agi-
tation. 1  The severity of the serotonin toxicity is directly related to the amount of 
serotonin. Normally, serotonin is released in the nerve synapse and is cleared 
through reuptake or through metabolism with monoamine oxidase (MAO). Its levels 
can increase with serotonin reuptake inhibition or the inhibition of MAO. 

 Linezolid is both a synthetic antibacterial agent used to treat vancomycin- resistant 
enterococcus, pneumonia, and various other infections and a reversible, nonselec-
tive inhibitor of monoamine oxidase. 2  Meperidine is an opioid medication that 
blocks the reuptake of serotonin by nerve endings and that is therefore contraindi-
cated in patients receiving monoamine oxidase inhibitors (MAOi). Meperidine has 
been reported to also cause serotonin syndrome when used with selective serotonin 
reuptake inhibitors, including citalopram, and in one report caused serotonin syn-
drome without the administration of another drug that infl uenced serotonin levels. 3  ,  4  
Linezolid used in combination with serotonin reuptake inhibitors has caused sero-
tonin syndrome, but recently a case was described in which the simultaneous use of 
linezolid and meperidine caused serotonin syndrome. 5  ,  6  The combination of 
decreased metabolism of serotonin due to linezolid administration and the decreased 
reuptake of serotonin due to meperidine therapy can lead to elevated levels of sero-
tonin and thus cause toxicity. 

 Successful treatment of serotonin syndrome relies on recognition of the syndrome 
and discontinuation of the inciting agents (Table  111.1 ). Serotonin syndrome is 
potentially fatal, and although supportive care may be adequate for recovery, con-
sideration may be given to the use of serotonin antagonists, such as methysergide 
and cyproheptadine. 7  Health care providers should be familiar with the various 
drugs that can cause serotonin syndrome and avoid the use of multiple agents that 
infl uence serotonin level (metabolism or uptake) in a sole patient. 8 
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       Take-Home Points 

•     Serotonin syndrome (also called  serotonin toxicity ) is a potentially fatal 
condition caused by abnormally elevated levels of serotonin in the nerve 
synapse.  

•   Symptoms of serotonin syndrome are neuromuscular excitation, auto-
nomic stimulation, and altered mental status.  

•   Serotonin syndrome has been associated with the use of monoamine oxi-
dase inhibitors and selective serotonin reuptake inhibitors, as well as such 
other medications as linezolid.  

•   Treatment of serotonin syndrome involves the discontinued use of the 
inciting drugs, supportive treatment, and, possibly, use of serotonin 
antagonists.     

    Summary 

     Interaction:   pharmacodynamic  
   Substrates:   linezolid and meperidine  
   Sites of action/enzyme:   serotonin reuptake transporter and monoamine oxidase  
   Clinical effect:   serotonin syndrome        

   Table 111.1    Medications Associated With Serotonin Toxicity   

 Monoamine 
oxidase inhibitors 

 Linezolid, moclobemide, selegiline hydrochloride, phenelzine sulfate, 
isoniazid, procarbazine hydrochloride, toloxatone, tranylcypromine 
sulfate 

 Selective serotonin 
reuptake inhibitors 

 Paroxetine hydrochloride, sertraline hydrochloride, fl uoxetine 
hydrochloride, citalopram hydrobromide, venlafaxine hydrochloride, 
fl uvoxamine maleate, duloxetine hydrochloride 

 Serotonin reuptake 
inhibitors 

 Clomipramine hydrochloride, imipramine pamoate, chlorpheniramine 
maleate, brompheniramine maleate 

 Opioids  Meperidine hydrochloride, tramadol hydrochloride, methadone 
hydrochloride, dextromethorphan hydrobromide 

 Illicit drugs  Methylenedioxymethamphetamine, amphetamine sulfate, cocaine 
hydrochloride 

 Direct serotonin 
receptor agonists 

 Carbamazepine, buspirone hydrochloride, lithium carbonate 

 Increased serotonin 
formation 

 Tryptophan 

  [Based on data from refs  1 ,  2 ,  6 ,  8 ]  
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         Case 

 A 79-year-old woman was posted for exploratory laparotomy because of severe 
abdominal pain. She had type 2 diabetes mellitus and a history of heavy alcohol use 
in the past. Her diabetes was under fair control on glipizide (10 mg BID). Five days 
prior to her admission through the Emergency Department (ED), she had visited her 
primary care provider (PCP) and complained of urinary frequency and dysuria. She 
was found to have a urinary tract infection with a strain of  Escherichia coli  that was 
susceptible to trimethoprim-sulfamethoxazole (TMP/SMX) and her PCP had initi-
ated a one-week course of therapy with TMP/SMX (160/800 mg) twice a day. In the 
ED, an X-ray revealed a ureteral stone and the patient was brought to the operating 
room (OR) for stent placement. 

 On arrival in the OR, the patient appeared anxious, diaphoretic, and confused. 
Although the ED had attributed this to her age and illness, the anesthesiologist drew 

    Abstract  
  This case discusses the pharmacokinetic interaction between glipizide and 
trimethoprim-sulfamethoxazole (TMP/SMX), resulting in hypoglycemia. 
Glipizide is a cytochrome P450 2C9 substrate and TMP/SMX is a 2C9 
inhibitor.  
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a blood glucose and a chemistry panel. Her blood glucose level was 38 mg/dL and 
the serum creatinine was 1.98 with calculated creatinine clearance of 23 mL/min. 
The remainder of the laboratory tests were within the normal range. An intravenous 
bolus of dextrose (50% dextrose, 50 ml) rapidly improved her mental status and she 
became alert and oriented. The case was completed uneventfully. The next morning, 
however, she became again unresponsive. Her blood glucose level was again very 
low. Her insulin level was 30 mU/L (normal range 5–20 mU/L) and C-peptide level 
was 2.2 nmol/L (normal range 0.3–1.32 nmol/L). Growth hormone, adrenocortico-
tropic hormone, and serum cortisol were all within the normal range. TMP/SMX 
was discontinued. The patient required repeated boluses of 50% dextrose and con-
tinuous dextrose infusion to maintain adequate blood glucose levels. The next day, 
the dextrose infusion was discontinued and she was discharged home. 1   

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Glipizide is an oral hypoglycemic of the sulfonylurea class used to control blood 
glucose in patients with type 2 diabetes mellitus. The mechanism action is stimula-
tion of insulin release from the pancreas and increased tissue sensitivity to insulin. 

 Trimethoprim-sulfamethoxazole (TMP/SMX) is one of the most commonly pre-
scribed antimicrobial agents in clinical practice, especially as a fi rst-line agent for 
the treatment of urinary tract infection, bronchitis, and  Pneumocystis carinii  pneu-
monia in patients with AIDS. One of the rare, but serious adverse reactions of TMP/
SMX is hypoglycemia. The mechanism of hypoglycemia with sulfamethoxazole is 
likely due to its structural similarity to the sulfonylureas. 2  –  4  Elevated or non- 
suppressed insulin and C-peptide concentrations observed during a hypoglycemic 
episode indicate that hypoglycemia resulted from increased endogenous insulin 
secretion. 3  ,  4  Some patients can develop protracted hypoglycemia for more than 8 
hours despite intravenous glucose infusion. 2  

 Hypoglycemia secondary to the addition of TMP/SMX to sulfonylurea therapy has 
been a previously recognized drug–drug interaction. 4  ,  5  The mechanism of the inter-
action is probably inhibition of hepatic metabolism of glipizide by TMP/SMX. 

 Cytochrome P450 (CYP) 2C9 is the principal enzyme responsible for the metabo-
lism of numerous drugs, such as phenytoin, warfarin, glipizide, and tolbutamide. 6  
Although trimethoprim is mainly excreted unchanged in urine, 20% of the dose is 
metabolized by the cytochrome P450 system (CYP2C8 and CYP2C9). 7  
Sulfamethoxazole is eliminated mainly by metabolism and 2C9 plays an important 
role in its N4-hydroxylation. 7  It has been suggested that competitive inhibition of 
2C9 activity by TMP/SMX is the mechanism involved in the drug–drug interactions 
between TMP/SMX and glipizide. 7  ,  8  
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 The risk factors predisposing to the development of TMP/SMX induced hypoglyce-
mia include renal insuffi ciency, prolonged fasting conditions, malnutrition, the use 
of excessive doses, age, history of alcohol abuse and liver dysfunction. 2  ,  3  ,  8  When 
prescribing TMP/SMX to patients who are on glipizide, patients should be closely 
monitored and dose adjustment should be considered, especially for patients with 
renal dysfunction.  

    Take-Home Points 

•     Drug–drug interactions are an important type of adverse drug event and the 
possible mechanisms for symptomatic hypoglycemia. Hypoglycemia is a seri-
ous, potentially life-threatening complication and needs prompt treatment.  

•   Hypoglycemia resulting from the combination of sulfonylureas and sul-
fonamides is a recognized drug interaction.  

•   Cytochrome P450 (CYP) 2C9 is the main enzyme catalyzing the biotransfor-
mation of sulfonylureas (tolbutamide, glibenclamide, (glyburide), glimepiride, 
glipizide). TMP/SMX is an inhibitor of CYP2C9. Hypoglycemia is second-
ary to a TMP/SMX-induced reduction of glipizide metabolism.  

•   Patients receiving glipizide or other sulfonylureas, especially with 
decreased drug metabolism, should be monitored closely for signs and 
symptoms of hypoglycemia when TMP/SMX is added to their regimen. 
Patients with renal dysfunction need to adjust the dose depending on the 
renal function.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  glipizide  
   Enzyme:  CYP2C9  
   Inhibitor:  trimethoprim-sulfamethoxazole  
   Clinical effect:  hypoglycemia        
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         Case 

 An 82-year-old woman presented to the preoperative clinic for evaluation before an 
operation scheduled for the following week. She recently had a productive cough 
and had been seen by her primary care provider the previous day. At that time, she 
started therapy with levofl oxacin (250 mg orally QOD) for a 10-day antibiotic 
course to treat a presumed bronchitis. She now reported feeling weak, light- headed, 
and diaphoretic. Her daughter reported that the patient did not seem herself that 
morning and her speech appeared slowed. Her daughter thought it was due to the 
haste needed to make their early morning appointment. 

 Review of the patient’s past medical history was notable for congestive heart failure 
(ejection fraction, 45%), type 2 diabetes mellitus, and chronic kidney disease (glo-
merular fi ltration rate, 45 mL/min/1.73 m 2 ). Home medications included lisinopril, 
carvedilol, and glyburide. Her fi nger-stick glucose value was 41 mg/dL. The patient 

    Abstract  
  This case discusses the potentiation of hypoglycemic effect with the 
coadminis tration of levofl oxacin and glyburide.  
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was given orange juice, which she sipped slowly. Dextrose and glucagon were 
given. The patient’s fi nger-stick glucose evaluation was repeated 30 minutes later 
and continued to be low, at 48 mg/dL. Subsequently, this level was confi rmed with 
a serum glucose result of 42 mg/dL. An infusion of 10% dextrose with 0.45 normal 
saline was started. The patient was hospitalized for ongoing medical management 
of persistent hypoglycemia.  

    Discussion 

  This is an example of a multifactorial interaction between levofl oxacin and 
glyburide.  

 More specifi cally, this is an example of potentiated hypoglycemic effect by antibi-
otic fl uoroquinolones in a patient receiving an oral hypoglycemic drug 
(glyburide). 

 Dysregulation of glucose homeostasis is more common with fl uoroquinolone 
use than with any other antibiotic agent. Studies comparing episodes of hypogly-
cemia have reported an increased incidence in patients receiving fl uoroquino-
lones when compared with patients receiving antibiotics such as ceftriaxone. 1  
Several case studies also have reported considerable hyperinsulinar hypoglyce-
mia, not only with gatifl oxacin, which has been subsequently withdrawn from 
the market, but also with other fl uoroquinolones, such as ciprofl oxacin hydro-
chloride and levofl oxacin. 2  –  6  The mechanism of fl uoroquinolone-induced hypo-
glycemia is not completely understood, but these drugs are believed to inhibit 
adenosine triphosphate–sensitive potassium channels in the pancreatic ß-cells 
which subsequently increases insulin secretion. 7  However, levofl oxacin has less 
effect than gatifl oxacin on these channels. In reported cases, sequelae have var-
ied from prolonged hospitalization to the devastating effects of anoxic brain 
injury. 3  These episodes of hypoglycemia are often persistent and are at times 
refractory. 2  ,  3  ,  5  

 Several risk factors have been identifi ed in case-controlled studies. 4  Risk factors 
include older age, female gender, sepsis, renal insuffi ciency, hepatic dysfunction, 
hypoalbuminemia, and type 2 diabetes with oral hypoglycemic drug therapy. 3  –  5  
However, patients with renal insuffi ciency who are taking oral hypoglycemic drugs 
appear to be most at risk. 

 Sulfonylurea type drugs such as glyburide also increases endogenous insulin secre-
tion through inhibition of the pancreatic β-cell adenosine triphosphate–sensitive 
potassium channels. The combination of a sulfonylurea (glyburide) with a fl uoro-
quinolone (levofl oxacin) can result in a synergistic reaction of increased insulin 
secretion and predispose the patient to severe hypoglycemia. 2  
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 For patients taking oral hypoglycemic drug therapy, renal insuffi ciency poses an 
increased risk. Decreased renal clearance can often lead to elevated blood levels of 
glyburide. 2  This drug combination, with elevated levels of glyburide along with the 
increased insulin secretion effect of levofl oxacin, further increases the risk for 
hypoglycemia. 5  

 The timing of hypoglycemia usually occurs within 72 to 96 hours of starting a fl uo-
roquinolone regimen. 5  However, case studies have reported episodes of  hypoglycemia 
after only one dose of a fl uoroquinolone. 2  ,  8  The hypoglycemia may occur in 1.1% of 
hospitalized patients receiving levofl oxacin. 1  ,  4  ,  5  Nevertheless, hypoglycemia can be 
refractory and life threatening. 2  ,  3  ,  5  ,  9  

 Current recommendations include close monitoring of glucose for patients concur-
rently taking an oral hypoglycemic agent and a fl uoroquinolone. Consideration 
should be given for an alternative antibiotic, particularly for those patients who have 
renal insuffi ciency and take oral hypoglycemic drug therapy.  

    Take-Home Points 

•     Irregularities in glucose homeostasis have been reported with the use of 
fl uoroquinolones, resulting in hypoglycemia.  

•   Sulfonylureas and fl uoroquinolones independently increase insulin secre-
tion from pancreatic beta cells, and the hypoglycemia is believed to be 
mediated through this mechanism.  

•   Close glucose monitoring should be implemented when patients start tak-
ing a fl uoroquinolone, such as levofl oxacin, particularly for patients who 
take oral hypoglycemic medications, such as glyburide.  

•   The presence of renal insuffi ciency may increase the risk for hypoglyce-
mia further for patients who take sulfonylureas and fl uoroquinolones 
simultanously.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  glyburide and levofl oxacin  
   Mechanism/site of action:  increase in insulin secretion by both levofl oxacin and 

glyburide  
   Clinical effects:  potentiated hypoglycemia effect        
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         Case 

 A surgical house offi cer who had been exposed to a trauma patient with active tuber-
culosis (TB) developed a positive purifi ed protein derivative (PPD) skin test a few 
weeks after the exposure. The strain was determined to be resistant to isoniazid. His 
chest X-ray was deemed negative for active disease. He was thus placed on a 
4-month course of rifampin (300 mg orally twice a day) for latent TB. Prior to the 
TB exposure he had been relatively healthy. His only other medical issue was a 
diagnosis of generalized anxiety disorder (GAD) for which he had been taking bus-
pirone (30 mg orally BID) with great success for two years. 

 He initially experienced no side effects with the rifampin, but after a couple of 
weeks noticed he was feeling increasingly anxious. Thinking that the stress of the 
recent TB exposure coupled with worsened sleep deprivation due to a new baby at 
home was causing more strain than usual, he tried to use some of the stress- reduction 
coping strategies that had served him well in the past. However, he continued to feel 
increasingly anxious and in fact developed gastrointestinal symptoms including 
nausea, loss of appetite, disrupted sleep, and decreased libido. As things worsened, 

    Abstract  
  This case discusses the pharmacokinetic interaction between buspirone and 
rifampin, leading to decreased anti-anxiety effect of buspirone. Buspirone is a 
cytochrome P450 3A4 substrate and rifampin is a 3A4 inducer.  
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he began to feel like he had before starting the buspirone, and made an appointment 
with his psychiatrist. After reviewing his medications, the psychiatrist decided to 
discontinue the buspirone and replace it with clonazepam.  

    Discussion 

  This is an example of an inducer added to a substrate.  

 Rifampin is an antibiotic drug used primarily in the treatment of tuberculosis. It is a 
classic “pan-inducer” of the cytochrome P450 (CYP) enzyme system, including the 
3A4 enzyme. 1  Buspirone, a non-benzodiazepine anxiolytic medication that belongs 
to the azapirone group, is metabolized primarily by the CYP3A4 enzyme. 1  In the 
presence of rifampin, there is an increased amount of 3A4 enzyme which then pro-
ceeds to more quickly metabolize its substrates—in this case, buspirone. The sig-
nifi cant drop in blood levels of buspirone due to its increased metabolism is usually 
seen within 1 to 3 weeks of starting rifampin, and can be dramatic. Studies have 
shown that in the presence of rifampin, buspirone peak plasma concentration (C max ) 
is decreased by 84% compared with buspirone levels in the absence of rifampin. 2  
Additionally, the total area under the plasma concentration-time curve (AUC) of 
buspirone in the presence of rifampin averaged only 10% of the baseline AUC in the 
absence of rifampin. The dramatically decreased plasma levels of buspirone can 
easily explain the recurrence of GAD symptoms in our subject.  

    Take-Home Points 

•     Rifampin is a “pan-inducer” of many cytochrome P450 enzymes, includ-
ing the CYP3A4 enzyme.  

•   Buspirone is a CYP3A4 substrate.  

•   This drug–drug interaction can lead to a clinically signifi cant drop in bus-
pirone blood levels with loss of clinical effi cacy of buspirone.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  buspirone  
   Enzyme:  CYP3A4  
   Inducer:  rifampin  
   Clinical effect:  decreased anti-anxiety effi cacy of buspirone        
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         Case 

 As the resident in the previous scenario switched to clonazepam for symptom con-
trol, he gradually began to feel less anxious, but his nausea and GI upset continued. 
Having learned his lessons well from his postoperative patients, he promptly 
obtained a prescription for oral ondansetron. However, he did not obtain the relief 
that he had anticipated.  

    Discussion 

  This is an example of a substrate added to an inducer.  

 As noted above, rifampin is a powerful pan-inducer of the cytochrome P450 (CYP) 
P450 enzymes. 1  ,  2  Ondansetron is a selective 5-HT3-receptor antagonist used as an 
antiemetic agent. It is primarily metabolized by P450 enzymes, with CYP3A4 

    Abstract  
  This case discusses the pharmacokinetic interaction between ondansetron and 
rifampin, resulting in decreased anti-emetic effect of ondansetron. Ondansetron 
is a cytochrome P450 3A4 substrate and rifampin is a 3A4 inducer.  
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 playing an important role. Similar to the interaction between rifampin and buspi-
rone, the presence of rifampin considerably lowers the plasma concentration of 
ondansetron. In the presence of rifampin, the mean Area Under the Curve (AUC) 
(0-∞) of orally administered ondansetron is decreased by 65% and the maximum 
plasma concentration (C max ) is decreased by 50%. Intravenous ondansetron showed 
a similar pattern when given in the presence of rifampin: the AUC (0-∞) decreased 
by 48%. 3  The effi cacy of ondansetron is directly related to its plasma concentration, 
so it follows that one would see a reduced antiemetic effect with decreased plasma 
concentrations.  

    Take-Home Points 

•     Rifampin is a “pan-inducer” of many cytochrome P450 enzymes, includ-
ing the CYP3A4 enzyme and interacts with many other medications.  

•   Ondansetron is a CYP3A4 substrate.  

•   Induction of P450 enzymes by rifampin can lead to loss of effi cacy of 
 buspirone, ondansetron, and many other medications.  

•   Important perioperative medications (in addition to ondansetron) which 
may be affected by rifampin include dexamethasone, haloperidol, ibupro-
fen, midazolam, and methadone, as well as many others.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  ondansetron  
   Enzyme:  CYP3A4  
   Inducer:  rifampin  
   Clinical effect:  decreased anti-emetic effect of ondansetron        
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 Abstract   
 This case discusses a complex interaction between valproic acid and carbape-
nem, resulting in decreased seizure threshold. 

            Case 

 A 60-year-old Vietnam veteran was admitted for revascularization of his right lower 
extremity. His past medical history included a chronic right heel ulcer with dry 
gangrenous margins, diabetes mellitus, and a seizure disorder due to a traumatic 
head injury he sustained in combat. He had been maintained on valproate (750 mg 
BID). The patient had been seizure-free for six years and his current dosage was 
continued upon admission to the hospital. A serum valproic acid (VPA) level was 
checked and noted to be 80.6 mcg/mL (normal therapeutic levels are between 
50–100 mcg/mL). 

 Although the femoral-popliteal bypass procedure was successful, on the third post-
operative day the patient was found to have a softly necrotic ulcer with dry eschar 
overlying the ulcer. The eschar was removed and the necrotic tissue was debrided at 
the bedside. Afterward, wound cultures show a  Pseudomonas  species sensitive to 
carbapenem antibiotics. The infectious disease service recommended imipenem 
(500 mg 98 h for 10 days). Four days later, the patient suffered a grand mal seizure 
and was admitted to the intensive care unit. His valproate level at that time was 
discovered to be 24.7 mcg/mL.  
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    Discussion 

  This is an example of a complex pharmacokinetic interaction in which multiple 
synergistic mechanisms produce increased clearance of a substrate.  

 Carbapenems are a class of ß-lactam antibiotics with a broad spectrum of antibacte-
rial activity. They have a structure that renders them highly resistant to ß- lactamases. 
When they are prescribed for patients taking valproic acid for seizure treatment or 
prophylaxis, serum VPA can decrease to subtherapeutic levels, increasing the likeli-
hood of seizure recurrence. 

 As early as 1997, case reports documented decreases in the levels of serum valproic 
acid in patients during treatment with carbapenem antibiotics. 1  Since then, several 
further case reports have documented incidents in which patients treated with both 
drugs experienced epileptic seizures. 2  –  4  A retrospective study of an 18-month period, 
looking at 39 patients treated simultaneously with valproic acid and meropenem, 
revealed a drop in serum valproic acid levels by an average of 66% within 24 hours 
of initiation of the antibiotic. Similarly, a Japanese case series of seven patients 
revealed that VPA serum levels were decreased by 70.4% when patients were started 
on carbapenem therapy. 3  

 The pharmacokinetic interaction between valproic acid and carbapenem antibiotics 
has been studied in several animal models to elucidate the mechanism of decreased 
VPA concentration. To date however, the mechanism of interaction is not com-
pletely understood. Valproic acid is excreted from the kidney, after conjugation by 
UDP-glucuronosyltransferase (UGT) into a glucouronide conjugate (VPA- Glu). 4  
Proposed mechanisms for the decreased serum levels of VPA in the presence of 
carbapenems, include an increase in the hepatic metabolism of valproic acid to the 
glucouronide conjugate (VPA-Glu) through an increase in UGT activity. 5  ,  6  Other 
researchers have suggested that decreasing serum levels of VPA are due to increased 
renal clearance of VPA-Glu in the presence of carbapenems. 7  It has also been 
reported that the decrease in plasma VPA may be partially due to carbapenems 
enhancing the accumulation of VPA in erythrocytes by inhibiting the activity of 
multidrug resistance proteins (MRPs). MRPs are ATP-dependent proteins that use 
inside-out vesicles to transport VPA; when inhibited by carbapenems, as demon-
strated to occur  in vivo , erythrocyte distribution of VPA is increased and plasma 
levels are decreased. 8  The P-glycoprotein transporter is one of the better-elucidated 
MRPs. Finally, oral valproic acid has been shown to undergo decreased intestinal 
absorption during coadministration of carbapenems. Torii et al. demonstrated that 
carbapenems inhibit valproic acid transport from apical to basal cell membranes 
when carbapenem antibiotics are added to the basolateral side, by inhibiting VPA 
movement across cell layers. 9  Although this mechanism is less likely because of the 
small concentration of carbapenem antibiotics in the intestine during intravenous 
(vs. oral) administration, it may still play a role in decreased serum VPA levels.  
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    Take-Home Points 

•     Patients receiving treatment with valproic acid should be carefully moni-
tored if carbapenem antibiotics are to be coadministered. The FDA recom-
mends that “serum valproic acid concentrations should be monitored 
frequently after initiating carbapenem therapy.”  

•   The specifi c mechanisms by which serum valproic acid levels may be low-
ered after carbapenem drug therapy include decrease in absorption by 
P-glycoprotein inhibtion and increase in by metabolism due to increase in 
UGT activity.  

•   Given the evidence suggesting that a drug interaction between carbapen-
ems and valproic acid can produce subtherapeutic VPA levels and increased 
seizure risk, choosing an alternative antibiotic may be advisable.     

    Summary 

     Interaction:  pharmacokinetic (complex)  
   Substrate:  valproic acid  
   Enzymes/transporters/sites of action:  UGT and P-glycoprotein; possible renal 

involvement  
   Inducer:  carbapenem (of UGT)  
   Inhibitor:  carbapenem (of P-glycoprotein)  
   Clinical effect:  decreased serum valproic acid levels and decreased seizure 

threshold        
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 Abstract   
 This introduces drug–drug interactions involving cardiovascular medications. 

         Cardiovascular medications transmit, support, or interfere with the basic processes 
of life. They receive our respect in the perioperative environment, but practitioners 
of other specialties often see our frequent use of bolus pressors and antihyperten-
sives as appallingly blithe. Yet in our hands, the 18-year-old who is hypotensive 
after induction is safer when appropriately treated with a single bolus of fast-acting 
vasoconstrictor; this is a fundamental lesson of early training in anesthesiology. 

 The medications in this section are also bedrocks of perioperative management. 
Patients come to the operating room on antihypertensives, receive pressors in the 
operating room and intensive care unit, develop and have their heart failure treated 
with inotropes, and all too frequently require antiarrhythmia drugs for perioperative 
atrial fi brillation. 

 Put another way, powerful cardiovascular medications are ubiquitous and well- 
understood in our environment. Yet their interactions with other medications are 
poorly understood—witness the current controversy over perioperative use of 
angiotension-converting enzyme (ACE) inhibitors and perioperative hypotension. 
In my own practice and teaching in the cardiothoracic intensive care unit, a forma-
tive step for learners is understanding the pharmacodynamic interaction between 
epinephrine, glucose, insulin, and potassium. Although the anesthesiology residents 
may give these medications every day on the cardiac anesthesia rotation, they do not 
understand without having it explained that the potassium will predictably rise 
when insulin and epinephrine are taken away at the same time. It’s basic physiology, 
but the observation lies, as so many drug interactions do, at the border between 
specialties and phases of care. 
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 I hope that this section, which is full of complex interactions of ubiquitous medica-
tions, offers you a passport to that borderland, opening a vista in which “pressure 
up” and “pressure down” are informed by the fullness of the landscape of our 
patients.   

Cardiovascular Medications
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 Abstract   
 This case discusses a pharmacodynamic interaction between propofol, 
 nitroglycerin, and sodium nitroprusside, resulting in severe hypotension. 

            Case 

 An anesthesia attending and the new resident on the vascular anesthesia rotation 
were walking over to the operating room to start the anesthetic for a carotid endar-
terectomy. The patient was 65-year-old man with a history of smoking, hyperten-
sion, transient ischemic attacks, and coronary artery disease. The coronary lesions 
were not amenable to bypass. The patient suffered from unstable angina and fre-
quently used nitroglycerin paste. The attending asked her resident to make up nitro-
glycerin and nitroprusside infusions and to draw up syringes of both drugs as well. 

 Anesthesia was induced with propofol and maintained with isofl urane. The patient 
had a high carotid bifurcation and the operative case proved to be technically diffi -
cult. The surgeons were concerned about the integrity of patch, and they asked the 
anesthesia team for a smooth emergence and tracheal extubation. As the patient 
emerged from general anesthesia his electrocardiogram revealed ST segment depres-
sion and a nitroglycerin infusion was started. Just as the surgeons were closing the 
neck, the patient began to swallow. A few seconds later he coughed and the surgical 
fi eld rapidly fi lled with blood. The blood pressure was recorded as 209/123 mm Hg. 
The surgeons put pressure on the wound and yelled for the patient “to go back to 
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sleep.” The resident, who in the stress of the moment had forgotten that the nitro-
glycerin infusion was on, grabbed the propofol and nitroglycerin syringes and deliv-
ered a bolus of each into an open port of the line where the nitroglycerin infusion 
was being infused. Several seconds later the blood pressure sank like a stone with an 
immediate deepening of ST segment depression. Fluids and phenylephrine were 
administered, which caused a mild overshoot of the blood pressure. The patient 
received an additional (but smaller!) bolus of propofol and nitroprusside, as well as 
fentanyl. The propofol infusion was restarted. An hour later the patient and resident 
were in the step-down unit. The patient was calm and at ease, the resident was not.  

    Discussion 

  This is an example of multiple pharmacodynamic interactions at both the cel-
lular messenger and end-organ level.  

 This unfortunate clinical scenario has happened, in one version or another, to every 
anesthesia provider! The goal, having brought a patient and yourself through a case 
like this, is to do everything you can so that it doesn’t happen again. Experience 
helps guide the administration of such potent drugs, but understanding the pharma-
cology and realizing the cumulative, and potentially profound, pharmacodynamic 
effects when drugs are given in close succession is key. 

 Medical nitroglycerin is a glyceryl trinitrate that has been in clinical use for patients 
with coronary artery disease for many years. It is now understood that nitroglycer-
ine is not a direct dilator of the vasculature (Fig.  118.1 ). Instead, organic nitrates act 
 via  mitochondrial aldehyde dehydrogenase to initiate a series of steps involving 
several interim compounds that result in increased nitric oxide levels. 1  Nitric oxide 
is a natural and potent dilator of the vasculature. Although administration of nitro-
glycerin will dilate both arteries and veins, it is preferentially a venodilator and 
causes a decrease in cardiac output primarily by decrease in preload. Decreases in 
preload are advantageous in the treatment of myocardial ischemia by reducing dia-
stolic wall stress and increasing subendocardial blood fl ow, which ultimately results 
in improved oxygen delivery. However, decreases in preload will also decrease car-
diac output and blood pressure  via  decreases in stroke volume.  

 Sodium nitroprusside is an intravenous-only, short-acting inorganic nitrate com-
pound that will release nitric oxide spontaneously. Unlike nitroglycerin, it acts pri-
marily as a vasodilator or preferential dilator of the arterial vasculature. Sodium 
nitroprusside is extremely potent and rapid in onset and can be used in cases of true 
hypertensive emergency to decrease cardiac afterload and systolic blood pressure. 

 In addition to the robust nature of the pharmacodynamic interaction between nitro-
glycerine and sodium nitroprusside, the propofol also contributed to the precipi-
tous decline in blood pressure. Even normotensive and normovolemic patients can 

Cardiovascular Medications



537

exhibit a moderate decrease in blood pressure with the administration of propofol. 
Propofol decreases afterload by decreasing systemic vascular resistance. The 
 mechanism is probably associated with inhibition of the sympathetic nervous sys-
tem and its attendant vasoconstrictor actions. 

 Finally, our patient suffered severe hypotension after the resident gave boluses of propo-
fol and nitroprusside through the side port of a running nitroglycerin infusion. Remember 
that there is a considerable dose of drug contained in the volume of those lines!  

    Take-Home Points 

•     Nitroglycerin is an organic nitrate that decreases blood pressure by indi-
rectly initiating release of nitric oxide. It causes hypotension mainly 
through venodilation.  

•   Sodium nitroprusside in an inorganic nitrate that directly increases nitric 
oxide. It causes hypotension chiefl y through vasodilation (arterial dila-
tion). Its rapid blood pressure-lowering effects can be profound.  

•   Whenever administering nitroglycerin or sodium nitroprusside as bolus 
wait and observe hemodynamic response before administering a second 
bolus or a bolus of a second potent vasodilator.  

•   Propofol lowers blood pressure by decreasing systemic vasculature 
resistance.  

•   When given simultaneously, these drugs can have a profound pharmaco-
logic hemodynamic effect.     

  Fig. 118.1    Illustration 
showing the two basic types 
of nitrodilators: those that 
release nitric oxide 
spontaneously such as 
sodium nitroprusside, and 
organic nitrates that require 
and enzymatic process to for 
nitric oxide [Figure used with 
kind permission from Richard 
E. Klabunde, PhD   http://
cvpharmacology.com/
vasodilator/nitro.htm    ]       

 

118 Nitroglycerine, sodium nitroprusside, propofol

http://cvpharmacology.com/vasodilator/nitro.htm
http://cvpharmacology.com/vasodilator/nitro.htm
http://cvpharmacology.com/vasodilator/nitro.htm


538

    Summary 

     Interaction 1:  pharmacodynamic (cellular messenger)  
   Substrates:  nitroglycerin and sodium nitroprusside  
   Mechanism/site of action:  direct and indirection stimulation of nitric oxide release  
   Clinical effects:  profound hypotension  

   Interaction 2:  pharmacodynamic (end-organ)  
   Substrates:  nitroglycerine, sodium nitroprusside, and propofol  
   Mechanism/site of action:  decrease of cardiac preload and afterload leading to 

decrease in cardiac output  
   Clinical effects:  hypotension        

   Reference 
    1.    Chen Z, Foster MW, Zhang J, et al. An essential role for mitochondrial aldehyde dehydroge-

nase in nitroglycerin bioactivation. Proc Natl Acad Sci U S A. 2005;102:12159–64.    
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 Abstract   
 This case discusses the pharmacodynamic interaction between angiotensin- 
converting enzyme inhibitors (ACE-Is) and general anesthesia, resulting in 
profound hypotension. Preoperative recommendations and treatment of the 
hypotension is also discussed. 

            Case 

 A 78-year-old, 75 kg woman presented for total thyroidectomy as part of a surgical 
preparation for an upcoming thoracic aneurysm repair. She had a history of hyperten-
sion (treated with captopril and hydrochlorothiazide), atrial fi brillation, and syncopal 
episodes of unclear etiology. After induction of general anesthesia with fentanyl (150 
mcg), lidocaine (40 mg), 140 propofol (140 mg), cisatracurium (16 mg) and endotra-
cheal intubation, the patient became hypotensive, with a noninvasive systolic blood 
pressure ranging from 50 mm Hg to 70 mm Hg, decreased from a baseline of 125 mm 
Hg. A radial arterial catheter was placed. Initially, the patient’s treatment included 
fl uid resuscitation, as well as administration of phenylephrine and ephedrine. She 
was unresponsive to resuscitation efforts and ultimately required discontinuation of 
inhalational anesthesia; the patient received one dose of scopolamine for amnesic 
effect as the surgery continued. An urgent transesophageal echocardiogram exam 
was performed to assess for stability of the thoracic aneurysm, hypovolemia, and any 
wall motion abnormalities; the fi ndings were unremarkable. An arterial blood gas 
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analysis did not reveal any acidosis, hypoxemia, or electrolyte abnormalities that 
would account for profound hypotension. The patient eventually responded to incre-
mental boluses of 1 unit vasopressin (5 units total), intravenous (IV) fl uid boluses of 
Lactated Ringers, and an infusion of vasopressin. Following completion of the sur-
gery, the patient remained intubated and was subsequently transferred to the inten-
sive care unit where she was ruled out for myocardial infarction.  

    Discussion 

  This is an example of a pharmacodynamic interaction.  

 There are three separate mechanisms that regulate vascular tone, in order to ensure 
adequate blood pressure, preserve cardiac output, and perfuse all vital organs. These 
include: the sympathetic nervous system, the renin-angiotensin system (RAS), and 
the vasopressin system. Each system acts individually and as compensatory mecha-
nisms for the other two, especially when one system has been functionally 
compromised. 

 The RAS is a biochemical cascade that regulates “effective” blood volume, the blood 
volume adequate to maintain ample cardiac output. An important enzyme in the cas-
cade, angiotensin-converting enzyme (ACE), acts to convert angiotensin I to angio-
tensin II and also inactivates central opioids, encephalins, and bradykinin. The fi nal 
product of this cascade, angiotensin II, is involved in maintaining blood pressure via 
vasoconstriction, increasing aldosterone secretion for sodium and water reabsorp-
tion, and stimulating catecholamine release, central pressor release and thirst. 1  

 Angiotensin-converting enzyme inhibitors (ACE-Is, eg, captopril, ramipril) block 
the production of angiotensin II, thereby impeding blood pressure regulation by the 
RAS. ACE inhibitors cause arterial and venous dilation, resulting in decreased sys-
temic vascular resistance and reduced cardiac output adaptation to ventricular load-
ing, respectively. In addition, ACE inhibitors interfere with the degradation of 
bradykinin, a potent vasodilator. 2  Cardiac barorefl ex response is “reset” with ACE 
inhibition, tending toward an increase in parasympathetic tone, but sympathetic 
response is intact in awake, euvolemic patients. Blockade of the RAS via ACE inhi-
bition allows the vasopressin and sympathetic systems to be active in the mainte-
nance of blood pressure during hypovolemia. 1  

 The induction of anesthesia is associated with the suppression of the sympathetic 
nervous system via the effects of inhalational anesthetics, sedative-hypnotics, and opi-
oids. Under general anesthesia, patients not chronically treated with ACE-I can com-
pensate via RAS and vasopressin arms to maintain hemodynamic stability. Profound 
hypotension under general anesthesia is observed in patients on chronic ACE-I ther-
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apy, when the RAS is blocked and only the vasopressin system is left to compensate. 
It has been shown that the incidence of hypotension in this population is close to 75% 
to 100% if the ACE-I is continued until the day of surgery and is reduced to less than 
20% if the medication is withheld the day prior to surgery. 3  Moreover, Kheterpal et al. 
demonstrated that patients on chronic diuretic therapy in addition to ACE-I had more 
frequent episodes of hypotension in the perioperative period. 2  

 The treatment for ACE-I/general anesthesia induced hypotension is multimodal. 
Resuscitation with fl uid (either crystalloid or colloid) may help expand the intravas-
cular volume and improve cardiac output and systolic blood pressure. Sympathetic 
agonists, such as ephedrine, phenylephrine, and epinephrine should be administered 
concomitantly with fl uid resuscitation. However, the drug of choice for ACE-I 
induced hypotension remains a V1-receptor agonist like vasopressin, in 1 unit bolus 
increments (with repeated doses until systolic artery pressure is restored) with an 
infusion of vasopressin as necessary to restore the blood pressure to within 30% of 
baseline. 3  In 2010, Papdopoulos et al. showed that low-dose infusion of vasopressin 
is benefi cial to coronary artery bypass graft patients who are hemodynamically 
unstable because of vasodilatory vasoplegic syndrome secondary to ACE-I and low 
ejection fraction. 4  Terlipressin, a long-acting synthetic analog of vasopressin, has 
been studied for treatment of ACE-I induced hypotension. However, it was found to 
be less optimal than norepinephrine because of intense vasoconstriction, a refl ex 
decrease in cardiac output with accompanying decrease in splanchnic blood fl ow 
resulting in signifi cant decrease in gastric mucosal perfusion. 5  

 To best avoid perioperative hypotension secondary to chronic ACE-I therapy, the 
current recommendation is to discontinue the medication the day prior to surgery, or 
for minimum of 10 hours. 6  As suggested by Augoustides, future studies should 
focus on strategies to minimize the risk for perioperative hypotension associated 
with angiotensin blockade and whether extension of the preoperative discontinua-
tion period is necessary. 7   

    Take-Home Points 

•     Intraoperative hypotension in patients chronically treated with ACE inhib-
itors presents the anesthesiologist with a potentially challenging problem 
when conventional methods of regulating blood pressure are 
unsuccessful.  

•   The fi nal product of the RAS cascade, angiotensin II, is involved in main-
taining blood pressure via vasoconstriction, increasing aldosterone secre-
tion for sodium and water reabsorption, and stimulating catecholamine 
release.  
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•   Patients on chronic ACE-I therapy presenting for general anesthesia are 
more prone to developing profound hypotension, particularly if they have 
concomitant use of diuretics.  

•   Given that the vasopressin is the only compensatory mechanism left to 
maintain hemodynamics in this population, small vasopressin boluses with 
or without infusion is the treatment of choice for ACE-I induced 
hypotension.     

    Summary 

     Interaction:  pharmacodynamics  
   Substrates:  captopril and general anesthesia  
   Mechanism/site of action:  depression of sympathetic nervous system by general 

anesthesia and depression of the rennin-angiotensis system by the ACE-I, loss of 
compensatory mechanism  

   Clinical effects:  profound, refractory hypotension        
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 Abstract   
 This case discusses the pharmacodynamic interaction between bupropion and 
pseudoephredrine, resulting in myocardial ischemia and infarction. 

            Case 

 A 27-year-old male Jehovah’s Witness presented to the operating room for repair of 
multiple injuries after sustaining a left open femoral fracture, a severe scalp lacera-
tion, and a severe tongue laceration when he bit through his tongue after jumping 
down a steep ravine to join some friends at a beach party. He had a history of depres-
sion and childhood asthma. His medications were bupropion 100 mg twice a day. 
He received prehospital fl uid resuscitation of unknown type and volume. His toxi-
cology screen was negative for cocaine, opioids, and marijuana. His last known 
hemoglobin was 8.1 g/dL. His patient directive stated that he refused packed red 
blood cells under all circumstances. 

 The surgeons called into the room to make sure the anesthesia team realized that a 
nasal endotracheal tube would be required. He was placed on the operating room 
table and his heart rate was noted to be 122 beats per minute and his blood pressure 
was 88/42 mm Hg. He was reassured, sedated with midazolam, and a small fl uid 
bolus was given. Postsedation, his blood pressure was noted to be 78/40 mm Hg. 
The anesthesia attending asked the resident to give a small amount of phenylephrine 
and to topicalize the patient’s nose with pseudoephredrine, stating, “That should get 
his blood pressure up a little and spare him a little fl uid administration.” 

 120
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 Five minutes later, the patient began complaining of chest pain. He became diapho-
retic and nauseated. The monitor showed signifi cant ST-segment elevations and the 
hemoglobin was now 5.9 g/dL. The patient’s family confi rmed that the anesthesia 
team should abide by the patient’s wishes that he not be transfused. The patient was 
intubated with diffi culty and transferred to the intensive care unit where he expired 
2 days later. 

  This is an example of a pharmacodynamic interaction.  

 Bupropion is an antitypical antidepressant that is a norepineprine and dopamine 
reuptake inhibitor. It also stimulates the release of both catecholamines. It is one of 
the few antidepressants that does not cause sexual dysfunction, so is commonly 
prescribed for young adults. 

 Pseudoephredrine is a commonly used decongestant, both in the outpatient setting 
and by otolaryngologists. It is a sympathomimetic drug, chemically related to the 
phenethylamine and amphetamine chemical classes. 

 There have been a number of reports of myocardial ischemia and myocardial infarc-
tion with coadministration of bupropion and pseudoephedrine in young adults pre-
sumably through sympathetic-mediated coronary vasospasm. 1  –  3  This patient’s poor 
oxygen-carrying capacity due to his acute anemia was a potentiating factor in his 
cardiac decompensation.  

    Take-Home Points 

•     Take time to ascertain which of your patient’s outpatient medications are 
sympathommetic. Have a healthy respect for the catecholamine reuptake 
blockers.  

•   Coadministration of sympathomimetics can have severe consequences, 
even in young adults with good cardiovascular health.     

    Summary 

     Interaction : pharmacodynamics  
   Substrates:  bupropion and pseudoephedrine  
   Mechanism/site of action:  combined effect of cathecolamine reuptake inhibition 

and sympathomimetic effects  
   Clinical effect : myocardia ischemia and myocardial infarction        
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  The falcon cannot hear the falconer;  
  Things fall apart; the centre cannot hold  

 -W.B. Yeats 
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 Abstract   
 This case discusses the pharmacodynamic interactions of epinephrine, insulin, and 
phosphorus in the post-cardiopulmonary bypass patient. 

           Case 

 An otherwise healthy 64-year-old woman underwent mitral valve replacement 
requiring a prolonged cardiopulmonary bypass run. She arrived in the intensive care 
unit (ICU) late in the afternoon suffering from combined cardiogenic and vasodila-
tory shock. She was on epinephrine at 0.08 mcg/kg/min and high-dose vasoconstric-
tors as well as an insulin infusion, running at 20 units an hour. Her admission blood 
sugar was very elevated despite the insulin infusion and remained diffi cult to con-
trol. On admission labs, her serum phosphate was critically low, and was replaced, 
per protocol, over 6 hours. 

 During the night, the patient’s cardiogenic shock remained critical, despite the addi-
tion of a milrinone infusion. The early morning serum phosphate was again critically 
low. The night call physician ordered a higher dose of potassium phosphate reple-
tion, given over 2 rather than 6 hours. The ICU nurse noted that after the fi rst hour, 
the patient’s cardiac index had signifi cantly improved, and over the  ensuing hours 
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before morning rounds, the epinephrine, milrinone, and  vasoconstrictors were rap-
idly weaned down, with maintenance of hemodynamic stability. Insulin require-
ments also declined. 

 On morning rounds, the patient was noted to be greatly improved, and orders were 
written to titrate the insulin, epinephrine, and vasoconstrictor infusions off in the 
early hours. Potassium was again supplemented. Renal and electrolyte assessment 
were ordered for the early afternoon. 

 In the mid-afternoon, the ICU physician was paged by the lab to report a serum 
potassium of 6.0. The patient was given insulin, dextrose, and enteral sodium poly-
styrene; and the hyperkalemia had completely resolved by evening without any 
sequelae. In fact, overnight, further potassium supplementation was required.  

    Discussion 

  This is an example of a complex pharmacodynamic interaction between epi-
nephrine, insulin, and electrolytes, administered in the situation of hypophos-
phatemia and cardiogenic shock.  

 Epinephrine is a pleiotropic catecholamine hormone, which is released in times of 
stress and frequently administered for the treatment of cardiogenic shock. It is a 
β-adrenergic receptor agonist that increases myocardial contractility. Effects on 
other organ systems include reduced insulin secretion, increased glycogenolysis, 
hypokalemia, hyperlactatemia, and hypophosphatemia. 1  

 In this case, the patient’s initial hypophosphatemia likely contributed to her 
postcardiopulmonary bypass cardiogenic shock, increasing her requirements for 
epinephrine and inotropic support. The increase in epinephrine, in turn, worsened 
her hypophosphatemia and hyperglycemia. The worsening hypophosphatemia con-
tributed to worsening cardiogenic shock; and the worsening hyperglycemia contrib-
uted to worsening hypophosphatemia. 2  ,  3  Like the falcon leaving the falconer, the 
epinephrine, despite controlled and appropriate administration, became the vehicle 
of a chaotic, destructive cascade. When this cascade was interrupted with aggressive 
phosphate repletion, and with time to recover from the insult of bypass, the patient’s 
cardiac function rapidly improved. 

 The ICU providers correctly responded to this improvement in cardiac function by 
rapidly and successfully weaning inotropes and vasoconstrictors. Removing epi-
nephrine reduced insulin requirements. At the same time, however, removing the 
epinephrine increased serum potassium by allowing its release from skeletal muscle 
stores, and coupled with the withdrawal of insulin, this effect was exaggerated. 
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Although the patient’s serum potassium was transiently elevated, it was rapidly 
cleared in the presence of normal renal function, and probably would have been 
even without medical treatment. 

 It is not uncommon for patients to present to the ICU with cardiogenic and/or vaso-
dilatory shock after cardiac surgery. There are many causes for these hemodynamic 
derangements. As illustrated in this case, prolonged cardiopulmonary bypass with a 
cardioplegic and arrested heart, and electrolyte disturbances, were the  primary eti-
ologies. It is extremely important that all physicians who care for critically ill 
patients be aware of the side effects of epinephrine. As seen here, epinephrine is 
used to treat cardiogenic shock, but its side effects of hypophosphatemia (and 
hyperglycemia leading to hypophosphatemia) can also exacerbate the very condi-
tion it is intended to treat. 4  Additionally, rapid weaning of epinephrine and insulin 
together can result in hyperkalemia if the epinephrine and insulin are signifi cantly 
contributing to lowering of potassium.  

    Take-Home Points 

•     Cardiac surgery patients may frequently present with cardiogenic and/or 
vasodilatory shock requiring treatment with epinephrine.  

•   Hypophosphatemia may worsen cardiogenic shock and increase the need 
for pressor and inotropic support.  

•   Epinephrine can cause side effects of hypophosphatemia (and hyperglyce-
mia leading to hypophosphatemia) that can exaggerate the conditions the 
epinephrine was intended to treat.  

•   Phosphorus defi ciencies should be promptly identifi ed and treated.  

•   Rapid weaning of epinephrine and insulin can result in hyperkalemia.     

    Summary 

     Interaction:  pharmacodynamic (complex)  
   Substrates:  epinephrine, insulin, phosphorus  
   Mechanism:  reduced insulin secretion, exacerbation of shock through epinephrine- 

mediated hypophosphatemia, rapid weaning of epinephrine and insulin  
   Clinical effects:  persistent cardiogenic shock, hypophosphatemia, and 

hyperglycemia        
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 Abstract   
 This case discusses the pharmacodynamic interaction seen with catechol-
amine depletion seen with chronic amphetamine and indirect acting 
sympathomimetics. 

            Case 

 A 20-year-old otherwise healthy man was seen in the preoperative holding area in 
preparation for an elective inguinal herniorrhaphy. He admitted to slight anxiety and 
drinking a few beers the day before to calm himself down. He denied other licit and 
illicit drug use. His vital signs were remarkable for a persistent heart rate of 95 beats 
per minute (bpm) and mildly elevated blood pressure of 137/89 mm Hg. He had 
surprisingly bad dentition for a young man and slightly decreased skin turgor. He 
received midazolam (2 mg) for preoperative sedation. 

 After an uneventfal induction of anesthesia, the patient received sevofl urane, fen-
tanyl, and vecuronium. After incision, the patient’s blood pressure gradually drifted 
to a range of 100 s/40 s mm Hg with a heart rate of about 70 bpm. The hypotension 
persisted despite a 500 mL fl uid and two doses of ephedrine (10 mg) each were 
provided, and the blood pressure drifted to 90/40 mm Hg. The patient fi nally 
responded to two divided doses of 200 mcg phenylephrine but required this every 
20 minutes of the procedure to maintain a systolic pressure of 130 mm Hg. A phen-
ylephrine drip was started and normotension was restored and maintained. 

mailto:lip3@upmc.edu


552

 Postoperatively, the patient remained normotensive on the phenylephrine drip. He 
was asked once again if he utilized any illicit drugs and he then admitted a 2-year 
history of methamphetamine abuse, supplied by his mother’s prescription for narco-
lepsy. A urine drug screen was positive for cannabinoids and amphetamines. The 
patient was admitted to the intensive care unit and the phenylephrine was weaned. 
He was referred to the endocrinology service to rule out adrenal insuffi ciency, 
referred to an outpatient addiction program, and advised of the common and life-
threatening withdrawal symptoms associated with amphetamine use.  

    Discussion 

  This is an example of an antagonistic pharmacodynamic interaction at the 
transmitter level.  

 Careful intraoperative blood pressure control is important to optimize perfusion to 
vital organs. Maintaining a mean arterial pressure within the cerebral autoregulation 
range (between 50 mm Hg and 140 mm Hg) helps to ensure adequate cerebral per-
fusion pressure. Blood pressure can be controlled in a number of different ways. 
Before immediately administering large doses of pressor agents, a thoughtful analy-
sis of a potential underlying cause should take place. These considerations include 
obstruction to cardiac output, such as embolism or tension pneumothorax, and 
widespread vasodilation occurring with sepsis or systemic infl ammatory conditions. 
Volume status, potentially affected by surgical blood loss, other fl uid losses, or NPO 
status should also be considered. In a patient with adequate cardiac reserve, fl uid 
boluses can be helpful in diagnosing and treating hypovolemia. Perhaps most com-
monly in anesthesia, vasodilatory drugs are the cause of hypotension. In this case, 
pressors such as ephedrine, phenylephrine, and vasopressin may then be used to 
increase arterial pressure. 

 Patients actively abusing cocaine and amphetamines are at risk for intraoperative 
hemodynamic instability. A thorough preoperative assessment evaluating for sub-
stance use should be performed. Some symptoms and signs of amphetamine use 
include paranoia, increased wakefulness, “meth mouth” (extensive tooth decay due 
to drug-induced psychological and physiological changes resulting in dry mouth 
and long periods of poor oral hygiene), pupil dilation, hallucinations, seizures, and 
violent behavior. 1  If abuse is suspected, urine testing can be helpful to ensure the 
absence of these substances before proceeding. Because inadequate analgesia can 
potentially activate addiction, optimization of analgesia with nonopioids and 
regional techniques should be considered and discussed with the patient. 

 In this case, the patient’s history of chronic methamphetamine abuse caused hypo-
tension refractory to ephedrine administration. Methamphetamine’s active metabo-
lite, amphetamine, is a sympathomimetic amine that stimulates the release of 
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norepinephrine, directly stimulating α and β-receptors. This results in increased 
arterial pressure, tachycardia, cardiac arrhythmias, weak bronchodilatation, mydria-
sis, and bladder sphincter contraction. 1  Long term use may lead to ventricular 
hypertrophy, myocardial necrosis, and nasal septal perforation. 1  At higher doses, the 
drug stimulates release of dopamine, which can result in behavioral changes. At 
even higher doses, amphetamine stimulates the release of 5- hydroxytryptamine 
(5-HT), which can result in psychotic behavior seen in some heavy users. 

 As an indirect agonist, methamphetamine is associated with tachyphylaxis due to 
the decreasing supply of endogenous neurotransmitter. As a result, chronic abus-
ers of methamphetamine may become catecholamine-depleted and further, may 
have poor responses to the usual doses of other indirect-acting sympathomimet-
ics. 2  For example, ephedrine is an indirect-acting sympathomimetic that releases 
norepinephrine and is commonly used in the hypotensive parturient, or in mild 
hypotension associated with bradycardia. Repeat administration of this drug in 
addition to the patient’s chronic abuse of methamphetamine contributed to its poor 
effect in the case described. Phenylephrine, which is not subject to tachyphlaxis 
since it is a direct-acting α 1 -agonist, was utilized more effectively to raise the 
blood pressure to an acceptable range. In summary, this case highlights the 
 importance of eliciting a substance abuse history in every adult patient, even if it 
is not necessarily suspected. Hemodynamic instability due to chronic metham-
phetamine abuse is best treated with phenylephrine or other direct-acting 
sympathomimetics.  

    Take-Home Points 

•     Both methamphetamines and ephedrine are indirect sympathomimetics, 
exerting their effects through the release of catecholamines from secretory 
granules of preganglionic sympathetic neurons.  

•   Chronic use of methamphetamine can deplete these intracellular stores of 
catecholamines, causing tachyphylaxis and ineffectiveness of other indi-
rect sympathomimetics such as ephedrine.  

•   Use of direct-acting sympathomimetics to maintain sympathetic tone is 
recommended, since it directly stimulates postganglionic receptors.  

•   A complete preoperative assessment requires an understanding of the 
patient’s elicit substance use. If the patient is not forthcoming, subtle phys-
ical signs such as “meth mouth,” restlessness, and paranoia may build sus-
picion to guide the anesthetic management.     
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    Summary 

     Interaction:  pharmacodynamics (antagonism)  
   Substrates:  amphetamines and indirectly acting sympathomimetic agents  
   Mechanism/site of action:  preganglionic sympathetic neurons  
   Clinical effect:  loss of effi cacy of indirectly acting sympathomimetic agents        
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         Case 

 A 52-year-old woman presented to the preoperative area before a scheduled chole-
cystectomy for chronic cholecystitis. Her symptoms consisted of biliary colic and 
nausea but no vomiting. She had a history of hypertension and mild congestive heart 
failure and was taking spironolactone (25 mg once daily), amlodipine (5 mg once 
daily), metoprolol (25 mg BID), and candesartan (8 mg once daily). Six weeks ago, 
she had the second of two monthly follow-up visits with her physician after starting 
candesartan therapy 2 months earlier. At that follow-up, she was in good health and 
her test results showed normal electrolyte values, a creatinine value of 1.0 mg/dL, a 

    Abstract  
  This case discusses the pharmacodynamic interaction between candesartan 
and spironolactone, resulting in hyperkalemia. Candesartan is angiotensin II 
receptor blocker and spironolactone is a potassium-sparing diuretic.  
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normal complete blood cell count, and echocardiogram results unchanged from the 
previous study. No further testing was undertaken before her operation, in accor-
dance with the American Society of Anesthesiologists Task Force on Preanesthesia 
Evaluation, which states that test results within 6 months of surgery are adequate if 
no substantial changes in medical history have occurred since the testing. 1  The only 
additional concern during the preoperative assessment was that the patient was 
obese; although the result of her airway examination was reassuring, the anesthesi-
ologist decided to administer succinylcholine in case diffi culty arose with airway 
management. 

 In the operating room, while waiting for the patient’s initial blood pressure reading 
on the monitor before administering anesthesia induction drugs, the anesthesiolo-
gist noticed that the QRS complex appeared widened, the T waves were peaked, and 
P waves were absent on the echocardiogram tracings. He called for a 12-lead echo-
cardiogram and asked for immediate electrolyte testing. The echocardiogram 
appeared suspicious for hyperkalemia, and the electrolyte values showed a potas-
sium level of 7.6 mEq/L. The procedure was cancelled, and the patient was admitted 
to the hospital for emergency treatment of hyperkalemia. 

 While in the operating room, the patient initially received calcium gluconate intra-
veonously and albuterol by continuous nebulizer, as well as insulin with dextrose to 
shift potassium from the extracellular to the intracellular space until defi nitive treat-
ment could be given. Subsequently, she received furosemide and sodium polysty-
rene sulfonate to promote excretion of potassium through the kidneys and the 
gastrointestinal tract, respectively. Two days later, the patient underwent an uncom-
plicated cholecystectomy after her potassium level had normalized (4.2 mEq/L) and 
was discharged to home with amlodipine, metoprolol, candesartan, and 
furosemide.  

    Discussion 

  This is an example of a complex synergistic pharmacodynamic interaction.  

 The combination of spironolactone and an angiotensin II receptor blocker (ARB) 
can cause life-threatening hyperkalemia. 2  ,  3  In this clinical setting, administration of 
succinylcholine, which causes an additional increase in potassium (approximately 
0.5 mEq/L), can lead to cardiovascular arrest. The timing of risk for hyperkalemia 
after starting or adding therapy with these medications is uncertain. There have been 
case reports of normal potassium levels for several months after addition of one of 
these medications, with subsequent severe hyperkalemia. 3  The hyperkalemia may 
occur at any dose; however, the risk increases with greater-than-normal doses, dose 
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escalation, and longer-acting medications. The risk increases further with β-blockers 
or nonsteroidal anti-infl ammatory drugs and decreases with thiazides or a loop 
diuretics. Risk for hyperkalemia also increases with advanced age, poorly con-
trolled diabetes mellitus (severe hyperglycemia can osmotically shift potassium 
extracellularly), renal insuffi ciency (creatinine, >2.0 mg/dL), and acute illness or 
dehydration. 2  

 The Candesartan in Heart Failure: Assessment of Reduction in Mortality and 
Morbidity (CHARM) trial, which established the role of candesartan for heart fail-
ure treatment, was analyzed separately for incidence and predictors of clinically 
important hyperkalemia. 2  ,  4  The data showed positive interaction between spirono-
lactone and candesartan in the development of clinically important hyperkalemia, 
defi ned as hyperkalemic events either requiring dose reduction, drug discontinua-
tion, or hospitalization or resulting in death. The incidence of clinically signifi cant 
hyperkalemia increased mildly with spironolactone, moderately with candesartan, 
and markedly (to 9.2%) with a candesartan and spironolactone combination 
(Table  123.1 ).

   Patients who take a combination of these medications likely will be seen more 
commonly because ARBs, spironolactone, angiotensin-converting enzyme 
inhibitors, and β-blockers have been shown to reduce left ventricular systolic 
dysfunction and mortality in heart failure in a large, diverse patient population. 4  
Therefore, it is essential that anesthesiologists are aware of this potentially seri-
ous complication. 

 The mechanisms of hyperkalemia caused by ARBs and aldosterone antagonists 
when used alone are well known. Spironolactone is a pharmacologic antagonist of 
aldosterone, primarily through competitive binding of mineralocorticoid receptors 
at the aldosterone-dependent sodium-potassium exchange site in the late distal renal 
tubule and collecting duct. Aldosterone antagonism causes increased excretion of 
sodium and water while potassium is retained. Spironolactone acts as both a diuretic 
and an antihypertensive through this mechanism. 5  Candesartan blocks the vasocon-

   Table 123.1    Incidence of Clinically Signifi cant Hyperkalemia in Heart Failure Patients in the 
CHARM Trial   

  Spironolactone  
  Candesartan   No  Yes 

 No  1.8%  1.9% 
 Yes  4.4%   9.2%  

  [Based on data from ref.  2 ] 
 Abbreviation: CHARM, Candesartan in Heart Failure: Assessment of Reduction in Mortality and 
Morbidity.  
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strictor and aldosterone-secreting effects of angiotensin II by selectively blocking 
the binding of angiotensin II to the angiotensin AT 1 -receptor in many tissues, includ-
ing vascular smooth muscle and adrenal gland. Additionally, angiotensin- converting 
enzyme inhibitors have identical potential for hyperkalemia through decreased 
angiotensin II production. With prevention of angiotensin II–induced stimulation of 
aldosterone release, increased amounts of sodium and water are excreted and potas-
sium is retained. Potassium needs to be considered when these agents are used con-
comitantly, especially since the expected effects of candesartan and spironolactone 
on potassium are inadequate to explain the extent of the synergistic interaction 
shown in CHARM trial analysis. 

 β-Blockers may increase the risk for hyperkalemia by β 2 -receptor blockade, thereby 
decreasing skeletal muscle uptake of potassium or inhibiting renin secretion from 
the juxtaglomerular apparatus. 2  ,  6  Nonsteroidal anti-infl ammatory drugs may 
increase potassium through inhibition of renin secretion. Other medications to con-
sider in combination with these drugs include other potassium-sparing diuretics (eg, 
amiloride hydrochloride, triamterene, eplerenone), aliskiren (competitive inhibitor 
of renin), sotalol hydrochloride (β-blocking effects), and potassium supplements. 
Additionally, in drug-induced hyperkalemia, succinylcholine administration may 
result in cardiac arrest. Succinylcholine causes a potassium increase of 0.3 to 
0.5 mEq/L in patients with normal muscle. This response is caused through binding 
of acetylcholine receptors, resulting in increased permeability at the acetylcholine 
receptor during depolarization and thereby causing potassium effl ux. 7  Table  123.2  
summarizes important agents that can result in hyperkalemia.

   Table 123.2    Agents That May Cause Hyperkalemia   

 Agents  Mechanism and Comments 

 Amiloride (Midamor) and 
triamterene (Dyrenium) 

 Diminishes potassium secretion by reducing the electrical 
gradient between the intracellular space and the renal tubule, 
causing potassium to leave the cells 

 Amino acids a   Lysine, arginine, or epsilon-aminocaproic acid enters cells 
in exchange for potassium, causing hyperkalemia 

 ARBs and ACE inhibitors  Decreases aldosterone synthesis; hyperkalemia often can be 
reduced by concomitant diuretic use; ARBs less likely to 
cause hyperkalemia than ACE inhibitors 

 Azole antifungals  Inhibits adrenal steroid synthesis, which can lead to 
aldosterone defi ciency 

 β-blockers  Decreases sodium-potassium adenosine triphosphatase 
(ATPase) activity; β 2  agonists decrease potassium levels 

 Cyclosporine (Sandimmune)  Suppresses renin release, leading to decreased aldosterone 
synthesis, decreased potassium secretion in collecting duct 

 Digoxin at toxic levels  Decreases sodium-potassium ATPase activity 
 Eplerenone (Inspra)  Blocks aldosterone binding at mineralocorticoid receptors 

(continued)
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Table 123.2 (continued)

 Agents  Mechanism and Comments 

 Ethinyl estradiol/drospirenone 
(Yasmin) 

 Spironolactone analogue 

 Fluoride toxicity  Decrease aldosterone synthesis; most common in patients on 
dialysis who drink water with high fl uoride levels 

 Glucose infusions or insuline 
defi ciency 

 Hypertonicity caused by hyperglycemia from glucose 
infusions can drive potassium out of the intracellular space, 
leading to hyperkalemia. Hyperkalemia may occur with 
continuous infusions or with boluses of hypertonic glucose. 
May be present with hypertonicity caused by other agents 
such as mannitol (Osmitrol) as well 

 Heparins  Can cause hyperkalemia in patients with decreased renal 
function; inhibits adrenal aldosterone synthesis 

 Herbal remedies with digitalis- 
like effect 

 Specifi c agents include milkweed, lily of the valley, Siberian 
ginseng, Hawthorn berries, or preparations from dried toad 
skin (Bufo, Chan’su, Senso). All these agents act by 
decreasing sodium-potassium ATPase activity, leading to 
elevated extracellular potassium 

 NSAIDs  Decreased prostaglandin production leads to decreased 
afferent arteriolar fl ow, suppressing renin and aldosterone 
secretion. Typical of NSAIDs as well as cyclooxygenases-2 
selective inhibitor drugs 

 Nutritional and herbal 
supplements 

 Herbs containing high potassium levels (eg, Noni juice, 
alfalfa, dandelion, horsetail, nettle) 

 Packed red blood cells  Stored cells can partially hemolyze and release potassium 
when infused 

 Penicillin G potassium  Can cause hyperkalemia in patients with impaired renal 
function caused by increased potassium load; can be 
administered orally or intravenously 

 Potassium supplements or salt 
substitutes 

 Ingestion of potassium can lead to hyperkalemia, 
particularly if renal function is impaired; dietary sources 
include bananas, melon, and orange juice 

 Spironolactone (Aldactone)  Inhibits binding of aldosterone to receptors in the renal 
tubule 

 Succinylcholine (Anectine)  Increases nicotinic acetylcholine receptors in damaged 
skeletal muscle (eg, trauma or burn patients) 

 Tacrolimus (Prograf)  Suppresses renin release, leading to decreased aldosterone 
synthesis and decreased potassium secretion in collecting 
duct 

 Trimethoprim (Proloprim) and 
pentamidine (Pentam 300) 

 Diminishes potassium secretion by reducing the electrical 
gradient between the intracellular space and the renal tubule, 
causing potassium to leave the cells 

  ARB = angiotensin receptor blockers; ACE-angiotensin-converting enzymes; NSAID = nonsteroi-
dal anti-infl ammatory drug 
  a Hyperkalemia can occur in the setting of amino acids administered intravenously as part of 
total parenteral nutrition. It is unknown whether oral dietary amino acid supplements cause 
 hyperkalemia 
 [Reprinted from Hollander-Rodriguez JC, Calvert Jr. JF. Hyperkalemia. American Family 
Physician 2006;283-290 with permission from American Academy of Family Physicians.]  
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       Take-Home Points 

•     The CHARM trial reported a 4.4% incidence of clinically signifi cant 
hyperkalemia in patients taking candesartan and a 9.2% incidence in 
patients taking both candesartan and spironolactone. It is important that 
clinicians be vigilant for this drug combination and ask the patient about 
recent drug addition or dosage change.  

•   Patients may have hyperkalemia, after having normal potassium levels for 
several months, since 1) starting treatment with these medications, 2) hav-
ing one of these medications added, or 3) having a dose escalation several 
months prior, despite no recent change. Therefore, electrolyte levels should 
be rechecked in these patients even when recent test results have been 
normal.  

•   Additional risk factors for hyperkalemia in patients taking these medica-
tions include greater-than-normal drug doses, dose escalation, longer-act-
ing medications, concomitant β-blockers or nonsteroidal anti-infl ammatory 
drugs, advanced age, diabetes, renal insuffi ciency (creatinine, >2.0 mg/
mL), and acute illness or dehydration. These factors are commonly present 
in patients coming for surgery.  

•   In patients at risk for acute hyperkalemia, a review of the electrocardio-
gram on the operating room monitor before anesthetic induction may help 
to detect features of this potentially severe electrolyte disturbance.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  candesartan (and other angiotensin II receptor blockers) and spirono-

lactone, (and other potassium-sparing diuretics), and metoprolol (and other 
β-blockers)  

   Mechanism/sites of action:  competitive binding of mineralocorticoid receptors at 
the aldosterone-dependent sodium-potassium exchange site in the late distal 
renal tubule and collecting duct, selective blockade of the binding of angiotensin 
II to the angiotensin AT 1 -receptor in many tissues, including vascular smooth 
muscle and adrenal gland, blockade of β2 receptors  

   Clinical effects:  hyperkalemia        
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         Case 

 A 54-year-old male veteran with a history of posttraumatic stress disorder (PTSD) 
arrived at the preoperative holding area for bilateral knee replacements after suffer-
ing injuries to both knees while serving as a paratrooper in Desert Storm. He was 
taking prazosin to alleviate PTSD-associated nightmares and insomnia, his knee 
pain was treated with occasional hydrocodone/acetaminophen, and he used tadalafi l 
for sexual dysfunction. Preoperatively, a lumbar epidural catheter was place for 
both the intraoperative anesthetic management and for the postoperative pain man-
agement. The patient’s blood pressure remained between 110/60 mm Hg and 
125/81 mm Hg during the insertion of the lumbar epidural catheter. A lidocaine test 
dose was given to the patient and was assessed negative when the patient reported 
no heart rate change and no other symptoms. 

 In the operating room, a bolus dose of 10 cc of lidocaine 2% was administered into 
the lumbar epidural catheter with a subsequent decrease in blood pressure to 

    Abstract  
  This case discusses α 1 -adrenergic blockade by prazosin and PDE 5-mediated 
hypotension by tadalafi l in the presence of local anesthetic-induced 
sympathectomy  

    124    Prazosin and the PTSD 
Paratrooper 
 Prazosin, tadalafi l                     

       Allen     N.     Gus  n   MD, FCCP      and     Michael     J.     Bishop   MD   

        A.  N.   Gustin   MD, FCCP      (*) 
  Department of Anesthesia and Critical Care ,  University of Chicago Pritzker School of 
Medicine ,   Chicago ,  IL ,  USA   
 e-mail: agustin@dacc.uchicago.edu   

    M.  J.   Bishop   MD    
  Department of Anesthesiology ,  University of Washington School of Medicine , 
  Seattle ,  WA ,  USA    

mailto:agustin@dacc.uchicago.edu


564

60/40 mm Hg. The patient was resusciated with multiple fl uid and phenylephrine 
boluses, but the blood pressure remaineded 60/40 mm Hg. The patient became 
 somnolent and more diffi cult to arouse and required intubation. A radial artery line 
was placed and the patient was given boluses of epinephrine and vasopressin. A 
blood pressure of 80/58 mm Hg was fi nally achieved and sustained. The operative 
case was cancelled and the patient went to the ICU with a central venous catheter 
and an epinephrine infusion. Over the next 90 minutes, the patient’s blood pressure 
stabilized and the epinephrine infusion was weaned and the patient aroused and was 
extubated without diffi culty.  

    Discussion 

  This is an example of a pharmacodynamic interaction involving multiple indi-
vidual drug effects leading to a cumulative effect at the end-organ (vascular) 
level.  

 The exact mechanism of action of the hypotensive action of prazosin is unknown. 
Prazosin causes a decrease in total peripheral resistance and recent studies have sug-
gested that the vasodilator effect of prazosin is also related to blockade of postsyn-
aptic α 1 -adrenoceptors. Unlike conventional α 1 -blockers, the antihypertensive action 
of prazosin is usually not accompanied by a refl ex tachycardia. Hemodynamic stud-
ies have been carried out in patients following single dose administration and during 
the course of long-term maintenance therapy using prazosin. The results confi rm 
that the therapeutic effect is a fall in blood pressure unaccompanied by any clini-
cally signifi cant change in cardiac output, heart rate, renal blood fl ow, or glomerular 
fi ltration rate. Following oral administration, human plasma concentrations reach a 
peak at about 3 hours with a plasma half-life of 2 to 3 hours. The drug is highly 
bound to plasma protein. Bioavailability studies have demonstrated that the total 
absorption relative to the drug is 90%. Excretion of the drug occurs via hepatic 
metabolism. 1  

 Prazosin is being used increasingly for the treatment of PTSD. PTSD is a disabling 
anxiety disorder seen in 25% to 30% of individuals experiencing a traumatic event. 2  
An estimated 70-87% of patients who suffer from posttraumatic stress experience 
sleep disruption – diffi culty falling asleep and staying asleep, as well as distressing 
nightmares where the traumatic event is reexperienced. 3  Selective serotonin reup-
take inhibitors are the usual pharmaceutical treatment for PTSD, but they are often 
ineffective or only partially effective for sleep problems. Some sedative- hypnotics 
(tranquilizers, barbiturates, etc) may be helpful in the short term but are associated 
with tolerance and addiction. In the central nervous system, α 1 -adrenergic receptors 
are known to be important in both the startle and sleep responses. Stimulation of 
these receptors may contribute to PTSD-related trauma-content nightmares. The 
α 1 -blocker prazosin has been shown to decrease trauma nightmares in both combat 
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veterans and patients with non-combat-related PTSD. 3  The available data, although 
mostly from open-label trials, suggest that prazosin improves sleep quality, sense of 
well-being, and ability to function in daily activities in those patients with PTSD. 3  
Orthostatic hypotension following initiation of prazosin is a known hazard and is 
monitored when the drug is started in patients with PTSD. 

 Tadalafi l (Cialis®) is used in the treatment of sexual dysfunction. The physiologic 
mechanism of erection of the penis involves release of nitric oxide (NO) in the cor-
pus cavernosum during sexual stimulation. NO then activates the enzyme guanylate 
cyclase, producing smooth muscle relaxation in the corpus cavernosum and allow-
ing infl ow of blood. 

 Tadalafi l (itself) has no direct relaxant effect on isolated human corpus cavernosum, 
but enhances the effect of (NO) by inhibiting phosphodiesterase type 5 (PDE 5). 
When sexual stimulation causes local release of NO, inhibition of PDE 5 by tadalafi l 
causes increased levels of cyclic guanosine monophosphate (cGMP) in the corpus 
cavernosum, resulting in smooth muscle relaxation and infl ow of blood to the cor-
pus cavernosum. Tadalfi l at recommended doses has no effect in the absence of 
sexual stimulation. 4  

 After one oral dose, tadalafi l reaches peak plasma concentrations around 2 hours 
and has an average elimination half-life of 17.5 hours. 4  Thus, tadalafi l has the lon-
gest duration of action of any of the oral PDE 5 inhibitors. Tadalafi l’s pharmacoki-
netics are dose proportional over the recommended dose range. It is eliminated 
predominantly by hepatic metabolism and is converted to an active metabolite with 
properties similar to the parent molecule. The concomitant use of cytochrome P450 
(CYP) 3A4 inhibitors (eg, erythromycin, ketoconazole, itraconazole) can increase 
plasma levels of tadalafi l well beyond the already long half-life of 17.5 hours. 

 Studies have shown small additive drops in blood pressure when PDE 5 inhibitors 
were given to patients already taking α or β blockers, calcium blockers, angiotensin 
converting enzyme inhibitors, angiotensin receptor blockers, and diuretics. An 
exception to these fi ndings can be the α or β-blockers, which in some patients may 
be associated with an increase in orthostatic hypotension when administered with 
PDE 5 inhibitors. α-blockers may be used for treating hypertension, benign pros-
tatic hypertrophy, PTSD sleep disturbances, or all of the above. When used together, 
PDE 5 inhibitors and α 1 -blockers are associated with hypotension (systolic blood 
pressure < 85 mm Hg). 5  

 As of June 2006, a change occurred in the labeling bringing the precaution for silde-
nafi l and α 1 -blockers in line with that of the other PDE 5 inhibitors. The wording for 
the precaution is now: “Caution is advised when PDE 5 inhibitors are co administered 
with α 1 blockers.” PDE5 inhibitors (tadalafi l) and α 1 -adrenergic blocking agents 
(prazosin) are both vasodilators with blood pressure-lowering effects. 5  When vaso-
dilators are used in combination, an additive effect on blood pressure may be antici-
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pated. In some patients, concomitant use of these two drug classes can lower blood 
pressure signifi cantly; leading to symptomatic hypotension (eg, dizziness, light 
headedness, fainting). 

 The precaution goes on to suggest that patients should be on stable α 1 -blocker ther-
apy before PDE 5 inhibitors are started and that lowest doses of the PDE 5 inhibitor 
be used to initiate therapy. Conversely, if a patient is already taking an optimal dose 
of a PDE 5 inhibitor and an α 1 -blocker needs to be started, the α 1 - blocker should be 
started at the lowest dose. Other variables such as intravascular volume status and 
use of other antihypertensives should be considered when using a combination of 
both a PDE 5 inhibitor and an α 1 -blocker. 5  

 Thus, all three PDE 5 inhibitors now carry precautions regarding the use of α 1 - 
blockers, warning of the possible development of orthostatic hypotension with drug 
combination, but no longer are the PDE 5 inhibitors contraindicated with 
α 1 -blockers. 5  

 α-blockers in combination with PDE 5 inhibitors increase risk for hypotension with 
anesthesia. Each α 1 -blocker and each oral PDE 5 inhibitor have warnings regarding 
the risk for hypotension when added together. Either agent has the ability to interact 
with one another to produce orthostatic hypotension. Awake and unanesthetized 
patients might tolerate the drug combination well. When both drugs are present dur-
ing anesthetics that provide sympathetic blockade (epidural, spinal, or other anes-
thetic agents), the potential for hypotension can be high. Patients should be educated 
to avoid the use of PDE 5 inhibitors during the immediate preoperative period. 
Given the increasing proportion of combat veterans with diagnosed PTSD and given 
the benefi ts of α 1 -blockers/PDE 5 inhibitors in PTSD symptom control, more 
patients may present to the operating room with combinations of both of these 
agents. It is necessary for anesthesiologists to be aware of this potential interaction 
and be prepared for the potential hypotension that may arise in the operating room 
when these patients are exposed to anesthesia.  

    Take-Home Points 

•     Patients with PTSD show alleviation of symptoms of nocturnal symptoms 
when prescribed the α 1 -blocker prazosin.  

•   Prazosin is an α 1 -adrenergic receptor blocker used primarily for the treat-
ment of hypertension, symptoms of PTSD, and benign prostatic 
hypertrophy.  

•   Patients with sexual dysfunction have improvement in their symptoms 
with the use of PDE 5 inhibitors.  
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•   Tadalafi l is a PDE 5 inhibitor used to treat sexual dysfunction and has a 
long duration of action.  

•   Patients taking both α 1 -blockers and PDE 5 inhibitors are cautioned of the 
risks of orthostatic hypotension.  

•   Patients taking both α 1 -blockers and PDE 5 inhibitors may develop severe 
hypotension under anesthesia, during which sympathetic blockade may 
occur.  

•   Anesthesia providers should be aware of the potential risks of hypotension 
and should make preparations to minimize the impact/treat the symptoms 
of any observed hypotension.     

    Summary 

     Interaction:  pharmacodynamic (end-organ)  
   Substrates:  prazosin, tadalafi l, lidocaine  
   Mechanism/site of action:  α 1 -adrenergic blockade by prazosin and PDE 5-medi-

ated hypotension by tadalafi l in the presence of local anesthetic-induced 
sympathectomy  

   Clinical effects:  severe, refractory hypotension        
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         Case 

 A 20-year-old, 72 kg Caucasian man underwent uncomplicated living-related kid-
ney transplantation for end-stage renal disease caused by obstructive uropathy fol-
lowing a failed, primary kidney transplantation, due to chronic allograft nephropathy. 
The evening prior to surgery he received a 5 mg dose of tacrolimus, and he did not 
receive any the next morning 

 In the immediate postoperative period, adequate urine output was noted and main-
tenance immunosuppression was started with tacrolimus (5 mg BID), mycopheno-
late mofetil and prednisone. The patient was noted to be hypertensive. A nicardipine 
infusion at a rate of 1 mcg/kg/min was started and was quickly increased to 3 mcg/
kg/min for improved blood pressure control. He also received extended release nife-
dipine (60 mg orally) and oral labetalol overnight. On postoperative day 1, his initial 
tacrolimus trough level was 16.3 ng/mL (target range 12-18 ng/mL). He was main-
tained on the nicardipine infusion and oral extended release nifedipine. The tacroli-
mus dose was adjusted to 2.5 mg that evening and 4.0 mg the next morning. His 

    Abstract  
  This case discusses an interaction between tacrolimus and nicardipine. 
Tacrolimus is a cytochrome P450 3A4 substrate and nicardipine is a 3A4 
inhibitor. The interaction resulted in tacrolimus toxicity. The pharmacokinet-
ics of nicardipine are also discussed.  
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urine output decreased from 850 mL/h to 50 mL/h despite careful fl uid management 
and a stable creatinine of 1.7 mg/dL for 24 hours. 

 The nicardipine infusion was discontinued after 33 hours. The 12-hour tacrolimus 
trough level drawn on the morning of postoperative day 2 was markedly elevated at 
50 ng/mL and the trough level drawn that evening was severely elevated 84.8 ng/
mL. Tacrolimus was held until trough levels fell to 9.6 ng/mL on postoperative day 
5, at which time tacrolimus was reinstated at 2 mg twice daily. At this point, urine 
output had increased and creatinine had fallen to 1.5 mg/dL. Over the next 2 days 
tacrolimus dosing was increased to 6 mg twice daily to achieve trough levels 
around 10 ng/mL despite continued therapy with oral extended release nifedipine 
at 120 mg BID. 2   

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 The clinical scenario above is a good example of the potential for adverse drug reac-
tions among compounds with known cytochrome activity. In this case elevated 
plasma concentrations of tacrolimus, a known cytochrome P450 (CYP) 3A4 sub-
strate, were observed in the setting of coadministration with a 3A4 inhibitor 
(nicardipine). 

 Both nicardipine and tacrolimus have been shown to have dual roles as inhibitors 
and substrates for cytochrome activity. Nifedipine is also a substrate of 3A4, but it 
generally does not act as a competitive inhibitor of 3A4. Nicardipine is a dihydro-
pyridine calcium channel antagonist used to treat many cardiac conditions including 
hypertension. It has well-documented interactions with 3A4. 3  ,  6  Recent studies sug-
gest additional inhibition of CYP2B6, CYP2C9, and CYP2D6. 3  Tacrolimus, a cal-
cineurin inhibitor commonly used in the management of solid organ transplant, has 
demonstrated inhibitory effects on 3A4 and 3A5. however, the clinical signifi cance 
of this is questionable given this effect was only seen at concentrations above 1 
micromole. 1  ,  4  

 Several factors predispose the inhibition of the hepatic cytochrome system by nica-
rdipine, namely its amine functional group and ability to produce reactive metabo-
lites. 7  More studies are needed to investigate the potential for adverse drug 
interactions between nicardipine and other compounds. However, it is important to 
use caution when coadministering nicardipine with the following anesthetic drugs, 
which are known P450 substrates: benzodiazepines, propofol, and certain narcotics 
(hydrocodone, oxycodone, codeine). 5   

Cardiovascular Medications



571

    Take-Home Points 

•     Tacrolimus is metabolized mainly by CYP3A4.  

•   Nicardipine is a potent inhibitor of CYP3A4 and has milder inhibitory 
effects on CYP2B, CYP2C9, and CYP2D6.  

•   Vigilance in the form of therapeutic drug monitoring is very important 
when coadministering cytochrome substrates with signifi cant metabolic 
inhibitors.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  tacrolimus  
   Enzyme:  CYP3A4  
   Inhibitor:  nicardipine  
   Clinical effects:  tacrolimus toxicity        
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         Case 

 Harry was a 55-year-old physically active construction worker who enjoyed rela-
tively good health except for hypertension and recurrent sinus infections. He woke 
up one morning with a sensation of pain and pressure over his right maxilla and 
green purulent drainage from his right nostril. He went to an urgent care center 
where he was diagnosed with a sinus infection and prescribed a 7-day course of 
extended-release clarithromycin. After 3 days he felt lightheaded upon waking. He 
fainted at work and was taken to the emergency room of the community hospital 
where he was found to be bradycardic and hypotensive. He was admitted to the 
intensive care unit (ICU), resuscitated with intravenous fl uids, and placed on a 
dopamine infusion to support his hemodynamics. 
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 Fortunately for the patient, the intensivist had very recently trained at an academic 
center with a robust didactic program on drug–drug interactions (DDIs). The ICU 
physician also had taken the time during training to discuss with the SICU pharma-
cologist the importance of reviewing the medication list for DDIs at the time of 
admission. Thus, our well-trained young ICU doctor was not surprised to discover 
on review of Harry’s medications that he was on extended release nifedipine to treat 
hypertension and he immediately recognized a signifi cant DDI with clarithromycin. 
He was administered intravenous calcium chloride which resulted in normalization 
of his hemodynamic instability. The clarithromycin was discontinued and Harry 
made a full recovery.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Nifedipine is a dihydropyridine calcium channel antagonist that is commonly used 
to treat cardiovascular disorders including hypertension. Nifedipine undergoes 
extensive oxidative biotransformation in the hepatic microsomes into pharmaco-
logically inactive metabolites. 1  The cytochrome P450 (CYP) 3A subfamily (ie, 
CYP3A4, 3A5, and 3A7) all have a role in oxidative metabolism with CYP3A4 
providing the greatest contribution to nifedipine clearance. 2  Although oral nifedip-
ine is well absorbed, due to extensive fi rst pass-metabolism the oral bioavailability 
of nifedipine is approximately 50%. 1  In addition to hepatic metabolism, intestinal 
CYP3A4 may contribute to the fi rst pass-metabolism of nifedipine, however studies 
are mixed as to the degree. 3  Other commonly used calcium channel blockers both 
dihydropyridine (eg, amlodipine) and non-dihydropyridine (diltiazem and vera-
pamil) are also substrates of the 3A subfamily. 4  

 Clarithromycin is a macrolide antibiotic used to treat upper respiratory infections 
that is metabolized by the cytochrome P450 3A subfamily and primarily by 
CYP3A4. 2  ,  5  Clarithromycin is also a potent inhibitor of CYP3A, and it has been 
shown to inhibit metabolism of nifedipine in both in vitro and in situ animal mod-
els. 5  ,  6  Clinically relevant inhibition of metabolism caused by clarithromycin is 
known to occur with many CYP3A substrates. 4  ,  5  Additionally, the combination of 
nifedipine and clarithromycin has been reported to result in hypotension and cardiac 
instability, which are signs of calcium channel antagonist overdose. 6  ,  7   

    Take-Home Points 

    1.    Nifedipine and other calcium channel blockers are extensively metabo-
lized by CYP3A4.   
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  2.    Clarithromycin is also metabolized by CYP3A4, but also inhibits its activ-
ity that can affect the pharmacokinetics of other drugs dependent on 
CYP3A4 metabolism.   

  3.    Inhibition of CYP3A4 can result in increased plasma levels of nifedipine 
and lead to nifedipine toxicity.   

  4.    Drugs undergoing a large fi rst-pass metabolism may result in serious 
adverse drug reactions following inhibition of their metabolism.   

  5.    Knowledge of and surveillance for DDIs should begin in training. The ICU 
pharmacologists are there to help!      

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  nifedipine  
   Enzyme:  CYP3A4  
   Inhibitor:  clarithromycin  
   Clinical effects:  prolonged and enhanced effect of nicardipine leading to hypotension        
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    Abstract 
 This case discusses a drug–gene interaction involving and ultraslow metabo-
lism of metoprolol by a cytochrome P450 (CYP) 2D6 allele, leading to exces-
sive bradycardia in the clinical setting of a high dermatomal level of spinal 
anesthetic.  

         Case 

 A 72-year-old man with a history of hypertension, diabetes mellitus, and coronary 
artery presented to the operating room for a right total-knee arthroplasty. Two weeks 
before surgery, his primary care physician initiated therapy with metoprolol (25 mg 
orally BID) to reduce the risk for perioperative myocardial ischemia. 

 In the preoperative holding area, the anesthesiologist noted that the patient had a heart 
rate of 45 beats per minute (bpm). However, the patient was normotensive and denied 
symptoms of orthostatic hypotension. Because the patient’s previous total knee 
arthroplasty under spinal anesthesia had gone well, spinal anesthesia was planned for 
this procedure as well. After a one liter fl uid bolus an uncomplicated spinal anesthe-
sia of bupivacaine (15 mg) and preservative-free morphine (0.5 mg) was given. 

 Ten minutes later, the patient complained of feeling light-headed and had moderate 
hypotension that resolved with phenylephrine (100 mcg). However, over the next 20 
minutes, the patient’s heart rate gradually declined to 30 bpm, he vomited and lost 
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consciousness. Asystole was observed on the cardiac monitor. Appropriate resuscia-
tion was administered including intubation, chest compressions, and intravenous epi-
nephrine (1 mg). His heart rate returned to sinus tachycardia, followed by normal sinus 
rhythm, and he became normotensive. The case was cancelled and the patient was 
transferred to the ICU, where he was extubated and had no further adverse sequelae. 

 The cardiology service was consulted. During the interview with the cardiologist, 
the patient reported that several years ago he had a very slow heart rate when he 
tried metoprolol therapy, which had been discontinued at that time. Following this 
consultation, the current metoprolol therapy was discontinued. After a night on the 
telemetry ward, the patient was discharged home. Two weeks later he returned and 
underwent total knee arthroplasty under spinal anesthetic without incident.  

    Discussion 

  This is an example of a drug–gene interaction.  

 Metoprolol is a lipophilic, β 1 -selective adrenergic receptor antagonist regularly 
used in the management of cardiovascular diseases. It undergoes 50% metabolism 
on fi rst pass through the liver, during which cytochrome P450 (CYP) 2D6 
is the major enzyme, to the inactive metabolites α-hydroxymetoprolol and 
 O -demethylmetoprolol. 1  –  3  A small percentage (<10%) of metoprolol is excreted 
unchanged in the urine. 

 The  CYP2D6  gene is polymorphic with approximately 80 alleles and allele variants. 
Five specifi c phenotypes of CYP2D6 have been identifi ed and have varying abilities 
to metabolize medications: ultrarapid metabolizers, extensive metabolizers, exten-
sive metabolizers with reduced activity, intermediate metabolizers, and poor metab-
olizers. Individuals with poor 2D6 metabolism have two nonfunctioning alleles. 
Approximately 7% to 10% of the caucasian population has the poor 2D6 metabo-
lizer phenotype. 4  In persons with poor 2D6 metabolism, the elimination half-life of 
metoprolol is increased from 2.8 hours to 7.5 hours compared with patients who 
have extensive 2D6 metabolism. 1  

 In a prospective double-blind study, Rau et al showed that study participants who 
were poor CYP2D6 metabolizers had metoprolol plasma concentrations 4.9-fold 
greater than participants who did not have poor metabolism (Fig.  127.1 ). 5  This dif-
ference resulted in a more marked reduction in heart rate and blood pressure.  

 In the present case, the patient most probably had poor 2D6 metabolism, as evidenced 
by his bradycardic response to a modest dose of metoprolol, as well as his previous 
history of intolerance to metoprolol. Even though he tolerated this medication 
 preoperatively, the β-adrenergic antagonism produced through the metoprolol ther-
apy inhibited a normal cardiac response to the vasodilatation from the spinal  anesthetic 
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and he became hypotensive. When the nurse anesthetist placed the patient in 
Trendelenburg position in response to hypotension, the bupivacaine was allowed to 
spread cephalad, where it inhibited the cardiac acceleration fi bers (T1-4). The combi-
nation of profound β-adrenergic antagonism and high spinal anesthetic resulted in the 
development of asystole.  

    Take-Home Points 

•     Metoprolol is metabolized in the liver by CYP2D6.  

•    The  CYP2D6  gene has many alleles and fi ve specifi c phenotypes that affect 
medication metabolism. One of these phenotypes is termed  poor metabo-
lizer  and makes up a considerable proportion (7%-10%) of the caucasian 
population.  

•    Persons with poor CYP2D6 metabolism have an increased plasma concen-
tration of metoprolol compared with other phenotypes, and consequently 
they are more likely to have an increased clinical response.  

a b

  Fig. 127.1    Effect of the  CYP2D6  genotype on metoprolol-evoked heart rate reduction. A, Change 
in heart rate from baseline at study time points according to  CYP2D6  genotype. Heart rate changes 
were more pronounced in persons with poor CYP2D6 metabolism (PMs) than persons without the 
poor metabolism (non-PMs). B, Kaplan-Meier analysis of the time elapsed between the start of 
metoprolol treatment and the fi rst occurrence of a heart rate less than 60 bpm (as determined by 
electrocardiogram). bpm indicates beats per minute. Error bars represent the standard error of the 
mean [Adapted from Rau T, Wuttke H, Michels LM et al. Impact of the CYP2D6 genotype on the 
clinical effects of metoprolol: a prospective longitudinal study.  Clin Pharmacol Ther.  2009;85: 
269–272. With permission from Nature Publishing Group.]       
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•    When bupivacaine in a dextrose solution is used for spinal anesthetic, the 
anesthesia provider must be aware that changes in patient position affect 
the spread of the local anesthetic. In such circumstances, Trendelenburg 
position results in a more cephalad spread and increases the possibility of 
a high spinal response.     

    Summary 

     Interaction:  pharmacogenomic (drug–gene)  
   Substrate:  metoprolol  
   Enzyme:  CYP2D6  
   Polymorphism:  poor CYP2D6 metabolizer  
   Clinical Effect:  poor metabolism of metoprolol causing bradycardia further com-

plicating a high dermatomal level of spinal anesthetic        
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    Abstract 
 This case discusses the pharmacokinetic interaction between metoprolol 
and diphenhydramine. Metoprolol is a cytochrome P450 2D6 substrate. 
Diphenhydramine is a 2D6 inhibitor. Coadministration results in metoprolol 
toxicity.  

         Case 

 A 55-year-old woman presented for a right breast mastectomy for breast cancer. 
Three days earlier she had an open breast biopsy under general anesthesia in a small 
rural medical center. She had a history of hypertension for which she was taking 
metoprolol (50 mg BID). After fi nding out the results of her biopsy and that she 
needed to undergo radical mastectomy with possible axillary lymph node dissec-
tion, she decided to have the procedure done in a larger medical center. Her husband 
reported that the patient’s elderly mother used Tylenol PM® (acetaminophen 500 mg 
and diphenhydramine 25 mg) for joint pain and as a mild soporifi c and the patient 
had been taking three of her mother’s Tylenol PM capsules per day to alleviate pain 
from the breast biopsy site and get some sleep. The patient had even been able to 
sleep a little bit during the day when she felt drowsy. 

 In the preoperative holding area, the patient reported feeling lightheaded and fatigued 
and appeared tired. Her heart rate was 30 beats per minute (bpm) and blood pressure 
was 85/50 mm Hg. The electrocardiogram (ECG) showed sinus bradycardia. 
Although the patient insisted that she had not changed her regimen for taking meto-
prolol lately, the anesthesiologist was concerned that her hemodynamic parameters 
were indicative of excessive ß-receptor blockade with metoprolol. Her husband had 
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her medical records from her local hospital with him that revealed that during the 
biopsy procedure the patient’s heart rates was 55 bpm and her blood pressure was 
125/85 mm Hg. The mastectomy was canceled and she was admitted to a monitored 
care ward overnight where she was treated with glycopyrrolate and ephedrine, and 
the regular evening dose of metoprolol was withheld. Over the next 12 hours, her 
heart rate and blood pressure increased and she felt better subjectively. She under-
went the planned surgical procedure the following day.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 More specifi cally, this is an example of metoprolol toxicity associated with con-
comitant use of diphenhydramine. 

 Metoprolol blocks β 1 -adrenergic receptors and is commonly used in the treatment of 
hypertension, angina, and congestive heart failure. It is metabolized via the cyto-
chrome P450 2D6 enzyme (CYP2D6), which is responsible for approximately 25% 
of all biotransformation by cytochromes, including antidepressants, antipsychotics, 
antiemetics, codeine, dextromethorphan, H 1 -antihistamines, and some cardiac drugs. 
With respect to CYP2D6, individuals can be described as poor metabolizers, with no 
active copies of the  CYP2D6  allele, extensive metabolizers, with at least one active 
copy of the allele, or ultra-rapid metabolizers, with three or more copies of the allele. 
Extensive metabolizers metabolize drugs normally, while poor metabolizers and 
ultra-rapid metabolizers have decreased and increased metabolism, respectively. 

 Diphenhydramine, an over-the-counter H 1 -antihistamine drug, is metabolized pri-
marily by CYP2D6 and has also been shown to inhibit the 2D6 enzyme in a concen-
tration-dependent fashion. 1  Concurrent diphenhydramine administration can slow 
metoprolol metabolism, increase serum metoprolol levels and therefore potentiate 
negative chronotropic activity. 2  The pharmacokinetics and pharmacodynamics of 
metoprolol and its interaction with diphenhydramine were examined in a random-
ized, double-blind, crossover, placebo-controlled manner in healthy, premenopausal 
extensive and poor metabolizers. 2  Diphenhydramine coadmininstration in extensive 
metabolizers caused a 2.2- to 3.2-fold decrease in total clearance of metoprolol 
enantiomers with a resulting 21% increase in area under the effect curve (AUEC) 
and shifted the pharmacokinetic profi le of extensive metabolizers towards that of 
poor metabolizers. 2  The maximum concentration of metoprolol achieved (C max ) in 
extensive metabolizers was increased by 30% after administration of diphenhydr-
amine and the area under the concentration versus time curve (AUC) was increased 
two-fold. However, diphenhydramine did not alter the disposition of metoprolol or 
α-hydroxymetoprolol in women that were poor metabolizers beyond the effects 
resulting from their genetic constellation (Fig.  128.1 ).  
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 Women are particularly vulnerable to this effect and have been shown to have a 
greater decrease in heart rate when diphenhydramine is administered with metopro-
lol. 2  ,  3  When our patient repeatedly took Tylenol PM® at home to treat her pain (acet-
aminophen) and insomnia (diphenhydramine) she induced an alteration in 
metoprolol pharmacokinetics and pharmacodynamics by diphenhydramine, leading 
to an increase in serum metoprolol concentrations, resulting in bradycardia and 
hypotension.  

    Take-Home Points 

•     Over-the-counter diphenhydramine and the other H 1 -antihistamines are 
metabolized by CYP2D6 and also can inhibit this enzyme.  

•   Individuals who are CYP2D6 extensive metabolizers (90% of population) 
may have increased side effects or toxicity from other medications metab-
olized via the CYP2D6 enzyme during coadministration.  

  Fig. 128.1    Pharmacokinetic profi le of racemic metoprolol in 16 extensive and 4 poor metabolizer 
women after the administration of a single oral dose of 100 mg of metoprolol tartrate with or with-
out concomitant administration of diphenhydramine or placebo to steady state. Results presented 
as mean ± SD, MET, metoprolol; PCB, placebo; DPH, diphenhydramine [Reprinted from Sharma 
A, Pibarot P, Pilote S et al. Modulation of metoprolol pharmacokinetics and hemodynamics by 
diphenhydramine coadministration during exercise testing in healthy premenopausal women.  J 
Pharmacol Exp Ther . 2005;313:1172–81. With permission from American Society for 
Pharmacology and Experimental Therapeutics]       
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•   Metoprolol is a frequently prescribed cardiac medication and its metabo-
lism is predominantly mediated by the CYP2D6 system, the same system 
that can be inhibited by diphenhydramine. This effect is more prominent in 
women. Therefore, caution is required when diphenhydramine is repeat-
edly administered to patients receiving metoprolol therapy.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  metoprolol  
   Enzyme:  CYP2D6  
   Inhibitor:  diphenhydramine  
   Clinical effects:  bradycardia and hypotension due to metoprolol toxicity        
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    Abstract 
 This case discusses a pharmacokinetic interaction between selegiline and 
ephedrine-induced norepinephrine resulting in hypertension.  

         Case 

 A 54-year-old morbidly obese man was scheduled for gastric bypass surgery. He 
had a history of type 2 diabetes treated with rosiglitazone, depression treated with 
selegiline (12-mg transdermal patch daily), and obstructive sleep apnea managed 
with nightly continuous positive airway pressure. The patient took no medications 
for hypertension. 

 After an uneventful induction and intubation, the resident tried to place a radial 
artery catheter while the attending placed a second intravenous line. The resident 
had not placed many arterial lines and tried for several minutes without success. At 
this point, the resident reported that she no longer felt a strong pulse. The patient’s 
noninvasive blood pressure was 70/35 mm Hg, and ephedrine (10 mg) was admin-
istered. The subsequent blood pressure was 81/45 mm Hg, and again ephedrine 
(20 mg) was administered. Two minutes later, the resident reported detecting an 
improved radial pulse, and she successfully cannulated the artery. After the arterial 
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line was transduced, the resident and the consultant were surprised to see a blood 
pressure of 210/100 mm Hg and a heart rate of 140 beats per minute. 

 After treating with labetalol, the anesthesia team discussed whether the patient 
could have an undiagnosed pheochromocytoma and recommended that the case be 
postponed. The patient’s blood pressure stabilized at 140/75 mm Hg and heart rate 
at 90 beats per minute in the recovery room, and he was sent to the step-down unit. 
Work-up results for a pheochromocytoma were negative. The next day, the operat-
ing room pharmacist mentioned to the resident that the patient was taking selegiline 
for depression and suggested that the excessive hypertension after ephedrine was 
administered in the operating room would be a good topic for the residents’ confer-
ence that week.  

    Discussion 

  This is an example of a pharmacodynamic drug–drug interaction.  

 More specifi cally, this is an example of a pharmacodynamic interaction of a mono-
amine oxidase inhibitor (selegiline) interfering with the metabolism of norepineph-
rine, released because of ephedrine administration. 

 Selegiline is a monoamine oxidase B (MAO-B) inhibitor used to treat Parkinson’s 
disease and depression. It binds irreversibly to inhibit the enzyme responsible for 
dopamine metabolism, through which it treats Parkinson’s disease. Although selegi-
line is considered to selectively inhibit MAO-B enzyme, there is evidence that it 
also inhibits monoamine oxidase A (MAO-A), particularly at higher dosages. 1  ,  2  
MAO-A metabolizes norepinephrine and serotonin, along with dopamine. Inhibition 
of MAO-A may lead to serotonin syndrome because of inhibition of serotonin 
metabolism, as well as hypertension secondary to the inhibition of norepinephrine 
metabolism. 3  ,  4  

 Ephedrine is both an α- and β-agonist that also acts by triggering the release of nor-
epinephrine, increasing heart rate and blood pressure through action on α 1  and β 1  
receptors and making ephedrine a medication with direct-indirect sympathomimetic 
effects. This drug is frequently used by anesthesiologists to treat hypotension; how-
ever, it also may be used by individuals for its stimulant properties, such as a weight 
loss supplement. 

 The combination of ephedrine, a drug that increases the release of norepinephrine, 
with a drug that decreases norepinephrine metabolism through inhibition of the 
enzyme MAO-A, may lead to dangerously elevated heart rate and blood pressure. 
One case has been reported in which the patient presented with elevated blood pres-
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sure and was believed to have a pheochromocytoma. 5  On further investigation, it 
was noted that the patient had elevated levels of norepinephrine but not of epineph-
rine and had only slightly increased urinary vanillylmandelic acid concentrations. A 
computed tomographic scan of the adrenal glands showed normal results. The ele-
vated levels of norepinephrine were believed to be caused by interaction between 
selegiline, ephedrine, and a tricyclic antidepressant. 

 Investigators also have questioned the safety of common cold medications, such as 
pseudoephedrine and dextromethorphan, used by patients taking selegiline. 6  A recent 
study showed that the pharmacokinetics and pharmacodynamics of pseudoephedrine 
and phenylpropanolamine were not signifi cantly altered by administration of selegi-
line (6 mg/24 h) in a transdermal system. 7  Although the pharmacologic parameters 
of these sympathomimetics were not signifi cantly affected, the study investigators 
concluded that it was still prudent to avoid concomitant use of a selegiline transder-
mal system and sympathomimetics. Despite the fi ndings of that study, this conclu-
sion maintains clinical relevance. Since MAO-A inhibition caused by selegiline 
appears to be dose related, it may be likely that this interaction gains greater impor-
tance when an increased dose (eg, 9 mg or 12 mg/24 h) is administered.  

    Take-Home Points 

•     Selegiline is an MAO-B inhibitor used to treat Parkinson’s disease that 
also is used to treat depression.  

•   Selegiline has the potential to inhibit MAO-A, particularly when given in 
greater doses, and may reduce the metabolism of norepinephrine or sero-
tonin. Therefore, levels of norepinephrine and serotonin may be increased 
in patients taking selegiline.  

•   Ephedrine acts indirectly as a sympathomimetic by increasing the release 
of norepinephrine at the nerve terminals.  

•   Medications that impact norepinephrine and serotonin levels, such as 
ephedrine, should be used with caution in patients taking selegiline.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  selegilene and ephedrine  
   Enzyme:  monoamine oxidase B  
   Clinical Effect:  hypertension        
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         Case 

 A second-year anesthesia resident called her attending one night to discuss the 
 preoperative evaluations she had done for their patients having surgery the follow-
ing day. Chief among her concerns was a 68-year-old man scheduled for elective 
shoulder replacement surgery, who had reported a worrisome history of an intensive 
care unit (ICU) admission for “heart block” 3 months earlier. The patient reported 
that he had a history of hypertension, treated with verapamil (480 mg daily in 
divided doses) and had a bout of pneumonia at that time, but could give no other 
details. 

 The case was moved to the end of the day and the records were obtained from the 
outside hospital. These revealed that the patient been brought to that hospital after 
collapsing when arising from a chair. At that time, he was being treated with eryth-
romycin (500 mg/6 h) for pneumonia and had felt initial improvement before feel-
ing ill again. The electrocardiogram (ECG) from the emergency room of the 
previous hospital showed bradycardia with a heart rate of 35 beats per minute, third- 
degree atrioventricular conduction blockade, and a prolonged QTc interval. The 
patient had received atropine and a temporary venous pacemaker was placed. 

    Abstract  
  This case discusses a pharmacokinetic interaction between verapamil and 
erythromycin, leading to AV nodal blockade and prolongation of QTc inter-
val. Verapamil is a cytochrome P450 3A4 substrate and erythromycin is a 
3A4 inhibitor.  
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The anesthesia team noted that the ICU pharmacist at the outside hospital 
 recommended that patient’s usual dose of verapamil be held until discharge and that 
pneumonia treatment be changed to cefuroxime and azithromycin. 

 After reviewing these records, the anesthesia attending approved the case to proceed 
as scheduled and asked the resident to read up on the hepatic cytochrome P450 
(CYP) 3A4 enzyme.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 More specifi cally, this is an example of an inhibitor (erythromycin) added to a 
 substrate (verapamil), resulting in AV nodal blockade and prolongation of QTc 
interval. 

 Erythromycin is a commonly prescribed macrolide antibiotic that has been 
 associated with QT-interval prolongation and sudden cardiac death, especially when 
administered intravenously. 1  The mechanism by which erythromycin causes 
arrhythmias may be its inhibition of the delayed rectifi er potassium current at 
 clinical concentrations. 2  Additionally, erythromycin is metabolized by the cyto-
chrome P450 (CYP) 3A4 isozyme. 3  It also competitively and irreversibly inhibits 
CYP3A4. Erythromycin administration can reduce the metabolism of drugs that are 
also metabolized by 3A4, leading to increased levels of those drugs. 

 One study reviewed the risk for sudden cardiac death and found that the rate of 
 sudden cardiac death was twice as high for patients taking erythromycin as for those 
who did not take the medication. 4  Additionally, the rate of sudden cardiac death was 
more than fi ve times higher in patients who took erythromycin (considered now as 
a 3A4 substrate) and other, more potent, 3A4 inhibitors at the same time 
(Table  130.1 ). No increase in risk was found in patients who took amoxicillin or 
who had taken erythromycin in the past.

   Verapamil blocks L-type calcium channels, leading to both reduced contractility 
and conduction in cardiac muscle and, to a lesser degree, vascular smooth muscle 
relaxation. 5  Verapamil is metabolized by and inhibits CYP3A4. Coadministration of 
verapamil and other medications that inhibit 3A4, such as erythromycin, can result 
in elevated plasma levels of verapamil. Prolongation and complete blockade of 
atrioventricular conduction were reported in a patient prescribed erythromycin who 
also was taking verapamil. 6  
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 When using two or more medications that are meaningful competitive inhibitors 
(and therefore substrates) of the same enzyme, it is not necessarily determinable in 
advance which one will, by virtue of binding avidity for the metabolizing enzyme 
and hepatic concentrations, behave as the “inhibitor” in relation to the other drug as 
the “substrate.” Indeed, depending on the specifi c dosages involved, these relation-
ships can vary from individual to individual, and often the drugs reciprocally act as 
competitive inhibitors of each others metabolism, leading to elevations in the levels 
of both drugs. 

 Other medications have the potential to cause cardiac toxicity when coadministered 
with erythromycin. Coadministration of cisapride (a gastroprokinetic agent that is 
now available only in “compassionate use” protocols) and a macrolide antibiotic 
has been associated with electrocardiographic changes, including QT prolongation 
and torsades de pointes. However, the similar prokinetic agent mosapride has not 
been found to be associated with QT prolongation when administered with a mac-
rolide antibiotic. 7  Terfenadine is an antihistamine that was removed from the market 
because of QT prolongation and subsequent cardiac arrhythmias. When erythromy-
cin was used concurrently with terfenadine, the risk for QT prolongation and car-
diac arrhythmias was increased. 8   

   Table 130.1    Sudden Cardiac Death Among Patients Currently Taking Medications   

 Current Drug Use 
 Person-years, 
No. a  

 Deaths, 
No. 

 Incidence-Rate Ratio 
(95% CI) b  

 Use of CYP3A4 inhibitor 
   Erythromycin  194  3  5.35 (1.72-16.64) 
   Amoxicillin  254  0  NA 
   No antibiotic  36,518  116  0.93 (0.76-1.13) 
 No use of CYP3A4 inhibitor c  
   Erythromycin  4,874  7  1.79 (0.85-3.76) 
   Amoxicillin  6,304  8  1.48 (0.74-2.97) 
   No antibiotic  1,163,087  1,235  1.00 

  Abbreviations: CI, confi dence interval; NA, not applicable 
  a The total number of person-years with current use of erythromycin (5,304) differs from the total 
in the study (5,305) because of rounding 
  b Incidence-rate ratios were adjusted with Poisson regression for the following variables: calendar 
year; age, sex, and race; type of Medicaid enrollment; low frequency of outpatient medical encoun-
ters; score for the risk for cardiovascular disease; dose of antipsychotic and tricyclic antidepressant 
medications; and hospital admission or visit to the emergency department for noncardiovascular 
disease. Incidence-rate ratios and 95% CIs were calculated directly from the regression model 
  c Patients with no use of a CYP3A4 inhibitor and no antibiotic use were the reference group 
 [Adapted from Ray WA, Murray KT, Meredith S et al: Oral erythromycin and the risk of sudden 
death from cardiac causes. N Engl J Med 2004;351: 1089–1096. With permission from 
Massachusetts Medical Society]  
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    Take-Home Points 

•     Erythromycin is a CYP3A4 inhibitor and can cause increased levels of 
medications that are metabolized by CYP3A4.  

•   Erythromycin has been associated with increased risk for sudden cardiac 
death. When combined with other CYP3A4 inhibitors, such as verapamil, 
this risk is increased further.  

•   Coadministration of erythromycin and verapamil has been shown to cause 
cardiac toxicity.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  verapamil  
   Enzyme:  CYP3A4  
   Inhibitor:  erythromycin  
   Clinical effects:  AV node blockade and QTc interval prolongation        
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         Case 

 A 60-year-old man was involved in a car accident on a remote highway. He pre-
sented to the Emergency Room with multiple orthopedic injuries and a small sub-
dural hematoma. Medical information gathered by the emergency response team 
was limited to a history of hypertension treated with amlodipine and asthma man-
aged with theophylline. The trauma service elected to admit him to the intensive 
care unit (ICU) for close observation given the subdural hematoma. After exhibiting 
stable vital signs and neurologic examinations in the ICU, and he was transferred to 
the intermediate care unit and on day 6 of his hospital stay, he was taken to the 
operating room for defi nitive repair of his femur. Upon induction of general anes-
thesia, the patient became severely hypotensive and developed a supraventricular 
tachycardia. The anesthesiologist had diffi culty converting his heart rhythm with 
adenosine but was eventually successful with intravenous esmolol. In an effort to 
investigate the cause of these events, the anesthesiologist checked a theophylline 
level and found that it was signifi cantly elevated at 37 mcg/mL. After further discus-
sion with the patient’s wife, it was revealed that he smoked two packs of cigarettes 
per day for 30 years.  

    Abstract  
  This case discusses an interaction between smoked tobacco and theophylline. 
Theophylline is a cytochrome P450 1A2 substrate and smoked tobacco is a 
1A2 inducer. Cessation of smoking will cause reversal of induction.  
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    Discussion 

  This is an example of reversal of induction.  

 More specifi cally, it is an example of the reversal of an induction interaction between 
cigarette smoking and theophylline when a patient abruptly ceases smoking. 

 The patient above suffered from theophylline toxicity, resulting in an intraoperative 
episode of supraventricular tachycardia refractory to adenosine therapy. Theophylline 
is a methylxanthine that structurally resembles caffeine. Traditionally used to treat 
asthma and chronic obstructive pulmonary disease (COPD), it undergoes a predict-
able metabolism via the cytochrome P450 (CYP) 1A2 enzyme. Therapeutic levels 
in adults occur between 10 mcg/mL and 20 mcg/mL. While the drug is considered 
to be second-line due to a large side-effect profi le, it is still used for COPD treat-
ment regimes when cost is a signifi cant issue and is used in an IV form (aminophyl-
line) for acute bronchodilation in the ICU and pediatric settings. 

 It has been well documented that cigarette smoking induces the CYP1A2 enzyme, thus 
requiring higher substrate levels to achieve a desired therapeutic effect (although it is 
not pertinent to this clinical case, smoking tobacco products also induces CYP2E1). Lee 
et al found that theophylline clearance was increased by 58% to 100% with a corre-
sponding reduction in half-life for smokers vs. nonsmokers. 1  With abstinence from 
smoking for one week, they also observed a 37.6% decrease in clearance and a 35.8% 
increase in half-life. Faber and Fuhr also reported that CYP1A2 reductions after smok-
ing cessation were highest at 1 week. 2  While thousands of particulate and gaseous com-
pounds are present in tobacco smoke, it is thought that polycyclic aromatic hydrocarbons 
(PAHs) are responsible for the enzymatic induction. 3  ,  4  Thus, substituting a nicotine 
patch during abrupt smoking cessation will not ameliorate the reversal of induction. 

 This reversal of induction can be an especially signifi cant factor when dosing drugs 
with narrow therapeutic windows, such as theophylline. With abrupt smoking cessa-
tion, the induction mechanism is reversed, resulting in higher levels of the previously 
induced substrate present in the body. The result can be potential toxicity, as is the 
case for theophylline. Symptoms of acute theophylline toxicity include tachyarrhyth-
mias, nausea, vomiting, abdominal pain, electrolyte disturbances, and rarely seizures. 
Treatment of theophylline toxicity normally involves activated charcoal and support-
ive care measures. Esmolol is commonly successful for treatment of unstable SVT in 
theophylline overdose; the purinergic agonist adenosine was not helpful in the clini-
cal situation above. Theophylline is also a purine receptor antagonist, and thus high 
levels in the body may result in refractory response to adenosine therapy. 5  

 As demonstrated in this clinical vignette, documentation of patient smoking status can be 
of vital importance in the perioperative setting. This tenet applies to inpatient and outpa-
tient scenarios as well. Screening patients who smoke or have recently quit for whatever 
reason may be of vital importance in preventing potentially harmful drug interactions.  
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    Take-Home Points 

•     Smoking induces CYP1A2 enzymes, resulting in the need for higher drug 
levels to achieve the desired effect. This can complicate drug dosing regi-
mens, especially for those drugs that have narrow therapeutic windows.  

•   Conversely, abrupt smoking cessation (as short as 5 to 7 days) can reverse 
this enzymatic induction and lead to buildup of toxic drug levels.  

•   Theophylline is metabolized by via the CYP1A2 pathway and may pro-
duce dangerous toxic effects such as arrhythmia in cases of altered metab-
olism and decreased clearance.  

•   Polycyclic aromatic hydrocarbons produced in cigarette smoke are respon-
sible for its effects on CYP1A2; thus, nicotine patch substitution during 
periods of smoking cessation will not prevent the impending reversal of 
enzymatic induction and potential drug toxicity.  

•   Awareness of patients’ smoking status is crucial for achieving both safe 
and therapeutic drug-dosing regimens.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  theophylline  
   Enzyme:  CYP1A2  
   Inducer:  smoked tobacco        
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         Case 

 After a restful Saturday, the sleeping anesthesia resident on call received a page at 
2AM from the trauma team about a 37-year-old man who was being transported by 
helicopter to the trauma center. The patient, who was driving a truck across the 
country, had also unfortunately gone to sleep and crashed into another car earlier 
that evening. The patient was unconscious at the scene. He was extricated from the 
vehicle and intubated in the fi eld. 

 Upon arrival to the trauma bay, the patient was still unresponsive. His heart rate was 
120 beats per minute, blood pressure was 169/ 99 mm Hg, and respiratory rate was 
22 breaths per minute. Past medical history, as obtained by from a friend, was unre-
markable. The secondary trauma survey revealed a closed fracture of his left tibial 
plateau. A computed tomography scan of the brain showed a subdural hematoma 
with mild to moderate midline shift. Laboratory work was unremarkable except for 
a urine toxicology screen positive for cocaine and alcohol. 

    Abstract  
  The case discusses the pharmacodynamics interaction between ß- blockers 
and cocaine. ß-blockade of cocaine-induced tachycardia can lead to unop-
posed action at the α-receptor and myocardial ischemia.  

    132    The Wakeup Call: 2AM 
Trauma 
 β-blockers, cocaine                     

       Devin     C.     Tang   MD      and     Nabil     M.     Elkassabany   MD   

        D.  C.   Tang   MD      (*) 
  MedStar Harbor Hospital ,   Baltimore ,  MD ,  USA   
 e-mail: devintang@hotmail.com   

    N.  M.   Elkassabany   MD    
  Section of Orthopedic Anesthesiology, Department of Anesthesiology and Critical Care , 
 University of Pennsylvania ,   Wayne ,  PA ,  USA    

mailto:devintang@hotmail.com


598

 The patient was taken emergently to the operating room for evacuation of the sub-
dural hematoma. As the case proceeded the patient remained hypertensive (blood 
pressure 185/107 mm Hg) and tachycardic in spite of an adequate depth of anesthe-
sia. He was then given metoprolol (5 mg in 1 mg increments). There was minimal 
change in blood pressure, however, his heart rate slowed in response to the ß-blocker 
therapy. Unfortunately, ST segment elevation of more than 2 mm from the baseline 
was noted on the monitor. Intravenous nitroglycerine was used to decrease the blood 
pressure and help with the new onset myocardial ischemia with limited response. 
Postoperatively, serial cardiac enzymes were positive, and a 12-lead electrocardio-
gram (ECG) showed ST elevations in anterolateral leads. The diagnosis of myocar-
dial ischemia was confi rmed by the cardiology service.  

    Discussion 

  This is an example of a complex pharmacodynamic interaction.  

 This case is an example of an intraoperative pharmacodynamic interaction between 
cocaine and ß-blockers. The mechanism of cocaine induced myocardial ischemia 
can be attributed to the exaggerated sympathetic response associated with cocaine 
abuse. 1  Cocaine blocks the reuptake of norepinephrine and dopamine at the presyn-
aptic adrenergic terminals, causing an accumulation of catecholamines at the post-
synaptic receptor. 2  The resulting sympathomimetic response leads to an increase in 
heart rate, blood pressure, and contractility. These effects are augmented by alcohol 
and cigarette smoking. 3  The direct effect on the coronary vessels results in coronary 
artery vasospasm. 4   

 In addition, there is evidence that cocaine activates platelets, increases platelet 
aggregation, and promotes thrombus formation. 5  The use of ß-blockers for treat-
ment of cocaine induced myocardial ischemia may leave the sympathetic effect 
mediated through the α-receptors unopposed which can exacerbate coronary artery 
vasoconstriction. Lang et al. demonstrated, in the cardiac catheterization lab, a 
decrease in coronary sinus blood fl ow and an increase in coronary vascular resis-
tance with cocaine administration. Subsequent administration of propranolol caused 
a further decrease in coronary sinus blood fl ow and increase in coronary vascular 
resistance. 6   

 Esmolol has been used in the treatment of cocaine induced myocardial ischemia 
with some success in few case reports. The short half- life of esmolol and the ability 
to titrate the infusion rate against a target heart rate and possibly changes in ST seg-
ments were the principal reasons for the reported success with esmolol. 7  Labetolol 
has been shown to decrease the mean arterial pressure in the setting of cocaine use, 
but it does not reverse the effect of cocaine- induced vasoconstriction. 8  Moreover, in 
animal models, labetolol has been shown to increase risk of seizure and death in the 
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setting of cocaine toxicity. 9  The current statement from the American Heart 
Association (AHA) states that ß-blockers with some alpha adrenergic blocking 
effect do not offer any advantage over traditional ß-blockers in the treatment of 
myocardial ischemia in the setting of acute cocaine toxicity. The results of a recent 
study by Dattilo and colleagues challenged these concepts. 10  The authors concluded 
that ß-blockers may reduce the risk for myocardial infarction after cocaine use. 
They also conclude that the benefi t of ß-blockers on myocardial function may offset 
the risk for coronary artery spasm. 

 The current AHA recommendation for treatment of chest pain and myocardial 
infarction associated with acute cocaine toxicity is to use nitroglycerin and aspirin 
as a fi rst-line therapy. 11  ß-blockers should not be used for that purpose. The anesthe-
siologist should keep these considerations in mind when administering ß- blockers 
to patients positive for cocaine and individualize treatment by weighing risks and 
benefi ts of ß-blockade for patients at higher risk for cardiac complications.  

    Take-Home Points 

•     ß-blockers are 1st line treatment intraoperatively for elevated blood pres-
sure with or without tachycardia. However, in the setting of cocaine use, a 
vasodilator, such as nitroglycerin might be a better choice.  

•   Treatment should be tailored to each individual while weighing the risks 
and benefi ts of ß-blockade for higher risk cardiac patients vs the potential 
for worsening of myocardial ischemia.     

    Summary 

     Interaction:  pharmacodynamic (complex)  
   Substrates:  cocaine and metoprolol  
   Mechanism/sites of action:  ß-blockade combined with unopposed α agonism of 

coronary artery receptors  
   Clinical effects:  coronary artery vasoconstriction and myocardial ischemia        
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         Case 

 The anesthesiologist covering the postanesthesia care unit (PACU) was paged STAT 
after a post-spinal patient suffered near-syncope and a fall. He was a 63-year-old 
man who had undergone a urological procedure under uneventful subarachnoid 
block (SAB) that afternoon. The PACU nurse had assessed that the block resolved 
and then assisted the patient to standing, on which he complained of lightheaded-
ness and fell to his knees. The anesthesiologist found that the patient’s blood pres-
sure had been 96/50 mm Hg on arrival to PACU, for which he had received 500 mL 
of normal saline. While in the supine position the patient had been without com-
plaint. The anesthesiologist agreed that the SAB had completely resolved with no 
motor or sensory defi cits and after an additional hour’s wait, returned to PACU to 
help the nurse assist the patient to the standing position. On rising, the patient stated 
“I don’t feel so good,” and started to fall again. Fortunately, the fall was prevented. 

 A chart review showed that 8 weeks before surgery, the patient visited his primary 
care physician (PCP) for urinary obstruction and sleep problems. That physician 
correctly documented the patient’s history of hypertension, which had been well 

    Abstract  
  This case discusses the pharmacokinetic interaction between nifedipine and 
fl uoxetine. Nifedipine is a cytochrome P450 3A4 substrate and fl uoxetine is a 
3A4 inhibitor.  
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controlled for years with nifedipine, his only medication, and he also diagnosed 
depression, initiating treatment with fl uoxetine. The PCP also referred the patient to 
a urologist. On further interviewing, the patient reported that although he had not 
fallen prior to surgery, he had noticed that it had become necessary to rise slowly to 
avoid lightheadedness in the past 4 weeks. 

 The blood pressure was checked in the supine and standing positions, and the patient 
experienced a symptomatic change from 105/62 mm Hg to 83/49 mm Hg. The anes-
thesiologist informed the surgeon that his patient required admission due to the 
near-syncopal episode and orthostatic hypotension. He recommended that the 
patient’s nifedipine be held and contacted the patient’s PCP to discuss his fi ndings.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Fluoxetine is a widely used selective serotonin reuptake inhibitor (SSRI). It is 
approved for use in the treatment of adult and pediatric major depressive and 
obsessive- compulsive disorder, eating disorders, panic disorders and premenstrual 
dysphoric disorder. 

 Fluoxetine, through its metabolite norfl uoxetine, is a cytochrome P450 (CYP) 3A4 
inhibitor. 1  –  3  Nifedipine is a 3A4 substrate. Orthostatic hypotension attributed to 
drug–drug interaction (DDI) with fl uoxetine has been reported. 4  The administration 
of fl uoxetine to this patient inhibited nifedipine metabolism through inhibition of 
3A4 activity. Decreased metabolism resulted in an increased plasma level of nife-
dipine. These elevated nifedipine levels resulted in orthostatic hypotension, near 
syncope, and the two falls. Coadministration of several dihydropyridine calcium 
channel blockers (such as felodipine, nicardipine, and nimodipine), has been associ-
ated with clinically signifi cant DDIs due to elevations in calcium channel blocker 
blood levels. 5  –  7  

 This case demonstrates the importance of looking for possible DDIs in the preop-
erative evaluation. Such an evaluation may have identifi ed the patient’s complaint of 
light-headedness, tied that fi nding to a nifedipine-fl uoxetine interaction, and led to 
a delay in this elective case to allow for either replacing nifedipine with an alterna-
tive agent not affected by 3A4 inhibition, or signifi cantly reducing the nifedipine 
dose. Alternatively, the consultant anesthesiologist might have chosen an alternative 
anesthetic plan which carried less risk for perioperative hypotension than the SAB. 

 CYP 3A4 is a common site of DDIs that have specifi c implications for anesthesia 
care. 8   
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    Take-Home Points 

•     Fluoxetine is a commonly administered SSRI antidepressant with a host of 
other approved applications  

•   Fluoxetine can signifi cantly inhibit the cytochrome P450 3A4 metabolic 
pathway. Because it is approved for the number of conditions, it is impor-
tant for practitioners to recognize it on medication lists.  

•   Drugs dependent on CYP3A4 for metabolism may have markedly elevated 
plasma levels when 3A4 has been inhibited.  

•   Hypertensive patients on dihydropyridine calcium channel blockers such 
as nifedipine who are also receiving fl uoxetine may benefi t from preopera-
tive screening for orthostatic hypotension.  

•   Anesthetic evaluation should consider the possibility of this common DDI 
in depressed, hypertensive patients. The anesthetic plan may require alter-
ation to minimize the impact of this DDI.  

•   CYP3A4 inhibition also impairs the metabolism of other drugs commonly 
used by anesthesiologists, such as certain benzodiazapines (diazepam and 
midazolam, but not lorazepam) and opioids (fentanyl, alfentanil, and 
methadone).     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  nifedipine  
   Enzyme:  CYP3A4  
   Inhibitor:  fl uoxetine  
   Clinical effect:  exaggerated antihypertensive effect; orthostatic hypertension        
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         Case 

 A 63-year-old man presented for angiography of the coronary arteries. He had 
chronic hypertension, hypercholesterolemia, and a 15-year history of mild angina. 
His medications were diltiazem, atenolol, atorvastatin calcium, and nitroglycerin 
sublingually as needed. His episodes of angina were rare, occurred mostly during 
exercise, and were responsive to sublingual nitroglycerin. However, he recently had 
suffered several anginal episodes at rest, so his cardiologist decided to perform a 
diagnostic coronary angiogram. The anesthesia team was asked to cover the case 
and provide sedation if necessary. 

 On the morning of the angiogram, the patient felt well and denied chest pain, 
nausea, or palpitations. He took his medications as prescribed, and his blood 
pressure was 110/70 mm Hg. After the coronary artery was cannulated, the patient 
began to report chest pain and nausea. His blood pressure was 115/75 mm Hg. 

    Abstract  
  This case discusses both a pharmacokinetic and a pharmacodynamic interac-
tion between sildenafi l and diltiazem. Sildenafi l is a cytochrome P450 3A4 
substrate. Diltiazem is a 3A4 inhibitor. In addition, the coadministration of 
sildenafi l and diltiazem can result in severe hypotension.  
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The electrocardiogram monitor showed normal sinus rhythm but with ST-segment 
depression. The anesthesiologist administered sublingual nitroglycerin, after 
which the chest pain and nausea resolved and the ST segments normalized. 

 However, shortly afterward, the patient’s blood pressure acutely declined to 
60/40 mm Hg and he reported lightheadedness and chest pain again. The anesthesi-
ologist administered phenylephrine. The patient’s blood pressure increased to 
95/70 mm Hg, and he reported that the chest pain had subsided and he was comfort-
able. The angiogram was completed without further complications. Afterwards, it 
was determined that the patient had taken an unprescribed 50-mg dose of sildenafi l 
the night before the procedure.  

    Discussion 

  This is an example of the coadministration of a substrate and an inhibitor. It is 
also an example of pharmacodynamic potentiation.  

 More specifi cally, this case involves inhibition of the cytochrome P450 (CYP) 
3A4-mediated metabolism of sildenafi l and potentiation of nitric oxide–mediated 
vasodilatation by both sildenafi l and nitroglycerin. 

 Diltiazem is an inhibitor of calcium ion infl ux during membrane depolarization of 
cardiac and vascular smooth muscle. Diltiazem is indicated for management of 
chronic stable angina and angina due to coronary artery spasm. Its antianginal 
actions are due to dilatation of coronary arteries, as well as reduction of myocardial 
oxygen demand. This reduction is accomplished through decreases in heart rate and 
systemic blood pressure. Diltiazem undergoes extensive hepatic biotransformation 
through  N -demethylation by CYP3A4, and it is also a clinically signifi cant competi-
tive inhibitor of this isozyme. 1  

 Sildenafi l enhances the effect of nitric oxide by inhibiting phosphodiesterase type 
5 in both the corpus cavernosum of the penis and the smooth muscles of the pulmo-
nary vasculature. Nitric oxide increases cyclic guanosine monophosphate in the 
smooth muscle cells of the vasculature, resulting in vasodilatation. Phosphodiesterase 
type 5 contributes to the breakdown of cyclic guanosine monophosphate, thereby 
terminating the effects of nitric oxide. Thus, its inhibition results in vasodilation and 
increased infl ow of blood to the corpus cavernosum. Sildenafi l undergoes hepatic 
metabolism, mainly by CYP3A4. The duration of action is up to 4 hours. Hepatic 
and renal function impairment, as well as advanced age, may be associated with 
increased sildenafi l plasma level. 1  ,  2  
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 Because diltiazem slows the metabolism of sildenafi l through inhibition of CYP3A4, 
coadministration of these drugs elevates the plasma concentrations of sildenafi l and 
increases the risk of hypotension. 1  ,  2  In addition, precaution is suggested in the pres-
ence of other potent CYP3A inhibitors, such as the azole antifungals, antiretroviral 
protease inhibitors, or macrolide antibiotics (except azithromycin) (Table  134.1 ). 2  
However, a large study showed that sildenafi l can be well tolerated by patients tak-
ing one or more antihypertensives, although an initial dose of 25 mg should be 
considered. 3 

   Sildenafi l use is contraindicated in patients taking organic nitrates because of a high 
risk of marked vasodilation when the drugs are used together. Sildenafi l substan-
tially enhances the relaxant effects of a vasodilator with a nitric oxide donor prop-
erty (ie, isosorbide dinitrate, sodium nitroprusside, nicorandil, and nipradilol). 
Recent studies show that in men with angina, there is an interaction between silde-
nafi l and nitroglycerin which reduces blood pressure for 8 hours or longer after 
sildenafi l administration (Fig.  134.1 ). 4  ,  5  These observations have been made in the 
absence of CYP3A4 inhibition. 4  ,  5  There has been a report of profound hypotension 
in a man on diltiazem therapy for stable angina who used sildenafi l and was later 
administered nitrates for angina. 6   

 In the this case, diltiazem inhibited the function of CYP3A4, resulting in inhibition 
of sildenafi l metabolism and high plasma sildenafi l levels. The increased plasma 
levels of sildenafi l resulted in profound hypotension after administration of nitro-
glycerin, which potentiated nitric oxide–mediated vasodilatation.  

  Table 134.1    Drugs with 
major interactions when 
taken simultaneously with 
sildenafi l  

 Diltiazem hydrochloride 
 Amoxicillin 
 Clarithromycin 
 Erythromycin 
 Isosorbide dinitrate 
 Isosorbide mononitrate 
 Itraconazole 
 Ketoconazole 
 Lansoprazole 
 Lopinavir 
 Nitroglycerin 
 Nitroprusside sodium 
 Ritonavir 
 Voriconazole 

  [Based on data from Corona G, Razzoli E, Forti G et al. The use 
of phosphodiesterase 5 inhibitors with concomitant medications. 
 J Endocrinol Invest . 2008;31:799–808]  
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    Take-Home Points 

•     The coadministration of diltiazem and sildenafi l may increase the risk for 
such adverse reactions as hypotension because of the inhibition of CYP3A4 
metabolism and increased plasma concentrations of sildenafi l.  

•   Other potent inhibitors of CYP3A4 metabolism also can increase plasma 
concentrations of sildenafi l.  

•   Sildenafi l is contraindicated in patients taking any type of organic nitrates 
because this drug combination can potentiate nitric oxide–induced 
vasodilation.     
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  Fig. 134.1    Duration of hypotensive effect of sildenafi l when taken with nitroglycerin. Mean maxi-
mum changes in sitting blood pressure (BP) with nitroglycerin given after sildenafi l and after pla-
cebo in patients with angina. Changes are from baseline recordings taken before sildenafi l or 
placebo administration. Error bars represent standard error of mean. * P  < .05; ** P  < .01 [Adapted 
from Oliver JJ, Kerr DM, Webb DJ. Time-dependent interactions of the hypotensive effects of 
sildenafi l citrate and sublingual glyceryl trinitrate. Br J Clin Pharmacol 2009;67: 403–412. With 
permission from John Wiley & Sons, Inc.]       
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    Summary 

     Interaction 1:  pharmacokinetic and pharmacodynamic  
   Substrate: (pharmacokinetic):  sildenafi l  
   Enzyme:  CYP3A4  
   Inhibitor:  diltiazem  

   Interaction 2:  pharmacodynamic  
   Substrate: (pharmacodynamic):  sildenafi l and diltiazem  
   Mechanism/site of action:  nitric oxide mediated-vasodilatation  
   Clinical effect:  severe hypotension        
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 135

    Abstract  
  This case discusses a complex pharmacokinetic interaction between carbam-
azepine and diltiazem, resulting in carbamazepine toxicity and decreased effi -
cacy of diltiazem. Carbamazepine is both a cytochrome P450 3A4 substrate 
and inducer and diltiazem is a 3A4 inhibitor and substrate.  

      I’m Listening, I’m Listening 
  Fatal Forty DDI:  dil  azem, carbamazepine, CYP3A4                     

       Catherine     Marcucci   MD     ,     Jerusha     Taylor   PharmD, BCPS    , 
    Ansgar     M.     Brambrink   MD, PhD    , and     Neil     B.     Sandson   MD   

         Case 

 A 65-year-old man was admitted for craniotomy and resection of recurrent left tem-
poral recurrent meningioma. He had a past medical history of seizure disorder, 
hyperlipidemia, hypertension, and benign prostatic hypertrophy. Medications 
included carbamezapine (400 mg BID), lisinopril, aspirin, and metoprolol (25 mg 
daily). All laboratories were within normal limits upon admission; serum carbam-
azepine level was 8.2 mcg/L (therapeutic range 4–12 mcg/dL). 

 Postoperatively, the patient developed diffi cult-to-control atrial fi brillation with 
rapid ventricular rate and altered mental status. Over the next 12 hours the 

        C.   Marcucci   MD      (*) 
  Anesthesia Services Department ,  Philadelphia Veterans Affairs Medical Center , 
  Philadelphia ,  PA ,  USA   
 e-mail: sandson.marcucci@comcast.net   

    J.   Taylor   PharmD, BCPS    
  Department of Pharmacy ,  Oregon Health and Science University ,   Portland ,  OR ,  USA     

    A.  M.   Brambrink   MD, PhD    
  Department of Anesthesiology and Perioperative Medicine ,  Oregon Health 
and Science University ,   Portland ,  OR ,  USA     

    N.  B.   Sandson   MD    
  Department of Psychiatry ,  University of Maryland Medical System ,   Baltimore ,  MD ,  USA    

  Department of Psychiatry ,  VA Maryland Health Care System ,   Baltimore ,  MD ,  USA    

mailto:sandson.marcucci@comcast.net


612

patient required a diltiazem bolus and a steadily increasing diltiazem rate. 
Finally, the patient’s heart rate was controlled at 110 beats per minute with a 
diltiazem infusion rate of 20 mg/hr. His mental status improved and he was 
 generally hemodynamically stable. He was eventually transitioned to diltiazem 
(180 mg orally/8h). 

 Three days later, Dr. Julio Novartis rotated onto the service. Julio had been his 
wife’s audience after dinner one evening recently for a practice presentation of 
her upcoming psychiatry grand rounds entitled “Review of Antiepilpetic Mood 
Stabilizers.” Dr. Novartis reassured his spouse that,  yes , he was interested her 
talk and,  yes , he was paying attention. 

The following day, the craniotomy patient developed altered mental status, diz-
ziness, tremors, and was noted to have mild nystagmus. 

 Because Dr. Novartis had told his wife the truth, he was able to quickly recommend 
checking a serum carbamazepine level, which was found to be elevated at 18.2 mcg/dL. 
The patient’s carbamazepine doses were held for the next 48 hours until his serum level 
was back within therapeutic range. Diltiazem was discontinued and he was restarted on 
his metoprolol. He remained rate controlled on oral metoprolol 25 mg BID. His mental 
status improved over the next few days as his carbamazepine level returned to therapeu-
tic range, and he was discharged home the following week. 

  This is an example of both an inhibitor (diltiazem) added to a substrate 
( carbamazepine) and also of a substrate (diltiazem) added to an inducer 
(carbamazepine).  

 Carbamazepine (CBZ) is an anticonvulsant medication that is extensively metabo-
lized via the cytochrome P450 (CYP) 3A4 enzyme system. Diltiazem inhibits car-
bamazepine metabolism by inhibiting hepatic and intestinal CYP3A4. The inhibition 
of carbamazepine metabolism can lead to increased levels of carbamazepine and 
result in toxicity. Toxic symptoms are likely to occur two to three days after starting 
diltiazem. 1  –  3  Symptoms of carbamazepine toxicity include dizziness, ataxia, tremor, 
nystagmus, urinary retention, dysrhythmias, coma, respiratory depression, and neu-
romuscular disturbances. 

 There are several case reports illustrating carbamazepine toxicity with concurrent 
diltiazem use. In these cases, toxicity resolved when CBZ dose was decreased. 

 A less overtly important, but potentially quite signifi cant reciprocal interaction, is 
that in the presence of carbamazepine, it is much more diffi cult to give enough dil-
tiazem to produce desired clinical effects. Diltiazem, as is the case with most cal-
cium channel blockers, is a substrate of CYP3A4. 4  Carbamazepine is a potent 

Cardiovascular Medications



613

inducer of 3A4. 5  –  7  Although the combination of CBZ with a notably 3A4-inhibiting 
calcium channel blocker fi rst and most strikingly produces increases in carbamaze-
pine levels, it is no less true that the levels of most calcium channel blockers decrease 
or are much lower than expected in the presence of carbamazepine, thus the need for 
much higher than expected dosages of diltiazem in the scenario above. 8  ,  9  

 Finally, verapamil, another calcium channel blocker, also inhibits CYP3A4 and can 
also increase serum levels of carbamazepine. There is little evidence that coadmin-
istration of felodipine and nifedipine with carbamazpine results in toxicity. However, 
felodipine is metabolized extensively by the liver and is highly  susceptible to 
enzyme induction. Since carbamazepine is a paninducer of CYP enzymes, felodip-
ine concentrations are shown to be lower when given concomitantly with 
carbamazepine.  

    Take-Home Points 

•     Carbamazepine is a CYP3A4 substrate  

•   Diltiazem is a CYP3A4 inhibitor.  

•   A clinically relevant drug–drug interaction (DDI) resulting in carbamaze-
pine toxicity has been documented when diltiazem is added to steady-state 
carbamazepine therapy. Toxicity will result in several days.  

•   Carbamazepine is a pan-inducer of CYP enzymes, including 3A4.  

•   Diltiazem is a CYP3A4 substrate. Carbamazepine will induce the metabo-
lism of diltiazem  

•   Remember that inhibition is faster than induction.The fi rst effect of the 
addition of diltiazem to carbamazepine will be inhibition of carbamaze-
pine and toxicity. Then, as the 3A4 enzyme is induced, metabolism of dil-
tiazem will increase, requiring higher drug doses.  

•   It is imperative to monitor CBZ serum levels when a patient is receiving 
concomitant diltiazem. CBZ doses may need to be decreased in order to 
prevent toxicity.  

•   The “cardiovascular” drugs and the “psychiatry” drugs run into each other 
quite a lot in the DDI world. One of the main street corners for this sizeable 
neighborhood group is CYP3A4. Review it often!     
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    Summary 

     Interaction 1:  pharmacokinetic  
   Substrate:  carbamazepine  
   Inhibitor:  diltiazem  
   Enzyme:  CYP3A4  
   Clinical effect:  carbamazepine toxicity  

   Interaction 2:  pharmacokinetic  
   Substrate:  diltiazem  
   Inducer:  carbamazepine  
   Enzyme:  CYP3A4  
   Clinical effect:  decreased diltiazem levels and decreased effi cacy        
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    Abstract  
  This case discusses the pharmacokinetic interaction between metoprolol and 
amiodarone, resulting in bradycardia. Metoprolol is a cytochrome P450 1A2 
and 2D6 substrate and amiodarone is a cytochrome P450 1A2 and 2D6 inhibitor.  

         Case 

 A 70-year-old, 65 kg man presented to the emergency department with a report of 
crushing substernal chest pain, shortness of breath, and nausea. A 12-lead electro-
cardiogram (ECG) showed sinus tachycardia, ST-segment elevation in leads V 1  
through V 4 , and frequent, multifocal premature ventricular contractions. A pre-
sumptive diagnosis of myocardial infarction was made and the patient received 
appropriate measures including intravenous metoprolol (15 mg) was administered 
in divided doses to control the patient’s heart rate and reduce myocardia oxygen 
demand. Emergent cardiac catheterization showed a 90% occlusion of the distal left 
anterior descending coronary artery and a drug-eluting stent was inserted. 

 Orders written for the coronary care unit called for administration of oral metoprolol 
(50 mg) every 6 hours. Twelve hours after catheterization, the patient again had mul-
tifocal premature ventricular contractions, as well as an episode of nonsustained ven-
tricular tachycardia. He received intravenous amiodarone (150 mg) over 10 minutes, 
followed by an infusion (1 mg/min) for the initial 6 hours. The infusion was reduced 
to 0.5 mg/min thereafter. The ventricular ectopy resolved after the loading dose of 
amiodarone. 
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 One hour after his third dose of oral metoprolol, the patient had bradycardia with 
a heart rate of 36 beats per minute (bpm). An ECG showed third-degree heart 
block. The bradycardia did not resolve after 0.5 mg of intravenous atropine. A 
temporary venous pacemaker was inserted and the heart was paced at a rate of 
80 bpm. The amiodarone infusion and the oral metoprolol were discontinued. 
After 12 hours, the third-degree heart block resolved and the patient no longer 
required pacing.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Metoprolol is a selective β 1 -receptor antagonist and is also a Class II antiarrhythmic 
commonly used for unstable coronary artery syndromes and for tachyarrhythmias. 
Approximately 80% of metoprolol is metabolized by the cytochrome P450 (CYP) 
isozyme 2D6, with the remainder metabolized by the ioszyme CYP1A2. 1  
Amiodarone is a class III antiarrhythmic that has been used in both the treatment of 
acute, life-threatening arrhythmias and the suppression of supraventricular and ven-
tricular dysrhythmias. 2  It has pharmacokinetic interactions with various therapeutic 
drugs, including warfarin, phenytoin, fl ecainide, cyclosporine, and, as in this case, 
metoprolol. 3  Amiodarone is extensively metabolized to desethylamidarone in the 
liver by CYP3A4 and CYP2C8. 3  Desethylamidarone has a marked inhibitory effect 
on CYP2D6. Therefore, continuous therapy with amiodarone further inhibits the 
metabolism of metoprolol. On average, the plasma concentration of metoprolol 
doubles after an amiodarone loading dose (Fig.  136.1 ). 3   
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  Fig. 136.1    Metoprolol plasma concentration over time before and after an amiodarone loading 
dose. Error bars indicate standard error of mean [Adapted from Werner D, Wuttke H, Fromm MF 
et al. Effect of amiodarone on the plasma levels of metoprolol. Am J Cardiol. 2004;94:1319–1321.
with permission from Elsevier]       
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 Combination amiodarone and metoprolol therapy has been associated with develop-
ment of severe bradyarrhythmias resistant to atropine administration. 4  Treatment of 
such bradyarrhythmias may require pharmacologic heart rate augmentation using iso-
proterenol hydrochloride or temporary pacing. Although β-blockers and amiodarone 
are frequently used in combination, the clinician should be aware that amiodarone can 
potentiate the effects of β-blockers. Further, the clinician should use caution when 
providing β-blockers to patients taking medications that inhibit the CYP2D6 system.  

    Take-Home Points 

•     Amiodarone inhibits the metabolism of metoprolol (and other β-blockers), 
and a reduced dose of β-blocker should be used for patients treated with 
amiodarone.  

•   On average, plasma concentration of metoprolol nearly doubles after an 
amiodarone loading dose.  

•   For patients medicated with amiodarone and β-blockers, close monitoring 
of excessive effects of β-blockade (bradycardia and/or hypotension) should 
be exercised.  

•   Bradyarrhythmias associated with β-blocker toxicity may be atropine 
resistant and require more aggressive treatment.     

    Summary 

     Interaction:   pharmacokinetic  
   Substrate:   metoprolol  
   Enzymes:   CYP1A2 and CYP2D6  
   Inhibitor:   amiodarone  
   Clinical effect:   increased effect of metoprolol (bradycardia)        
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    Abstract  
  This case discusses a pharmacokinetic interaction between simvastatin, 
cimetidine, and diltiazem, resulting in increased incidence of rhabdomy-
olysis. Simvastatin is a cytochrome P450 3A4 substrate and cimetidine and 
 diltiazem are 3A4 inhibitors.  

         Case 

 A 68-year-old woman with a history of gastroesophageal refl ux disease (GERD) 
and hypertension was admitted to the hospital with intermittent left-sided chest 
pain. The admitting intern, on the Cardiology service for one more week before 
starting his anesthesiology residency, noted that the patient was on cimetidine for 
her GERD and diltiazem for blood pressure control. The intern fi lled out the stan-
dard “rule out MI” order set, which included a ß-blocker, nitroglycerin, aspirin, and 
simvastatin. He was not sure of the appropriate starting dose for the ß-blocker since 
the patient was already on diltiazem, so he contacted the on-call clinical pharmacist 
for some help on dosing. 

 The pharmacist suggested that the intern start with a low dosage and asked if he 
wanted her to check for any drug interactions while they were on the phone. She 
soon discovered a potential problem—the new statin order. The intern interrupted 
the pharmacist and said that he already made sure that the patient did not drink 
grapefruit juice. The pharmacist then went on to explain that, while grapefruit juice 
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is a known inhibitor of the cytochrome P450 (CYP) 3A4 isoenzyme that metabo-
lizes simvastatin, the patient’s two other home medications, cimetidine and diltia-
zem, also inhibit this isoenzyme. The pharmacist suggested that the intern instead 
order fl uvastatin which is metabolized by a different cytochrome P450 isoenzyme 
(CYP2C9). She commented that it was a good drug–drug interaction to learn early 
in his career and he would be one drug interaction “ahead of the pack” come July 1.  

    Discussion 

  This is an example of a substrate (almost) added to an inhibitor.  

 This case illustrates the signifi cant disconnect between the one major statin drug–
drug interaction (DDI) commonly taught in medical school and the many interac-
tions that are potentially present in clinical practice. There are two major classes of 
DDIs that the perioperative practitioner should be aware of when prescribing and 
reviewing statins. These interactions are summarized in Table  137.1 . Drugs most 
commonly seen in the perioperative period are highlighted in bold in the table.

   The fi rst step in understanding statin drug–drug interactions is recognizing that 
most statins are metabolized by cytochrome p450 enzymes within the liver. The 
exception to the P450-dependent metabolism of statins is pravastatin. 1  ,  2  Over 90% 
of rouvastatin is eliminated unchanged but the remaining drug is metabolized by the 
CYP2C9 isoenzyme. 3  The fi rst major interaction to be aware of is the combination 
of a statin with an enzyme inhibitor. An enzyme inhibitor will decrease the enzyme’s 
ability to metabolize the substrate drug. The P450 enzyme inhibitors, when com-
bined with a statin, will increase the circulating statin levels by a factor of 2- to 
20-fold. 3  The second major interaction to be aware of is the combination of statin 
with an enzyme inducer. The combination of the statin with an enzyme inducer will 

   Table 137.1    Statins   

 Cytochrome P450 Isoenzyme 

  CYP3A4    CYP2C9  
  Statin 
Substrates  

 Lovastatin, simvastatin, atorvastatin  Fluvastatin, rosuvastatin a  

  Enzyme 
Inhibitor  

  amiodarone , ketoconazole, itraconazole, 
fl uconazole, protease inhibitors,  erythomycin , 
 verapamil ,  diltiazem , clarithromycin, 
cimetidine,  grapefruit juice , nefazadone 

 ketoconazole, fl uconazole, 
 amiodarone,  gemfi brozil 

  Enzyme 
Inducer  

  dexamethasone ,  barbiturates , phenytoin, 
rifampin, cyclophosphamide, carbamazepine, 
St John’s wort 

 rifampin, phenobarbital, 
phenytoin 

  [Adapted from refs  1  &  3 ] 
  a Minimal metabolism by CYP2C9  
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 signifi cantly increase the metabolism of the statin and diminish its therapeutic 
effects. A third type of statin DDI, which occurs much less frequently than the fi rst 
two, is when a statin serves as an enzymatic inhibitor in relation to another drug. 
The majority of such statin DDIs occur when fl uvastatin, a potent 2C9 inhibitor, is 
combined with 2C9 substrates that have a narrow therapeutic index, such as phe-
nytoin, warfarin, and sulfonureas.  

    Take-Home Points 

•     Inhibitors of the hepatic P450 isoenzemes responsible for statin metabo-
lism (CYP3A4 and CYP2C9) can signifi cantly increase the circulating 
levels of statins. Inhibitors commonly seen in the perioperative period 
include amiodarone, verapamil, and diltiazem.  

•   Drug–drug interactions involving statins are to be taken seriously as they 
can lead to serious adverse events, including potentially fatal rhabdomy-
olysis, and myopathy.  

•   Pravastatin is not metabolized by the hepatic P450 isoenzymes and it may 
be a good alternative medication if a patient must remain on a signifi cant 
enzyme inhibitor (such as the diltiazem in our case above) or inducer.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  simvastatin  
   Enzyme:  CYP3A4  
   Inhibitor:  cimetidine and diltiazem  
   Clinical effects:  increased incidence of rhabdomyolysis        
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    Abstract   
  This case discusses the pharmacokinetic interaction between simvastatin and 
ketoconazole resulting in rhabdomyolysis. Simvastatin is a cytochrome P450 
3A4 substrate and ketoconazole is a 3A4 inhibitor.  

         Case 

 A 57-year-old man with a history of hyperlipidemia and mild coronary artery dis-
ease and was rushing to catch his train and tripped and fell while running down the 
steps to the commuter platform. He sustained a closed fracture of his left foot and 
tibia and was admitted to the orthopedic surgery service, complaining of signifi cant 
fracture pain. Outpatient medications included simvastatin for hyperlipidemia and 
ketoconazole, which he began taking a few days prior to admission for  tinea cruris  
(jock itch). The intern ordered the home medications and for the patient to be NPO 
at midnight for possible surgery the following day. Overnight, the patient’s nurse 
called the intern for an order for a Foley catheter and to report signifi cant pain in the 
patient's bilateral lower extremity. The senior resident was called when the Foley 
catheter produced dark, cola-colored urine. He was concerned about compartment 
syndrome, ordered a creatine kinase (CK) level, and notifi ed the anesthesia on-call 
team of a possible fasciotomy. 
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 The anesthesia resident and the staff anesthesiologist, who was also an intensivist in 
the SICU saw the patient for a preoperative evaluation. The attending noted that the 
recent addition of itraconazole in the setting of chronic simvastatin use was a seri-
ous drug–drug interaction and a potential risk for rhabdomyolysis. He advised the 
surgery team to follow the CK levels, begin treatment for rhadbomyolysis with 
aggressive intravenous hydration, and switch medications to treat the  tinea cruris . 
The attending suggested that the orthopedic team measure the compartment pres-
sures to evaluate for compartment syndrome rather than emergently taking the 
patient to the oerating room for a fasciotomy. He argued that the most likely diag-
nosis was rhabdomyolysis, without compartment syndrome, from the itraconazole 
and simvastatin drug–drug interaction. The orthopedic surgery resident measured 
the compartment pressure, which was normal.  

    Discussion 

  This is an example of a competitive inhibitor added to a substrate.  

 This patient’s presentation exposes the risks of combining statins with medications 
that inhibit the biotransformation of statins in the liver. This inhibition can signifi -
cantly raise the serum statin levels. Simvastatin biotransformation occurs with the 
cytochrome P450 (CYP) 450 3A4 isoenzyme, which is signifi cantly inhibited by 
ketoconazole, itraconazole, and a number of the protease inhibitors. This is not a 
theoretical concern, but rather is based on a number of published case reports of 
rhabdomyolysis with these drug–drug interactions. 1  ,  2  While these are the most 
potent of the inhibitors of the 3A4 isoenzyme, other inhibitors include medications 
more commonly encountered in the perioperative period such as verapamil, diltia-
zem, erythromycin, and amiodarone. Amiodarone and the azole antifungals are also 
inhibitors of CYP2C9, the other major P450 isoenzyme that metabolizes statins. 3  
The 2C9 isoenzyme metabolizes fl uvastatin and, to a small extent, rouvastatin. If an 
enzymatic inhibitor must be added to the regimen of a patient who is also taking one 
of these statins (for example, a patient with atrial fi brillation who needs to be started 
on amiodarone), the patient can be switched to pravastatin, which does not undergo 
P450-mediated metabolism. 

 Another clinically signifi cant inhibitor of statin metabolism is gemfi brozil. 
Gemfi brozil inhibits conjugation and billiary excretion of stations, and its combina-
tion with statins has lead to a signifi cant number of adverse drug reactions. 2  This 
combination has a 0.12% prevalence of myopathy. 1   
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    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  simavastatin  
   Enzyme:  CYP3A4  
   Inhibitor:  itraconazole  
   Clinical effects:  rhabdomyolysis        
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         Case 

 A 61-year-old man, who was a new US citizen, presented to the cardiac intensive 
care unit (ICU) from an outside hospital team for possible emergent coronary revas-
cularization. He arrived with substernal chest pain and ST-segment elevation myo-
cardial infarction (STEMI) after an all-night celebration. He had a past medical 
history of hypertension, diabetes, obesity, and grand mal seizures. His home medi-
cations included insulin, phenytoin, metoprolol, and aspirin. The admitting physi-
cian assistant, who was also a naturalized citizen, used the STEMI order set 
including a heparin drip and high-dose atorvastatin, and resumed the patient's home 
medications. The next morning, the attending anesthesiologist-intensivist (who had 
just obtained his green card) noted that the addition of the atorvastatin in the pres-
ence of long-standing phenytoin use was a potential drug–drug interaction and 
could lead to an adverse drug reaction, decreasing the serum levels and clinical 
effi cacy of the statin. He switched the patient to pravastatin, as its metabolism is not 
induced by phenytoin. Later that day, the patient's family gave each ICU staff mem-
ber a tiny American fl ag.  

    Abstract  
  This case discusses the pharmacokinetic interaction of atorvastatin and phe-
nytoin. Atorvastatin is a cytochrome P450 3A4 substrate and phenytoin is a 
paninducer of multiple cytochrome P450 enzymes including 3A4.  
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    Discussion 

  This is an example of a substrate added to an inducer.  

 The presence of an enzyme inducer will increase the metabolism of the substrate 
drug. In this case, the long-standing use of phenytoin, a cytochrome P450 (CYP) 
3A4 inducer, would signifi cantly decrease the levels of the substrate drug, atorvas-
tatin. This would potentially negate the mortality benefi t of high-dose statin therapy 
during management of acute coronary syndrome. 1  There is also emerging evidence 
that perioperative statin use can reduce postoperative cardiac events and mortality. 2  

 If a statin is started in the presence of a known inducer, its effects should be titrated 
by following the improvement in both high high-density lipoprotein (HDL) and 
low-density lipoprotein (LDL) levels. This titration may be diffi cult to accomplish 
appropriately in the perioperative period. Once an appropriate response to the statin 
therapy is established in the presence of the enzyme inducer, its dose should be 
decreased if the inducer is discontinued. If the inducer is abruptly stopped without 
adjusting the statin dose (for example, a patient is changed from phenytoin to 
Keppra [levetiracetam] for seizure management), the patient's circulating levels of 
statin may increase signifi cantly due to the relative drop in its metabolism. This 
could potentially set up a similar situation to the combination of a statin and and 
enzyme inhibitor.  

    Take-Home Points 

•     Inhibitors of the hepatic P450 isoenzymes responsible for statin metabo-
lism (CYP3A4 and CYP2C9) can signifi cantly increase the circulating 
levels of statins. Inhibitors commonly seen in the perioperative period 
include amiodarone, verapamil, and diltiazem.  

•   Drug–drug interactions involving statins are to be taken seriously as they 
can lead to serious adverse events, including potentially fatal rhabdomy-
olysis, and myopathy.  

•   Inducers of the hepatic isoenzymes CYP3A4 and CYP2C9 can lead to a 
signifi cant reduction in the level of the statins metabolized by these 
enzymes. This may negate the improved cardiac outcomes shown to exist 
with statins.  

•   Rapid withdrawal of an enzyme inducer, such as phenytoin or rifampin, 
can signifi cantly increase the circulating levels of the substrate statin drugs, 
leading to potential adverse drug reactions.  
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•   Pravastatin is not metabolized by the hepatic P450 isoenzymes and it may 
be a good alternative medication if a patient must remain on a signifi cant 
enzyme inhibitor or inducer.  

•   Gemfi brozil inhibits conjugation and billiary excretion of stations, and its 
combination with statins can lead to an of adverse drug reaction including 
myopathy.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  atorvastatin  
   Enzyme:  CYP3A4  
   Inducer:  phenytoin  
   Clinical effects:  possible decrease in mortality benefi t and possible loss of effi cacy 

in reduction of in postoperative mortality and cardiovascular events        
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    Abstract 
 This case discusses the inhibition of energy-dependent P-glycoprotein trans-
port of digoxin by amiodarone, resulting in toxic digoxin levels.  
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         Case 

 A 14-year-old, 56 kg boy with tetralogy of Fallot had undergone corrective surgery 
2 months ago. After the procedure, he was given digoxin (0.125 mg BID). He felt 
well after discharge from the hospital but was later readmitted with fever and dys-
pnea. The chest radiograph showed left-sided pneumonia and a late-occurring 
wound infection. The patient was started on an antibiotic and an antipyretic. 
Although the echocardiogram was reassuring, the patient developed recurrent ven-
tricular tachyarrhythmias. His intensivist added amiodarone hydrochloride (200 mg 
BID). Before amiodarone therapy was started, his serum digoxin concentration was 
0.8 ng/mL (normal therapeutic range, 0.5-2.0 ng/mL). 

 The patient’s condition improved, his heart rhythm converted to normal sinus 
rhythm, and a chest radiograph showed that the pneumonia had resolved. He was 
discharged to home after 12 days. A week later, an electrocardiogram showed nor-
mal sinus rhythm, and his serum digoxin concentration was 1.5 ng/mL. Three weeks 
after amiodarone was added, the patient was admitted for nausea, vomiting, diar-
rhea, and confusion. An electrocardiogram showed ventricular tachycardia, and his 
serum digoxin level was elevated at 4 ng/mL. After successfully treating the patient’s 
shock and ventricular tachycardia, the intensivist suspended digoxin  therapy. Over 
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the next 5 days, the digoxin blood concentration decreased to the therapeutic range 
and the symptoms of digoxin toxicity resolved.  

    Discussion 

  This is an example of a (P-glycoprotein) inhibitor added to a substrate.  

 More specifi cally, this is an example of inhibition of energy-dependent P-glycoprotein 
transport of digoxin by amiodarone, resulting in toxic digoxin levels. 

 Amiodarone is a Class III antiarrhythmic used to treat atrial fi brillation and ven-
tricular dysrhythmias. Because of its potentially serious adverse effects, use of ami-
odarone in children is reserved for refractory dysrhythmias and may be in 
conjunction with digoxin. 1  However, a considerable increase in serum digoxin con-
centration is often observed after initiation of amiodarone therapy (Fig.  140.1 ). 2   

 Digoxin has a narrow therapeutic window, and toxicity may occur at concentrations 
only slightly greater than normal. Digoxin toxicity may cause nausea, vomiting, 
diarrhea, confusion, xanthopsia, atrioventricular conduction blockade, bigeminy, 
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  Fig. 140.1    Serum digoxin levels before and after administration of amiodarone for 22 patients 
[Adapted from Oetgen WJ, Sobol SM, Tri TB et al. Amiodarone-digoxin interaction: clinical and 
experimental observations. Chest. 1984;86:75–79. With permission from American College of 
Chest Physicians]       
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supraventricular nodal tachycardia, and ventricular dysrhythmias and fi brillation. 
Digoxin bioavailability and excretion are highly dependent on P-glycoprotein 
(digoxin effl ux pump). 3  

 P-glycoprotein is an energy-dependent protein that transports digoxin across the 
apical side of cells (an effl ux transporter). It is found along luminal cells and epithe-
lial cells in the intestine, as well as on cell membranes in kidneys and liver. In the 
intestine, P-glycoprotein limits bioavailability by excreting absorbed digoxin back 
into the intestinal lumen. In the kidneys and liver, P-glycoprotein facilitates digoxin 
excretion into urine and bile, respectively (Fig.  140.2 ). 3  Renal excretion is the pri-
mary mechanism of digoxin elimination.  

 Interaction between amiodarone and digoxin is complex, and several mechanisms 
have been proposed. First, amiodarone is an important inhibitor of P-glycoprotein. 4  
Such inhibition results in increased digoxin levels through both an increase in its 
bioavailability (through decreasing the amount of digoxin secreted back into the 
intestinal lumen) and a decrease in elimination (renal and hepatic excretion). 
Second, an organic anion transporting polypeptide, OATP4C1, recently has been 
found to be important in digoxin elimination through its facilitation of the uptake of 
digoxin from the blood and the transport of digoxin across the basolateral mem-
brane in kidney and liver cells. 5  ,  6  OATP4C1 also is inhibited by amiodarone, thus 
further inhibiting digoxin renal and hepatic elimination. 7  Third, a mechanism unre-
lated to the inhibition of P-glycoprotein or OATP4C1 was postulated to affect ami-
odarone-digoxin interaction. Namely, decreased tissue binding of digoxin has been 
noticed after amiodarone administration, which may lead to an increase in peak 
serum digoxin levels. 8  
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Tubular cellUrine
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Plasma
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  Fig. 140.2    The role of the P-glycoprotein (P-gp) energy-dependent effl ux transport system in the 
elimination of digoxin. P-gp is found in enterocytes, hepatocytes, and renal tubular cells. It pumps 
digoxin out of cells, resulting in a reduction in digoxin absorption and an increase in its biliary and 
urinary excretion [Adapted from Horn JR, Hansten PD. Drug interactions with digoxin: the role of 
P-glycoprotein. Pharmacy Times October 2004;114:. With permission from Intellisphere, LLC]       
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 Interaction between amiodarone and digoxin is more acute and more serious in 
children than in adults because children are more dependent on drug elimination 
through renal tubular secretion. The onset of the effect of amiodarone is also more 
rapid in children than in adults. The terminal half-life of amiodarone is approxi-
mately 53 days, and because of this long half-life, the interaction may occur a long 
time after the cessation of amiodarone treatment. 5  Of note, several frequently used 
drugs inhibit P-glycoprotein (ie, diltiazem hydrochloride, verapamil hydrochloride, 
cyclosporine, erythromycin, felodipine, itraconazole, ritonavir, tacrolimus, and 
sirolimus) and may impact serum levels of drugs dependent on this transport 
system. 

 In conclusion, amiodarone-induced inhibition of P-glycoprotein and OATP4C1 
increases digoxin bioavailability and decreases digoxin elimination, resulting in 
clinically signifi cant increases in digoxin serum concentration. When digoxin is 
used with amiodarone simultaneously, its concentrations need to be monitored and 
the appropriate dose adjustment (on average, 50%) must be made to avoid digoxin 
toxicity. 9   

    Take-Home Points 

•     Simultaneous administration of amiodarone and digoxin results in a clini-
cally signifi cant increase in digoxin plasma concentration and may result 
in digoxin toxicity.  

•   When digoxin is used in conjunction with amiodarone, its dose needs to be 
reduced and plasma levels need to be checked.  

•   Digoxin is a substrate of P-glycoprotein, which is part of the transport 
system in the membranes of intestines, kidneys, and the biliary system. 
P-glycoprotein facilitates digoxin secretion into both the intestinal lumen 
(which decreases bioavailability) and the kidney and biliary canaliculi 
(which increases elimination).  

•   Clearance of digoxin from the blood into the cells of the kidneys and liver 
is facilitated by the organic anion transporting polypeptide OATP4C1.  

•   Amiodarone alters the bioavailability and elimination of digoxin through 
inhibition of both the P-glycoprotein and OATP4C1 transporter systems.     
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    Summary 

     Interaction:  pharmacokinetic (uptake and elimination)  
   Substrate:  digoxin  
   Transporter:  P-glycoprotein  
   Inhibitor:  amiodarone  
   Mechanism/site of action:  increased net uptake of digoxin in the intestinal lumen 

and decreased elimination of digoxin in the kidney leads to greater 
bioavailability  

   Clinical effects:  digoxin toxicity        
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         Case 

 A 71-year-old man was evaluated by his anesthesiologist in the coronary care unit 
on the night before coronary bypass surgery. The history was obtained from the 
patient and his niece, a naturopathic medicine student. Four days prior, his niece had 
observed him clutching his chest and becoming diaphoretic after mowing the lawn; 
work-up had revealed multi-vessel coronary artery disease (CAD). The patient had 
a 3-month history of progressive dyspnea on exertion, and had become more iso-
lated and frustrated because he was not able to play in his bowling league. His only 
preoperative medication was St. John’s wort extract ( Hypericum perforatum ), which 
he had been taking for depression, on advice from his niece. 

 On postoperative day 3, the patient developed atrial fi brillation with rapid ventricu-
lar response, and was given an intravenous digoxin load, with gradual control of his 
heart rate. His digoxin level was therapeutic in the hospital; his recovery was other-
wise unremarkable. Discharge medications included a maintenance dose of digoxin, 
as well as a panel of medications for secondary prevention of CAD. 

    Abstract  
  This case discusses the pharmacokinetic interaction between digoxin and St. 
Johns’s wort. Digoxin is a cytochrome P450 3A4 substrate and St. John’s wort 
is a 3A4 inducer and also a P-glycoprotein inducer.  
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 Upon returning to clinic 2 weeks later, the patient denied chest pain and he was 
eager to get clearance to start bowling again. The nurse noted an irregular, rapid 
heart beat, and he was found to have atrial fi brillation with rapid ventricular response 
on an electrocardiogram (ECG). His digoxin level was subtherapeutic, although the 
patient and the attentive niece insisted he had been taking every medication as 
scheduled.  

    Discussion 

  This is an example of a substrate (digoxin) added to an inducer (St. John’s wort 
extract).  

 St. John’s wort extract is a popular herbal antidepressant that is also used to treat 
sleep disorders and anxiety. The main constituents of the extract that are believed to 
have potential central nervous system effects include hypericins, hyperforins, and 
fl avonol glycosides. 

 Hyperforin increases the activity of the liver enzyme involved with breakdown 
of digoxin, cytochrome P450 (CYP) 3A4. Similarly, hyperforin induces 
P-glycoprotein, a transport protein that returns digoxin within enterocytes back 
into the gut. Because more digoxin is excreted by the higher level of P-glycoprotein 
triggered by St. John’s wort extract, concomitant use of the extract may result in 
lower digoxin levels. Similarly, digoxin’s rate of hepatic metabolism will poten-
tially increase. 1  ,   2  In fact, when healthy volunteers ingesting a constant dose of 
digoxin began to take extract of St. John’s wort daily, digoxin Area-Under-the-
Curve (AUC) levels decreased by 26% and maximum digoxin concentration was 
38% lower. Another study noted a 33% decrease in digoxin levels after at least 10 
days of St. John’s wort exposure. In one human study, St. John’s wort at a dose of 
1800 mg daily for 10 days was associated with an increase of P-glycoprotein 
expression of 4.2 times. 

 In the case presented here, a therapeutic level was achieved in the hospital after 
intravenous loading (which bypasses the increased level of P-glycoprotein on 
enterocytes), yet a standard oral dose was ineffective in sustaining levels in the goal 
range, leading to the recurrence of a rapid heart rate.  
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    Take-Home Points 

•     Anesthesiologists should specifi cally ask about herbal medications that 
their patients may be taking during the preoperative assessment, because 
many patients are either reluctant to report them or are not aware that they 
are potentially signifi cant.  

•   To avoid interactions, consider advising patients to discontinue St. John’s 
wort extract 5 days or more before surgery. Patients taking St. John’s wort 
as well as medications with a narrow therapeutic index merit increased 
vigilance in therapeutic monitoring. In addition to digoxin, other medica-
tions relevant to anesthesia that are substrates for CYP3A4 include alfent-
anil, lidocaine, midazolam, and diltiazem.  

•   When a patient appears to have unpredictable drug effectiveness despite 
standard and consistent dosing, consider the possibility of a drug–drug 
interaction, including one involving herbal medications.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  digoxin  
   Enzyme:  CYP3A4 and P-glycoprotein  
   Inducer:  St. John’s wort  
   Clinical effect:  decreased digoxin levels leading to atrial fi brillation        
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    Abstract  
  Addition of carvedilol (a P-glycoprotein inhibitor) to the cyclosporine 
(a P-glycoprotein substrate) resulted in increased cyclosporine levels and 
cyclosporine toxicity.  

      Cyclo Killer: Qu’est-ce 
que c’est? 
 Carvedilol, cyclosporine, P-glycoprotein                     

       Jeff      Chen   MD     ,     Michael     P.     Hutchens   MD    , 
and     Wayne     T.     Nicholson   MD, PharmD, MSc   

         Case 

 A 47-year-old man with a history of a kidney transplant for polycystic kidney dis-
ease and a recent myocardial infarction (MI) was evaluated in preoperative clinic at 
the request of the vascular surgeon prior to lower extremity bypass. A recent echo-
cardiogram was signifi cant for an ejection fraction of 40%. His medications included 
lisinopril, aspirin, and pravastatin to treat his coronary artery disease, as well as 
cyclosporine and prednisone to prevent rejection of his transplanted kidney. Because 
of the recent MI and upcoming vascular surgery, ß-blocker therapy was started as 
per hospital protocol. Due to the reduced ejection fraction, the resident selected 
carvedilol and ordered 12.5 mg BID. 
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 On the day of surgery 2 weeks later, the patient reported that he had been experienc-
ing fatigue, nausea, and headaches a few days after he started the carvedilol and 
complained that the Anesthesiology Department was trying to kill him. The blood 
pressure was 200/120 mm Hg. The anesthesiologist recognized that the symptoms 
were possibly related to elevated cyclosporine levels. He contacted the patient’s 
nephrologist, who recommended that the preoperative carvedilol be discontinued 
and metoprolol be initiated. The nephrologist discussed the interaction and that the 
nephrology service would manage the cyclosporine dose based on levels and antici-
pated changes. Surgery was postponed. The patient returned 2 weeks later with 
resolution of symptoms and an acceptable preoperative blood pressure and, and had 
an uncomplicated perioperative course.  

    Discussion 

  This is an example of a P-glycoprotein inhibitor added to a P-glycoprotein 
substrate.  

 More specifi cally, the addition of carvedilol (the inhibitor) to the cyclosporine (the 
substrate) resulted in increased cyclosporine levels and cyclosporine toxicity. 

 Cyclosporine is extracted from soil fungus and preferentially suppresses cell- 
mediated immune reactions, but minimally affects the humoral response. Adverse 
effects of cyclosporine are dose-dependent. The most serious complication from 
cyclosporine is renal failure due to nephrotoxicity. Another adverse effect is hyper-
tension. Cyclosporine-induced hypertension is caused by a decrease in endogenous 
vasodilators (eg, prostacyclin, nitric oxide) and an increase in endogenous vasocon-
strictor substances (eg, endothelin, thromboxane). 1  Other adverse reactions that can 
occur due to elevated levels of cyclosporine include hyperkalemia, tremor, hirsut-
ism, headaches, abdominal discomfort, nausea, glucose intolerance, and gum 
hyperplasia. 

 Carvedilol is used in the treatment of hypertension and congestive heart failure. It 
is a nonselective ß-blocking agent with blocking activity as well, which has been 
shown to be more effective than metoprolol for the treatment of chronic conges-
tive heart failure. 2  Carvedilol is indicated to reduce cardiovascular mortality in 
clinically stable patients who have survived the acute phase of a myocardial infarc-
tion and have a left ventricular ejection fraction of <40%. Common adverse effects 
of carvedilol include hypotension, bradyarrhythmias, hyperglycemia, fatigue, and 
dizziness. Serious side effects include AV block, Stevens-Johnson syndrome, and 
asthma exacerbation in at-risk patients. It is recommened by the manufacturer that 
in treatment of heart failure, carvedilol be individualized and started at a very low 
dose (3.125 mg BID) and slowly up-titrated over weeks based on tolerability. 3  
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 This vignette considers an example of a transport inhibitor increasing levels of a 
substrate. P-glycoprotein (P-gp) modulates the absorption of drugs, and its function 
is unique in that it serves as an  exporter  which  decreases  the amount of systemic 
absorption. In this clinical situation, cyclosporine is a substrate for the intestinal 
P-gp transporter and carvedilol is an inhibitor of the transporter. 4  In a small clinical 
study, effects of P-gp inhibition by carvedilol on cyclosporine levels were highly 
variable among individual renal transplant patients. 5  Overall, as the carvedilol was 
increased, the total daily dose of cyclosporine was reduced, demonstrating that P-gp 
inhibition was dose related. 

 Consultation with the service managing the immunosuppressant agents was the 
appropriate action by the attending anesthesiologist. The nephrologist in this case 
recommended metoprolol as a perioperative ß-blocker since it does not interact with 
P-gp, thereby removing the interaction while readjusting the cyclosporine. 
Carvedilol could be used concomitantly if the cyclosporine dose is decreased as the 
carvedilol is titrated upward, while monitoring plasma levels. Although studies 
have demonstrated an overall 10% to 20% reduction of the cyclosporine dose when 
administered with carvedilol.due to interpatient variability, different doses used, 
and other drugs the patient patient may receive concurrently, it can be diffi cult to 
clearly predict clinical outcome without close monitoring. 5  ,  6  

 Transplant patients ubiquitously present with multiple medications, thus additional 
interactions should be a consideration. An unintentional increase in the cyclospo-
rine levels may further increase the risk of other drug interactions. In this case, the 
patient was also receiving pravastatin. Although cyclosporine is known to interact 
with HMG-CoA reductase inhibitors (statins) and result in possible myopathy or 
rhabdomyolysis, this combination is still often seen in clinical use. These interac-
tions are well known to transplant teams and adverse effects are closely monitored 
when changing medication dosages. The interaction depends on the method of 
statin drug clearance. Because cyclosporine is a cytochrome P450 (CYP) 3A4 
inhibitor, statins cleared by this enzymatic pathway (eg, lovastatin, simvastatin, 
atorvastatin) are more likely to cause myopathy. 7  ,  8  In addition, some statins are 
cleared by a biliary mechanism (eg, pravastatin) and are reduced in combination 
with cyclosporine. 8  This is due to the inhibition of OATP, an importer that promotes 
statin excretion into the bile. 9   

    Take-Home Points 

•     Transplant patients present with multiple medications, thus drug–drug 
interactions should be a consideration.  

•   Systemic levels from oral cyclosporine are regulated in part by the 
P- glycoprotein transport system in the gastrointestinal tract.  
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•   Intestinal P-glycoprotein is an export transporter which decreases the 
serum level of oral medications.  

•   Carvedilol is an inhibitor of the P-glycoprotein transporter, which can thus 
increase the serum level of cyclosporine.  

•   On average, reductions of cyclosporine doses by 10% to 20% over time 
may be needed to compensate for the effects of carvedilol. However, due 
to a large interpatient variability, monitoring is essential.  

•   Cyclosporine is known to interact with HMG-CoA reductase inhibitors 
(statins) and may result in myopathy. The mechanism depends on the 
inherent method of statin drug clearance.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  cyclosporine  
   Transporter:  P-glycoprotein  
   Inhibitor:  carvedilol  
   Clinical effects:  increased bioavailability of cyclosporine leading to cyclosporine 

toxicity        
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         Case 

 A 72-year-old woman scheduled for a thoracoscopy reported visual changes and 
palpitations in the preoperative area. She had a 10-year history of coronary artery 
disease and heart failure, normally under therapeutic control with digoxin. Her cre-
atinine level was 1.8 mg/dL. The patient had been admitted to the hospital 2 weeks 
ago for treatment of pulmonary edema, and during the course of therapy and evalu-
ation was found to have a new right lower-lobe nodule on radiographs. During the 
inpatient stay, her pulmonary edema had improved gradually with ongoing diuresis, 
initially with furosemide boluses and more recently with hydrochlorothiazide 
(12.5 mg/d orally) for maintenance. 

 Initial evaluation in the preoperative area found the patient sitting in her bed with 
oxygen administered through nasal cannula; she was slightly tachypneic and short 
of breath. She stated that her vision had become increasingly unfocused and altered 
over the past day and the shortness of breath started during transport to the preop-
erative area. Her heart rate was 151 beats per minute; blood pressure 86/45 mm Hg; 
and oxyhemoglobin saturation on pulse oximetry, 92%. An electrocardiogram 
showed accelerated junctional rhythm, which was terminated successfully with a 
single 6-mg intravenous dose of adenosine. Laboratory results of blood drawn in the 
preoperative area were remarkable for a digoxin level of 2.3 ng/mL (reference 

    Abstract 
 This case discusses the indirect interaction between hydrochlorothiazide and 
digoxin in the etiology of digoxin toxicity.  

 Blurry-Eyed with Rapid 
Heart Beats 
  Fatal Forty DDI:  digoxin, hydrochlorothiazide                     

       William     A.     Shakespeare   MD      and     Juraj     Sprung   MD, PhD   
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range, 0.5 ng/mL to 2.0 ng/mL) and a serum potassium concentration of 2.6 mEq/L 
(reference range, 3.0 mEq/L to 6.0 mEq/L). After cardioversion, the patient contin-
ued to have sinus rhythm with regular ectopic beats. She was observed overnight in 
the intensive care unit and received incrementally dosed potassium chloride (total, 
40 mEq), with stabilization of cardiac rhythm and resolution of visual disturbance.  

    Discussion 

  This is an example of a pharmacodynamic interaction at the level of the 
sodium-potassium-ATPase pump. It is also an example of a pharmacokinetic 
(excretion) interaction.  

 Digoxin was initially described to the western world by William Withering in 1785 
and persists as one of the most enduring of modern medical therapies. 1  It operates 
through binding to the sodium-potassium pump (Na + -K +  ATPase) on cardiac myo-
cytes (Fig.  143.1 ). This binding prevents the pumping of potassium into the cell and 
the pumping of sodium out of the cell. The disruption has a secondary effect on the 
sodium-calcium (Na + -Ca ++ ) exchanger of the myocyte, which has the role of remov-
ing calcium from the cell. This apparatus depends on a small intracellular sodium 
gradient to drive an inward fl ow of sodium in exchange for an outward fl ow of cal-
cium. Inhibition of sodium egress by digoxin thereby traps calcium intracellularly. 

Ca++

Ca++ Na+ K+

Na++
K+

Na+/K+Na+/Ca++ -

ATPaseexchanger

   Tn-C
Ca++ binding

Inotropy

Digitalis

↑ ↑

↑ ↑

  Fig. 143.1    Mechanism of digitalis action. Digitalis blocks the sodium-potassium pump (Na + /K + -
ATPase), leading to the intracellular accumulation of sodium. The increased intracellular sodium 
level decreases the gradient that drives the sodium-calcium exchanger. This altered gradient results 
in decreased removal of calcium ions from the cell (increasing intracellular calcium) and causes 
increased calcium binding to Tn-C, which increases contracility (inotropy). ATPase indicates 
adenosinetriphosphatase; Ca ++ , calcium ion; K + , potassium ion; Na + , sodium ion; Tn-C, troponin-C 
[Adapted from Klabunde RE. Cardiovascular Pharmacology Concepts. Available from:   http://
www.cvpharmacology.com/cardiostimulatory/digitalis.htm    . Last Accessed June 4th, 2012. with 
permission from Richard Klabunde, PhD]       
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This increased intracellular calcium leads to further increase in calcium from the 
sarcoplasmic reticulum, which in turn binds to troponin-C leading to increased inot-
ropy. Binding of digoxin on the sodium-potassium transport system (pump) is 
inhibited by higher levels of potassium, and Na + -K +  ATPase activity is increased in 
the presence of increased magnesium levels. Thus, hypokalemia and hypomagnese-
mia increase the toxicity of digoxin. In addition, advanced age and renal dysfunc-
tion may increase the likelihood of digoxin toxicity. 1   

 A narrow therapeutic window has been a nagging challenge to the successful use of 
digoxin, and studies have shown that toxicity develops in up to 20% of patients tak-
ing digoxin. 1  Excessive digoxin levels may lead to symptoms such as anorexia, 
cardiac arrhythmia, lethargy, muscle cramps, visual disturbance (eg, unfocused 
vision, changes in color vision), weakness, and hallucinations. Although the inci-
dence of toxicity has improved in recent years, certain populations—especially per-
sons with recent hospitalization—continue to be at high risk. 2  ,  3  

 Hypokalemia can complicate the already narrow therapeutic window of digoxin and 
lead to toxicity within otherwise normal digoxin parameters. Drugs that are known 
to lead to hypokalemia, such as diuretics, may precipitate symptoms of toxicity. 
Normally, potassium competes with digoxin at the binding site of the sodium–potas-
sium pump, but in states of low serum potassium levels, the digoxin blockade is 
more widespread and involves a greater number of blocked sodium–potassium 
pumps and more toxic adverse effects. Further exacerbating this situation, renal 
secretion of digoxin decreases once serum potassium levels decrease to less than 
3 mEq/L, leading to a prolongation of the drug’s half-life. 1   

    Take-Home Points 

•     Digoxin has a narrow therapeutic window.  

•   Hypokalemia can lead to digoxin toxicity even within normal therapeutic 
parameters.  

•   Potassium levels should be monitored closely for patients receiving both 
digoxin and a diuretic drug, and low serum potassium concentrations 
should be corrected promptly.    

  Editor’s Note:  Look carefully at the medication panels of hospitalized patients, 
even if they have been on the fl oor or in the ICU for a signifi cant amount of time! 
Do not assume that any potential drug–drug interaction will be found and dealt with 
before the patient gets to the operating room. Remember that one of the guiding 
principles in diagnosing and managing drug–drug interactions is that drugs are 
stopped and started in the hospital and perioperative period.  
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    Summary 

     Interactions:  pharmacodynamic and pharmacokinetic  
   Substrates:  digoxin and hydrochlorothiazide  
   Mechanism/site of action:  1) potentiation of sodium-potassium-ATPase pump 

activity at multiple sites, and 2) HCTZ-induced hypokalemia leading to decreased 
renal excretion of digoxin.  

   Clinical effect:  digoxin toxicity        

   References 
       1.    Vivo RP, Krim SR, Perez J, et al. Digoxin: current use and approach to toxicity. Am J Med Sci. 

2008;336:423–8.  
    2.    Haynes K, Hennessy S, Localio AR, et al. Increased risk of digoxin toxicity following hospi-

talization. Pharmacoepidemiol Drug Saf. 2009;18:28–35.  
    3.    Haynes K, Heitjan D, Kanetsky P, et al. Declining public health burden of digoxin toxicity 

from 1991 to 2004. Clin Pharmacol Ther. 2008;84:90–4.    

Cardiovascular Medications



XIII      Drug–Drug Interac  ons 
Involving Coagula  on 
Modifi ers 

       



651© Springer Science+Business Media New York 2015 
C. Marcucci et al. (eds.), A Case Approach to Perioperative Drug-Drug 
Interactions, DOI 10.1007/978-1-4614-7495-1_144

 144
    Abstract  
  This introduces drug–drug interactions involving nonopioid pain 
medications.  

      Introduc  on 

                           Catherine     Marcucci   MD    

      Drug–drug interactions (DDIs) involving the coagulation drugs are important clini-
cally and a bit tricky. The coagulation status of both medical and surgical patients is 
often one of the prime factors in the maintenance of the patient’s health. The ability 
of perioperative providers to reliably predict pertubations in a patient’s coagulated, 
or anticoagulated, state is crucial in planning surgical and other interventions and 
preventing morbid and even devastating bleeding emergencies. The drugs them-
selves are not lethal, but there exists the possibility that the DDIs cause seriously 
morbid or even mortal consequences to the patients. 

 Two of the drugs in this section are members of the  Fatal Forty —warfarin and 
clopidogrel. Clopidogrel is an extremely commonly prescribed drug that is a cyto-
chrome P450 (CYP) 3A4 substrate and also acts as a prodrug substrate for the 
CYP2C19 isozyme. For some time, omeprazole, a 2C19 inhibitor, was implicated in 
clinically signifi cant DDIs involving clopidogrel, however, that has recently been 
called into question. Of greater interest recently has been its action as a 3A4 sub-
strate in DDIs with 3A4 inhibitors such as the calcium channel blockers. 

 Warfarin fully deserves its place on the  Fatal Forty . It is a low therapeutic index 
drug whose use is very common in both the general and surgical patient popula-
tions. DDIs involving warfarin have serious clinical sequelae. Warfarin DDIs are 
also common as warfarin interacts with many drugs including common antibiotics 
such as the macrolide antibiotics (azithromycin, clarithromycin, erythromycin) and 
spices such as dong quai and turmeric. 
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 In learning and reviewing warfarin DDIs, the reader must keep in mind that warfarin 
is a racemic mixture of two enatiomers, an R-enantiomer and an S-enantiomer. The 
R-enantiomer (sometimes referred to as R-warfarin) is not as active in anticoagula-
tion and is a CYP1A2 substrate. The more active S-warfarin is a 2C9 substrate. To 
date, there are several known 2C9 polymorphisms associated with increased warfa-
rin sensitivity. 

 In short, it is well worth the time of the perioperative clinician to review, study, and 
master DDIs involving the coagulation drugs, especially because these drugs are 
both started and stopped by a range of other providers, including both medical and 
surgical subspecialty providers. We recommend that anesthesiologists and anesthe-
sia providers themselves remain ever-vigilant and on the lookout for the associated 
DDIs.   

Coagulation Modifi ers
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    Abstract 
 This case discusses a pharmacokinetic reaction involving the decreased elimi-
nation of transexamic acid, resulting in seizures. The patient had renal insuf-
fi ciency due to coadministration of furosemide and ibuprofen.  

 Seize the Day 
  Fatal Forty DDI:  tranexamic acid, furosemide, 
ibuprofen                     

       Roman     M.     Sniecinski   MD     ,     Erica     D.     Wi  wer   MD, PhD    , 
    Kenichi     Tanaka   MD, MSc    , and     James     Zaidan   MD   
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         Case 

 A 41-year-old woman with severe mitral regurgitation presented to the operating 
room for mitral valve repair. She had a strong family history of early coronary artery 
disease and a personal history of mitral valve prolapse, which had been followed by 
her cardiologist for more than 2 decades, and she recently decided on surgery due to 
her increasing shortness of breath. Being a small woman (5’ 2”, 51 kg), the cardiac 
surgeon thought she was an excellent candidate for a minimally invasive approach. 
The length of cardiopulmonary bypass (CPB) required was not felt to be an issue 
due to her younger age. The patient underwent a preoperative coronary catheteriza-
tion which ruled out signifi cant coronary disease. She was hypertensive post- 
procedure which was thought to be due to volume overload. She received intravenous 
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furosemide (20 mg) and was discharged to home with instructions to take 20 mg 
orally daily until her mitral valve repair 2 days later. 

 The morning of surgery she reported that she had taken the furosemide as instructed 
and reported she had been taking ibuprofen for her menstrual cramps. Intraoperatively, 
she received heparin and antifi brinolytic therapy per protocol (tranexamic acid 2 g 
bolus, followed by 1 g/h infusion while on CPB). The repair was diffi cult with an 
unacceptable degree of mitral regurgitation on initial wean from CPB, necessitating a 
second CPB run. She had persistent hypotension postbypass and was taken to the 
intensive care unit (ICU) intubated, and on vasopressin and propofol infusions. 

 Initial labs on arrival to the ICU were notable for a creatinine clearance of 55 mL/min, 
which had been normal 2 weeks prior to surgery. After 4 hours in the ICU, the vaso-
pressin infusion was weaned off and the patient was hemodynamically stable enough 
for extubation. However, upon discontinuation of the propofol infusion, the patient 
began to seize violently. She was immediately given midazolam and placed back on 
the propofol infusion. These events were repeated several hours later during a second 
attempt at extubation, so the decision was made to keep her intubated overnight. She 
was extubated the following morning, neurologically intact. Her renal function 
returned to baseline rapidly and she recovered from her operation uneventfully.  

    Discussion 

  This is an example of a pharmacokinetic drug–drug interaction (DDI) involv-
ing decreased elimination of a drug.  

 Antifi brinolytics are commonly used in cardiac surgery to prevent CPB-induced 
fi brinolysis and reduce blood transfusion requirements. Tranexamic acid belongs to 
a class of drugs known as the lysine analogs, which reversibly bind to plasminogen 
(see Fig.  145.1 ). This blocks the interaction between plasminogen and fi brin, 
impairing fi brin degradation. 1   

 Outside of the operating room, the lysine analogs can be administered orally to treat 
a variety of bleeding conditions, including hemophilia and excessive menstrual 
bleeding. 2  Women with hypermenorrhagia may have increased fi brinolysis in utero 
due to higher levels of endometrium-derived plasminogen activators. The treatment 
regimen typically consists of 2 to 4.5 g per day during menstruation and it is gener-
ally well tolerated, with only occasional nausea. 

 However, more serious side effects have been reported when tranexamic acid is 
acutely administered in high dosages. The drug appears to inhibit GABA-A recep-
tors found in the cerebral cortex, lowering the depolarization threshold and enhanc-
ing excitability. 3  When injected directly into cerebrospinal fl uid, generalized 
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seizures have been reported. 4  Patients undergoing cardiac surgery are particularly 
susceptible to the proconvulsant effect of tranexamic acid, possibly due to an altered 
blood–brain barrier from the infl ammatory effects of CPB. Indeed, a recent study of 
more than 650 patients reported a 3% incidence of non-ischemic seizures following 
cardiac surgery with tranexamic acid. 5  In a study of patients undergoing aortic valve 
replacement receiving tranexamic acid versus ε-aminocaproic acid, seizures 
occurred in 6.4% of the patients receiving tranexamic acid and 0.6% of those receiv-
ing ε-aminocaproic acid. Additional factors that increased the risk for seizure activ-
ity were older age, decreased creatinine clearance, and administration of recombinant 
activated Factor VII. 5  

 The proconvulsant effect of tranexamic acid is likely dose-dependent and the pre-
sented case illustrates one type of patient at risk for an overdose: a small person who 
was exposed to a prolonged, high-dose infusion while on CPB complicated by acute 
renal dysfunction. Our patient’s calculated IV dose of tranexamic acid was almost 
90 mg/kg, within the dose range associated with seizures in the study by Murkin 
et al (61–259 mg/kg). 6  Her renal impairment was likely a combination of exposure 
to contrast dye, over-diuresis via furosemide and ibuprofen use. The drug is mini-
mally bound to plasma proteins and excreted mostly unchanged in the urine.  

    Take-Home Points 

•     Lysine analogs, which inhibit plasminogen-dependent fi brin degradation, are 
commonly utilized in cardiac surgery for antifi brinolytic therapy. They may 
also be used on an outpatient basis for a variety of bleeding-related conditions.  

•   One lysine analog in particular, tranexamic acid, is associated with gener-
alized seizures when given in high doses. It seems prudent to administer 

Fibrin

Tranexamic
Acid

tPA Plasminogen  Fig. 145.1    Once activated by 
tissue plasminogen activating 
factor (tPA), plasminogen 
binds to fi brin at the lysine 
residues and causes its 
degradation. Lysine analogs, 
such as tranexamic acid, 
occupy the lysine-binding site 
of plasminogen, effectively 
inhibiting fi brinolysis       
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the drug using a weight-based regimen. Loading doses of 30 mg/kg and 
infusions of 15 mg/kg have been used in one multicenter trial. 7   

•   The risk for seizures with tranexamic acid is increased in patients with 
renal impairment.     

    Summary 

     Interaction:  pharmacokinetic (decreased clearance)  
   Substrate:  tranexamic acid  
   Inhibitors (of excretion):  furosemide and ibuprofen  
   Mechanism/site of action:  decreased clearance through renal impairment  
   Clinical effects:  seizures        
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    Abstract  
  This case discusses a pharmacokinetic interaction between warfarin and naf-
cillin. Nafcillin is an inducer of warfarin metabolism and discontinuation led 
to reversal of induction and increased anticoagulant effect.  

      The Third and Final 
Complica  on 
  Fatal Forty DDI:  warfarin, nafcillin                     

       Daniel     W.     Johnson   MD    

         Case 

 Before leaving for a 3-day break from the orthopedic service, the chief resident 
decided to see his 72-year-old left hip replacement patient one more time. “She just 
didn’t look right this morning,” he recalled. Unfortunately, he was correct as the 
patient was now febrile, fatigued, and had mild rigors. There was a new superfi cial 
wound infection and her left lower leg was swollen. Cultures were sent, broad spec-
trum antibiotics were started, and the ultrasound diagnosis of a large left popliteal 
deep vein thrombosis (DVT) prompted the initiation of heparin therapy. The chief 
felt defl ated as he departed for his mini-vacation. 

 Upon his return, the chief was relieved to learn that cultures had revealed a staphy-
lococcus sensitive to nafcillin and antibiotic therapy had been narrowed to nafcillin 
alone. Warfarin had also been started, but heparin remained on as the International 
Normalized Ratio (INR) was subtherapeutic. The next day, the INR was still too low 
to stop heparin. The medical student on the service remembered that nafcillin and 
warfarin “have some sort of drug–drug interaction.” Satisfi ed that this explained the 
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slow rise in INR, a resident doubled the dose of warfarin. When the INR remained 
subtherapeutic 2 days later, the resident doubled the dose again. Finally, 1 week 
after the diagnosis of the DVT, the INR was in range and the heparin was stopped, 
allowing the patient to be discharged to an acute rehabilitation center. She was 
booked for follow up at the anticoagulation clinic and instructed to take the nafcillin 
for a 2-week course, and the warfarin for 3 months. 

 After 1 week at the rehabilitation center the patient was discharged home. In her 
eagerness to get back to her normal schedule, she missed her anticoagulation clinic 
visits and stopped taking nafcillin because she hadn’t felt sick in over a week. Two 
weeks later, and 1 week before her surgical follow-up visit, she fell while walking 
through the local park. A jogger ran over to help and found the patient tearful and 
incoherent. She was rushed back to the hospital and found to have unstable vital 
signs, a massive intracranial hemorrhage, and an INR of 7. The chief resident was 
extremely upset when the patient’s family was told that the most appropriate course 
was to pursue palliative care only.  

    Discussion 

  This is an example of reversal of induction.  

 Nafcillin is a common anti-staphylococcal penicillin used for a variety of infections. 
The patient in this case had culture data that justifi ed narrowing antibiotic coverage 
to nafcillin alone. Warfarin is the most commonly prescribed oral anticoagulant med-
ication and is appropriate therapy for postoperative DVT. Warfarin is metabolized by 
the cytochrome P450 (CYP) 2C9, CYP3A4, and CYP1A2. 1  The medical literature 
contains several case reports in which administration of nafcillin resulted in an 
increasing warfarin dose requirement to achieve INR consistent with therapeutic 
anticoagualtion. The mechanism that has been proposed, though not proven, is that 
nafcillin is an inducer of one or more of the P450 enzymes responsible for metabo-
lism of warfarin. In these reports, patients receiving both drugs required warfarin 
doses in excess of 10 mg daily to achieve an INR greater than 2, and dose require-
ments returned to baseline (over a period of weeks) when the nafcillin was stopped. 
In reports where pharmacokinetic data were calculated, enzyme induction by nafcil-
lin was apparent about 1 week after starting the antibiotic and warfarin doses returned 
to baseline 1 to 4 weeks after stopping nafcillin. 2  Unlike the published case reports, 
the patient in this case suffered from the  offset  of the enzyme inducer. When the 
effect of nafcillin subsided, the large dose of warfarin was excessive. 

 The patient in this case had two common postsurgical complications simultane-
ously, and both complications were treated appropriately. The potential of this 
 drug– drug interaction (DDI) was not fully appreciated during the hospital stay, 
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although  ideally it would have been. Had the patient appropriately followed up in 
the anticoagulation clinic, the gradual reduction in warfarin dose requirement would 
have likely been discovered and the supratherapeutic INR could have been avoided. 
Alternatively, given the complicated postsurgical course and the patient’s advanced 
age, a follow- up appointment with the primary care physician soon after discharge 
would have been appropriate and might have prevented the lethal outcome. 
Postoperative patients frequently do not understand the dangers of stopping dis-
charge medications on their own. Perioperative physicians must do all that they can 
to ensure appropriate medication administration and clinic follow-up after 
discharge.  

    Take-Home Points 

•     Pharmacologic induction of cytochrome P450 enzymes are a frequent 
cause of increased warfarin metabolism and thus increased dose 
requirements.  

•   Increased warfarin requirement in the setting of P450 inducers is com-
monly recognized.  Decreased  warfarin requirement after the discontinua-
tion of P450 inducers is equally clinically important, yet less readily 
recognized.  

•   When a signifi cant (DDI) is recognized, the pharmacologic nature and 
physiologic consequence of it must be fully elucidated on a case-by-case 
basis. The plan for prescribing all involved drugs must be carefully made.  

•   While the responsibility to attend follow-up appointments lies ultimately 
with the patient, physicians who order drugs with signifi cant drug– drug 
interactions also bear responsibility to ensure that doses are adjusted 
properly.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  warfarin  
   Enzyme:  not as yet determined  
   Inducer:  nafcillin  
   Clinical effect:  reversal of induction led to increased anticoagulant effect of the 

warfarin        
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         Case 

 A 61-year-old woman presented to the emergency department with abdominal pain, 
fever, tenderness, and nausea/vomiting. She had a history of diverticulosis and 
recent deep venous thrombosis (after a knee injury) for which she was on warfarin. 
Computed tomography (CT) revealed acute diverticulitis within the sigmoid colon 
without evidence of abscess. Admission labs were unremarkable expect for an ele-
vated white blood cell count of 21 and a therapeutic International Normalized Ratio 
(INR) of 2.1 (goal 2-3). 

 General surgery was consulted and recommended antibiotic therapy for diverticuli-
tis. Intravenous ciprofl oxacin and metronidazole were initiated and her symptoms 
rapidly improved. On hospital day 2, she was switched to oral ciprofl oxacin and 
metronidazole in anticipation of discharge. As the patient was getting ready to leave 

    Abstract 
 This case discusses a possible and/or likely pharmacokinetic interaction 
involving warfarin, metronidazole, and ciprofl oxacin, leading to bleeding 
complications. Warfarin is a cytochrome P450 2C9 and 1A2 substrate. 
Metronidazole is a 2C9 inhibitor and ciprofl oxacin is a 1A2 inhibitor.  

 An Interac  on 
with the Furniture 
  Fatal Forty DDI:  warfarin, metronidazole, 
ciprofl oxacin, CYP2C9, CYP1A2                     

       Heather     Norvelle   PharmD, BCPS      
and     Ines     P.     Koerner   MD, PhD   

    147   

        H.   Norvelle   PharmD, BCPS      (*) 
  Department of Infectious Diseases and Critical Care , 
 Oregon Health and Science University ,   Portland ,  OR ,  USA   
 e-mail: norvelle@ohsu.edu   

    I.  P.   Koerner   MD, PhD    
  Department of Anesthesiology & Perioperative Medicine , 
 Oregon Health & Science University ,   Portland ,  OR ,  USA    

mailto:norvelle@ohsu.edu


662

the hospital, she bent to tie her shoe and accidently hit her head on the bedside table. 
Over the next 30 minutes, the patient was increasingly obtunded. A head CT dem-
onstrated a large subdural hematoma with mass effect and midline shift. An emer-
gency coagulation panel was signifi cant for an INR of 5. The patient was transferred 
to the neurointensive care unit for rapid correction of her coagulopathy in prepara-
tion for urgent craniotomy and hematoma evacuation. After receiving factor IX 
complex, factor VIIa, and vitamin K, she underwent uneventful surgical hematoma 
evacuation. The postoperative course was uneventful, and the patient experienced a 
full neurologic recovery. The neurointensive care team extensively reviewed the 
patient’s hospital course and hypothesized that potentially signifi cant drug–drug 
interactions (DDIs) between warfarin and both the ciprofl oxacin and metronidazole 
were the probable cause for the sudden coagulopathy. Antibiotic therapy for the 
diverticulitis was continued with amoxicillin/clavulanate and warfarin was restarted 
without additional complications.  

    Discussion 

  This is an example of inhibitors added to a substrate.  

 Both metronidazole and ciprofl oxacin are believed to inhibit warfarin metabolism 
by the liver and increase INR, although the exact mechanism behind each interaction 
is not completely clear. Warfarin inhibits the vitamin K dependent synthesis of coag-
ulation factors in the liver. It is metabolized and inactivated by the cytochrome P450 
(CYP) enzyme family, predominantly by CYP2C9, and to a lesser extent by 
CYP1A2. 1  Metronidazole has long been thought to be an inhibitor of 2C9, although 
recent reports question this mechanism. 2  ,  3  Nevertheless, a long list of case series and 
case reports have described INR elevations and bleeding complications during con-
current warfarin and metronidazole treatment since the initial report of an interac-
tion of metronidazole with warfarin, specifi cally its S(−) enantiomer, in 1976. 4  

 The case is less clear for ciprofl oxacin. Experimental data mostly suggest that the 
effect of CYP1A2 inhibition by ciprofl oxacin on coagulation parameters during 
warfarin therapy should be small, yet case reports and retrospective studies suggest 
a clinically relevant drug interaction, predominately in the elderly population. 5  –  8  

 While the exact mechanisms of drug interactions between warfarin, metronida-
zole, and the fl uoroquinolones cannot be identifi ed beyond doubt at this time, there 
is enough clinical concern to warrant careful monitoring of coagulation parame-
ters, and dose adjustments as necessary, when either antibiotic is started for a 
patient taking warfarin. It has also been recommended to prophylactically reduce 
the dose of warfarin when metronidazole treatment is initiated. 9  Frequent organ-
isms causing diverticulitis include  Streptococci ,  Escherichia coli ,  Bacteroides , 
 Peptostreptococcus ,  clostridium species,  and  fusobacterium . 10  ,  11  Ciprofl oxacin and 
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metronidazole are effective against these bacteria and are appropriate choices for 
the treatment of acute diverticulitis. 10  Amoxicillin/clavulanate is an alternative 
treatment option with activity against these bacteria but without the common drug 
interactions. 10   

    Take-Home Points 

•     Warfarin is metabolized by CYP2C9 and CYP1A2.  

•   Metronidazole has long been thought to be an inhibitor of 2C9. 
Ciprofl oxacin is a 1A2 inhibitor  

•   The existing experimental data do not fully elucidate the magnitude of the 
recognized clinical effects seen with the coadministration of warfarin, met-
ronidazole, and ciprofl oxacin.  

•   Nonetheless, there is enough clinical concern to warrant careful monitor-
ing of coagulation parameters, and dose adjustments as necessary, when 
either antibiotic is started for a patient taking warfarin.  

•   Also, the prudent practitioner will consider prophylactically reducing the 
dose of warfarin when metronidazole treatment is initiated.     

    Summary 

  Interaction:  pharmacokinetic?
    Substrate:  warfarin  
   Enzymes:  CYP2C9 and CYP1A2  
   Inhibitors:  metronidazole (CYP2C9) and ciprofl oxacin (CYP1A2)  
   Clinical effects:  INR and bleeding complications        
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    Abstract  
  This case discusses the pharmacokinetic interaction of warfarin and clarithro-
mycin leading to enhanced anticoagulant effect and elevated INR. Warfarin is 
a cytochrome P450 2C9 substrate and clarithromycin is a 2C9 inhibitor. The 
use of warfarin for pediatric patients is also discussed.  

      Macrolide Mishap for Li  le 
Miss Muff e   
  Fatal Forty DDI:  warfarin, clarithromycin, CYP2C9                     

       Elizabeth     Pedigo   MD    

         Case 

 Midway through her posted ENT cases for the day, the pediatric anesthesiology 
resident called out to the Day Stay Unit to check on her next patient. The patient  
was a 3-year-old girl who was having a combined ENT and ophthalmology proce-
dure (ear tubes and strabismus correction). Although she had been seen by the indi-
vidual surgical clinics preoperatively, no labs had been ordered because each 
procedure was felt to be of a “minor” nature. 

 The patient’s history included congenital mitral valve insuffi ciency for which she 
had undergone initial repair at 7 months of age and replacement 6 months ago. She 
had been taking warfarin since that time with a target International Normalized 
Ratio (INR) between 2.5 and 3. The patient’s last INR was drawn two weeks ago, 
and was 2.9. In her review the previous evening of the patient’s Electronic Medical 
Record, the resident had noticed that the patient was completing a 10-day course of 
clarithromycin (prescribed by a third provider) as therapy for otitis media. The resi-
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dent knew that erythromycin interacted with warfarin, and was concerned that other 
macrolide antibiotics could do the same. 

 The patient was in the Day Stay Unit, and no INR had been sent. The surgical 
teams agreed to wait for the result before proceeding since this was a potentially 
important drug–drug interaction (DDI). The blood draw was accomplished and 
the nurses settled the little patient down with a book of nursery rhymes while the 
adults waited for the labs. Unfortunately, an INR of 7.2 was returned. The case 
was cancelled, and the patient was admitted for correction of her excessive 
anticoagulation.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Warfarin is a drug that was initially marketed as a pesticide against rats and mice 
and is still popular for this purpose. It is a synthetic derivative of coumarin, a chemi-
cal found naturally in many plants, notably woodruff and, at lower levels, in lico-
rice, lavender, and various other species. It is the most widely prescribed oral 
anticoagulant and the overall 11th most prescribed drug in North America. 1  Despite 
its effectiveness, treatment with warfarin has several disadvantages. Its activity has 
to be monitored by frequent blood testing for INR to ensure an adequate yet safe 
dose is taken, and many commonly used medications interfere with warfarin, as do 
some foods. 

 Warfarin is a racemic mixture of R-warfarin (weaker isomer), which is metabolized 
by the cytochrome P450 (CYP) 1A2 enzyme, and S-warfarin (the more active iso-
mer), which is metabolized by the CYP2C9 enzyme. 2  There are known 2C9 poly-
morphisms associated with increased warfarin sensitivity. 3  Warfarin works by 
interfering with the hepatic synthesis of vitamin K sensitive coagulation factors (II, 
VII, IX, X), and the target of warfarin is vitamin K epoxide reductase. Several com-
mon polymorphisms of the complex subunit 1 (VKORC1) have been described that 
are also associated with increased warfarin sensitivity. In 2007, the US Food and 
Drug Administration (FDA) modifi ed warfarin labeling to suggest, but not mandate, 
warfarin pharmacogenetic testing before initiating therapy (commercial kits test for 
CYP2C9 and VKORC1 polymorphisms). 3  No genetic testing was done in this child 
prior to the institution of warfarin. 

 Antibiotics are known to alter the anticoagulation induced by warfarin in adults, 
but little is known about this interaction in children. In a retrospective review of 
patients younger than 21 years of age, it was found that antibiotic use was associ-
ated with an increase in the mean INR from 2.7 to 3.6, a change that correlated 
inversely with patient age. 4  Clarithromycin (Biaxin®) is an oral antibiotic used as 
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therapy in uncomplicated bacterial otitis media where the presumed pathogens are 
 S. pneumoniae ,  H. infl uenzae,  or  M. catarrhalis . The macrolides undergo oxidative 
metabolism by the CYP3A family of isoenzymes and are inhibitors of the CYP1A2, 
2C9, and 3A4 isoenzymes. Clarithromycin undergoes activation by CYP enzymes 
to form inhibitor metabolites, which go on to form stable complexes with the CYPs 
called metabolic intermediates (MIs). Clarithromycin is also an inhibitor of the 
P-glycoprotein (p-gp). 2  

 In addition to being inhibitors for the CYP isoenzymes, macrolides have been 
reported to decrease the amount of intestinal fl ora that produce vitamin K, which 
can reduce prothrombin production. Patients with impaired vitamin K synthesis or 
low vitamin K stores, such as those with chronic hepatic disease or malnutrition, 
may require monitoring of prothrombin time and administration of vitamin K dur-
ing antibiotic treatment. 5  In addition, fever, a common condition in pediatric infec-
tions, may increase the catabolism of vitamin K-dependent coagulation factors and 
raise the INR. 4  Finally, a patient with an infection will have a stimulated cytokine 
response, inhibiting the normal ability to metabolize warfarin and possibly cause 
excessive anticoagulation. 6  

 This patient had multiple factors contributing to her elevated INR: CYP2C9 isoen-
zyme inhibition, youth, reduced intestinal fl ora, infection, and possibly a predispos-
ing genetic polymorphism.  

    Take-Home Points 

•     Warfarin is an anticoagulant whose activity can be severely altered by mul-
tiple factors including diet, infection, genetics, and other medications. 
When caring for patients taking warfarin, it is imperative that INR be 
closely monitored when any of these variables occur.  

•   Warfarin exists as a racemic mixture of enantiomers. The R-enantiomer 
undergoes metabolism by CYP1A2 and the S-enantiomer undergoes 
metabolism by CYP2C9.  

•   It is possible and recommended by the FDA to test for 2C9 polymorphisms 
before initiating warfarin therapy.  

•   Clarithromycin is a macrolide antibiotic (other macrolide antibiotics are 
azithromycin and erythromycin)  

•   The macrolide antibiotics are pan-inhibitors, including inhibition of 2C9. 
Clarithromycin also binds to CYP enzymes to form stable complexes and 
is a P- glycoprotein inhibitor as well.  
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•   Warfarin administration and INR variations in children are poorly studied 
areas, therefore INR surveillance must be increased in this population.  

•   Pharmacogenetic testing is not yet associated with improved clinical out-
comes and does not lessen the requirement for conscientious monitoring.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  warfarin  
   Enzyme:  CYP2C9  
   Inhibitor:  clarithromycin  
   Clinical effects:  enhanced anticoagulant effect        
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         Case 

 A 15-year-old boy, who was an otherwise healthy tennis player, went for his pre-
season physical. Surprisingly, although asymptomatic, the boy was found to have an 
irregular heart rhythm, and an electrocardiogram showed atrial fi brillation. A 
24-hour Holter monitor confi rmed atrial fi brillation, two short episodes of supraven-
tricular tachycardia, ventricular extrasystoles, and pauses lasting up to 2 seconds. 
Transthoracic echocardiography was normal. Treatment with warfarin (6 mg daily) 
and propafenone (300 mg/12 h) was started, which successfully converted the 
patient’s heart rhythm to sinus. A month later, he was noted to be in atrial fi brillation 
again with at a heart rate of 90 beats per minute. The patient was instructed to take 
propafenone (300 mg/12 h). Also, because his International Normalized Ratio 
(INR) was 1.7, the dose of warfarin was increased (6 mg alternating with 7.5 mg). 

    Abstract 
 This case discusses amiodarone added to warfarin. Amiodarone is a cyto-
chrome P450 2C9 inhibitor and the more actively anticoagulant S-enantiomer 
of warfarin is a 2C9 substrate. The interaction results in an enhanced antico-
agulant effect.  

 From Asymptoma  c 
to Symptoma  c: A Cause 
of Nosebleed 
  Fatal Forty DDI:  warfarin, amiodarone, CYP2C9                     

       Joško     Markić   MD, MSc     ,     Julije     Meštrović   MD, PhD    , 
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 For the next 6 months, the patient was in sinus rhythm with INR values between 2 
and 2.3. However, on the next follow-up visit, atrial fi brillation was noted again. 
The patient was admitted to the pediatric intensive care unit and the intensivist 
decided to administer amiodarone hydrochloride (600 mg/d) in two divided doses 
instead of propafenone. The patient was instructed to return for a follow-up electro-
cardiogram and INR check the following week. 

 The patient had to travel abroad because of a family emergency, and he returned for 
checkup 3 weeks after the originally scheduled appointment. He reported no cardio-
vascular symptoms; however, he had had 2 episodes of nosebleed during the previ-
ous 48 hours. His INR was checked immediately and was 5.1. The warfarin therapy 
was discontinued, and the patient was readmitted overnight to the step- down unit 
for observation.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Amiodarone is a Class III antiarrhythmic, meaning that it prolongs the QT interval. 
Also, it slows the heart rate and atrioventricular nodal conduction, prolongs myo-
cardial refractoriness, and slows intracardiac conduction. 1  Amiodarone is used for 
the treatment of a wide range of cardiac dysrhythmias, including atrial fi brillation 
and fl utter and ventricular fi brillation. It can be administered intravenously or orally. 
Its adverse effects are related to the dosage and duration of treatment. 1  The half-life 
of amiodarone exceeds 50 days. It is metabolized to desethylamiodarone by the 
cytochrome P450 (CYP) enzyme group, especially the CYP3A4 and CYP2C8 
isozymes. 2  

 Warfarin is an anticoagulant drug that reduces blood clot formation by inhibiting the 
formation of vitamin K–dependent clotting factors (ie, factors II, VII, IX, and X) 
and proteins C and S. After rapid intestinal absorption, warfarin has a half-life of 36 
to 42 hours. 3  Warfarin is used to treat venous thrombosis and for prevention and 
treatment of thromboembolic events in patients with atrial fi brillation and those 
with prosthetic heart valves. It requires up to 7 days to achieve its full anticoagulant 
effect. 4  Warfarin is metabolized by the CYP enzyme group, especially the 2C9, 
1A2, and 2C19 isozymes. Warfarin is composed of a racemic mixture of R and S 
isomers, but most of its anticoagulant effect is associated with S-enantiomer, which 
is predominantly metabolized by 2C9. 2  R-warfarin is primarily metabolized by 1A2 
with 3A4 playing a secondary role. 5  

 Amiodarone inhibits the activity of several CYP isozymes, including 2C9, 1A2, 
2D6, and 3A4. 1  Because of this inhibition, the metabolism of drugs that are sub-
strate to these isozymes is decreased when they are used together with amiodarone, 
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leading to a corresponding increase in substrate blood levels. One of the most clini-
cally important and most frequently encountered interactions is between amioda-
rone and warfarin, because these drugs often are prescribed concurrently to patients 
with cardiac dysrhythmias, especially atrial fi brillation. 6  In this drug combination, 
the anticoagulant effect of warfarin is enhanced, primarily because of slowed 
metabolism of the S-enantiomer. 7  

 To avoid the possible adverse effects of this concurrent treatment, the clinician 
should monitor the patient’s INR closely. The probability of a prolonged INR is 
highest during the fi rst 12 weeks of combined therapy. 4  ,  8  Although an increase in 
INR can be evident after 3 or 4 days of concurrent treatment, the peak effects occur 
7 weeks after initiation of therapy. 8  For avoidance of an increased risk of hemor-
rhagic complications, a reduction of 25% to 40% in the warfarin dose is recom-
mended when amiodarone is added to a stable warfarin regimen and then further 
adjustment of the warfarin dose may be needed in accordance with subsequent 
INRs. 4  ,  7  ,  8  It has been noticed that the extent of interaction between amiodarone and 
warfarin seems to be dependent on the maintenance dose of amiodarone (Fig.  149.1 ). 8  
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  Fig. 149.1    The relationship between amiodarone dose and warfarin dose, showing a strong 
inverse relationship. As the maintenance dosage of amiodarone is decreased from 400 mg/d to 
100 mg/d, the mean daily dose of warfarin correspondingly increased from 3.2 to 3.9 mg. Based 
on these fi ndings, a reduction of 38%, 36%, 31%, or 25% in the daily warfarin dose was necessary 
for patients receiving an amiodarone maintenance dosage of 400, 300, 200, or 100 mg/d, respec-
tively. Error bars indicate SD [Adapted from Sanoski CA, Bauman JL. Clinical observations with 
the amiodarone/warfarin interaction: dosing relationships with long-term therapy. Chest. 
2002;121:19–23. With permission from American College of Physicians]       
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Because of the genetic variability and polymorphism in CYP2C9, patients who have 
reduced catalytic activity may have a faster onset of interaction.  

 Of note, several frequently used drugs have an ability similar to that of amiodarone 
in interfering with warfarin metabolism: fl uconazole, sulfamethoxazole- 
trimethoprim, and metronidazole. These drugs inhibit 2C9 activity and decrease 
vitamin K production. 3  When a patient is simultanously taking warfarin and one of 
these drugs, the patient’s INR must be frequently monitored and a warfarin dose 
reduction of 30% to 50% must be considered.  

    Take-Home Points 

•     Warfarin is metabolized by the cytochrome P450 enzyme group. Most of 
its anticoagulant effect is associated with S-enantiomer, which is predomi-
nantly metabolized by CYP2C9.  

•   Amiodarone inhibits the activity of several CYP isozymes, including 
CYP2C9. Thus, amiodarone increases the anticoagulant effect of warfarin 
by inhibiting its metabolism.  

•   To avoid an increased risk for hemorrhagic complications, a decrease in 
the warfarin dose is recommended when amiodarone is added to a stable 
warfarin regimen.  

•   After initiation of the concurrent amiodarone and warfarin treatment, the 
INR should be monitored frequently for the fi rst 7 to 10 weeks.  

•   The extent of interaction between amiodarone and warfarin seems to 
depend on the maintenance dose of amiodarone.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  warfarin  
   Enzyme:  primarily CYP2C9  
   Inhibitor:  amiodarone  
   Clinical effect:  enhanced anticoagulant effect        
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    Abstract  
  This case discusses a pharmacokinetic interaction between clopidogrel and 
omeprazole, resulting in a decreased antiplatelet effect of clopidogrel. 
Clopidogrel is a cytochrome P450 2C19 substrate and omeprazole is a 2C19 
inhibitor.  

      The Consequences of Not 
Following a Cardiac Diet  
  Fatal Forty DDI:  clopidogrel, omeprazole, CYP2C19                     

       Kristen     B.     McCullough   PharmD, BCPS, BCOP      
and     Wayne     T.     Nicholson   MD, PharmD, MSc   

          Case 

 A 58-year-old, 100 kg man presented to the surgery department for removal of hard-
ware placed during repair of a femoral fracture from a motor vehicle crash. He had 
a history of hypertension, hyperlipidemia, and a subsequent myocardial infarction 5 
months ago, for which he had undergone percutaneous coronary intervention and 
placement of a drug-eluting stent in the right coronary artery. He consequently took 
clopidogrel (75 mg once daily) and aspirin (81 mg once daily), with no substantial 
bleeding events. His hypertension was controlled with metoprolol (25 mg once 
daily) and his hyperlipidemia was managed with atorvastatin (20 mg once daily). 

 After his myocardial infarction, the patient had vowed to eat better. However, since 
the beginning of football season several weeks ago, he spent the weekends watching 
games and indulging in nachos, hot dogs, buffalo wings, and beer. He had slipped 
into the habit of spending weekday evenings at the local bar with his friends, dis-
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cussing upcoming games while feasting on burgers, French fries, and beer. 
Subsequently, he had nighttime heartburn, for which he had been self-medicating 
with omeprazole each night for the past 18 days. 

 His cardiologist decided to follow the current guidelines for antiplatelet medica-
tions in patients with a drug-eluting stent and recommended that the patient con-
tinue taking full antiplatelet therapy perioperatively. The surgeon agreed because 
the risk for bleeding during the planned operation was minimal. The patient 
underwent uneventful anesthesia and surgery. While in the recovery room, the 
patient reported substernal chest pain that radiated to his back and neck and 
shortness of breath. An electrocardiogram showed ST-segment depression, and 
cardiac panel testing showed elevated troponin levels. A coronary angiogram 
showed a clot in the right coronary artery immediately distal to his prior stent 
placement. Percutaneous coronary intervention was performed and an additional 
stent placed. 

 The procedure was successful, and the patient was observed in the hospital over the 
next 3 days. Omeprazole therapy was switched to ranitidine, and the patient was 
counseled on lifestyle changes that might reduce his heartburn. At the time of dis-
charge, results of an electrocardiogram and cardiac panel were normal and his blood 
pressure was within predetermined goals.  

    Discussion 

  This is an example of an inhibitor added to a prodrug substrate.  

 Clopidogrel exhibits an antiplatelet effect by inhibiting adenosine diphosphate from 
binding to the platelet surface receptor P2Y 12.  In a normal physiologic context, the 
binding of adenosine diphosphate stimulates activation of the platelet and receptor 
glycoprotein IIb/IIIa, leading to clot formation. Clopidogrel binds irreversibly to 
P2Y 12 , thereby preventing adenosine diphosphate binding and subsequent platelet 
activation. 1  

 Clopidogrel is a prodrug that requires metabolism by liver enzymes, including cyto-
chrome P450 (CYP) 2C19. 2  The proposed mechanism of this reaction arises from 
the ability of proton pump inhibitors (PPIs) to inhibit CYP2C19. 3  It has been 
 suggested that a link may exist that results in decreased activation of clopidogrel 
and a subsequent decreased antiplatelet effect when a patient takes both 
medications. 

 Several studies have investigated this theory. The fi rst of these studies was the 
Omeprazole, Clopidogrel, Aspirin Study, which found a statistically signifi cant 
decrease in clopidogrel activity in the presence of omeprazole, as measured by the 
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platelet reactivity index. 3  In a study published in 2009, several PPIs, including rabe-
prazole sodium, omeprazole, pantoprazole sodium, and lansoprazole, were  analyzed 
in relation to clopidogrel. 4  A subgroup analysis showed a statistically signifi cant 
risk of a second myocardial infarction for patients taking rabeprazole, omeprazole, 
and lansoprazole but not for patients taking pantoprazole. 

 Some hospitals have considered using pantoprazole exclusively, in hopes of 
avoiding this interaction. Unfortunately, this issue remains unclear, because sev-
eral other studies surfaced in late 2008 and in 2009 that showed contradicting 
results. One study showed no interaction between clopidogrel and esomeprazole 
magnesium or pantoprazole when the platelet reactivity index and adenosine 
diphosphate aggregation were analyzed. 5  Alternatively, an analysis of patients 
within the Veterans Affairs hospital system showed an increased risk for rehospi-
talization, myocardial infarction, and revascularization with nearly all PPIs, with 
the exception of rabeprazole, which did not have a suffi cient population for 
analysis. 6  

 Although pharmacokinetic studies have showed that some PPIs, such as lansopra-
zole, may undergo more extensive metabolism by CYP2C19, there currently is no 
clear consensus whether PPIs should be avoided with antiplatelet medications. 7  
Pharmacogenomics also may have a role in this interaction, since some patients 
may have reduced activity of 2C19, and this compounding factor has not been con-
sidered a risk factor in current studies. Current guidelines regarding gastrointestinal 
prophylaxis in patients who take both clopidogrel and aspirin and are at the same 
increased risk of gastrointestinal bleeding recommend the use of PPIs. 8  However, 
these guidelines were released in late 2008, before many of these studies were 
published. 

 The manufacturers of clopidogrel discourage concomitant use of drugs that inhibit 
CYP2C19 (eg, omeprazole). 1  They also are working with the US Food and Drug 
Administration (FDA) to gain additional information. The FDA has recommended 
that health care providers avoid using clopidogrel and omeprazole together at any 
time of the day. Additionally, the FDA extends this warning to include esomepra-
zole but cannot defi nitively implicate any other PPIs. Its current recommendation is 
to consider the use of a H 2 -antagonist, such as ranitidine or famotidine but excluding 
cimetidine hydrochloride. 9  

 Health care providers need to be aware of this interaction and to consider the conse-
quences for their patients, and they should follow the FDA recommendations. PPIs 
are indicated for esophagitis,  Helicobacter pylori  infections, gastric and duodenal 
ulcers, and hypersecretory diseases, such as Zollinger-Ellison syndrome. However, 
many patients are treated with PPIs for extended periods without an obvious indica-
tion or a diagnosis of any of these diseases. In addition, omeprazole may be pur-
chased without a prescription. Therefore, it is important that all medication use is 
discussed with patients to prevent inappropriate use.  
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    Take-Home Points 

•     PPIs often are prescribed as part of a gastrointestinal prophylaxis regimen 
for patients taking dual antiplatelet therapy.  

•   PPIs may inhibit the metabolism of clopidogrel at a hepatic level, sec-
ondary to decreasing the activation of clopidogrel from a prodrug to a 
therapeutically active compound, presumably through inhibition of 
CYP2C19.  

•   Opinions are confl icting about whether inhibition can be considered a PPI 
class effect. Current evidence suggests that there are some differences 
among different PPIs in their degree of inhibition.  

•   Use of a PPI is indicated in some patient categories. However, health care 
providers should evaluate fully the risk–benefi t ratio for their patients and 
ensure that their patients are not using a PPI wrongfully.  

•   Further studies need to be completed before enough evidence is available 
to confi dently change the medical recommendations for concomitant use 
of clopidogrel and a PPI. However, it is prudent that health care providers 
follow current FDA guidance.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  clopridogrel (prodrug)  
   Enzyme:  CYP2C19  
   Inhibitor:  omeprazole  
   Clinical effect:  decreased antiplatelet effect of clopidogrel        
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    Abstract 
 This case discusses the interaction between clopidogrel and omeprazole. 
Clopidogrel is a prodrug metabolized to an intermediate compound by cyto-
chrome P450 2C19. Omeprazole is a 2C19 inhibitor.  

 Clopidogrel (I): Bagel 
Brunch 
  Fatal Forty DDI:  clopidogrel, omeprazole, CYP2C19                     

       Ann     Marie     Canelas   MD      and     Randal     O.     Dull   MD, PhD   
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         Case 

 An anesthesiologist and internist, married 3 years, were in the habit of sleeping late 
on Sundays, and then watching the political talk shows while having coffee and 
bagels (no kids yet!). Talk inevitably strayed from politics to the cases and chal-
lenges of the previous week and the couple, who had been medical school class-
mates, took turns trying to stump each other on medical issues. The husband 
described a case posted for the previous Friday. The patient was a 67-year-old man 
scheduled for resection of a massive low-grade abdominal wall sarcoma and abdom-
inal wall reconstruction who had been cancelled when he had gone to the Emergency 
Department instead of the his preoperative clinic visit complaining of chest pain. He 
was then found to have ST segment elevations in his anterior leads. The wife, like 
the good internist she was, asked for the patient’s pertinent medical history (hyper-
lipidemia, new-onset gastroesophageal refl ux (CERO), smoking, and hypertension 
with relatively recent placement of bare metal stent in left anterior descending 
artery) and medication list (clopidogrel, simvastatin, aspirin, and omeprazole). 

 “Hmmmm,” she said. “Clopidogrel is a 2C19 prodrug. His GERD probably got 
worse because of the tumor and somebody put him on omeprazole, they probably 
should have used pantoprazole. We’ve been hearing about the proton pump inhibi-
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tors, but the evidence base is evolving on this. Did somebody also put him on an 
antihypertensive? Mind if I have the poppy seed bagel?”  

    Discussion 

  This is an example of inhibitor to a prodrug substrate.  

 Clopidogrel, a platelet P2Y 12  adenosine diphosphate receptor inhibitor, is com-
monly prescribed in combination with aspirin, as part of dual anti-platelet therapy 
for treatment of coronary atherosclerosis and, specifi cally, following angioplasty 
and stent placement. To mitigate gastrointestinal bleeding associated with aspirin, a 
proton pump inhibitor (PPI), most commonly omeprazole, is frequently prescribed 
as adjunct therapy. The use of dual anti-platelet therapy in the treatment of unstable 
angina is supported by randomized trials. 1  

 The clinician should be aware of concerns, however, regarding the drug–drug inter-
action between omeprazole’s inhibition of cytochrome P450 (CYP) 2C19, one of 
the cytochrome P450 isoforms that converts the prodrug clopidogrel to its active 
form. Clopidogrel is converted to 2-oxo-clopidogrel via several of the P450 iso-
forms including 2C19, 1A2, and 2B6 and 2-oxo-clopidogrel is then subsequently 
metabolized to the active compound, R-130964, by 3A4, 2C9, 2C19 and the 2B 
family of enzymes. Omeprazole is a strong inhibitor of 2C19, thus, inhibiting the 
initial step in conversion of clopidogrel to its active anti-platelet form. Other proton 
pump inhibitors including lansorazole, rebaprazole and esomeprazole have also 
been shown to inhibit 2C19. 

 Numerous studies have reported increases in acute coronary events among patients 
demonstrating clopidogrel resistance and those taking a combination of clopidogrel 
and proton pump inhibitors. 2  –  6  Matezky et al were the fi rst to demonstrate clopido-
grel resistance, as measured by platelet aggregation assays, in patients who had a 
myocardial infarction and had been treated with clopidogrel and aspirin. 9  
Approximately 25% of study patients demonstrated clopidogrel resistance and this 
was associated with increased risk for recurrent cardiac events. Ho and colleagues 
reported a signifi cant increase in combined all-cause mortality and re hospitalization 
for acute coronary syndrome in patients taking clopidogrel plus a PPI versus those 
taking clopidogrel alone. 2  The presumed mechanism was inhibition of CYP-
dependent clopidogrel metabolism and activation. 

 Genetics also infl uence the response to clopidogrel therapy. Genetic polymorphisms 
of the CYP 2C19 gene can result in 25% to 33% reduction in clopidogrel’s anti-
platelet activity and this is strongly associated with adverse outcomes including 
increased myocardial infarction, stent thrombosis and stroke. 5  The CYP 2C19*2 
allele was the most frequent, reduced-function allele. Reduced-function 
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 polymorphisms are common among Cancasians (30%), persons of African descent 
(40%) and persons of East Asian descent (55%). 6  At least one study has examined 
the pharmacogenetic interactions of clopidogrel absorption via the intestinal 
P-glycoprotein ABCB1 transporter, hepatic cytochrome P450 alleles (CYP 3A4, 
3A5, 2C19) and allelic variants in the platelet P2Y 12   receptor on adverse cardiac 
outcomes. 7  There was a reported increase in the hazard ratio for patients carrying a 
variant allele for ABCB1 and either of the two reduced-function alleles for 
CYP2C19. In fact, patients with two CYP2C19 reduced-function alleles and at least 
one ABCB1 allele had a cardiac event rate fi ve-fold higher than normal patients. 

 Induction of CYP 450 enzymes may lead to an enhanced effi cacy of clopidogrel, 
potentially counterbalancing other inhibitory drug–drug interactions. Hyperforin, a 
constituent of St. John’s wort, can induce CYP3A4, although the effect is primarily 
seen in preparations that contain high hyperforin levels. Likewise, nicotine can 
induce CYP1A2, which theoretically could enhance clopidogrel metabolism in the 
setting of 2C19 inhibition. The infl uence of concurrent enzyme induction has not 
been shown to alter cardiac outcomes and should not be assumed to provide any 
clinical benefi t. It does highlight, however, the complex infl uences of food, drugs, 
and herbal supplement interactions within the P450 system. 

 In summary, clopidogrel-omeprazole is a demonstration of a prodrug + inhibitor 
combination, leading to decreased effi cacy of the prodrug, due to reduced conver-
sion of the prodrug to an active form. Concurrent genetic infl uences via r alleles 
have the potential to accentuate drug–drug interactions and impact clinical outcome. 
Newer proton pump inhibitors that have much less of a 2C19 inhibitory profi le, such 
as pantoprazole, are currently recommended for use with clopidogrel, as the bene-
fi ts are thought to outweigh the risks. 8   

    Take-Home Points 

•     Omeprazole and esomeprazole (Nexium ® ) are strong inhibitors of 
CYP2C19, the enzyme that converts clopidogrel from a prodrug to an 
active, antiplatelet drug.  

•   Inhibition of CYP2C19 reduces the effi cacy of clopidigrel therapy and is 
associated with adverse cardiac outcomes.  

•   If a patient taking clopidogrel requires treatment with a proton pump inhini-
tor, it would be prudent to select or switch to an agent other than omeprazole 
or esomeprazole such as pantoprazole (Protonix ® ) or lansoprazole (Prevacid ® ).  

•   Genetic polymorphisms, including reduced function alleles of the intesti-
nal uptake pump (ABCB1) for clopidogrel and CYP2C19 have super-
imposed infl uences on cardiac outcomes.  
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•   Herbal supplements and nicotine may induced specifi c P450 enzymes and 
mitigate direct drug-induced inhibition.  

•   A 2012 report has suggested that higher-quality studies, including the only 
randomized trial, have not shown any difference concerning adverse car-
diovascular events when concomitantly on clopidogrel and PPI or only on 
clopidogrel.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  clopidogrel  
   Inhibitor:  omeprazole  
   Enzyme:  CYP2C19  
   Clinical effect:  loss of anticoagulant effi cacy        
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    Abstract  
  This case further discusses the aggregation of risk factors for signifi cant 
drug–drug interactions involving clopidogrel, proton pump inhibitors, and 
calcium channel blockers.  

      Clopidogrel (II): Conferring 
over the Kung Pao  
 Clopidogrel, proton pump inhibitors, 
calcium channel blockers, CYP2C19, CYP3A4                     

       Catherine     Marcucci   MD      and     Neil     B.     Sandson   MD   

         Case 

 The young physician couple in the previous case (an anesthesiologist married to an 
internist) each worked their way through a hard and busy day at their respective 
hospitals and decided, on a rainy Tuesday night, to go out for dinner at their favorite 
Asian restaurant. As the food arrived, the wife mentioned that she had found a 
couple of papers on clopidogrel metabolism for her favorite handsome anesthesi-
ologist and asked if he would have time later in the week to fi nd out if the patient 
with the large abdominal wall tumor had been started on an antihypertensive. As 
luck would have it, her husband had been the attending covering the preoperative 
center and had asked the nurse practitioners there for the story on the patient. He 
was able to confi rm that the patient had been started on omeprazole for his gastro-
esophageal refl ux disease (GERD). Additionally, as part of the preoperative optimi-
zation of the patient’s medical status, it had been decided to treat the patient’s 
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moderate hypertension, and he had been started on verapamil just before he suffered 
a thrombotic event to his coronary arterty stent. Our smart, young couple each 
popped their phone out of their briefcase and a Kung Pao clopidogrel conference 
ensued (no kids yet to talk about). 1   

    Discussion 

  This is an example of inhibitors added to a prodrug substrate.  

 There has been much recent inquiry into both the mechanisms by which clopidogel 
is converted into an active anticlotting agent, and also what drugs might interfere 
with this conversion. 1  –  8  There has been some inconsistency in recent studies. Some 
studies have suggested that CYP2C19 inhibitors, such as proton pump inhibitors, 
and CYP3A4 inhibitors, such as diltiazem and verapamil, are implicated in decreas-
ing clopidogrel’s anticlotting effi cacy. 3  –  6  However, other studies have called these 
fi ndings into question. 7  ,  8  Since the conversion from inactive clopidogrel to active 
anticlotting agent is multiply determined, it is sensible that the most recent studies 
suggest that an “aggregation of risk factors” approach is more illuminating than 
evaluating a single, potentially implicated drug–drug interaction. Specifi cally, one 
study evaluated three risk factors for poor clopidogrel response: 1) coadministration 
of a CYP3A4 inhibiting calcium-channel blocker, 2) coadministration of a proton 
pump inhibitor, and 3) having the CYP2C19 poor metabolizer genotype and corre-
sponding phenotype. The study found that the presence of only one risk factor was 
not associated with poor clopidogrel response, but that two or more of these risk 
factors was (although it can be reasonably assumed that using a PPI in someone who 
was a poor 2C19 metabolizer would be redundant and not create additive risk). 3  
This more nuanced approach helps one understand and reconcile the inconsistencies 
in the previous literature on this topic.  

    Take-Home Points 

•     There is an evolving evidence base on drug–drug interactions (DDIs) involv-
ing clopidogrel, calcium channel blockers, and proton pump inhibitors.  

•   A recent compelling study suggested that an aggregation of risk factors is 
a more reliable approach in assessing clinical risk for clopidogrel DDIs.  

•   Learn DDIs wherever and whenever you can learn them. Talk to the inter-
nists, the oncologists, and the psychiatrists and fi nd out what they know 
and what drug interactions they deal with. Talk to your spouse if you think 
they know about a DDI that you don’t! Don’t be sedate in your knowledge 
base, follow the evidence base where it goes.     
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    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  clopidogrel (prodrug)  
   Enzymes:  CYP2C19 and CYP3A4  
   Inhibitors:  proton pump inhibitors (CYP2C19) and/or calcium channel blockers 

(CYP3A4)  
   Clinic effect:  decreased antiplatelet effect leading to stent thrombosis        
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    Abstract 
 This introduces drug–drug interactions involving immunosuppressant and 
chemotherapy drugs.  

 Introduc  on 

                           Catherine     Marcucci   MD    

    153   

      The drug–drug interactions (DDIs) discussed in this section are a varied but impor-
tant lot. Two of the  Fatal Forty  drugs—cimetidine and tamoxifen—reside in these 
drug classes. 

 Cimetidine was one of the earlier drugs that was clearly identifi ed as being impli-
cated in clinically signifi cant DDIs—it earns its place on the list by being a panin-
hibitor of metabolism, including the cytochrome P450 (CYP) isozymes 1A2, 3A4, 
2C9, 2C19, 2D6, and 2E1. Although it is not in as widespread use as an H2 receptor 
antagonist in the US as previously, it is still used signifi cantly overseas and has 
multiple other off-label uses, especially in the treatment of serious dermatological 
conditions. 

 Tamoxifen, an important and widely used breast cancer treatment, is on the  Fatal 
Forty  list as a “Victim.” The benefi ts of tamoxifen on the occurrence and survival 
rates of breast cancer have been well established. However, it is a CYP2D6 prodrug 
and requires metabolism by that enzyme for it to gain its pharmacologically active 
and chemotherapeutic effect. CYP2D6 inhibitors are a diverse lot ranging from par-
oxetine to diphendyramine. These are not drugs given in the operating room, but 
this DDI could easily be found by a pain physician or staff member in a preoperative 
clinic. 

 Tacrolimus, sirolimus, and cyclosporine are not on the  Fatal Forty  list. Nonetheless, 
the consequences of missing a deleterious DDI involving these drugs are very seri-
ous, considering the scarcity of organ donations and the potentially devastating 
clinical sequelae of acute or chronic organ rejection.   
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    Abstract 
 This case discusses the pharmacokinetic interaction of tacrolimus and diltia-
zem, including to tacrolimus toxicity. Tacrolimus is a cytochrome P450 3A4 
and intestinal P-glycoprotein substrate and diltiazem is an inhibitor.  

 Beaned 
  Fatal Forty DDI:  dil  azem, tacrolimus, 
CYP3A4, P-glycoprotein                     

       Ma  hew     Hart   MSN, CRNA      and     Michael     P.     Hutchens   MD   

    154   

         Case 

 A 59-year-old woman with a history of cadaveric renal transplant noticed she was 
feeling lightheaded while picking pole beans in the garden one summer evening. 
Her transplant had been for membranous glomerulopathy 4 years before. 
Immunosuppression had been maintained with prednisone, mycophenolate moefetil, 
and tacrolimus. In the emergency room, she had a blood pressure of 88/40 mm Hg 
and a heart rate of 155 beats per minute (bpm). An electrocardiogram documented 
atrial fl utter, a diltiazem infusion was started, and the patient was moved to the hos-
pital’s small intensive care unit (ICU). The intensivist was an anesthesiologist who 
had trained at an institution with a cardiac transplant program and he recognized 
tacrolimus toxicity. 

 Overnight, the patient’s arrhythmia converted to normal sinus rhythm with heart 
rate in the range of 80 bpm. The following morning the patient was given 90 mg of 
diltiazem by mouth and the infusion was discontinued. When the arrythmia had not 
recurred by early afternoon, the patient was discharged from the hospital with a 
prescription for diltiazem (90 mg, orally, three times daily) and was scheduled to 
follow up with the local cardiologist in 1 week. 
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 During the follow-up with the cardiologist, she denied any further episodes of light-
headedness and had normal vital signs, but complained of 2 days of nausea, diar-
rhea, headache and tremor, and wondered if it could be the diltiazem. The cardiologist 
instructed the patient to hold one dose of the tacrolimus while a level was obtained, 
and discontinued the diltiazem. The tacrolimus level returned the next day at 
24.9 ng/mL (reference 6-9 ng/mL). When the cardiologist called the patient at home 
the following morning, she was out in the garden, already feeling better.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Patients having undergone solid organ transplantation are on a complex regimen of 
pharmaceutical therapies and it remains a challenge for perioperative and critical 
care clinicians to juggle all the potential interactions. In this case, the patient’s 
immunosuppression was being managed with oral tacrolimus. Tacrolimus binds 
with the FK506-binding protein and immunophilins in a complex process that helps 
to inhibit the early stages of T-cell activation. 1  Tacrolimus has a narrow therapeutic 
index, poor mean oral bioavailability of 17% to 22% and is highly metabolized by 
cytochrome P450 (CYP) 3A4 in the liver and small intestine. 1  ,  2  The absorption of 
tacrolimus is primarily regulated by P-glycoprotein transport in the small intestine 
through an ATP-dependent effl ux pump that reduces intracellular concentrations by 
pumping it back into the intestinal lumen. 1  ,  2  

The addition of diltiazem, a calcium channel blocker, created an unintended toxic 
level by both inhibiting the metabolism and increasing the net absorption of tacroli-
mus. 2  –  4  Diltiazem competitively binds to the CYP3A4 enzyme, resulting in a 
decrease in metabolism and increased bioavailability of tacrolimus. 4  Furthermore, 
diltiazem’s properties as a substrate of P-glycoprotein result in a decrease in the 
amount of tacrolimus extruded back into the intestinal lumen and thus a net increase 
in absorption of tacrolimus. 3  ,  5  

With the poor oral bioavailability of tacrolimus, this drug–drug interaction may 
result in a clinically signifi cant toxicity over a relatively short period of time. The 
most common adverse effects are associated with clinical symptoms of neurotoxic-
ity, nephrotoxicity, and gastrointestinal disturbances. 2  It is recommended that blood 
therapeutic drug levels of tacrolimus be monitored closely to prevent adverse events 
and manage unexpected pharmacologic interactions. 6   
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    Take-Home Points 

•     The pharmacologic combination of tacrolimus and diltiazem may cause an 
increase in tacrolimus levels leading to signifi cant toxicity.  

•   The reliance on the clinical assessment of toxicity in the perioperative 
environment is often obscured due to the lingering effects of anesthesia, 
deliberate sedation in the ICU or from the surgical procedure. Therapeutic 
drug levels should be monitored during the perioperative course on patients 
receiving tacrolimus.  

•   When treating acute events on patients receiving tacrolimus, an awareness 
of the potential interactions needs to be considered along with the risks and 
benefi ts of administration for each patient. In this case other calcium chan-
nel blockers may have had similar results due to their effects on 
P-glycoprotein, but the administration of a ß-blocker or other antiarryth-
mic might have been a better choice in treating her tachycardia.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  tacrolimus  
   Inhibitor:  diltiazem  
   Enzyme/site of action:  CYP3A4 and intestinal P-glycoprotein  
   Clinical effect:  tacrolimus toxicity        
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    Abstract  
  This case discusses a pharmacokinetic interaction involving prednisone and 
fl uconazole, resulting in adrenal insuffi ciency. Prednisone is a cytochrome 
P450 3A4 substrate and fl uconazole is a 3A4 inhibitor. Cessation of fl ucon-
azole resulted in reversal of inhibition of prednisone.  

      Addisonian Adjustment 
  Fatal Forty DDI:  prednisone, fl uconazole, CYP3A4                     

       Catherine     Marcucci   MD      and     Neil     B.     Sandson   MD   

         Case 

 A 42-year-old man had undergone renal transplantation, which was complicated by 
an inadvertent bowel perforation. In the subsequent long and complicated intensive 
care unit (ICU) and hospital course, he was placed on a prednisone regimen for 
immunosuppressant. Although the medical center did not use prophylactic fl ucon-
azole, he eventually developed candidaisis and required ongoing fl uconazole ther-
apy. His renal function and other transplant laboratory values were carefully 
followed in order to titrate his immunosuppression therapy. He eventually devel-
oped a severe skin rash that was felt to be associated with the fl uconazole therapy, 
which was discontinued. Over the next several days, he experienced acute onset of 
fever, vomiting, abdominal pain, delirium, and hypotension. He was quickly given 
supplementary intravenous cortisol, and an endocrinologist was consulted to address 
his sudden-onset adrenal insuffi ciency.  
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    Discussion 

  This is an example of reversal of inhibition.  

 Prednisone is a cytochrome P450 (CYP) 3A4 substrate, and fl uconazole is a strong 
CYP2C9 inhibitor as well as a moderate 3A4 inhibitor. 1  –  3  The presence of the fl uco-
nazole signifi cantly impaired the ability of the CYP3A4 enzyme to metabolize the 
prednisone. This led to a higher blood level of prednisone than would have existed 
had the fl uconazole not been a part of the patient’s regimen. When the fl uconazole 
was discontinued, the isozyme 3A4 returned to its baseline (higher) level of func-
tioning. This led to more effi cient metabolism of prednisone by 3A4, with the result 
that the blood level of prednisone then precipitously declined. This caused the 
patient to experience an acute Addisonian crisis, requiring emergent administration 
of additional intravenous cortisol to avert a potential disaster. A similar case involv-
ing discontinuation of fl uconazole in a patient mainted on prednisone after liver 
transplant has been reported. 4   

    Take-Home Points 

•     Prednisone is a CYP3A substrate.  

•   Fluconazole is a moderate CYP3A4 inhibitor as well as a strong CYP2C9 
inhibitor.  

•   The clinical effi cacy of the substrate (prednisone) was cotitrated in the 
presence of coadministration with fl uconazole. Cessation of the fl ucon-
azole represented the removal of inhibition, which resulted in a decrease in 
serum substrate levels and a loss of immunosuppressant therapy.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  prednison  
   Enzyme:  CYP3A4  
   Inhibitor:  fl uconazole  
   Clinical effects:  adrenal insuffi ciency        
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         Case 

 A 55-year-old man underwent an uneventful cadaveric renal transplantation and 
was started on cyclosporine and mycophenolate mofetil for immunosuppression. 
Cyclosporine levels were therapeutic at discharge. He missed his second postopera-
tive visit at the transplant clinic as he was attending a family funeral. Two months 
later he was seen in clinic and his cyclosporine level was found to be well below the 
therapeutic level. He required 2 upward adjustments of his dose to maintain an 
adequate cyclosporine level. 

 Six months later, he presented for an elective hernia repair and was found to have an 
elevated serum creatinine. The elective case was postponed and he was referred to 
the transplant clinic. His cyclosporin levels remained therapeutic but his serum cre-
atinine continuted to rise. The transplant team felt the most likely source for his 
renal dysfunction was calcineurin inhibitor toxicity from his high cyclosporine 
dose. The cyclosporine was discontinued and the patient was started on tacrolimus, 

    Abstract   
  This case discusses the pharmacokinetic interaction between cylcosporin and 
tacrolimus and St. John’s wort, resulting in decreased immunosuppression. 
Tacrolimus and P-glycoprotein are cytochrome P450 3A4 and P-glycoprotein 
substrates and St. John’s wort is a 3A4 and P-glycoprotein inducer.  

 Tea Time 
  Fatal Forty DDI:  St. John’s wort, tacrolimus, 
cyclosporine, CYP3A4, P-glycoprotein                     
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however, tacrolimus levels were also diffi cult to titrate and the patient’s creatinine 
continued to rise. A renal biopsy showed acute rejection and pulse steroids were 
initiated. The patient began complaining of severe depression due to his sister’s 
death and the kidney problems and asked to be put on antidepressant medication. He 
stated that he was brewing pots of his “mood-elevating” tea all day and that it was 
no longer working. Upon investigation the transplant discovered that the tea con-
tained St John’s wort as the primary ingredient. The patient was instructed to stop 
drinking the tea as it was likely interacting with his immunosuppressant medica-
tions. His tacrolimus dose was subsequently decreased and his episode of rejection 
responded to antilymphocyte antibody treatment.  

    Discussion 

  This is an example of an inducer added to a substrate.  

 Tacrolimus and cyclosporine are immunosuppressive agents with similar mecha-
nisms of action known as calcineurin inhibitors. Their introduction into standard 
immunosuppressant regimens for renal transplant has reduced the incidence of 
acute rejection and improved graft survival. Unfortunately, one side effect of 
calcineurin inhibitors is renal toxicity as illustrated in the above case with 
cyclosporine. 1  

 Tacrolimus and cyclosporine are substrates for the cytochrome P450 (CYP) 3A4 
enzyme and the P-glycoprotein transport protein. Hepatic enzyme CYP3A4 is 
induced by St John’s wort resulting in increased metabolism of both calcineurin 
inhibitors. 2  –  4  This increase in metabolism can result in inadequate blood levels of 
immunosuppressant despite a previously stable regimen. Inadequate blood levels 
can ultimately resulting in acute rejection of the organ. 

 In addition, St John’s wort increases the expression of duodenal P-glycoprotein 
transporter. 5  ,  6  P-glycoprotein is an ATP-dependent active transporter on the apical 
surface of enterocytes that pumps absorbed lipophilic compounds back into the 
intestinal lumen. Increased expression of the protein eventually results in increased 
excretion of substrate back into the intestinal lumen. Tacrolimus and cyclosporine 
are P-glycoprotein substrates and this interaction further contributed to the sub- 
therapeutic drug levels seen in the case.  
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    Take-Home Points 

•     St John’s wort is an herbal supplement that induces both the hepatic 
enzyme CYP3A4 as well as the duodenal P-glycoprotein transporter, 
thereby increasing the metabolism and decreasing the absorption of both 
cyclosporine and tacrolimus.  

•   St John’s wort can be found in many forms and products; therefore it is 
important to ask patients not only about herbal supplements when taking 
a thorough  history, but to also ask about any product they are using to treat 
any symptom or problem.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  cyclosporine and tacrolimus  
   Enzyme/site of action:  CYP3A4 and P-glycoprotein  
   Inducer:  St. John’s wort  
   Clinical effect:  decreased immunosuppression        
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         Case 

 A 45-year-old associate professor of art with a history of orthotopic heart transplant 
at age 41 was seriously injured in a motor vehicle collision on a mountain road 
while on vacation near Florence. He had a Glasgow Coma Scale score of 6 T on 
admission to the intensive care unit (ICU) of the nearby trauma hospital, but fortu-
nately his partner was able to communicate his heart transplant history and the 
cyclosporine dose, which was given as an intravenous (IV) infusion initially. 

 On ICU day 1, the patient was loaded with phenytoin (1000 mg IV) and started on 
phenytoin (150 mg BID) for prophylaxis of early posttraumatic seizures. On hospital 
day 3, the cyclosporine was transitioned from IV infusion to administration via nasal 
feeding tube. Despite his serious blunt trauma injuries, the patient made a steady 
recovery and was extubated on hospital day 5. On hospital day 10, he had several 
episodes of supraventricular tachycardia associated with hypotension and required 
reintubation, cardioversion, and a norepinephrine infusion to maintain hemodynamic 
stability. A transthoracic echocardiogram showed severe left  ventricular dysfunction 
and the ICU team made the provision diagnosis of late sequelae of cardiac contusion, 
but sent a cyclosporine level “just to make sure.” The  cyclosporine level came back 

    Abstract   
  This case discusses a pharmacokinetic interaction between cyclosporine and 
phenytoin, leading to organ rejection. Cyclosporin is a cytochrome P450 3A4 
substrate and phenytoin is a 3A4 inducer.  

 No Fits at Uffi  zi 
  Fatal Forty DDI:  phenytoin, cyclosporine, CYP3A4                     
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the next morning subtherapeutic at 10 ng/mL (therapeutic 150-300 ng/mL) and the 
diagnosis was revised to acute graft rejection. The patient received a corticosteroid 
pulse and a cyclosporine loading dose was administered in addition to doubling the 
maintenance dose. Serial cyclosporine blood trough levels were followed with appro-
priate adjustment of cyclosporine doses. The prophylactic phenytoin therapy was dis-
continued, the hemodynamic instability resolved, and the patient was once again 
extubated within days. He returned home to the United States via air ambulance with 
follow-up care at his cardiac transplant clinic for the rejection episode and further 
management of his immunosuppression. He continued to be followed closely for his 
cyclosporine blood trough levels which resolved approximately 2 weeks after discon-
tinuation of the prophylactic phenytoin therapy.  

    Discussion 

  This is an example of an inducer added to a substrate.  

 Even years after organ transplant, management of even simple medical issues can be 
complex, and most transplant centers maintain a lifelong relationship with their patients 
because of this. In this case, this relationship was complicated by foreign travel, and 
this, as well as the multisystem disease of multitrauma, served to fl ummox even the 
highly sophisticated trauma service at a tertiary care facility in a European nation. 

 Phenytoin is perhaps the best-known inducer of hepatic drug metabolism and is a 
potent inducer of cytochrome P450 (CYP) 3A4. 1  ,  2  Cyclosporine is a primarily 
metabolized by 3A4. 3  The trauma team initially exercised commendable diligence 
in tracking down the patient’s immunosuppressive regimen and reinstituting the 
immunosuppressive medication during his intubation. Unfortunately, the addition 
of prophylactic phenytoin to the patient’s drug regimen resulted in a severe drug–
drug interaction (DDI) and caused a rapid increase in the metabolism of cyclospo-
rine, thus resulting in subtherapeutic cyclosporine blood trough levels and the onset 
of an acute rejection episode. 4  –  8  Therapeutic options for prophylaxis of early post-
traumatic seizure for this postcardiac transplant patient who was on cyclosporine 
therapy included valproate (which has a complex, non–3A4-mediated metabolic 
profi le), or alternatively, expectant management.  

    Take-Home Points 

•     Because of the wide variety of drugs stopped and started there, the ICU is 
an especially likely place for unintentional DDIs to occur.  

•   Careful review of a patient’s medication regimen is warranted when phe-
nytoin therapy is initiated, as it is a potent inducer of the cytochrome P450 
3A4 enzyme family.  
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•   Transplant patients frequently take immunosuppressive drugs that are sub-
ject to drug interactions which may result in supra- or subtherapeutic 
immunosuppressive drug levels that could result in episodes of organ 
transplant rejection. Careful review and management of immunosuppres-
sive drugs is required and should be managed by the patient’s transplant 
care team.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrates:  cyclosporine  
   Enzyme:  CYP3A4  
   Inducer:  phenytoin  
   Clinical effects:  subtherapeutic immunosuppressant levels leading to acute organ 

rejection        
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         Case 

 A 26-year-old woman presented to the intensive care unit (ICU) with hyperkalemia, 
severe hypertension, tremor, and headache. She was a Type 1 diabetic with the 
sequelae of diabetic nephropathy and had undergone a renal transplant with a living 
related renal allograft 7 months earlier. The graft had been functioning well, but her 
ICU admission serum creatinine concentration had increased by 100% from a serum 
creatinine concentration one month ago. For immunosuppressive therapy, she was 
maintained on tacrolimus, prednisone, and mycophenolate mofetil. Three weeks 
ago she decided to self-discontinue prednisone as she felt it was more diffi cult to 
control her blood sugar as well as disliking the cosmetic effects of a cushingoid 
appearance. Her tacrolimus blood trough level was measured and found to be 28 ng/
mL(typical target trough levels range from 6 to 15 ng/mL). Her corticosteroid ther-
apy was reinitiated and her tacrolimus dose was adjusted based on variable blood 
trough concentrations. After intensive monitoring and management of her tacroli-
mus dosages, her tacrolimus blood trough level decreased to 10 ng/mL. This 
decrease in tacrolimus blood trough level to therapeutic range correlated with reso-
lution of her symptoms, hyperkalemia and normalization of her renal allograft func-
tion. There was no further sequela to her renal allograft.  

    Abstract   
  This case discusses the pharmacokinetic interaction between tacrolimus and 
prednisone, leading to tacrolimus toxicity.  

 Quit Steroids Quit Kidneys 
 Steroids, tacrolimus, CYP3A, P-glycoprotein                     
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    Discussion 

  This is an example of reversal of induction.  

 Tacrolimus is a commonly used immunosuppressant drug used to prevent 
allograft rejection in transplanted organ recipients. It has complex pharmacoki-
netics and considerable patient variability is observed. 1  Tacrolimus undergoes 
hepatic metabolism by cytochrome P450 (CYP) 3A enzymes which include 
CYP3A4 and CYP3A5. 2  Tacrolimus is also a substrate of P-glycoprotein (MDR1, 
multidrug resistance protein1) which transports it across cell membranes and 
affects tacrolimus absorption in the intestines and biliary excretion. 3  
Polymorphisms for both CYP3A5 and P-glycoprotein exist, although the infl u-
ence of polymorphic the CYP3A5 gene is greater than that of P-glycoprotein on 
tacrolimus metabolism. 4  ,  5  Based on these polymorphic genes, patients may 
metabolize tacrolimus slower or faster and demonstrate lower or higher tacroli-
mus requirements, respectively. 5  

 Drugs that induce or suppress CYP3A and/or P-glycoprotein infl uence tacrolimus 
plasma concentration. Interactions between corticosteroids and tacrolimus in renal 
transplant patients have been observed. Corticosteroids induce CYP3A isoenzymes 6  
and P-glycoproteins 7  decreasing tacrolimus bioavailability. Increased tacrolimus 
dose requirements have been observed in renal transplant patients that use cortico-
steroids. 8  ,  9  Conversely, tacrolimus blood trough levels have been shown to increase 
when corticosteroids are discontinued. 10  These effects are more pronounced in 
patients that have genetic polymorphisms that result in slower metabolism of tacro-
limus. 5  Tacrolimus is a narrow therapeutic index drug and symptoms and signs of 
toxicity include (but are not limited to) hypertension, worsening renal allograft 
function, hyperkalemia, and mental status changes. Therefore, it is important for 
clinicians to closely monitor tacrolimus blood trough levels when corticosteroid 
dosages are being adjusted. 

 In this case, by self-discontinuing prednisone, the patient inadvertently reversed 
the induction of CYP3A and P-glycoprotein, which resulted in slower drug metab-
olism of tacrolimus. The tacrolimus blood trough level increased to a supra- 
therapeutic level, and she developed signs and symptoms of tacrolimus drug 
toxicity.  

    Take-Home Points 

•     Tacrolimus has complex pharmacokinetics and undergoes hepatic metabo-
lism by CYP3A isoenzymes and is also a substrate of P-glycoprotein that 
infl uences its uptake in the intestines.  
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•   Genetic polymorphisms exist that may increase or decrease metabolism 
and clearance of tacrolimus.  

•   Tacrolimus is a narrow therapeutic index drug.  

•   Corticosteroids induce CYP3A4, CYP3A5, and P-glycoprotein, which 
results in increased metabolism of tacrolimus and increased tacrolimus 
dose requirements.  

•   When corticosteroids are discontinued, the induction of these proteins is 
reversed, hepatic metabolism rate decreases, and tacrolimus drug require-
ments are decreased.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  tacrolimus  
   Enzyme/transporter:  CYP3A family including CYP3A4 and CYP3A5; 

P-glycoprotein  
   Inducer:  prednisone  
   Clinical effect : decreased metabolism of tacrolimus by a reversal of induction lead-

ing to tacrolimus toxicity        
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         Case 

 A 62-year-old woman was admitted to the postanesthesia care unit (PACU) after a 
hysterectomy under general anesthesia. As the epidural was being dosed for postop-
erative analgesia, the PACU resident received report from the operating room team. 
The patient had a history of obesity, food-related gastroesophageal refl ux, and 
breast cancer 3 years earlier (stable on an oral tamoxifen dosage of 20 mg/d). 
Preinduction, she had received “GI premeds” of metoclopramide 10 mg IV and 
ranitidine 50 mg IV. The epidural placement, intubation, and extubation were with-
out diffi culty. 

 Anticipating an uneventful PACU course before transfer to the fl oor, the anesthesia 
resident went off to eat lunch in the staff lounge. Thirty minutes later, he heard loud 
voices coming from around the corner in the PACU. His phone rang a few seconds 
later. The patient’s husband was at the bedside, asking to speak with an  anesthesiologist 
immediately. Apparently, the patient’s son was starting a pharmacy  technician pro-
gram in the fall and he had just spoken with his father by cell phone. What followed 

    Abstract   
  This case discusses the interaction of tamoxifen and metoclopramide. 
Tamoxifen is a cytochrome P450 2D6 prodrug and metoclopramide is a 2D6 
inhibitor.  
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was a brief and very diffi cult exchange with the agitated husband, starting with “Why 
did my wife get Reglan® when it says right in her record that she’s taking tamoxifen 
for her breast cancer?” and ending with “This is on Wikipedia, don’t you people know 
 anything ?” The unfortunate resident realized that the patient’s family was aware of a 
drug–drug interaction (DDI) that he was not. He managed to stammer that he would 
check with the pharmacist and get back to them. So as not to be caught again without 
adequate information to give to the patients, he also decided to study perioperative 
DDIs during the whole of his upcoming vacation in 3 weeks.  

    Discussion 

  This is an example of an inhibitor added briefl y to a prodrug substrate.  

 Tamoxifen is actually a prodrug, (ie, its prime antiestrogenic effects depend on an 
intact metabolic pathway for the formation of one or more metabolites that then 
achieve the desired pharmacologic effect). One of the major metabolites of tamoxi-
fen is N-desmethyltamoxifen, which is further converted to 4-hydroxy-n- 
desmethytamoxifen (endoxifen) by cytochrome P450 (CYP) 2D6. Endoxifen is the 
physiologically relevant metabolic byproduct of tamoxifen, as it has much more 
potent antiestrogenic properties than tamoxifen itself. 

 Metoclopramide is a moderate inhibitor of CYP2D6. Both pharmacokinetic and 
clinical effects of 2D6 inhibition on tamoxifen metabolism and effi cacy have been 
reported. Early P450 investigators showed that inhibitors of 2D6 impair the conver-
sion to the more active compound. 1  –  3  Subsequent studies reported that impaired con-
version of tamoxifen to endoxifen by either exogenous inhibition of 2D6 (or by a 
2D6 genotype that codes for less active forms of the enzyme) can result in poorer 
clinical outcomes, such as decreased time to breast cancer recurrence. 4  

 After checking with the pharmacy department, the anesthesiologist was able to give 
the patient and her family some reassuring information. Serum levels of tamoxifen 
and its metabolites show a biphasic pattern. The fi rst peak is within hours and there 
is a second peak several days later—the overall serum half-life from a single dose is 
estimated to be as long as 5 to 7 days. Also, because the patient had been on tamoxi-
fen for several years, she was almost certainly at steady-state serum concentrations. 
Inhibition of the cytochrome P450 enzymes (including CYP2D6) generally takes 
several days of continued administration. In this situation, a single dose of a meta-
bolic inhibitor of a steady-state drug with a long half life would have little if any 
effect on serum drug levels. 

 This case also highlights another important issue—namely, that patients and their 
families are often surprisingly conversant on the drugs they take. There is a wealth 
of quite specifi c and detailed information on the Internet—it is a trivial matter to 
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obtain the package insert on just about any drug. In fact, Wikipedia does indeed 
address the pharmacokinetics of tamoxifen in some detail, but without the  qualifying 
information above. 5  In this case, the anesthesia resident found that a partially 
informed patient can be as challenging to deal with as a misinformed patient.  

    Take-Home Points 

•     Phase I (oxidative) metabolism via the cytochrome P450 system is neces-
sary not only for elimination of active compounds from the body, but also 
for the conversion of prodrugs, such as tamoxifen, into their more active 
metabolites.  

•   Inhibition of the P450 enzymes takes on the order of several days, a single 
dose in most cases does not produce clinically relevant effects in drug 
levels.  

•   Families and patients are increasingly knowledgeable about the drugs they 
take and hence potential DDIs. For some reason, the editors have found 
that patients and families get particularly upset about DDIs, perhaps 
because they are adverse events that are easily traced to one or a few mis-
steps in prescribing. Thus, it may seem to the families that they could have 
been easily avoided.  

•   Just as this resident planned with his study course, mastery of periopera-
tive DDIs can be greatly facilitated by placing them in clinical context.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  tamoxifen  
   Enzyme:  CYP2D6  
   Inhibitor:  metoclopramide  
   Clinical effects:  potential DDI caught in time, but a very upset family!        
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         Case 

 The patient in the previous case (The Fall Guy) had a moderately prolonged postop-
erative hospital course due to nausea and diffi culty tolerating oral intake. She also had 
pain management issues, necessitating continuation of her epidural patient- controlled 
analgesia (PCA) device for 5 days postoperatively. On the night of surgery (a Friday) 
she reported good pain relief, but was greatly bothered by pruritis and insomnia. The 
patient asked for “something to help me sleep and something for the itching.” A 
standing diphenhydramine (Benadryl) dosage (25 mg intravenously every 6 hours) 
was added to the PCA template orders. On Monday, the anesthesia resident in the 
preceding case was called to a meeting in the offi ce of the chief of anesthesia ser-
vices, chiefl y to answer the question of why he had not “passed along” the tamoxifen 
drug–drug interaction (DDI) information to the pain and surgical services. It seems 
that there had been something of a repeat confrontation with the patient’s family, this 
time over the administration of 10 doses of diphenhydramine over the weekend. The 
house offi cer covering the surgical service was unaware of the previous encounter in 
the postanesthesia care unit and disavowed  a priori  knowledge of the drug–drug 

    Abstract   
  This case discusses the interaction of tamoxifen and diphenhydramine. 
Tamoxifen is a cytochrome P450 2D6 prodrug substrate and diphenhydr-
amine is a 2D6 inhibitor.  

 The Fall Guy (2) 
  Fatal Forty DDI:  tamoxifen, 
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interaction (DDI) issues. The husband and son had contacted both the patient advo-
cate and the risk management offi ce and were hinting darkly at legal action.  

    Discussion 

  This is an example of an inhibitor added to a prodrug substrate.  

 Because diphenhydramine is a high-affi nity substrate of cytochrome P450 (CYP) 
2D6, it acts as a relatively potent competitive inhibitor of that enzyme. 1  As stated in 
the preceding case, the formation of endoxifen, the most physiologically active anti-
estrogenic form of tamoxifen, depends on several metabolic steps, including one 
that is catalyzed by 2D6. 

 This time, it was a bit more diffi cult for the anesthesia department to provide reas-
suring words to the family. Insofar as the patient received diphenhydramine as a 
standing medication over a number of days, some reduction in the magnitude of this 
conversion likely occurred. Ultimately, the anesthesia providers (including the pain 
specialists) and the oncology service spent a considerable amount of time with the 
family. They acknowledged a real impairment in conversion of tamoxifen to the 
active metabolite, but were ultimately able to reassure the family that the relatively 
brief and reversible lapse in tamoxifen therapy would not meaningfully impact on 
her overall breast cancer prognosis. 

 The very shaken anesthesia resident never missed another tamoxifen or prodrug 
drug interaction for the rest of his career.  

    Take-Home Points 

•     Meaningful inhibition of a cytochrome P450-mediated metabolic pathway 
can occur in a matter of days.  

•   Adding or substracting a standing medication to a regimen in the periop-
erative period (as opposed to administration of a single dose) requires a 
different level of surveillance for DDIs.  

•   The occurrence of a DDI should be communicated to other perioperative 
care providers.  

•   When tamoxifen is in the medication regimen, always look for the pres-
ence of CYP2D6 inhibitors (eg, paroxetine, fl uoretine, bupropion, etc.) 
And remember, there are no 2D6 inducers.     
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    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  tamoxifen  
   Inhibitor:  diphenhydramine  
   Clinical effects : inhibition of CYP2D6-mediated conversion of tamoxifen to active 

metabolites without likely meaningful change in cancer prognosis        

   Reference 
    1.    Akutsu T, Kobayashi K, Sakurada K, et al. Identifi cation of human cytochrome p450 isozymes 

involved in diphenhydramine N-demethylation. Drug Metab Dispos. 2007;35(1):72–8.    
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         Case 

 A 58-year-old mill worker presented to the operating room for a cholecystectomy. 
He had a history of obesity and gastroesophageal refl ux disease (GERD). Two years 
earlier he had been in an industrial accident at the mill. His back and torso were 
protected by his fi re-retardant clothing, but he had suffered signifi cant and debilitat-
ing burns on his neck and face and had had a long inpatient hospitalization requiring 
tracheostomy. He was managed at a comprehensive burn center for debilitating 
post-burn skin conditions including intermittent but severe pruritis. His medication 
panel was remarkable only for an occasional sleep aid and cimetidine, which was 
prescribed to treat his GERD and as an off-label therapy for his burn pruritis. 

 Because of very poor ability to open his mouth and his other airway issues, an 
awake fi beroptic intubation was planned. He had suffered terribly with previous 
attempts at awake intubation and the anesthesia team promised that they would 
“topicalize” him thoroughly. The attending told the senior resident on the airway 
rotation to take the patient into the room, start a lidocaine nebulizer, and to begin 
to dilate his nares with nasal trumpets lubricated with lidocaine jelly, while he 
started his other room. He was detained longer than he expected and was just leav-
ing his second room when he heard the overhead stat call to the urology room. A 
nurse hurried by him with the backup airway cart saying, “Here’s your next grand 
rounds. The patient’s seizing and I think the resident’s about to have a seizure, too.”  

    Abstract   
  This case discusses two pharmacokinetic interactions between lidocaine and 
cimetidine (metabolic and distribution) resulting in lidocaine toxicity.  

 The Topic of the Day 
  Fatal Forty DDI:  cime  dine, lidocaine, 
CYP1A2, CYP3A4                     

       Catherine     Marcucci MD     
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    Discussion 

  This is an example of a pharmacokinetic interaction involving a substrate 
added to an inhibitor. There is also a pharmacokinetic interaction involving 
distribution.  

 Cimetidine was the fi rst H 2  receptor antagonist approved by the Food and Drug 
Administration (FDA) for use in inhibition of gastric acid secretion. It was in wide 
use for many years, and was in fact one of the fi rst billion-dollar “blockbuster” 
drugs. Recently, its use has been somewhat supplanted by other H 2  antagonists such 
as ranitidine and famotidine. However, it is still actively marketed in the US and is 
currently used off-label and being studied for a number of conditions. These include 
dermatological conditions, chronic pain conditions, and interstitial cystitis. 1  
Cimetidine is a known cytochrome P450 (CYP) paninhibitor, including inhibition 
of CYP isozymes 1A2, 3A4, 2C9, 2C19, 2D6, and 2E19. 2  ,  3  Cimetidine is also 
known to decrease hepatic perfusion. 4  

 Lidocaine is a known CYP 1A2 and 3A4 substrate. 5  –  7  The plasma levels of lidocaine 
will reliably be raised by both CYP1A2 and CYP3A4 inhibitors, although the con-
tribution is greater from 1A2 inhibition. 8  It has been used for many years as a topical 
anesthetic for the oral mucosa. Although there is known to be signifi cant plasma 
absorption of topical lidocaine anesthesia to the airway, usually toxic serum levels 
are not reached in healthy individuals. However, seizures have been reported with 
as little as 300 mg of lidocaine administered for bronchoscopy in a chronically 
debilitated patient with congestive heart failure and cardiomyopathy. It is certainly 
likely that this patient, although he was not of small stature, could have received a 
considerably higher lidocaine dose, considering the administration of nebulized 
lidocaine and lidocaine jelly to his nares and oropharynx. 

 This patient suffered from a well-recognized drug–drug interaction (DDI) between 
cimetidine and lidocaine. 9  Two pharmacokinetic mechanisms were at work. First, 
there was a metabolic DDI involving the administration of lidocaine in the presence 
of strong inhibitor, thereby raising serum lidocaine levels into the toxic range. 
Second, the effect of decreased blood fl ow to the liver with relative higher distribu-
tion of lidocaine in the plasma served as a compounding pharmacokinetic DDI.  

    Take-Home Points 

•     Cimetidine is an older drug that is still in use and may be fi nding new off-
label use.  

•   Cimetidine is a paninhibitor of multiple enzymes including CYP1A2 and 
CYP3A4. It also decreases hepatic blood fl ow.  
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•   Lidocaine is a CYP1A2 and CYP3A4 substrate.  

•   Lidocaine toxicity is possible at much lower than normal doses in patients 
with comprised hepatic blood fl ow due to disease states or drugs.     

    Summary 

     Interaction 1:  pharmacokinetic (metabolic)  
   Substrate:  lidocaine  
   Enzyme:  CYP1A2 and CYP3A4  
   Inhibitor:  cimetidine  
   Clinical effect:  lidocaine toxicity manifesting as seizures   

    Interaction 2:  pharmacokinetic (distribution)  
   Substrates:  lidocaine  
   Inhibitor:  cimetidine  
   Mechanism:  decreased hepatic blood fl ow and effective increased distribution to 

plasma leading to greater bioavailability of lidocaine  
   Clinical effect:  increased incidence of lidocaine toxicity        
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         Case 

 An otherwise healthy 29-year-old woman came to the operating room for a vaginal 
hysterectomy for a large uterine leiomyoma. The patient had undergone a tonsil-
lectomy at age 14 years with no complications and had no allergies. Her only medi-
cation was an oral contreceptive. The patient underwent an uncomplicated 
intravenous induction and inhalational general anesthesia. There were no intraop-
erative complications and the patient was extubated in the operating room. The 
patient received ketorolac and granisetron at the end of the procedure and was dis-
charged to home late in the afternoon. 

 That night, the patient was seen in the emergency department due to severe nausea 
and vomiting. She received intravenous fl uids, ondansetron hydrochloride, and dro-
peridol, which improved her symptoms, and was discharged to home with a pre-
scription for ondansetron tablets. Late the next day, the patient contacted her surgeon 
because of severe nausea and vomiting. She had been unable to tolerate any food or 
drink since leaving the emergency department and could not keep her oral contra-
ception down, despite taking the ondansetron tablets as prescribed. She was admit-
ted to the hospital for treatment with intravenous fl uids and antiemetics. She received 

    Abstract   
  This case discusses a drug–gene interaction involving ondansetron. Ondan-
setron is a cytochrome P450 2D6 substrate. The patient depicted in this clini-
cal scenario is a 2D6 ultrarapid metabolizer.  

 Bounce Back 
 Ondansetron, CYP2D6 ultra-rapid metabolism                     
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a dose of intravenous ondansetron, which did not improve her symptoms. The anes-
thesiologists were asked to see the patient and noted that she received granisetron in 
the operating room and initially had done well after surgery. The patient was admin-
istered a dose of granisetron and her symptoms improved; she then was given a dose 
of droperidol, with complete resolution of her symptoms. She received a subsequent 
dose of granisetron the following day and stayed in the hospital until late that day, 
when she and the surgical team were confi dent that her symptoms would not recur 
and she was tolerating food. The patient was seen in the clinic 1 day later to follow 
up on her condition, and she was doing well.  

    Discussion 

  This is an example of a drug–gene interaction.  

 More specifi cally, this is an example of ultra-extensive drug metabolism (of ondan-
setron) leading to ineffective therapy. 

 Ondansetron is a selective 5-hydroxytryptamine (5-HT) type 3 receptor antagonist 
commonly used to prevent or treat nausea and vomiting in various circumstances, 
including chemotherapy-induced or postoperative nausea and vomiting. The cyto-
chrome P450 (CYP) 2D6 isozyme is the primary enzyme responsible for metabo-
lism of ondansetron, with other CYP isozymes (eg, 1A1, 1A2, 3A) also contributing 
to its metabolism. 1  ,  2  Genotypic variation in the CYP2D6 isozyme can cause an indi-
vidual to metabolize certain medications poorly, extensively, or ultrarapidly. 
Because of the existence of numerous pathways for ondansetron metabolism, it had 
been thought that 2D6 genotype variation would not impact the drug’s effect. 
However, studies have shown an increased risk of vomiting for patients with ultra-
rapid metabolism who receive ondansetron compared with patients without the 
ultrarapid metabolism genotype. 3  ,  4  

 In general, persons who metabolize medications poorly at the CYP2D6 isozyme may 
not have signifi cantly impaired total clearance of drugs because of the alternative meta-
bolic pathways. However, genotypic variation leading to ultra-rapid metabolism is due to 
duplicate (total of 3, 5, 7, 9, 11, or 13) copies of the CYP2D6 allele and increased meta-
bolic ability. When the active form of a drug is the  parent drug , persons with ultrarapid 
metabolism have a risk for treatment failure due to rapid clearance of the drug; when the 
active form of a drug is the  metabolite , those with ultra-rapid metabolism are at risk for 
increased drug effect or adverse effects, or both, due to “ultraextensive” metabolism. In 
the case of ondansetron and some other 5-HT type 3 receptor antagonists, individuals 
with ultra-rapid metabolism may not respond to antiemetic therapy because of greater-
than-expected clearance of the drug, thereby decreasing its effectiveness. 
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 To prevent treating patients who have ultra-rapid metabolism with functionally 
inadequate (although in this case “standard”) doses of ondansetron, patients at 
high risk for nausea and vomiting could undergo genetic testing to determine their 
genotype. It has been estimated that 50 patients would need to have genotype tests 
to prevent one treatment failure due to the ultrarapid metabolism genotype for 
CYP2D6. 4  The cost-effectiveness of treating patients on the basis of genotype is 
not known. An alternative to genotyping and creating a personalized treatment 
and dosing regimen is use of a 5-hydroxytryptamine type 3 receptor antagonist not 
metabolized with the CYP2D6 isozyme, such as granisetron, which is metabo-
lized through the CYP3A4 isozyme. 5  The patient in the present example had relief 
from her nausea and vomiting when she received granisetron to achieve the 
 antiemetic effect, because it was not metabolized by the same enzyme as 
ondansetron.  

    Take-Home Points 

•     Ondansetron, a commonly used antiemetic, is metabolized by the CYP2D6 
isozyme, which has genetic variability. Persons with duplicate copies of 
the CYP2D6 allele metabolize ondansetron ultrarapidly and may have 
reduced effectiveness from standard dosages.  

•   Consider the possibility of CYP2D6 ultrarapid metabolism when you are 
 having great diffi culty controlling perioperative nausea and vomiting!  

•   The choice of which drug to use in a class of medications may be impacted 
by the route of metabolism of the drugs in that class. Use of granisetron 
may reduce treatment failure because it is metabolized by an alternative 
route compared with ondansetron.  

•   Genetic evaluation could lead to more effective treatment or prevention 
of nausea and vomiting, but the cost-effectiveness of such a strategy is 
unknown.     

    Summary 

     Interaction:  pharmacokinetic (drug–gene)  
   Substrate:  ondansetron  
   Enzyme:  CYP2D6  
   Clinical effect:  decreased antiemetic effi cacy        
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 Case

Mr. M. was a 65-year-old man with a history of coronary artery disease, type 2 
 diabetes, renal insufficiency, and gastroesophageal reflux disease, who presented to 
the Emergency Room with possible acute appendicitis versus small bowel obstruc-
tion. Unfortunately, he also had severe substernal chest pain that radiated to the left 
jaw. Three months ago, Mr. M. underwent drug-eluting stent placement in the right 
coronary artery (RCA). Today, his electrocardiogram performed in the emergency 
room showed ST elevation in leads II, III and aVF. His heart rate was 55 beats per 
minute, blood pressure was 110/78 mm Hg, and respiratory rate was 14 breaths per 
minute. His medications included aspirin, clopidogrel, metoprolol, amlodipine, and 
omeprazole. His laboratory values were significant for creatinine 1.8 mg/dL, potas-
sium 4.8 meq/L, and troponin 1.85 ng/ml. Given his symptoms, electrocardiogram 
changes and elevated troponin, Mr. M. was taken to the cardiac catheterization labo-
ratory for diagnostic catheterization. Catheterization revealed in-stent thrombosis of 
RCA stent and angioplasty was performed. Mr. M. was admitted to the intensive 

Abstract 
This case discusses the pharmacokinetic interaction between clopidogrel and 
omeprazole, possibly resulting in loss of antiplatelet efficacy. Clopidogrel is a 
cytochrome P450 2C19 prodrug. Omeprazole inhibits convesion of clopido-
grel to the active metabolite.

Call the Cath Lab!
Fatal Forty DDI: omeprazole, clopidogrel,  
CYP2C19
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care unit for observation of his abdominal pain and restarted on his home regimen 
of clopidogrel and aspirin for drug-eluting stent, however his omeprazole was 
changed to ranitidine.

 Discussion

Clopidogrel is a prodrug that undergoes a two-step metabolic activation by multiple 
hepatic cytochrome P450 isoenzymes including cytochrome P450 (CYP) enzymes 
3A4 and 2C19.1,2 The active metabolite of clopidogrel works through the platelet 
P2Y12 receptor to irreversibly inhibit adenosine-diphosphate (APD)–induced plate-
let aggregation. Variable patient response to clopidogrel has been attributed to vari-
able expression of cytochrome genes, P2Y12 receptor polymorphism, and multiple 
interactions with other classes of medications.3 It has also been shown in vitro that 
proton pump inhibitors (PPI) decrease the antiplatelet activity of clopidogrel.4

Proton pump inhibitors (PPIs) including, but not limited to omeprazole, esomepra-
zole, and lansoprazole are metabolized by the hepatic CYP2C19 isoenzyme.2 In 
patients taking a 2C19-metabolized PPI, there is attenuation of 2C19 metabolic 
activity for the activation of clopidogrel. Currently, this interaction remains a con-
troversial topic in the literature since more patients are placed on dual antiplatelet 
therapy with clopidogrel and aspirin, according to the most recent American College 
of Cardiology/American Heart Association (ACC/AHA) guidelines and increasing 
number of those patients are on a PPI, according to American College of Cardiology 
Foundation/American College of Gastroenterology/American Heart Association 
(ACCF/ACG/AHA) 2008 expert consensus.5,6 

A meta-analysis of studies published before October 2010 noted that small random-
ized control trials of clopidogrel with PPI therapy versus clopidogrel alone failed to 
identify a difference in the rate of cardiovascular events. However, the observational 
studies showed a strong attenuation of antiplatelet function of clopidogrel by PPI 
with approximately 50% increased risk for major adverse events (MACE), stroke, 
and hospital readmission.7 In a 2011 retrospective analysis of BASKET study data, 
Burkard et al. evaluated 801 patients on clopidogrel, 109 (14%) of whom also 
received a PPI.2 Patients receiving a combination of clopidogrel/PPI therapy had 
higher rates of MACE (30.3% vs. 20.8%, P = .027) and myocardial infarction 
(14.7% vs. 7.4%, P = 0.01).2 In another recent study of 1270 Japanese patients on 
clopidogrel, 331 patients (26%) were also  taking a PPI. This study failed to show 
any negative PPI–clopidogrel drug interaction.8

Concerned with the current controversy in literature about PPI attenuation of clopi-
dogrel antiplatelet action by PPIs, the Federal Drug Administration and the European 
Medicines Agency issued a warning regarding the interaction of clopidogrel with 
omeprazole and other PPIs, respectively. Given a growing patient population that is 
prescribed both clopidogrel and PPI, if patients are at high risk for gastrointestinal 
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bleeding, a PPI therapy is still recommended. However, if patients do not have 
 acid-peptic symptoms and/or they are at low risk for gastrointestinal bleeding, PPI 
therapy may be discontinued or an acid-suppressive regimen intensity may be 
decreased.9

 Take-Home Points

• Clopidogrel is a prodrug that is activated primarily by multiple hepatic 
enzymes, including CYP2C19.

• PPIs are metabolized by CYP2C19.

• PPIs attenuate clopidogrel antiplatelet actions in vitro, however in vivo 
studies show variable results. Most observational studies show an increased 
rate of MACE in patients on combined clopidogrel–PPI therapy.

• A large, randomized controlled study of clopidogrel alone and clopidogrel– 
PPI combination needs to be performed to better analyze the interaction. 
However, national drug safety organizations have issued warnings about 
potential interaction of clopidogrel with omeprazole.

• This case is an example of a patient who was on dual antiplatelet therapy for 
a drug-eluting stent in the coronary artery. This patient was also prescribed 
omeprazole, a PPI, which potentially attenuates clopidogrel antiplatelet 
action. Therefore, his in-stent thrombosis could be potentially attributed to 
this interaction. Replacing this patient’s omeprazole with ranitidine may 
potentially increase the number of active clopidogrel metabolites.

 Summary

Interaction: pharmacokinetic
Substrate: clopidogrel
Enzyme: CYP2C19
Inhibitor: omeprazole
Clinical effect: loss of antiplatelet efficacy
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        Case 

 A 73-year-old woman was admitted to the hospital to undergo a diagnostic knee 
arthroscopy for chronic knee arthritis. She had a history of chronic myelogenous 
leukemia (CML) that was in remission for 2 years and was currently being treated 
with imatinib (Gleevec ® ). She was very concerned about information she found on 
Internet relating to the interaction of imatinib and anesthetic agents. The anesthesia 
resident quickly checked a popular online drug information program, but did not 

    Abstract   
  This case discusses a possible interaction between imatinib and anesthetic 
drugs. Many anesthetic drugs are cytochrome P450 3A4 substrates. Imatinib 
is a 3A4 inhhibitor. The interaction is mechanistically possible and perhaps 
even likely, but has not yet been reported.  

 The Ima  nib Inquiry: 
A Theore  cal Case 
(for Now) 
 Ima  nib, metoprolol, midazolam, fentanyl, CYP3A4                     
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fi nd any reported drug–drug interactions (DDI) between imatinib and the standard 
anesthesia medications. However, he discovered that imatinib is primarily metabo-
lized by cytochrome P450 isoenzyme 3A4 (CYP3A4) and may competitively inhibit 
the metabolism of other drugs that are substrates for the same pathway. He further 
recalled that midazolam is also primarily metabolized by CYP3A4, inviting the pos-
sibility of a DDI. He postulated that coadministration of imatinib with midazolam 
could reduce midazolam clearance. 

 The resident discussed this fi nding with his attending and together, they recom-
mended a spinal anesthetic. The resident brought the patient to the operating room 
to proceed with the planned surgery. Just as the incision was about to be made, the 
patient became increasingly anxious and indicated she couldn’t tolerate the proce-
dure without some sedation. The anesthetic level induced by spinal anesthesia was 
rechecked and found to be appropriate. Additional intravenous sedation was given 
with standard doses of midazolam and propofol. Subsequently, the patient tolerated 
the procedure well and awoke at the end of the procedure without prolonged seda-
tion. In the recovery room, the patient was comfortable and had an uneventful 
recovery ( personal   communication, Nicole Henwood, MD, 2009 ).  

    Discussion 

  This is an example of a theoretical drug interaction, with (as yet) no reported 
clinically signifi cant interactions.  

 The tyrosine kinase inhibitor, imatinib, has tremendously improved the treatment and 
prognosis of CML. Imatinib’s mechanism of action includes inhibition of the tyrosine 
kinase Bcr-Abl, which is a fusion oncoprotein that results from the translocation 
t(9;22) and is associated with the Philadelphia chromosome. Imatinib is metabolized 
primarily by CYP3A4, with its metabolites eliminated through biliary excretion. 1  

 Imatinib may competitively inhibit the metabolism of drugs that are CYP3A4 sub-
strates, including midazolam. Consequently, midazolam levels may be increased 
with an associated enhanced pharmacodynamic effect when administered concur-
rently with imatinib. 1  Despite this theoretical DDI, there are no reported clinically 
signifi cant interactions with imatinib and midazolam. 

 A clinically relevant DDI exists between the intravenous anesthetic propofol and 
midazolam with a similar mechanism as the  theoretical  imatinib interactions. 
Propofol has been shown to decrease the clearance of midazolam  via  competitive 
inhibition of CYP3A4, producing a synergistic hypnotic effect. 2  Yet, propofol and 
midazolam are routinely administered together safely by experienced anesthesia 
providers. Further, propofol’s inhibition of CYP3A4 could potentially increase 
plasma imatinib levels. However, when imatinib is at steady-state levels (taken for 
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2 months or more), the potent CYP3A4 inhibitor, ritonavir, did not change imatinib 
plasma levels, indicating that alternate elimination pathways may exist. 3  This would 
also suggest that short term administration of propofol to a patient on chronic ima-
tinib therapy would have a minimal DDI. 

 Imatinib affects the clearance of other commonly used (nonanesthetic) drugs that 
also utilize the CYP3A4 metabolic pathway. For example, simvastatin, calcium 
channel blockers (verapamil and diltiazem), amiodarone, and quinidine may have 
signifi cantly decreased clearance when administered to patients on imatinib. Due to 
imatinib’s extensive metabolism by 3A4, strong inhibitors of 3A4 including keto-
conazole, voriconazole, levothyroxine, and amiodarone, should be utilized with cau-
tion to avoid causing supratherapeutic imatinib levels. Imatinib also inhibits the 
hepatic glucuronidation of acetaminophen, leading to hepatotoxicity. As a result, the 
use of acetaminophen should be limited in patients on imatinib therapy. 1  

 Finally, although the main metabolic pathway of imatinib is via CYP3A4, CYP2D6 
also plays a small role. Metoprolol is a selective β 1  adrenoceptor antagonist and is 
metabolized via 2D6. Concurrent administration of imatinib and metoprolol have 
demonstrated small to moderate increases in metoprolol plasma levels. 4  Although 
the pharmacodynamic effects were not reported, perhaps this is why our patient 
only required a low dose of metoprolol for adequate blood pressure control. 

 In summary, the 73-year-old patient with CML on chronic imatinib therapy in this 
scenario was an informed patient who dutifully researched her medications and 
encountered information on DDIs with imatinib on the Internet. Despite the  theo-
retical  DDIs with imatinib and commonly used anesthetics, no clinically signifi -
cant interactions have been reported to date. Signifi cant DDIs with imatinib and 
many drugs not commonly used in anesthesia practice are known and these inter-
actions should be reviewed for any patient on imatinib therapy.  

    Take-Home Points 

•     Patients, especially those who are more informed and proactive, may 
encounter information that they discover on the Internet or through other 
sources that may not have clinical relevance or may be incorrect.  

•   Imatinib, despite several theoretical interactions with anesthetic agents, 
can and should be continued throughout the perioperative period to main-
tain therapeutic levels.  

•   Imatinib does interact to a clinically signifi cant degree with several com-
mon nonanesthetic medications and imatinib use should prompt a thor-
ough review of concurrently used medication for potential interactions.     
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    Summary 

     Interaction:  theoretical pharmacokinetic interaction  
   Substrates:  anesthetic drugs such as midazolam and propofol  
   Enzyme:  CYP3A4  
   Inhibitor:  imatinib (theoretical)  
   Signifi cant clinical effect:  none reported to date        
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         Case 

 A 40-year-old man presented to the Emergency Department with a 2-day history of 
vomiting, severe abdominal pain, and lethargy. He had a history of non-insulin- 
dependent diabetes mellitus (NIDDM) with microalbuminuria and has been taking 
metformin (1000 mg BID) for the past fi ve years. The patient’s family was extremely 
distraught and stated that he looked “completely healthy” when they saw him the 
previous month and that he was always meticulous about his diet and exercise regi-
men. The patient was noted to be dehydrated and tachycardic with extreme right 
lower quadrant tenderness and guarding. His fi ngerstick glucose reading was 100 mg/
dL. The laboratory values showed a white blood cell count of 20,000/μL with a left 
shift, sodium 140 mEq/L, potassium 5.2 mEq/L, chloride 94 mEq/L, bicarbonate 
16 mEq/L, anion gap of 30, BUN 50 mg/dL, and creatinine 2.5 mg/dL. An arterial 
blood gas was drawn on room air and showed a metabolic acidosis with a serum 
lactate of 15 mmol/L. An intravenous infusion of normal saline was started and a 
Foley catheter was inserted, which revealed scant amounts of tea-colored urine. The 
patient was taken to the preoperative holding area for an emergent appendectomy. 

 The attending anesthesiologist arrived and found an ill-appearing and tearful patient. 
He confessed that he was recently diagnosed with human immunodefi ciency virus 
(HIV) and started on a highly active antiretroviral therapy (HAART) regimen 

    Abstract   
  This case discusses the synergistic pharmacodynamic interaction between 
metformin and tenofovir, resulting in lactic acidosis and renal failure.  
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including tenofovir at a city health clinic (not his primary care provider). He was 
also very concerned about being upsetting his family and even being “disowned.” 
The anesthesiologist reassured the patient as he was being wheeled into the operat-
ing room him and called his intensive care unit (ICU) colleague to tell her to expect 
a sicker-than-normal acute appendicitis patient. Postoperatively, the patient required 
six sessions of continuous veno-venous hemofi ltration and his serum lactate and 
urine output normalized on the third postoperative day. He was eventually dis-
charged home off his HAART regimen and instructed to tell his primary care pro-
vider about his new HIV diagnosis during their follow-up appointment.  

    Discussion 

  This is an example of a synergistic pharmacodynamic drug effect.  

 The biguanide metformin (Glucophage®) is the most commonly prescribed oral 
antidiabetic agent, with over 42 million prescriptions written in 2005. 1  It works by 
inhibiting hepatic glycogenesis, increasing muscle and fat tissue sensitivity to insu-
lin, and reducing gastrointestinal absorption of glucose. Metformin has become a 
fi rst-line treatment for NIDDM due to its lack of hypoglycemic effect and favorable 
effects on lipid profi le. 2  Metformin-associated lactic acidosis (MALA) has been 
described in several clinical settings but the pathophysiology is not completely 
understood, with impaired hepatic clearance of lactate considered the predominant 
mechanism. Elderly patients and those with renal insuffi ciency are often cited to be 
at the highest risk. However, a recent Cochrane Database review of 176 studies 
found no evidence supporting a link between metformin and lactic acidosis, even in 
patients with renal insuffi ciency or medical comorbidities. 3  

 Tenofovir (Viread®) is a nucleotide analog approved for treatment of HIV and works 
by blocking RNA-dependent DNA synthesis by reverse transcriptase. It also has 
some affi nity for mitochondrial DNA polymerase, which may lead to mitochondrial 
toxicity and associated lactic acidosis, nephrotoxicity, hepatic steatosis, peripheral 
neuropathy, and pancreatitis. 4  

 Lactic acidosis can be divided into two broad categories: those associated with 
impairment in systemic tissue oxygenation (type A) and those resulting from a 
deregulation in cell metabolism (type B). Causes of type A lactic acidosis include 
hypoxemia and tissue hypoperfusion resulting from hypovolemia, sepsis, and heart 
failure. Causes of type B lactic acidosis such as toxins, hepatic failure, and thiamine 
defi ciency are frequently overlooked. There have been at least three case reports of 
lactic acidosis and acute renal failure after concomitant treatment with metformin 
and tenofovir. 5  –  7  The interaction between metformin and tenofovir is complex and 
poorly understood, but likely involves the synergistic effect of metformin and teno-
fovir-induced mitochondrial toxicity, markedly impairing hepatic clearance of lac-
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tate. It is important to note that these patients may have chronic renal insuffi ciency, 
leading to decreased elimination of both drugs. Furthermore, all the usual causes of 
tissue hypoperfusion may lead to renal and hepatic dysfunction, setting the patient 
up for this dangerous interaction. Treatment once the diagnosis is confi rmed usually 
involves discontinuation of both drugs and renal replacement therapy in order to 
clear the lactate, meformin, and tenofovir.  

    Take-Home Points 

•     This case emphasizes the importance of taking a thorough history utilizing 
open- ended questions from the patient in a private setting. Some patients 
may also be reluctant to provide accurate information about sensitive (a 
potentially stigmatizing diagnosis such as HIV) or embarrassing issues 
when other persons are present.  

•   Work hard to familiarize yourself and stay current with the drug cocktails (such 
as HAART) that are commonly used by the patients you treat—not just the 
“initials” of the cocktails, but the individual drugs included in the regimens.  

•   Both metformin and tenofovir have been independently linked to the 
development of lactic acidosis, but the concomitant administration of both 
agents may cause marked impairment of hepatic lactate clearance.  

•   Keep this interaction in mind when a previously stable patient on one of 
these drugs has the other added to his or her medication regimen and devel-
ops nonspecifi c symptoms such as abdominal pain, nausea,vomiting, mus-
cle weakness, and dyspnea.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  metformin and tenofovir  
   Sites of action/enzyme:  unknown, possible mitochondria  
   Clinical effect:  lactic acidosis and renal failure        
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    Abstract    
 This introduces drug–drug interactions involving neuropsychiatric medications.  

      Although clinically signifi cant drug–drug interactions (DDIs) can occur with drugs 
from any functional drug class, the history of this topic has been closely linked to 
the neuropsychiatric drugs. One of the most infamous DDIs in American medical 
history occurred in the “Libby Zion” case, in which an interaction between phenel-
zine and meperidine was implicated in this young woman’s death. While this case 
served as a clarion call around the issue of resident work hours, it also highlighted 
the seriousness of monoamine oxidase inhibitor (MAOI) drug interactions. In the 
early 1990s, the advent of selective serotonin reuptake inhibitors (SSRIs) was soon 
followed by an appreciation of potentially grave selective serotonin reuptake 
inhibitor- tricyclic antipressant (SSRI-TCA) interactions. As a result, in the ensuing 
years, a greater proportion of psychiatrists gained familiarity with this topic than 
any of the other broad medical specialties. This was and continues to be driven by 
very real practice-based, need-to-know considerations given that at least a dozen of 
the  Fatal Forty  drugs are neuropsychiatric drugs. 

 As the DDI evidence base expands with time, the details can be diffi cult to remem-
ber with exactness, but within the neuropsychiatric area, some reasonably reliable 
generalizations can be made. For instance, when antidepressants (except for TCAs) 
are involved in signifi cant DDIs, they are probably acting as inhibitors, with fl uox-
etine (Prozac ® ) as our most ubiquitous pan-inhibitor. When an antipsychotic, val-
proate, lamotrigine, lithium, or TCAs are involved in a DDI, these drugs are 
probably the substrates or “victims.” In contrast, many of our anticonvulsants, such 
as carbamazepine, oxcarbazepine, phenytoin, and phenobarbital, are enzymatic 
inducers, with all (except for oxcarbazepine) acting as pan-inducers. 
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 Several of the “older” agents—such as TCAs, lithium, carbamazepine, phenytoin, 
and clozapine—have lower therapeutic indices, making them deadlier in overdose 
or if their levels are increased by coadministration of an inhibitor of their metabo-
lism or some other pharmacokinetic mechanism. The broad appeal of many of the 
newer psychotropic agents derives from their higher therapeutic indices, although 
these newer agents are often either less effective, or have other liabilities. 

 In many ways, the story of modern neuropsychiatric drug development mirrors the 
evolution of the DDI narrative, but a consciousness of this topic has been there all 
along, on some level. One need only look at Sinemet ®  (levodopa + carbidopa) to see 
that. In the modern era, we have created Nuedexta ®  (quinidine + dextromethorphan) 
for the treatment of pseudobalbar affect (uncontrollable emotional lability) in amy-
otrophic lateral sclerosis, a virtually analogous development. The quinidine serves 
no therapeutic purpose except to prevent peripheral breakdown of dextrometho-
rphan (which crosses the blood–brain barrier) into dextrorphan (which does not 
cross) by potently inhibiting the activity of cytochrome P450 (CYP) 2D6, so that 
effective concentrations of the parent drug can exist in the periphery long enough to 
be absorbed into the central nervous system. 

 Clearly, the sophistication with which DDIs are being utilized in drug development 
is growing. It behooves us to gain greater comfort and mastery of this topic, so we 
are not left behind the curve, using drugs when we don’t understand how they work, 
or how other drugs might unexpectedly hinder or enhance their effects. It is a chal-
lenge, but a rewarding one, for both clinicians and their patients!   

Neuropsychiatric Drugs
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    Abstract   
  This case discusses a pharmacokinetic interaction between quetiapine and 
phenytoin resulting in breakthrough of psychotic symptoms. Quetiapine is a 
cytochrome P450 3A4 substrate and phenytoin is a 3A4 inducer.  

         Case 

 An anesthesia resident went to see a 32-year-old postoperative patient who had under-
gone an uneventful general anesthetic for the repair of a humerus fracture the previous 
day. Eleven days ago, the patient had been hit by a truck while walking his dog and he 
sustained multiple orthopedic injuries, a large subdural bleed, and a generalized tonic-
clonic seizure. Phenytoin had been started at the time of evacuation of the subdural 
hematoma. He also had a preoperative history of schizophrenia, which had been well 
managed for the past 2 years on a stable dose of quetiapine (Seroquel ® ). 

 As the resident entered the patient’s room, the patient was having a vivid conversa-
tion with someone in the air conditioning vent. The patient was anxious, agitated, 
diaphoretic, and complained of a headache. The orthopedic surgeon had ordered 
haloperidol to treat the hallucinations to no avail. 

 On the way to the neurointensive care unit (ICU) by way of the computed tomogra-
phy (CT) scanner, the anesthesia resident wondered if the patient’s quetiapine had 
been discontinued. When the patient’s medication list showed that he had been 
maintained on his home dose of quetiapine , the resident placed a call to the ICU 
pharmacist who confi rmed her suspicions. After a discussion with neurosurgery and 
psychiatry, the patient was continued on his quetiapine at the same dose and also 
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started on levetiracetam (Keppra ® ). The phenytoin was discontinued. In order to 
effectively manage the patient’s hallucinations, extra doses of quetiapine were 
ordered to effect for the next 24 hours. The CT scan revealed no signs of intracranial 
pathology and the patient recovered within a few hours. He was transferred back to 
the ward on the next day with normal cognition and neurologically intact.  

    Discussion 

  This is an example of an inducer added to a substrate.  

 Quetiapine is an atypical antipsychotic predominantly and extensively metabolized 
by cytochrome P450 (CYP) enzyme 3A4. The major metabolites are inactive. It is 
used for the treatment of schizophrenia, schizoaffective disorder, and bipolar disor-
der. Compared to traditional antipsychotics, it is associated with a reduced inci-
dence of extrapyramidal symptoms. Quetiapine has also been used in lower dosages 
to treat insomnia or delirium in hospitalized patients and new evidence shows ben-
efi ts in particular in the critically ill. 

 Phenytoin is an anticonvulsant and known to be a potent inducer of CYP3A4. It is a 
commonly used, effective anticonvulsant that is indicated for the control and pre-
vention of generalized tonic-clonic and complex partial seizures. Status epilepticus 
and other acute seizures are often treated with phenytoin intravenously due to its 
fast onset. Dosage adjustments can be made reasonably well by monitoring serum 
phenytoin and albumin levels. 

 In this case, phenytoin treatment was initiated acutely in a patient who was well 
controlled with a stable dose of quetiapine for several years. Given the pharmacoki-
netics of the two drugs, it is highly likely that the induction of 3A4 by the newly 
added phenytoin resulted in an increased amount of enzyme available that is respon-
sible for the clearance of quetiapine. This resulted in an accelerated metabolism and 
increased clearance of quetiapine, lowering plasma concentration and possibly 
decreasing its clinical effect. 1  ,  2  Most inducing agents given in therapeutic doses pro-
duce their maximum effects on enzyme activity within 3 weeks. 

 This interpretation is supported by evidence from the literature: A small case series 
explored the pharmacokinetic impact of phenytoin by looking at quetiapine admin-
istration alone or in combination with phenytoin in 17 men with diagnosed schizo-
phrenia, schizoaffective disorder, or bipolar disorder. They found that the 
concomitant administration of phenytoin and quetiapine resulted in a fi vefold 
increase in the clearance of quetiapine and the mean steady-state area under the 
concentration-time curve was reduced to 19% of its value prior to phenytoin admin-
istration. Trough concentrations of phenytoin were minimally affected. 3  
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 Symptoms associated with quetiapine withdrawal, including nausea, dizziness, 
headache, diaphoresis, and agitation have also been reported. 3  ,  4  In patients receiving 
quetiapine and phenytoin, a fi vefold increase in quetiapine dosage would be neces-
sary to compensate for the accelerated metabolism of quetiapine, which is not prac-
tical clinically. A better choice would be to choose a different anticonvulsant or 
antipsychotic medication. Alternative noninducer anticonvulsants are levetiracetam 
and sodium valproate. 2  ,  5  Levetiracetam is not extensively metabolized in humans 
and is not dependent on, nor does it have an impact on, the cytochrome P450 
enzymes. Protein binding is less than 10%. It is not associated with clinically sig-
nifi cant pharmacokinetic interactions with other drugs, including other anti- epileptic 
drugs. Renal clearance is the major route of elimination and dose adjustments may 
be required in patients with renal failure. Extra doses of quetiapine may be given to 
clinical effect until the phenytoin has been cleared. 

 Care must also be taken with use of other CYP3A4 inducers such as carbamazepine, 
barbiturates, rifampin, and glucocorticoids, which may also lower the effectiveness 
of quetiapine. On the other hand, CYP3A inhibitors like ketoconazole, itraconazole, 
fl uconazole, and erythromycin can cause an increase in the plasma quetiapine con-
centration by inhibiting its clearance. 6   

    Take-Home Points 

•     Patients treated concomitantly with quetiapine and phenytoin may need to 
be switched to an alternative anticonvulsant medication to control psychi-
atric symptoms due to the induction of CYP3A4 enzyme and subsequent 
increased clearance of quetiapine. An alternative noninducer anticonvul-
sant is levetiracetam.  

•   Quetiapine can be used very effectively for the treatment of delirium in 
hospitalized patients. If quetiapine is being used on an as needed basis, 
such as for ICU delirium, the healthcare provider should be aware that 
dose adjustments may be required to achieve therapeutic goals in patients 
who concomitantly receive drugs that induce or inhibit the P450 3A path-
way. As a general rule, the doses used for delirium tend to be lower than 
those used in schizophrenia.  

•   Enzymatic induction with ensuing effects on drug metabolism and drug 
levels may take 3 weeks for maximal changes to be seen. Health care pro-
viders need to keep this in mind when multiple specialties are contributing 
to a patient’s care and prescribing medications during the hospital stay so 
as not to miss a drug–drug interaction.     
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    Summary 

     Interaction:  pharamcokinetic  
   Substrate:  quetiapine  
   Enzyme:  CYP3A4  
   Inducer:  phenytoin  
   Clinical effects:  increased psychotic signs and symptoms        
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    Abstract   
  This case discusses the pharmacokinetic interaction between quetiapine and 
phenytoin, resulting in acute psychosis in a postoperative patient. Quetiapine 
is a cytochrome P40 3A4 substrate and phenytoin is a 3A4 inducer.  

         Case 

 At 3 AM, a call for the rapid response team was made by a nurse caring for a 45-year-
old, 80 kg man on the orthopedic surgical ward because the patient was causing 
behavioral disturbances including yelling and throwing objects at the health care 
staff. The man had a long history of schizophrenia and had been living in a group 
home. His schizophrenia had been moderately controlled with oral quetiapine fuma-
rate (400 mg daily). He had been hospitalized for a week for injuries sustained from 
falling from a tree that included a compound femur fracture, a cranial subdural 
hematoma, and an apparent seizure in the fi eld. He had undergone emergent crani-
otomy via burr hole for evacuation of the hematoma and open reduction and internal 
fi xation of his femur. Intraoperatively fosphenytoin (1600 mg) was administered 
intravenously (IV) for seizure prophylaxis. Postoperatively he had no obvious neu-
rological defi cits and was started on oral phenytoin sodium (300 mg daily). 
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 The resident on the rapid response team administered intravenous haloperidol dec-
anoate to the patient for sedation. In the morning, a psychiatric consultation was 
obtained. Oral levetiracetam was substituted for phenytoin while the oral quetiapine 
fumarate was continued. The patient remained seizure free and had no more behav-
ioral disturbances.  

    Discussion 

  This is an example of an inducer added to a substrate.  

 More specifi cally this is an example of decreased effi cacy of quetiapine due to 
enhanced metabolism secondary to induction of the cytochrome P450 (CYP) 3A4 
isoenzyme caused by coadministration of phenytoin. 

 Quetiapine is an atypical dibenzothiazepine antipsychotic that is frequently used 
to treat the symptoms of schizophrenia as it has a more desirable side-effect pro-
fi le including less extrapyramidal symptoms than traditional antipsychotics. 1  
Quetiapine fumarate is inactivated primarily by hepatic metabolism by the 3A4 
isoenzyme into the pharmacologically inactive quetiapine sulfoxide and N- and 
O-desalkylquetiapine. 2  ,  3  Phenytoin is a potent inducer of the CYP3A4 isoenzyme 
which can increase the plasma clearance of quetiapine by fi vefold. 4  The increased 
clearance results in a substantial decline in plasma levels of quetiapine (Fig.  168.1 ). 
In this case, the coadministration of phenytoin to a schizophrenic patient on a stable 
dose of quetiapine resulted in a return of psychotic symptoms. However, the stress 
of the hospital environment may have also have been a contributing factor to his 
clinical decline. Levetiracetam does not induce the cytochrome P450 3A4 enzyme 
and does not interfere with clearance of quetiapine.   

    Take-Home Points 

•     Quetiapine fumarate is primarily cleared via hepatic metabolism by 
CYP3A4.  

•   Inducers of CYP3A4, such as phenytoin, can increase the clearance of 
quetiapine resulting in a loss of clinical effect.  

•   When anticonvulsant therapy is required in a patient on quetiapine, an anti-
epileptic that does not induce the cytochrome P450 system (and more spe-
cifi cally CYP3A4) better choice.     
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    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  quetiapine  
   Enzyme:  CYP3A4  
   Inducer:  phenytoin  
   Clinical effects:  acute psychosis        
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    Abstract   
  This case discusses the pharmacokinetic interaction between carbamazepine and 
nefazodone leading to supratherapeutic carbamazepine levels. Carbamazepine is 
a cytochrome P450 3A4 substrate and nefazodone is a 3A4 inhbitor.  

         Case 

 A 54-year-old, morbidly obese woman with a history of bipolar disorder and dys-
functional uterine bleeding presented to the operating room for a total abdominal 
hysterectomy. Her bipolar disorder was well controlled with carbamazepine (500 mg 
BID). She had required three blood transfusions in the past because of uterine bleed-
ing. The patient underwent general endotracheal anesthesia, and the operative 
course was unremarkable. Unfortunately, the patient suffered a wound infection that 
required a long postoperative inpatient hospitalization. 

 The psychiatry service was consulted during the fi rst postoperative due to the 
patient’s persistent and severe dysphoria. Therapy with nefazodone (200 mg daily) 
was started. As the postoperative course progressed, the house staff became con-
cerned that the patient’s depression was becoming a vegetative depression as she 
was increasingly somnolent, reluctant to get out of bed, and diffi cult to understand 
due to slow, slurred speech. The perceptive surgical chief resident also confi rmed 
alteration in depth perception on physical examination. When a serum chemistry 
panel showed no abnormalities the computed tomographic scan of the head showed 
no acute evidence of pathology, the resident ordered a serum carbamazepine level. 
The level was found to be 17 mcg/mL (therapeutic level, 4–12 mcg/mL). The 
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psychiatry and surgical pharmacy services were consulted and the nefazodone was 
 discontinued and a selective serontonin reuptake inhibitor (sertraline) was started. 
Over the next 2 days, carbamazepine values decreased to reference levels, and the 
somnolence, visual changes, and ataxia resolved.  

    Discussion 

  This is an example of a complex pharmacokinetic interaction involving both an 
inhibitor added to a substrate and a substrate added to an inducer . 

 Nefazodone is an antidepressant that acts as a potent 5-hydroxytryptamine-2 
(5-HT) antagonist, a moderate inhibitor of neuronal reuptake of 5-HT, and a mild 
inhibitor of norepinephrine uptake. Carbamazepine is an anticonvulsant agent that 
has been used for epilepsy treatment, as an analgesic for trigeminal neuralgia, and 
as a mood stabilizer for bipolar disorders. 1  It is metabolized in the liver by cyto-
chrome P450 (CYP) 3A4 and it is known to induce multiple hepatic CYP enzymes. 
The concentration of carbamazepine- 10,11-epoxide, a main and active metabolite 
generated through the 3A4 pathway, may reach up to 50% of the concentration of 
the parent compound. Nefazodone is metabolized by and is a potent inhibitor of 
3A4. 

 The coadministration of an agent that is both a substrate and inducer of CYP3A4 
(carbamazepine) and an agent that is both a substrate and inhibitor of 
CYP3A4 (nefazodone) leads to unpredictable concentrations of both agents. Two 
contrasting interactions are reported in the medical literature. 2  ,  3  The induction of 
CYP3A4 by carbamazepine may lead to more rapid metabolism of nefazodone 
and cause an inability to maintain therapeutic levels of the antidepressant. 
Clinically, this effect is subtle; it appears as an inability to achieve mood improve-
ment and could be interpreted as a therapeutic failure of nefazodone.

In contrast, a more clinically apparent reaction occurs when the inhibition of 
CYP3A4 by nefazodone slows the metabolism of carbamazepine, resulting in an 
increase in the concentration of carbamazepine, and producing toxic symptoms. 
Symptoms of carbamazepine toxicity include depression of the central nervous sys-
tem, headache, ataxia, and diplopia. Thus, although the unpredictable pharmacoki-
netics may lead to two contrasting outcomes; an increase in the levels of 
carbamazepine produces new neurologic symptoms and is the most acutely con-
cerning interaction. In two cases documenting toxicity from the accumulation of 
carbamazepine, the symptoms resolved after the carbamazepine dose was decreased 
or the nefazodone therapy was discontinued. 2  

 A study to evaluate the effect of the coadministration of carbamazepine and 
 nefazodone on serum levels of each drug found that both drugs may be used safely 
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for healthy persons when medication levels are tightly controlled, monitoring is 
frequent, and dosing is low. 3  However, clinically meaningful doses were not evalu-
ated in the study, and with many alternative antidepressant therapies available, the 
combination of nefazodone and carbamazepine is not advisable.  

    Take-Home Points 

•     Nefazodone inhibits CYP3A4 and carbamazepine induces CYP3A4.  

•   Coadministration of these two agents leads to unpredictable serum levels 
of both drugs.  

•   Nefazodone may slow the metabolism of carbamazepine, which can lead 
to development of suratherapeutic or even toxic levels of carbamazepine 
(depression of the central nervous system, headache, ataxia, and diplopia) 
even when the dosages of both nefazodone and carbamazepine are in the 
normal range.  

•   Carbamazepine may increase the metabolism of nefazodone, making the 
achievement of therapeutic nefazodone levels diffi cult.  

•   Coadministration of nefazodone and carbamazepine is not recommended.     

    Summary 

     Interaction:  pharmacokinetic (complex)  
   Substrates:  carbamazepine and nefazodone  
   Enzyme:  CYP3A4  
   Inducer:  carbamazepine  
   Inhibitor:  nefazodone  
   Clinical effect:  carbamazepine toxicity        
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    Abstract   
  This case discusses a complex pharmacokinetic interaction between  phenytoin 
and valproic acid involving both metabolism and distribution.  

         Case 

 A 30-year-old woman was admitted to the intensive care unit (ICU) with apparent 
“cryptogenic” fulminant liver failure in the hopes that she would be a candidate for 
orthotopic liver transplant in the ensuing days. The diligent ICU fellow and pharma-
cist carefully reviewed her history to ascertain the cause of the liver failure. 

 She was known to have a history of complex partial seizures with secondary general-
ization. She had been compliant with her phenytoin therapy (300 mg daily) and her 
liver function tests were normal. However, she continued to have seizures with episodes 
of status epilepticus. Her neurologic status had deteriorated and she starting having 
ataxia and mental disturbances. This was felt to be compounded by anoxic complica-
tions of status epilepticus. She was started on divalproex sodium (750 mg daily). Three 
weeks after starting valproic acid, she had another episode of status epilepticus. At that 

 Editor’s Note:  Normal serum phenytoin levels: total = 10-20 mcg/mL, free = 1-2 mcg/mL; normal 
serum valproic acid levels: total = 50-100 mcg/mL, free = 5-10 mcg/mL.
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time, her valproic acid level was within normal limits at 55 mcg/mg. Because her liver 
function tests remained normal, the divalproex  dosage was increased to 1250 mg daily. 
One month later on reevaluation, she was unable to stand, had developed new choreo-
athetoid movements, diaphragmatic myoclonus, and diffi culty speaking. The valproic 
acid level at that time was 59 mcg/mL and the phenytoin level was 17.1 mcg/mL. Her 
divalproex dosage was then increased again to 1750 mg daily. 

 The ICU staff obtained immediate labs and discovered that her phenytoin level was 
18.4 mcg/mL, and her valproic acid level was 63 mcg/mL, with unbound phenytoin 
and divalproex fractions of approximately 40%. Both drugs were immediately discon-
tinued. Unfortunately, she did not survive the acute liver failure or receive a donor liver, 
and she died approximately 12 weeks after initiation of valproic acid therapy. Autopsy 
demonstrated extensive hepatic cell necrosis not consistent with viral hepatitis. Brain 
autopsy was consistent with multiple system atrophy as well as diffuse gliosis.  

    Discussion 

  This is a complex pharmacokinetic interaction involving both metabolism and 
distribution.  

 Valproic acid is an antiepileptic drug that moderately inhibits CYP2C9 and displaces 
phenytoin from serum protein binding sites. 1  –  3  This can cause an unpredictable 
change in free and total phenytoin concentrations. 4  The free concentration can 
increase initially due to displacement which exposes additional free phenytoin to 
hepatic metabolism. 2  –  5  Total phenytoin concentrations can be decreased by 20% to 
50% due to this additional free phenytoin metabolism. The nonlinear kinetics of 
 phenytoin and inhibition of 2C9 by valproate can increase total phenytoin concentra-
tions and lead to signifi cantly sustained free phenytoin concentrations. 4  ,  5  This interac-
tion can lead to increased risk of phenytoin toxicity or decreased seizure control. 6  –  12  

 Phenytoin is an antiepileptic drug that is a CYP2C9 inducer, for which valproic acid 
is a substrate, leading to decreased serum levels of valproic acid by an average of 
50%. 10  Phenytoin may increase the production of a hepatotoxic metabolite of val-
proic acid – 2 propyl-4-pentenoic acid. 12  ,  13  Metabolism of phenytoin follows fi rst-
order kinetics at lower dosages and zero-order kinetics at higher dosages. Any other 
drug or change in liver function or albumin level that alters the amount of drug 
metabolized by the liver can therefore lead to unpredictable drug levels. 14  ,  15  

 This case serves to illustrate that liver function tests must be checked routinely when 
on these medications and when dosages are increased. In this case, the patient’s total 
phenytoin concentration went down to subtherapeutic levels when valproate therapy 
was initiated, then went to supratherapeutic levels when her valproate dose was 
increased seven weeks later. However, it is most likely that free phenytoin 
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concentrations increased signifi cantly almost immediately after the addition of val-
proate, despite the decrease in the total concentration. The increased free phenytoin 
concentration likely led to increased metabolism of valproate, producing a real 
decrease in valproate concentrations and thus prompting an increase in the valproate 
dosage to achieve therapeutic total levels. Ultimately, the patient succumbed to liver 
failure likely due to the hepatotoxic effect of valproate metabolites. 

 Given the complex and potentially unpredictable nature of the interaction of these 
two drugs, combining them should be avoided if possible. There are newer antiepi-
leptic medications that do not undergo hepatic metabolism that would be preferred 
in patients already on one of these two drugs. If indeed a patient requires both phe-
nytoin and valproate, close monitoring of the liver function tests is paramount. For 
such cases the recommendation is testing prior to initiation of therapy, with every 
dose increase, and every 3 months the patients receive the two drugs. 11  

 The free phenytoin level is a better indicator of antiepileptic effi cacy than the total 
serum level in patients that receive drugs, in this case valproate, that may displace 
phenytoin from serum protein-binding sites. 

 Not available in this case were the patient’s free valproate concentration nor the serum 
albumin levels. When a drug is extensively plasma protein bound, addition of another 
protein-bound drug can cause the total drug level to appear subtherapeutic when in 
fact the free, unbound level may be therapeutic or even supratherapeutic. Both phe-
nytoin and valproate are extensively protein-bound and only the free drug is therapeu-
tically active. 5  ,  8  –  10  In this case, free concentrations of both should have been measured. 
Since both drugs are bound to serum albumin, fl uctuations in serum albumin levels 
can lead to the appearance of decreased total drug concentrations with an increase in 
free drug concentrations. A signifi cant change in serum albumin levels, such as that 
seen following severe illness or injury, should prompt free drug level checks. 

 Phenytoin can cause hepatic toxicity that manifests as an increase in liver enzyme 
levels. 6  ,  11  ,  13  This typically occurs within the fi rst 6 weeks of drug initiation and is an 
idiosyncratic reaction. It may be accompanied by fever, rash and eosinophilia. In the 
case above, the patient had been on phenytoin for 2 ½ years with normal liver func-
tion tests and her liver failure was not due to phenytoin alone. Elevations of ALT to 
less than three times the upper limit of normal are generally tolerated and tend to 
decrease over time. Elevations above three times the upper limit of normal should 
prompt discontinuation of the drug. 

 Liver function tests should be measured prior to initiation of valproate therapy and 
during therapy. 12  –  15  New-onset confusion should prompt testing of serum ammonia 
levels. Most liver function elevations occur during the fi rst 6 months of therapy. 
Elevated serum ammonia levels with normal ALT have been demonstrated on val-
proic acid. The most severe form of hepatotoxicity, liver cell necrosis, may occur 
within 2 to 3 months of initiation of therapy. 12  Platelet and coagulation levels should 
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be measured before and during therapy and prior to surgery. An elevated of ALT to 
greater than three times normal range is an indication to discontinue the new drug. 
In contrast to phenytoin hypersensitivity-type hepatotoxicity, valproate-related hep-
atotoxicity typically presents with fatigue, nausea and vomiting. Preliminary studies 
have demonstrated increased survival with carnitine treatment in those with signifi -
cant valproate-induced hepatotoxicity. 12  ,  13  

 In summary, phenytoin toxicity can present with ataxia, confusion, nystag-
mus, choreoathetoid movements, and dysarthria. Valproate toxicity can present 
as ataxia, confusion, and dysarthria. The above case presented 7 weeks after 
initiation of valproate therapy with symptoms most consistent with phenytoin 
toxicity. Confusing the clinical picture was her concomitant diagnosis of multi-
system atrophy, which could explain the diaphragmatic myoclonus. The patient 
died secondary to liver failure caused by increasing dosages of valproate, which 
were prescribed to bolster the anticonvulsant effi cacy of phenytoin, but that 
decision was never revisited and the two anticonvulsants were not monitored 
appropriately.   

    Take-Home Points 

•     Phenytoin is a cytochrome P450 pan-inducer (except for 1A2). Any drug 
metabolized via CYP2C9 may be subtherapeutic at standard doses when 
taken concomitantly.  

•   Valproic acid is a CYP2C9 inhibitor. Any drug metabolized via 
CYP2C9 may be supratherapeutic at standard doses when taken 
concomitantly.  

•   Valproic acid and phenytoin are both highly protein-bound drugs. 
Measurement of free drugs concentrations is a more accurate measure of 
likely therapeutic and/or toxic effects than total drug levels when a patient 
is on both agents.  

•   Because phenytoin and valproate are both highly bound to plasma pro-
teins, when these drugs are coadministered, any signifi cant change in 
albumin levels should prompt rechecking free concentrations of both 
drugs.  

•   Valproic acid is associated with liver toxicity. Prior to initiation of val-
proic acid treatment, liver function tests should be checked and 
repeated after initiation and after dosage increase. Elevation of ALT 
beyond three times upper limit of normal should prompt drug 
discontinuation.     
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    Summary 

     Interaction 1:  pharmacokinetic (metabolism)  
   Substrate:  valproate  
   Enzyme:  assorted UGTs  
   Inducer:  phenytoin  
   Clinical effect:  subtherapeutic valproate levels leading to breakthrough seizures   

    Interaction 2:  pharmacokinetic (metabolism)  
   Substrate:  phenytoin  
   Enzyme:  CYP2C9  
   Inhibitor : valproate  
   Clinical effect:  phenytoin toxicity   

    Interaction 3:  pharmacokinetic (distribution)  
   Substrates:  phenytoin and valproate  
   Mechanism/site of action:  mutual displacement from plasma protein binding sites  
   Clinical effect:  phenytoin toxicity (in synergy with metabolic inhibition of DDI 2 

above)        
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    Abstract    
 This case discusses a pharmacokinetic interaction between cimetidine and 
phenytoin. Phenytoin is a cytochrome P450 2C9 and 2C19 substrate and 
cimetidine is a cytochrome P450 2C9 and 2C19 inhibitor. Coadministration 
results in phenytoin toxicity.  

         Case 

 A 56-year-old, 65 kg man presented to the preoperative clinic for evaluation prior to 
elective hernia repair. He was unsteady on his feet but made it to the examination 
room where he was dizzy and vomited when attempting to get on the examination 
table. He reported that he had a history of epilepsy treated with extended-release 
oral phenytoin (300 mg daily) and gastroesophageal refl ux disease (GERD) which 
had been treated with extended-release pantoprazole (40 mg daily) until 2 weeks 
prior. The patient had run out of his pantoprazole 2 weeks prior and had not gotten 
the prescription refi lled. Instead, he had purchased an over-the-counter medication 
for heartburn and had been taking it in the morning and at night. He complained that 
instead of decreasing his bothersome GERD, he had lately been experiencing worse 
symptoms. 

 The patient was noted to be tachycardic and somewhat hypotensive. When the 
knowledgeable nurse practitioner also ascertained that had nystagmus, tremor, 
and hyperrefl exia, the patient and his spouse were sent to the Emergency Department. 
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A call was placed to the patient’s daughter at home to check on the heartburn medi-
cine,” which proved to be cimetidine. Routine laboratory values were within 
 reference ranges, but his phenytoin level was elevated at 35 mcg/mL (reference 
therapeutic range, 10-20 mcg/mL) and a diagnosis of phenytoin toxicity was made. 
The cimetidine was immediately stopped, and the phenytoin dose was decreased 
temporarily. The patient’s plasma phenytoin levels decreased to the therapeutic 
range and his symptoms resolved during the next few days. He underwent an 
uneventful anesthetic and surgery 2 weeks later.  

    Discussion 

  This is an example of an inhibitor added to a substrate . 

 Phenytoin is an anticonvulsant agent that inhibits the spread of cortical seizure activ-
ity. It acts by binding to neuronal sodium ion channels in a frequency- dependent man-
ner, decreasing transmembrane sodium ion fl ux and thus stabilizing neuronal cell 
membranes. Phenytoin has a narrow therapeutic index (total phenytoin plasma con-
centration range, 10-20 mcg/mL). It is extensively metabolized in the liver through the 
cytochrome P450 (CYP) system, with approximately 80% metabolized by CYP2C9 
and 20% by CYP2C19. 1  Phenytoin metabolism also displays saturable kinetics. 1  
When the CYP system is not saturated, the metabolism of phenytoin displays fi rst-
order kinetics. When the CYP system is saturated, its metabolism kinetics displays 
zero-order kinetics, thus appreciably increasing its plasma concentration half-life. 

 Phenytoin toxicity can manifest in a number of different ways. Acute toxicity results 
in cerebellar and vestibular symptoms and cardiac dysrhythmias, and chronic toxic-
ity can lead to a paradoxical increase in seizures, megaloblastic anemia, hirsutism, 
gingival hyperplasia, gastrointestinal symptoms, and lymphoid hyperplasia. 
Occasionally, such serious adverse effects as agranulocytosis, leukopenia, pancyto-
penia, thrombocytopenia, and toxic epidermal necrolysis can occur. 2  

 Cimetidine is a histamine receptor subtype 2(H2) antagonist. It decreases gastric 
secretions and increases gastric pH by inhibiting the effects of histamine in gastric 
parietal cells. Also, it is an inhibitor of the CYP enzymes 2C9, 2C19, 2D6, and 3A4. 1  
Inhibition of these CYP isozymes by cimetidine is known to inhibit the half- life of 
numerous drugs, including the half-life of phenytoin through inhibition of 2C9 and 
2C19. Administration of cimetidine has been shown to decrease the plasma clearance 
of phenytoin by 16% to 59%. 3  ,  4  The increase in plasma concentration of phenytoin 
after treatment with cimetidine normalizes after cimetidine use is discontinued. 4  
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 In the present patient, cimetidine use resulted in inhibition of CYP2C9 and 
CYP2C19 and, subsequently, an increase of phenytoin plasma levels, leading to 
signs of phenytoin toxicity.  

    Take-Home Points 

•     Phenytoin works by blocking voltage-gated sodium channels in a 
frequency- dependent manner.  

•   Its elimination displays nonlinear kinetics, being fi rst-order at low plasma 
concentrations and zero-order at greater concentrations.  

•   The common adverse effects of phenytoin toxicity are nystagmus, dysar-
thria, ataxia, and confusion.  

•   Medications that inhibit the CYP system, such as cimetidine, can increase 
the plasma concentration of phenytoin, sometimes to toxic levels.     

    Summary 

     Interaction:  pharmacokinetic (metabolism)  
   Substrate:  phenytoin  
   Enzymes:  CYP2C9 and CYP2C19  
   Inhibitor:  cimetidine  
   Clinical effect:  phenytoin toxicity        
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    Abstract   
  This case discusses the pharmacokinetic interaction between pimozide and 
nefazodone, resulting in QTc prolongation. Pimozide is cytchromer P450 
3A4 substrate and nefazodone is a 3A4 inhibitor.  

         Case 

 One Sunday evening, the anesthesia resident on the remote anesthesia rotation 
called her attending, mentioning that a case had been added onto Monday’s sched-
ule. The patient was a 27year-old male veteran with renal calculi, who was coming 
over from the small, affi liated Veterans Affairs (VA) hospital, as that facility lacked 
a modern lithotripsy machine. The resident had managed to contact the preoperative 
evaluation clinic at the VA hospital and was told that he had “pretty bad posttrau-
matic stress disorder (PTSD) from the battle of Fallujah” but since returning from 
active duty was managing to hold down a part-time job as a pit-crew member at the 
local speedway. He was absent the traditional cardiovascular risk factors, such as 
hypertension and diabetes, seen in older patients. Happily, he did not smoke. When 
the anesthesia resident asked the referring VA internist about the preoperative labo-
ratory values and echocardiogram (ECG), she was told “they are not necessary in a 
sedation case for an active 23-year-old without risk factors who does heavy lifting 
at his job.” 

 In the preoperative area, she encountered an extremely restless and nervous- 
appearing young man, who was intermittently drumming his fi ngers on the bed 
rail. The resident inquired if it was due to nerves and was told, “No, it keeps pace 
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with my heart.” While the nurse went to get the ECG machine, the resident looked 
at the preoperative evaluation note the patient had brought with him. What had 
been lumped together as “pretty bad PTSD” in the verbal report was in actuality a 
documented history of schizoaffective disorder, along with the onset 3 weeks ago 
of dysphoria, anergy, and insomnia. The fi nal assessment by the VA primary care 
practitioner noted “multiple psych meds, no cardiac risks factors, may undergo the 
procedure without further testing.” On further questioning, the patient gave his 
medication regimen as a longstanding dosage of pimozide (Orap®, 6 mg/day) and 
with the recent addition (in the past 2 weeks) of nefazadone, which had been 
titrated to 400 mg/day at the small VA satellite clinic where he obtained his psy-
chiatric care and medications. His 12-lead ECG showed a sinus tachycardia of 
98 bpm with a QTc interval of 535 msec. The resident remembered that this was a 
case very similar to one she had just read about and a quick check online confi rmed 
her suspicions. She informed her attending of her fi ndings and the case was 
postponed.  

    Discussion 

  This is an example of an inhibitor  ( nefazadone )  added to a substrate  
( pimozide ) 

 The pimozide/nefazodone drug pair is a very dangerous combination. The editors 
feel that there are few, if any, clinical situations that warrant exposing patients to this 
level of drug–drug interaction (DDI) risk. Regrettably, perioperative clinicians may 
still see these drugs being used concurrently—this scenario is based on a real case 
from the fi les of one of the consulting editors. 1  

 Pimozide is a potent typical antipsychotic medication with a severe side-effect pro-
fi le. Even when used as monotherapy, it may be associated with life-threatening QTc 
prolongation and arrhythmias as well as akathisia, tardive dyskinesia, neuroleptic 
malignant syndrome, and lowered seizure threshold. In the United States, it is used 
on-label only for the treatment of debilitating Tourette’s symptoms, but off- label for 
the treatment of psychotic symptoms such as auditory hallucinations and paranoid 
delusions. Additionally, pimozide is a cytochrome P450 (CYP) 3A4 substrate. 2  ,  3 

Nefazadone is an antidepressant that was added to this patient’s drug list in order to 
address the vegetative symptoms of depression (anhedonia, insomnia, etc.). It is a strong 
competitive inhibitor of 3A4. 4  Nefazodone will reliably increase the blood level of 
pimozide, resulting in a toxic state that can readily manifest as exaggeration or new 
onset of akathisia and QTc prolongation. 5  ,  6  Discontinuation of the nefazodone and sub-
stitution with an antidepressant that does not inhibit 3A4, such as escitalopram or bupro-
pion, would be expected to lower pimozide blood levels (via withdrawal of inhibition) 
within a week or so. The patient should then be re-evaluated, especially with respect to 
the ECG abnormalities, before proceeding with anesthesia for an elective surgery.  
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    Take-Home Points 

•     It is incumbent on perioperative clinicians to recognize risk factors (such 
as potentially dangerous DDIs) that may not have been accounted for in 
the large epidemiological studies used in the development of practice 
guidelines. Remember that guidelines are just that—guidelines.  

•   You will fi nd that is not unusual for primary care notes or preoperative 
“clearance” notes to fail to note psychiatric DDIs. More than one primary 
care practitioner has found it overwhelming to completely master the basic 
clinical pharmacology of the dozens of antipsychotics, antidepressants, 
sedatives, and mood stabilizers in use, much less tease out the potential 
DDIs. As such, psychopharmacologic agents unwittingly tend to be 
lumped together as “the psych meds,” accompanied by a sincere hope that 
they are not causing too much mischief with each other. Of course, in actu-
ality there is as much variation in the pharmacologic actions and metabolic 
pathways in this pharmacopeia as there is for the “anesthesia meds.”  

•   Spend some time learning the DDIs that, while hopefully rare, are the most 
dangerous.  If it can be at all be helped , do not take a potentially pimozide-
toxic patient to the OR.     

    Summary 

     Interaction:  pharmacokinetic  
   Subtrate:  pimozide  
   Enzyme:  CYP3A4  
   Inhibitor:  nefazodone  
   Clinical effect:  QTc prolongation        
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    Abstract   
  This case discusses the interaction between an unsuspected source of selegi-
line in a transdermal patch and meperidine, resulting in serotonin syndrome.  

         Case 

 A 53-year-old female veteran with comorbidities of hypertension and type 2 diabe-
tes mellitus arrived for a laparoscopic cholecystectomy. Three years previously she 
had developed severe depression when her only son was killed in Afghanistan and 
was started on the tricyclic antidepressant amitritptyline, which she did not tolerate 
after a period of 3 months. She was then started on 6 mg daily of Emsam ®  (a selegi-
line patch) as an alternative. The patient understood that the patch delivered the 
monoamine oxidase inhibitor (MAOI) selegiline via a transdermal route and that 
she was to report to the Emergency Room if she developed headaches, severe eleva-
tion in blood pressure, or visual changes. The patient was also given clear instruc-
tions to avoid sympathomimetic decongestants. She did not smoke, drink, or use 
illicit drugs. 

 The patient’s anesthetic was uneventful except for some episodes of hypotension 
after induction of general anesthesia. In the recovery room, the patient started to 
shiver. The postanesthesia care unit (PACU) nurse asked the resident to write 
“something for shivering.” The diligent resident checked the anesthesia chart to 
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make sure the patient was not on tranylcypromine (Parnate ® ) or phenelzine 
(Nardin ® ). The chilly patient was also asked if she had ever been told to avoid aged 
cheese and wine and replied truthfully that she had not. Reassured, the resident then 
wrote for meperidine (25 mg) for shivering and the PACU nurse concurred stating, 
“Oh, that works the best.”

Five minutes later, the patient started to complain of headaches, became tachy-
cardic, hypertensive, hyperthermic, and diaphoretic. A few minutes later, the patient 
experienced diffi culty in breathing and was noticed to have a rigid chest, interfering 
with respiration A cardiac arrest protocol was initiated. An anesthesiologist rushed 
to the patient, administered propofol (200 mg), a nondepolarizing muscle relaxant 
(rocuronium 50 mg), secured the airway, and initiated mechanical ventilation. A 
wide-bore intravenous line was started and a bolus of 1L of normal saline was given. 
Sodium nitroprusside was started and the patient was transferred to the surgical 
intensive care unit (ICU). The ICU team placed a nasogastric tube and began active 
cooling using iced saline. A full neurologic exam was performed after neuromuscu-
lar function returned and revealed right lower extremity clonus.

The results of an electrocardiogram, brain computed tomography scan, serum electro-
lytes, renal and liver function tests were all normal. A diagnosis of serotonin syn-
drome was made and the patient was given cyproheptadine (4 mg/8h) via the 
nasogastric route. The patient was weaned from mechanical ventilation and extubated 
within 24 hours. Vital signs returned to baseline and the patient was weaned from 
antihypertensives within 72 hours. The patient was discharged home 2 days later.  

    Discussion 

  This is an example of a pharmacodynamic drug interaction . 

 Selegiline is a newer MAOI of which clinicians should take special note. It is an 
effective anti-depressant and in the lowest patch dose (6 mg) does not require dietary 
restrictions. This fact and the availability of the drug in a patch formulation are often 
considered favorably when prescribing to patients and have even led to a modest 
increase in the use of MAOIs to treat depression. However, at all doses, selegiline 
will interact pharmacodynamically in drug–drug interactions (DDIs) much as the 
“traditional” MAOIs do. 

 The combination of a MAOI and meperidine can be fatal. The vignette above 
describes “serotonin toxicity,” originally described by Oates in 1995. 1  This is an 
excitatory phenomenon characterized by mental, autonomic, and neuromuscular 
changes due to intrasynaptic accumulation of serotonin in the brainstem and spinal 
cord. 2  Selegiline inhibits serotonin metabolism presynaptically while meperidine 
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blocks the reuptake of serotonin in nerve terminals. 3  The diagnosis of serotonin 
toxicity is based on the Hunter Serotonin Toxicity Criteria with clonus, hypere-
fl exia, and hyperkinesia being the most specifi c signs. 4  The most commonly con-
fused neurotoxic syndrome is the neurolepic malignant syndrome. The latter 
syndrome, however, is characterized by an insidious onset, bradykinesia, and 
 extrapyramidal manifestations. 5  Selegiline patches, especially in the lowest dosage 
(6 mg/day), do not appear to put the patient at risk for tyramine-induced hyperten-
sive crises from dietary causes. However, they do place the patient at risk for a 
central serotonin syndrome when combined with serotonergically active agents 
(such as meperidine), as well as hypertensive crises when combined with sympatho-
mimetic agents. 

 Treatment of serotonin toxicity centers on discontinuation of the offending drug and 
immediate stabilization of airway, breathing and circulation. Muscle relaxants and 
sedatives can be used to secure the airway. Active and passive cooling should be 
provided to treat hyperthermia. After the initial period of stabilization, detoxifi ca-
tion and antidotes should be provided. Activated charcoal can be given, if the 
incriminated drug was ingested in the preceding hour. Cyproheptadine, available 
only in an oral form, can be given orally to moderately severe cases. Chlorpromazine 
can be given intravenously in severe cases, however the accompanying hypotension 
necessitates volume preloading. 6  

 Patients with serotonin toxicity should be intensively monitored for the fi rst 6 to 12 
hours. Symptoms will usually subside within 24 hours of discontinuing the offend-
ing agent.  

    Take-Home Messages 

•     Even transdermal medications can have drug interactions.  

•   Selegiline is an MAOI that does not require dietary restrictions, however, 
it interacts with meperdine, much as trancylpromine and phenelzine do. 
Remember, if you give the drug, you are responsible for the drug–drug 
interaction—stay vigilant!  

•   Serotonin toxicity should be considered for any patient who is receiving a 
MAOI.  

•   Clonus, hyperrefl exia and hyperkinesis are the most specifi c signs of sero-
tonin toxicity.     
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    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  selegiline and meperidine  
   Mechanism / site of action:  inhibition of serotonin metabolism by selegiline and 

blockage of serotonin reuptake by meperidine  
   Clinical effects:  serotonin toxicity including clonus, hyperrefl exia, and 

hyperkinesis        
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    Abstract    
 This case discusses the pharmacokinetic interaction between felodipine, car-
bamzapine, and phenytoin, resulting in decreased antihypertensive effi cacy. 
Felodipine is a cytochrome P450 3A4 substrate and carbamzepine and phe-
nytoin are 3A4 inducers.  

         Case 

 A 72-year-old man who was the owner of a dog-grooming salon presented for 
removal of a 2-cm supratentorial mass. His past medical history was notable for 
hypertension, controlled with oral felodipine (10 mg/d), and mild asthma, for which 
he used an albuterol inhaler once a month. Three months before his scheduled sur-
gery, the patient began to have partial complex seizures, and the cerebral mass was 
discovered. He had been adamant about postponing the surgery until after the peak 
of dog-grooming season. Carbamazepine therapy was started to control his seizures 
until he consented to surgery. 

 The patient’s medical record showed that preoperative blood pressure readings had 
been 125/84 mm Hg. On his arrival at the hospital on the day of surgery, his blood 
pressure was 189/112 mm Hg. The patient denied new medication changes, non-
compliance, or other changes in his medical history. The decision was made to 
proceed with the surgery. The patient’s blood pressure was 184/111 mm Hg on his 
arrival in the operating room. The surgeon requested a controlled hypotensive tech-
nique for this patient. After tracheal intubation, anesthesia was maintained with 
isofl urane and fentanyl citrate. Adequate control of the blood pressure required both 
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labetalol hydrochloride and sodium nitroprusside. The operation was uneventful, 
the patient was extubated at the end of the surgery, and he was found to be neuro-
logically intact.  

    Discussion 

  This is an example of an inducer added to a substrate . 

 Felodipine, a second-generation dihydropyridine calcium channel blocker, is an 
orally administered arterial vasodilator with minimal direct effects on heart rate or 
cardiac contractility. It inhibits calcium infl ux through L-type calcium channels in 
the myocardium and vascular smooth muscle and exerts a greater affi nity for vascu-
lar calcium channels than cardiac calcium channels, making it an attractive antihy-
pertensive. Common adverse effects are due to excessive peripheral vasodilation 
and may include hypotension, cutaneous fl ushing, dizziness, headache, and syn-
cope. Felodipine is known to also secondarily increase heart rate through indirect 
activation of the sympathetic nervous system, which can result in refl ex tachycardia 
and palpitations. It undergoes extensive phase I metabolism in the liver through 
cytochrome P450 (CYP) 3A4. 1  

 Carbamazepine is an antiepileptic whose mechanism of action involves the block-
ade of sodium channels. This blockade causes inhibition of the generation and prop-
agation of repetitive action potentials, resulting in a highly effective drug for the 
treatment of partial seizures. It also is used to treat tonic-clinic seizures and trigemi-
nal neuralgia. Carbamazepine is a potent inducer of CYP3A4, which can decrease 
the plasma levels and effects of drugs that undergo Phase I metabolism through this 
common enzymatic pathway. 

 Phenytoin sodium, another effective antiepileptic for the treatment of partial and 
tonic-clonic seizures, exerts its therapeutic effect by binding to voltage-gated sodium 
channels in their inactive states. This binding results in a prolonged recovery rate for 
the ion channel and a reduction in the spread of abnormal action potentials from 
epileptogenic foci. Similar to carbamazepine, phenytoin induces hepatic CYP3A4, 
resulting in decreased serum levels of drugs metabolized by this isozyme. 

 Capewell et al. matched 10 patients taking antiepileptic therapy (carbamazepine 
monotherapy [n = 4], phenytoin monotherapy [n = 2], carbamazepine and phenytoin 
together [n = 3], and phenobarbitone monotherapy [n = 1]) with 12 control patients 
not taking regular medications. 2  Each group received felodipine for 4 days, and felo-
dipine levels were measured on day 5. The epileptic patients had a mean maximum 
felodipine concentration that was only 18% that of the control patients (Fig.  174.1 ), 
and their mean area under curve for concentration versus time was only 6.6% that of 
the control patients. Additionally, 83% of the control patients had vasodilatory 
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adverse effects, but no patient taking antiepileptic therapy had any of these adverse 
effects. By administering and measuring concentrations of antipyrine, an indicator 
of CYP3A4 induction, on day 6, the investigators noted signifi cant correlations 
between the half-life of antipyrine, the felodipine maximum  concentration, and the 
area under the curve, indicating that felodipine levels had been reduced because of 
an increase in metabolism of the drug through the cytochrome P450 system.  

 There is evidence that phenytoin and carbamazepine can affect concentrations of 
other calcium channel blockers. Tartara et al. examined 8 patients taking CYP- 
inducing anticonvulsive therapy (carbamazepine, phenobarbitone sodium, or phe-
nytoin, either alone or in combination), eight patients taking CYP-inhibiting 
anticonvulsive therapy (sodium valproate monotherapy), and eight drug-free control 
patients. 3  Nimodipine was administered as a single dose, and blood levels were 
measured. The area under the curve of patients receiving CYP-inducing therapy was 
seven times less than that of control patients. The area under the curve of patients 
receiving CYP-inhibiting therapy was 50% greater than that of control patients. 
Other sources have noted similar reductions in calcium channel blockers, such as 
verapamil hydrochloride, with CYP3A4 inhibitors, such as phenytoin. 4  

  Fig. 174.1    Felodipine concentrations of healthy study participants and of treated epileptic 
patients. Error bars represent standard error of the mean [Adapted from Capewell S, Freestone S, 
Critchley JA et al. Reduced felodipine bioavailability in patients taking anticonvulsants. Lancet. 
1988;2:480–482. With permission from Elsevier]       
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 In patients who are starting or continuing therapy with carbamazepine or phenytoin, 
an increased dose of felodipine may be necessary to ensure adequate plasma con-
centrations of the drug to achieve the desired therapeutic effect.  

    Take-Home Points 

•     Felodipine is a dihydropyridine calcium channel blocker that acts chiefl y 
as a peripheral vasodilator.  

•   The hepatic CYP3A4 isozyme extensively metabolizes felodipine.  

•   Carbamazepine and phenytoin are potent inducers of CYP3A4.  

•   Antiepileptic therapy with phenytoin or carbamazepine, or their combina-
tion, can reduce plasma concentrations of felodipine drastically.  

•   In patients who are starting or continuing therapy with carbamazepine or 
phenytoin, increased doses of felodipine may be necessary because of the 
increased metabolism of felodipine with CYP3A4 induction.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  felodipine  
   Enzyme:  CYP3A4  
   Inducer:  carbamazepine, phenytoin  
   Clinical Effect:  decreased antihypertensive effi cacy        
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    Abstract    
 This case discusses a pharmacodynamics interaction between citalopram and 
methylene blue, resulting in serotonin syndrome. Citalopram is a selective 
serotonin reuptake inhibitor and methylene blue is a reversible monoamine 
oxidase inhibitor.  

         Case 

 A 60 kg, 30-year-old woman underwent laparoscopic excision of endometriosis 
under general anesthesia. She had a history of depression which was treated with 
the serotonin reuptake inhibitor (SSRI) citalopram (40 mg daily). One hour into the 
procedure, a large endometrial tumor was found to be adherent to the left ureter. The 
surgeon was concerned about intraoperative damage to the ureter and requested 
administration of 100 mg IV of methylene blue (methylthioninium chloride) to 
faciliate visualization of extraluminal urine. At the end of the operation, the patient 
opened her eyes spontaneously, but not to command. Because her movements were 
intrepreted as somewhat purposeful (reaching for the endotracheal tube), her tra-
chea was extubated. 

 In the recovery room, she was confused, agitated, tachycardic, hypertensive, dia-
phoretic, and febrile with tympanic membrane temperature measured at 38.2°C. 
Her pupils were dilated. In addition to altered mental state, her neurologic exami-
nation was notable for muscle rigidity, hyperrefl exia, and clonus. She was 
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reintubated and transferred to the intensive care unit where a diagnosis of serotonin 
toxicity (serotonin syndrome) was made. Her sensorium cleared after 8 hours and 
she was extubated. She was observed overnight and was discharged home the next 
day.  

    Discussion 

  This is an example of a pharmacodynamic interaction . 

 Serotonin (5-hydroxytryptamine, 5-HT) is a widely distributed monoamine neu-
rotransmitter in the gastrointestinal tract, platelets and central nervous system 
(CNS). Serotonin has an important role in modulating brain function by interacting 
with a variety of pre- and postsynaptic receptors. Its role is implicated in several 
psychiatric disorders, and thus is an important target for many psychiatric drugs. 
The central effects of serotonin following release by nerve terminals are terminated 
by specifi c presynaptic reuptake system which clears serotonin from the synaptic 
cleft back into the nerve terminal. Inhibition of serotonin reuptake by SSRI drugs 
(citalopram, fl uoxetine, and sertraline) potentiates the effect of serotonin at the post-
synaptic receptors. After reuptake, serotonin is stored in the nerve terminal vesicles. 
However, any free serotonin in the neuronal cytoplasm is metabolized primarily by 
monoamine oxidase type A (MAO-A) isoenzyme into 5- hydroxyindoleacetaldehyde 
which undergoes further metabolism by aldehyde dehydrogenase into 
5- hydroxyindoleacetic acid (5-HIAA). Inhibition of the MAO-A isoenzyme results 
in increased levels of serotonin in the nerve terminal which leads to hyperstimula-
tion of postsynaptic 5-HT-1A and 5-HT-2A serotonin receptors, and may result in 
development of serotonin syndrome. 1  

 Serotonin syndrome is a potentially fatal disorder characterized by mental status 
changes, autonomic hyperactivity, and neuromuscular abnormalities. 1  In this patient 
the syndrome was manifested by agitation, confusion, hypertension and tachycar-
dia, muscle rigidity, hyperrefl exia and clonus. This disorder can mimic the hyper-
metabolism observed in malignant hyperthermia. Treatment includes removal of the 
offending agents as well as supportive measures including control of hemodynamic 
instability, protection of the airway, and sedation with benzodiazepines. 2  Additionally 
a serotonin antagonist, cyproheptadine, may be considered, however this drug is 
available only in an oral formulation. 

 Methylene blue is used in several clinical situations including treatment of methe-
moglobinemia, cardiotomy-related vasoplegia, and to facilitate diagnosis of trau-
matic disruption of the urinary system during surgery. It has recently been recognized 
that methylene blue is a potent reversible inhibitor of MAO-A. 5  There have been 
several recent reports of patients developing the serotonin syndrome following 
intravenous administration of methylene blue in patients that are chronically 
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administered serotonergic antidepressants (see Fig.  175.1  for drugs associated with 
serotonin syndrome and potential drug interactions associated with serotonin syn-
drome). 3  ,  4  Most of the serotonin toxicity cases occurred when methylene blue dos-
ages were between 5 and 10 mg/kg. 6  Currently, it is recommended that intravenous 
methylene blue dosages be limited to 1 to 2 mg/kg, as was the dose used in our 

  Fig. 175.1    Drugs and drug interactions associated with the serotonin syndrome [Reprinted from 
Boyer EW, Shannon M. The serotonin syndrome. N Engl J Med. 2005;352:1112–20. With permis-
sion from Massachusetts Medical Society]       
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patient. 4  However, a case of serotonin toxicity has been reported in a patient treated 
chronically with paroxetine who received only 1 mg/kg of intravenous methylene 
blue. 6  Currently, methylene blue is not a US FDA-approved drug, thus precise infor-
mation regarding its use is lacking and it is unknown if doses lower than 1 mg/kg 
pose risk. 7  The manufacturers product information for 1% methylene blue instructs 
that SSRI must be ceased prior to treatment. 8  Considering that some SSRI agents 
have long half-lives (fl uoxetine 4–6 days), serotonin toxicity may be noted for a 
long time after discontinuation. 3  Therefore, the use of methylene blue in patients 
taking medications with serotonergic action should be avoided or used only when 
the benefi t clearly outweighs the risk.   

    Take-Home Points 

•     Serotonin syndrome is a potentially fatal condition caused by excessive 
accumulation of serotonin at postsynaptic receptors.  

•   Methylene blue is a potent reversible MAO-A inhibitor (blocks metabo-
lism of free serotonin) which if used in combination with SSSI (antide-
pressants citalopram, etc.) may result in substantial increase in central 
serotonergic activity and serotonin syndrome.  

•   Some SSRI medications have long half-lives and the risk for serotonin 
syndrome (interaction with medications) may persist beyond the immedi-
ate discontinuation of SSRI agent.     

    Summary 

     Interaction:  pharmacodynamics  
   Substrates:  methylene blue and citalopram  
   Sites of action / enzyme:  serotonin reuptake transporter and monoamine oxidase  
   Clinical effect:  serotonin syndrome        
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    Abstract   
  This case discusses a pharmacokinetic interaction between lamotrigene and 
ethinylestradiol, resulting in seizures.  

         Case 

 One night in July, an intensive care unit (ICU) fellow received a phone call from the 
hospital’s transfer access line. The patient was an 18-year-old woman with a history 
of seizures, who had been stably maintained on lamotrigine (200 mg/d). She had 
apparently had a seizure and fallen while on a ski trip with her new boyfriend at a 
local ski resort and had suffered an open femur fracture that had required an open 
reduction and internal fi xation under general anesthesia at the initial hospital. After 
waking postoperatively and initially doing well, she began to experience an 
increased frequency of seizures. When her parents arrived in town, they stated that 
she had been on a number of different antiepileptic medications before her seizure 
disorder was controlled with lamotrigine. They reported that she had approximately 
one or two seizures per year on the medication. After a negative head computed 
tomography (CT) scan, the physician at the local hospital had increased the dose of 
lamotrigine to 400 mg/day in order to treat her increased seizure frequency. She was 
transferred to allow her to be monitored in a neuro-ICU. 

 Shortly after arrival, she suffered another seizure and she was kept in the ICU for 
monitoring. She was transferred to a regular nursing fl oor on postoperative day 4, 
after 2 days in the ICU, and she remained seizure free. On postoperative day 8, the 
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patient was transferred from the ICU to the regular nursing fl oor and plans were 
made for discharge the following morning.

That evening an urgent call was made to the ICU fellow requesting that she be seen. 
On arrival to her room, he found her very anxious and reporting dizziness, blurred 
vision, and a headache. Acetaminophen and ibuprofen had been administered with-
out effect. Due to her abrupt symptom onset she was sent for a repeat head CT scan 
and then was transferred back to the ICU.

The patient’s mother was called to inform her of the change in her daughter’s status 
and she came into the hospital to be with her. The ICU fellow and nurse went over 
the patient’s symptom onset and course in extreme detail as well as all medications 
she had taken since leaving the ICU. When the fellow left the room, the patient’s 
mother informed him that she had discovered oral contraceptive pills in her daugh-
ter’s purse. She was upset by the discovery and had taken the pills away. She asked 
if her daughter had been receiving the medication in the hospital, but the fellow 
stated that she had not been given the medication while in the hospital. 

 As part of the workup for her symptoms, a lamotrigine level was drawn and found 
to be elevated. After consultation with the critical care pharmacist, her dose was 
decreased back to her original 200 mg/day and her symptoms improved quickly. 
She admitted that she started taking the oral contraceptive pills one month previ-
ously without her parent’s or primary doctor’s knowledge. After being educated on 
the interaction between oral contraceptive pills and lamotrigine, she was discharged 
from the hospital in good condition two days later.  

    Discussion 

  This is an example of an inducer added to a substrate causing decreased serum 
substrate levels. This was followed by compensatory dosage increase of the 
substrate ,  and then discontinuation of the inducer . 

 Lamotrigine is an antiepileptic medication that is also used to treat other conditions 
such as bipolar disorder. It is metabolized via glucuronidation and excreted primar-
ily in the urine. Lamotrigine has the ability to induce its own metabolism and 
lamotrigine pharmacokinetics can be affected by medication coadministration. 
Specifi cally, it has been demonstrated that lamotrigine serum concentrations are 
decreased when oral contraceptives are taken concomitantly. Wegner et al. com-
pared the pharmacokinetics of lamotrigine between young women who were taking 
oral contraceptives and women who were non-users. 1  Clearance of lamotrigine was 
126 L per 24 hours in subjects taking oral contraceptives compared to 49 L per 
24 hours in non- users. 1  Lamotrigine is metabolized via UDP-glucuronosyltransferase 
1A4 (UGT1A4), while estradiol, a steroid hormone, is metabolized via multiple 
pathways including UGT1A1. Interestingly, it appears that the steroid hormone 
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effects UGT1A4, possibly by upregulation, 2  resulting in the increased clearance of 
lamotrigine. 3  ,  4  It has also been demonstrated that the changes in lamotrigine 
 metabolism are relatively rapid. Cessation of an oral estradiol administration for a 
little as 1 week leads to an 84% increase in the serum lamotrigine concentration. 5  
Therefore, adverse events may potentially be observed within the 7-day period 
between the 21-day treatment cycle of a estradiol contraceptive regimen. 5  In con-
trast, progesterone based contraceptives do not decrease serum levels of lamotrigine 
(Fig.  176.1 ). 6  When our patient started taking oral contraceptives, her lamotrigine 
serum concentration decreased, resulting in seizures. After she was hospitalized, the 
oral contraceptives were not administered and her lamotrigine dose was simultane-
ously increased. This led to an increase in the lamotrigine serum concentration, 
resulting in lamotrigine-associated adverse effects including anxiety, blurred vision, 
dizziness, and headaches.   

    Take-Home Points 

•     Lamotrigine is an antiepileptic. When oral contraceptives containing ethi-
nylestradiol are taken in conjunction with lamotrigine, plasma concentra-
tions of lamotrigine decrease and seizures may occur.  

•   Progesterone-only oral contraceptives do not decrease lamotrigine plasma 
concentrations.  

***
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  Fig. 176.1    Ethinylestradiol (EE)-based contraceptives, but not progestogen (PG)-based contra-
ceptives reduce lamotrigine serum concentrations. Box plot showing the median ( horizontal line ), 
interquartile range ( lower and upper edge of the box ), and total range of the serum lamotrigine 
concentration-to-dose ratio of the three groups of female patients of childbearing age. Group 1 
used no hormonal contraception ( control ), Group 2 used an EE contraceptive, and Group 3 PG 
only contraceptives. Control vs. either EE or PG group P = .003 [Reprinted from Reimers A, Helde 
G, Brodtkorb E. Ethinyl estradiol, not progestogens, reduces lamotrigine serum concentrations. 
Epilepsia. 2005;46(9):1414–7. with permission from John Wiley & Sons, Inc]       
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•   Lamotrigine concentrations increase rapidly when oral contraceptives are 
discontinued.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  lamotrigine  
   Inducer:  ethinlyestradiol  
   Enzyme:  UGT1A4  
   Clinical effect:  breakthrough seizures        
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    Abstract    
 This case discusses a pharmacokinetic interaction between lamotrigene and 
divalproex, sodium resulting in Stevens-Johnson syndrome.  

         Case 

 A 61-year-old woman was posted for the operating room (OR) late one early January 
night for repair of an open radial fracture after falling off the drop-down ladder to 
the attic while putting away the Christmas decorations. The patient’s daughter was 
worried about the surgery as her mother had been lethargic and a little confused 
with fl u-like symptoms. She had also seemed dehydrated over the past 2 days, and 
had dry, cracked, ulcerated lips. However, the repair of the open fracture could not 
be postponed. 

 The patient had a history of bipolar I disorder, well-controlled hypertension, thy-
roid cancer status post-thyroidectomy with neck radiation, and asymptomatic 
carotid artery stenosis. Carotid Doppler studies 1 year prediously had revealed 
60% stenosis of the right internal carotid artery. Surgical history was also notable 
for cervical fusion 8 years ago. Her medications included lamotrigine (200 mg 
daily), hydrochlorothiazide (12.5 mg daily), lisinopril (10 mg daily), and 
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 divalproex sodium (trade name Depakote ® , 250 mg BID), which was started by 
her psychiatrist 1 week earlier, as she had had persistent mood lability over the 
extended holiday season. On exam, the patient appeared confused but was not in 
acute distress. Her temperature was 100.8°C. and she was mildly tachycardic. 

 After the uneventful surgical repair, the patient did not arouse suffi ciently to be 
extubated. She arrived intubated and sedated in the intensive care unit around 
3:30 AM and the anesthesia resident met the ICU fellow at the bedside to take 
signout from the OR team. They were going over the medical record performing an 
examination of the patient’s head and neck and discussing whether they should 
consult with neurology due to concern for transient ischemic attack or cerebrovas-
cular accident secondary to carotid stenosis, when the anesthesia fellow noticed the 
patient’s ulcerated lips and said, “Call dermatology now!”

The dermatologist doing ICU consults that month was contacted without delay. He 
was in the habit of swimming laps every morning at 5 AM but agreed to come 
straight to the hospital instead. He rapidly made the diagnosis of early Stevens-
Johnson syndrome and requested that a lamotrigene level be sent immediately. The 
level later was found to be 5.2 mcg/mL. A review of previous labs showed a base-
line lamotrigene level of 2.4 mcg/mL. The ICU clinical pharmacist was consulted 
and the patient’s lamotrigine and divalproex were discontinued. Over the next few 
days, her fl u-like symptoms and her oral ulcers subsided. A psychiatrist was con-
sulted and she was started on quetiapine as a new mood stabilizer. The patient was 
ultimately discharged to home.  

    Discussion 

  This is an example an inhibitor added to a substrate . 

 Lamotrigine is a phenyltriazine anticonvulsant compound that is approved for use in 
the US for treatment of seizures and bipolar I disorder. It has a specifi c on- label 
application for severe seizure disorders in children characterized by atonic seizures 
or “drop attacks.” It is used off-label for the treatment of a variety of neuropsychiat-
ric conditions including bipolar II disorder, neuropathic pain, neuropathy, trigemi-
nal neuralgia, cluster and migraine headaches, and posttraumatic stress disorder. 
Lamotrigine has a serum half-life of about 13 hours and is metabolized in the liver 
by phase II glucuronidation by way of the uridine 5′-diphosphate glucuronyltrans-
ferase (UGT) 1A4 enzyme. 1  The major metabolite (76%) is the inactive 2-n-gluc-
uronide conjugate and the drug is primarily cleared through the kidney (94%). 2  
Divalproex is an inhibitor of UGT1A4. 3  Thus, by inhibiting UGT1A4, divalproex is 
able to signifi cantly inhibit the metabolism of Lamotrigine. 4  Coadministration of 
lamotrigene and divalproex will consistently and reliably raise serum lamotrigene 
levels. 

Neuropsychiatric Drugs



791

 Lamotrigene is chemically unrelated to other anticonvulsant drugs and is associated 
with a number of side effects. It is not primarily metabolized by the cytochrome P450 
system and is generally considered to be involved in fewer drug–drug interactions 
than other anticonvulsant medications. Paradoxically, however, it is associated with 
Stevens-Johnson syndrome (SJS), a rare but clinically signifi cant and possibly fatal 
syndrome in which there is full thickness epidermal necrosis and separation from the 
dermis. The coadministration of lamotrigene and sodium divalproex is  well-recognized 
as an additional risk factor for the development of both benign rashes as well as SJS. 5  –  8  
Other medications associated with SJS are the  sulfonamide antibiotics, pencillin, bar-
biturates, NSAIDS, and phenytoin. 

 SJS is considered to be a true dermatological emergency on the spectrum of toxic 
epidermal necrolysis and is highlighted with a black box warning in lamotrigene 
prescribing information. 2  It is seen more often in women than men and is often pre-
ceded by fl u-like symptoms including fever and sore throat. Early dermatological 
signs involve a red or purplish rash or blisters, especially in the mouth or on the lips, 
anal, or genital regions presentation. Any and all suspected inciting agents should 
be immediately discontinued. The balance of treatment is supportive, including 
transfer to a burn center if necessary.  

    Take-Home Points 

•     Lamotrigine is an anticonvulsant drug used in a wide range of on-label and 
off- label neuropsychiatric conditions. It is metabolized by UGT1A4.  

•   Lamtrogine, even as monotherapy, is associated with the Stevens-Johnson 
syndrome, a threatening dermatological emergency that can be fatal.  

•   Sodium divalproex (valproic acid) is a UGT1A4 inhibitor.  

•   Drug–drug interactions between lamotrigine and valproic acid are known 
to represent an increased risk for Stevens-Johnson syndrome.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  lamotrigene  
   Enzme:  UGT1A4  
   Inhibitor:  divalproex sodium  
   Clinical effects:  early Stevens-Johnson syndrome        
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    Abstract 
 This case discusses a drug–gene interaction involving the poor metabolism of 
amitriptyline by the cytochrome P450 2D6 enzyme pathway, leading to 
toxicity.  

         Case 

 A 33-year-old woman was scheduled for an exploratory laparoscopy to determine 
the cause of her chronic pelvic and lower abdominal pain. She had been seen for 
preoperative evaluation by her primary care physician. She had a history of anxiety 
and depression and had recently been started on amitriptyline because treatment 
with citalopram and then fl uoxetine had failed. She had no other medical issues. Her 
preoperative laboratory results were within reference limits and an electrocardio-
gram (ECG) showed normal sinus rhythm and a heart rate of 80 beats per minute. 

 In the preoperative area, the patient appeared mildly somnolent but reported that, 
other than her prescribed medication, she had not had anything to eat or drink since 
the night before. She reported severe thirst and asked whether she could have a 
drink of water. She was noted to be tachycardic, with a fl ushed face and dilated 
pupils, and she reported blurred vision. The resident discussed the case with the 
attending anesthesiologist because the patient’s status appeared changed since the 
recent preoperative visit. A new 12-lead ECG was done and showed tachycardia of 
125 beats per minute, a prolonged QRS (0.12 sec), and a prolonged QTc interval 
(0.55 sec). When the anesthesia team reviewed the ECG fi ndings, the resident 
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informed the consultant that the only recent change the patient could identify was 
starting amitriptyline therapy for depression. 

 The laparoscopy was canceled and the patient was admitted for cardiac monitoring, 
which was continued for 12 hours until ECG fi ndings normalized. Amitriptyline 
therapy was discontinued. The patient was instructed to follow up with her primary 
care physician regarding alternative treatments for depression.  

    Discussion 

  This is an example of a drug – gene interaction . 

 More specifi cally, this is an example of a pharmacogenomic problem of poor 
metabolism of amitriptyline by the cytochrome P450 (CYP) 2D6 enzyme pathway, 
leading to toxicity. 

 Amitriptyline is a tricyclic antidepressant that is both hydroxylated and demethyl-
ated by CYP2D6, and also demethylated by the cytochrome P450 enzymes 1A2, 
2C19, and 3A4 to nortriptyline. Nortriptyline is subsequently further metabolized 
by the 2D6 enzyme to 10-OH-nortriptyline. Nortriptyline is an active metabolite; 
however, 10-OH- nortriptyline is an inactive one. All of these enzymes have the 
potential to impact amitriptyline toxicity, but only  CYP2D6  genotypic variation 
resulting in the poor metabolism phenotype has been found to correlate with 
increased adverse effects. 1  The  CYP2C19  mutation, for instance, resulted in 
decreased metabolism of amitriptyline to nortriptyline but did not correlate with 
increased adverse effects. 1  ,  2  Persons with the  CYP2D6  mutation have decreased 
ability to metabolize 2D6 substrates, such as amitriptyline and nortriptyline. There 
are ethnic population differences in the prevalence of such poor metabolizer status. 
For example, only 1% of persons of Asian descent poorly metabolize CYP2D6 
substrates, compared with 7% of Caucasians. 3  

 Amitriptyline toxicity presents primarily with adverse anticholinergic effects: sinus 
tachycardia, dry mouth, dilated pupils (blurred vision), fl ushing, and urinary reten-
tion. Ataxia, nystagmus, drowsiness, respiratory depression, acidosis, hypotension, 
seizures, and coma can occur. ECG changes include prolonged QRS and prolonged 
QTc interval, and may progress to ventricular tachycardia. 4  Inhibitors of CYP2D6 
may worsen toxicity of amitriptyline in persons with otherwise normal metabolism, 
depending on the clinical situation. Many antipsychotic agents and antidepressants, 
including some of the selective serotonin reuptake inhibitors (SSRIs), are clinically 
signifi cant 2D6 inhibitors. In addition, other commonly used medications also 
inhibit CYP2D6, including cimetidine, metoclopramide, and promethazine. 5  –  7  In 
fact, one risk factor for elevated or toxic levels of tricyclic antidepressants is the 
concurrent use of the SSRIs paroxetine hydrochloride or fl uoxetine. 4  ,  8  Additionally, 
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because of the long half- life of fl uoxetine, this inhibition may continue for several 
days or weeks after drug discontinuation. Other risk factors include female sex and 
an increasing tricyclic antidepressant dose. 4   

    Take-Home Points 

•     Persons who have poor CYP2D6 metabolism have an increased risk for 
amitriptyline toxicity.  

•   Ethnic differences among persons with poor CYP2D6 metabolism include 
an increased frequency of poor metabolism in white persons compared 
with persons of Asian descent.  

•   Amitriptyline toxicity may involve anticholinergic symptoms; cardiac tox-
icity, including QRS prolongation, prolonged QTc interval, and ventricular 
tachycardia; seizures; hypotension; and coma.  

•   Patients at highest risk for amitriptyline toxicity may be those with poor 
CYP2D6 metabolism whose dose was increased recently, who started 
SSRI therapy, or who received a CYP2D6 inhibitor, such as cimetidine or 
metoclopramide hydrochloride.     

    Summary 

     Interaction:  pharmacogenomic (drug–gene)  
   Substrate:  amitriptyline  
   Enzyme:  CYP2D6 (“poor metabolizer” genetic variant)  
   Clinical effect:  amitriptyline toxicity including prolonged QRS and prolonged 

QTc interval        
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    Abstract    
 This introduces drug–drug interactions resulting in prolongation of the 
QT interval and torsades de pointes.  

      Prolongation of the QT interval can occur in a variety of settings including genetic 
predisposition, fl uid and electrolyte abnormalities, presence of structural heart dis-
ease, and from the use of a variety of cardiovascular and non-cardiovascular pharma-
cologic agents. The fi nal common pathway in the vast majority of situations is 
inhibition of the I Kr  rectifying potassium current mediated by the potassium channel 
which is encoded by HERG (human ether-a-go-go–related gene). It is easily diag-
nosed from a 12-lead electrocardiogram (ECG). The ECG parameter most commonly 
used is the corrected QT (QTc) based on Bazett’s formula: QTc = QT / √(RR inter-
val). The problem is that a marked prolongation is associated with a life-threatening 
arrhythmia: polymorphic ventricular tachycardia (PMVT). When PMVT occurs in 
the setting of QT prolongation, it is called torsades de pointes (TdP). 

 Mild prolongation of this interval is relatively common, and not particularly 
 dangerous. Marked prolongation, often with a QTc > 500, entails a much higher risk 
for TdP, although there is by no means a linear relationship between QT prolonga-
tion and the risk of TdP. QT dispersion — the difference in duration between the 
lead with the longest QT minus the lead with the shortest on the 12-lead ECG — 
appears to play a signifi cant role as well. This may explain why the drug with per-
haps the greatest lengthening of the QT, amiodarone, has a relatively rare incidence 
of TdP. This agent prolongs the QT signifi cantly in all leads to a similar extent, such 
that the QT dispersion is low. 

 Other “electrical” properties of the heart can modify the likelihood of development 
of TdP with QT prolongation. Since transmembrane ion fl ux is integrally related to 
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depolarization and repolarization of myocardial cells, absolute concentrations of the 
various minerals responsible for modulation of the transmembrane potential such as 
potassium, magnesium, calcium, and sodium play a role in susceptibility to this 
arrhythmia. Heart rate can also play a signifi cant role. Bradyarrhythmias are com-
mon in the time frame immediately prior to the development of TdP and appear to 
play a mechanistic role, particularly in acquired, often drug-induced, prolongation 
of the QT. 

 Sick hearts, often with macroscopic (post-myocardial infarction) and microscopic 
(cardiomyopathic) scarring are more likely to support arrhythmias of any type, 
including TdP. Congenital or genetic abnormalities of the sodium and potassium 
channel have been found to be very important, particularly the various genetic long 
QT syndromes (LQTS), of which there are several varieties. Long QT syndromes 1, 
2, and 3 are the most common. Although the prevalence of these mutations is low in 
the general population, the incidence of TdP in their presence is signifi cant. In addi-
tion, there are a number of drugs that have an effect on the QT, many due to less 
well-defi ned mutations in the HERG complex. These have been postulated to lower 
the “repolarization reserve”, making them more susceptible to other QT prolonging 
events. 

 Unfortunately for the practitioner, the frequency of acquired LQTS, usually due to 
drugs, is signifi cant. There are several classes of drugs with the ability to prolong 
the QT and this problem is compounded by the fact that there are many more drugs 
that interact with these agents to increase their blood levels, and thereby potentiate 
the likelihood of an adverse arrhythmic event. The level of complexity introduced 
by this cascade of interactions is daunting to pharmacologists whose careers are 
devoted to the study of this process. To the average physician, it is a morass. 

 The solution is not simple, but a systematic approach is possible and mandatory, 
considering the impact on patient outcomes. Luckily, the number of drug classes 
that directly affect the QT is manageable. Of course, antiarrhythmic drugs whose 
therapeutic effects hinge on manipulation of ion channels, fi t the bill and comprise 
a good percentage of the culprit events. Other drug classes include non- sedating 
antihistamines, macrolide antibiotics, psychotropic medications, and gastric motil-
ity agents, in addition to many miscellaneous drugs with a high propensity, such as 
methadone. Cases within this book chapter illustrate some common potential prob-
lems with these types of agents. A comprehensive list of offending agents compiled 
by the University of Arizona Center for Education and Research on Therapeutics 
can be found at the website   http://www.qtdrugs.org    . 

 The next step involves a systematic analysis for the drugs that impact the metabo-
lism of these agents. There are several ways to accomplish this. The most elemen-
tary as well as an often nonspecifi c and nonsensitive method is to utilize the 
functionality on the electronic health record that alerts one to the presence of poten-
tial adverse interactions. Additionally, many institutions have access to  proprietary 
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programs such as MICROMEDEX ®  that can assist in identifying these types of 
interactions. Practitioners can also use one of the freely available smartphone or 
web applications. However, as is discussed elsewhere in this book, all such drug–
drug interaction (DDI) programs, while better than nothing, have their signifi cant 
limitations. The best option would be to use this book (in general) and this section 
(in particular) as a way of gaining the kind of mastery of this material that would 
obviate the need for  relying exclusively on these DDI programs or make checking 
the commercially available DDI software a matter of double-checking as opposed 
to a fi rst-line defense against these morbid clinical events. 

 The key to success is a heightened awareness of the problem and its impact. This 
requires a review of all medications and over-the-counter preparations used by the 
patient at the fi rst preoperative contact. If one of these agents is identifi ed, the clini-
cal context needs to be considered. What is the QTc interval? What overall risk does 
an arrythmia pose to the patient? When these factors have been considered the 
patient’s record needs to be labeled in a clear fashion to indicate the patient’s at-risk 
status to all intraoperative and postoperative caregivers. In addition, those patients 
with higher risk of arrhythmias due to preexisting cardiac conditions should be 
identifi ed. These individuals may require a higher level of cardiac monitoring, with 
particular attention to assessment of the QT interval. In addition, modifi able risk 
factors such as myocardial ischemia, heart failure, and electrolyte abnormalities, 
especially hypokalemia, need to be identifi ed and promptly treated. 

 No system is perfect, but careful attention to details is usually rewarded with fewer 
untoward, preventable arrhythmic events.   
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    Abstract    
 This case discusses the interaction of ondansetron and thioridazine resulting 
in synergistic prolongation of QTc interval.  

         Case 

 A 25-year-old woman with a history of schizophrenia presented to the emergency 
department reporting severe abdominal pain because “I have an alien baby in my 
belly.” Her past medical history was notable for severe schizophrenia that was diag-
nosed at age 20 years. Her psychiatrist had prescribed trials of numerous antipsy-
chotics that had no therapeutic benefi t and eventually had resorted to treatment with 
a stable dose of thioridazine hydrochloride. With this therapy she was able to reside 
in a group home facility. An ultrasonographic scan of the patient’s abdomen failed 
to show a pregnancy but did show torsion of the left ovary. 

 The patient underwent laparoscopic ovarian cystectomy, however, she had severe 
nausea and vomiting in the postanesthesia care unit. A dose of ondansetron was 
administered by the anesthesiology resident. When the attending anesthesiologist 
was doing the signout, he suddenly remembered the the risk for QTc prolongation 
due to interaction between ondansetron and thioridazine. Sure enough, an urgent 
electrocardiogram (ECG) showed that the QTc was prolonged at 495 msec. Her 
psychiatry records included an ECG obtained while she was on a stable dose of 
thioridazine documented a QTc of 450 msec. No further ondansetron therapy was 
given to the patient. She was admitted to the hospital, where her cardiac rhythm was 
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monitored continuously because of her increased risk for torsades de pointes (TdP). 
The patient also had serial ECGs over the next 24 hours that documented a decrease 
in her QTc. Her cardiac monitoring was discontinued the following day after her 
QTc returned to baseline. The consulting psychiatrist elected to continue thiorida-
zine, but recommended that other medications with the potential to prolong the QTc 
be avoided. The patient was dismissed to her group home the next day after an 
uneventful hospital stay.  

    Discussion 

  This is an example of a synergistic pharmacodynamic interaction . 

 More specifi cally, this demonstrates the effects of two QT segment prolonging 
drugs (ondansetron and thioridazine) on the cardiac conduction system causing syn-
ergistic prolongation of QTc interval. 

 Ondansetron is an antiemetic agent commonly used to treat chemotherapy- induced 
and radiation-induced, as well as anesthesia-induced, nausea and vomiting. It works 
by selectively inhibiting the 5-hydroxytryptamine subtype 3 (5-HT 3 ) receptor 
(Fig.  180.1 ). 5-HT 3  receptors are found in both the central nervous system (in the 
area postrema) and the peripheral nervous system (especially on vagus nerve termi-
nals). Stimulation of these receptors leads to nausea and vomiting.  

 Ondansetron blocks the central and peripheral 5-HT 3  receptors, thus exerting its 
therapeutic effects. One of the notable adverse effects of ondansetron—and of all 
the 5-HT 3 –receptor blockers—is a small, dose-dependent increase in QTc, espe-
cially when used in its intravenous form. 1  Surprisingly, one study showed that this 
QT prolongation is comparable between ondansetron and droperidol, a drug that 
received a black box warning for excessive prolongation of QT associated with 
TdP. 2  Despite this effect on QTc, it has been concluded that in the absence of other 
diseases or medications affecting QTc, the effects of ondansetron alone on QTc are 
probably not clinically signifi cant. 1  

 Thioridazine is a piperidine phenothiazine antipsychotic agent used for both initial 
and maintenance treatments of refractory schizophrenia. It exerts its therapeutic 
effects by blocking dopamine type 2 receptors in the central nervous system. 
Thioridazine also displays potassium channel, calcium channel, and β-adrenoceptor 
blocking properties at therapeutic doses, a feature responsible for its cardiac adverse 
effects. 3  –  5  

 The major cardiac adverse effect of concern with thioridazine use is TdP, which can 
frequently present with sudden death. In fact, of all antipsychotic medications, thio-
ridazine poses the highest risk for TdP. 6  This is why thioridazine generally is 
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reserved for schizophrenia that is recalcitrant to other medications, as was the case 
for the present patient. QTc prolongation is seen frequently in patients who subse-
quently have TdP and is used clinically as a marker for risk for TdP. 7  

 The understanding of the interaction between ondansetron and thioridazine is based 
on the clinical observation that the increase in QTc can be synergistic when drugs 
that can prolong the QTc by different mechanisms are administered in combination. 
Therefore, though there is no direct clinical evidence of TdP from the combination 
of these two drugs, it is recommended that the combination be avoided.  

    Take-Home Points 

•     Thioridazine, an antipsychotic, works through blocking the dopamine type 
2 receptor. It also blocks potassium channels, calcium channels, and the 
β-adrenoceptor.  

•   One of the important adverse effects of thioridazine use is QTc 
prolongation.  
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  Fig. 180.1    Chemoreceptor trigger zone and the main agonists and antagonists involved with nau-
sea and vomiting. 5-HT 3  indicates 5-hydroxytryptamine subtype 3; GI, gastrointestinal       
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•   Ondansetron is a 5-HT 3 –receptor blocker used in the treatment of nausea 
and vomiting.  

•   Ondansetron prolongs the QTc slightly when administered intravenously.  

•   The combination of intravenous ondansetron and thioridazine can lead to 
substantial QTc prolongation and thereby increase the risk of TdP.  

•   This drug combination is best avoided.     

    Summary 

     Interaction:  pharmacodynamic (synergism)  
   Substrates:  thioridazine and ondansetron  
   Mechanism / site of action:  potassium channels, calcium channels, and β-adrenergic 

receptors (thioridazine) and 5-HT 3 –receptor (ondansetron)  
   Clinical effect:  QTc prolongation can lead to torsades de pointes        
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    Abstract    
 This case discusses two separate drug–drug interactions. There is a pharma-
cokinetic interaction between fl uoxetine and cylcobenzaprine and a pharma-
codynamic interaction with droperidol. The drug interactions are compounded 
by an electrolyte imbalance, resulting in prolongation of the QTc.  

         Case 

 A 62-year-old, 70 kg man required a laparoscopic abdominal hernia repair. He had 
a history major depressive disorder that was well controlled with fl uoxetine (40 mg 
daily). The patient also suffered from back spasms, which were managed on cyclo-
benzaprine (10 mg as needed), up to three doses per day. At his preoperative evalu-
ation, he reported some anxiety about receiving general anesthesia which had 
resulted in nausea and vomiting many years ago during a tonsillectomy. His labora-
tory values were normal, with the exception of his potassium value, which was 
slightly low (3.3 mEq/L). The electrocardiogram (ECG) On reading the ECG, 
showed a heart rate of 82 beats per minute, QRS duration of 110 msec, and QTc 
interval of 465 msec. 

 The patient received a total intravenous anesthesia (TIVA) technique with propofol 
and fentanyl and the surgical repair was uneventful. In the postoperative care unit 
the patient complained of nausea and was given a dose of droperidol 0.625 mg for 
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symptom relief. He subsequently developed a brief period of polymorphic ventricu-
lar tachycardia, review of the recorded strip demonstrated torsades de pointe with a 
QTc interval of 560 msec. Notably his potassium was 3.0 mEq/L. He was admitted 
to the intensive care unit (ICU), where he was treated with magnesium sulfate and 
electrolyte repletion with potassium chloride. The ICU pharmacist recommended 
immediate discontinuation of the cyclobenzaprine. Over the next day, electrolytes 
were further repleted and his QTc interval normalized to 430 msec. A full cardiac 
work up was within normal limits and the patient was advised to discontine cyclo-
benzaprine therapy on a permanent basis.  

    Discussion 

  This is an example of an inhibitor (fl uoxetine) administered in a standing medi-
cation panel with a substrate (cyclobenzaprine). It is also an example of a phar-
macodynamic interaction between multiple drugs with the potential for QT 
prolongation and an electrolyte imbalance.  

 The QT interval represents the duration of time between onset of ventricular depo-
larization (Q wave) and repolarization (T wave), as visualized on an electrocardio-
gram. This interval is shortened as heart rate increases, thus equations are used to 
calculate a corrected interval (QTc) 1 . A normal QTc for men is less than 430 msec; 
for women, it is less than 450 msec. Various formulas exist for QT interval correc-
tion, including the Bazett formula, which is commonly used. The main concern of a 
prolonged QT interval is the risk of polymorphic ventricular tachycardia or torsades 
de pointes, which can be fatal. 

 Most drugs that cause QT interval prolongation do so through targeting the rapid 
potassium current component of the delayed potassium rectifi er channel (I Kr ). 2  The 
I Kr  is responsible for potassium effl ux out of the cell and the subsequent return of 
resting membrane potential. 3  When this fl ow is impeded, which happens with some 
drug therapy, release of potassium is delayed and the cells remain depolarized for an 
extended duration of time, resulting in QT interval prolongation. Hypokalemia 
causes a paradoxical reduction in I Kr  through various proposed mechanisms, includ-
ing enhanced inactivation. 4  Even a modest reduction in serum potassium concentra-
tion, such as a decrease to between 2.8 to 3.5 mEq/L, can lead to QT intervals of 660 
msec. 5  

 In this case, the mechanism of QT interval prolongation may be explained in part by 
pharmacokinetics. Fluoxetine is a strong inhibitor of cytochrome P450 (CYP) 2D6. 
In addition fl uoxetine’s primary metabolite, norfl uoxetine, has a moderate inhibi-
tory effect on CYP3A4. 6  Cyclobenzaprine, a structural derivative of tricyclic antide-
pressants is primarily metabolized by CYP3A4 and CYP1A2 with CYP2D6 being 
a minor metabolic pathway. 7  Therefore, the norfl uoxetine metabolite likely has the 
greatest effect on reducing cyclobenzaprine clearance. 
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 In addition, the mechanism of QT interval prolongation may also be explained in part by 
pharmacodynamics. Postoperative nausea and vomiting is often managed with agents 
that have the potential of prolonging QT. These include serotonin antagonists, phenothi-
azines, or butyrophenones such as droperidol. In the case of  droperidol, the manufac-
turer highlights the QT c  interval prolongation in a “Black Box Warning”. Here, use is 
contraindicated for a QT c  greater than 450 msec for females and 440 msec for males. 
This would also include patients with congenital long QT syndrome. 8  Relative safety of 
low dose of droperidol within the practice of anesthesiology has been demonstrated in 
both clinical and epidemiological studies. 9  ,  10  Therefore, clinical decisions for use of 
antiemetic drugs with QT prolonging effects should be taken into consideration along 
with other patient risk factors. To assist practitioners, many institutions have instituted 
their own administration guidelines to ensure the safe use of these agents. 

 The proposed mechanism of QT interval prolongation in this case example is mul-
tifactorial. Tricyclic antidepressants and butyrophenone antipsychotics (such as 
amitriptyline and haloperidol, respectively) have been involved in QT prolongation 
and torsades de pointes. 11  In addition a case report similar to the example case, has 
previously documented the additive effects of droperidol in patients utilizing fl uox-
etine and cyclobenzaprine. 12  This case resulted in torsades de pointes which pro-
gressed to ventricular fi brillation. This patient was successfully resuscitated and two 
days following discontinuing the cyclobenzaprine the QT was normal. Many medi-
cations from several classes can result in QT prolongation (Table  181.1 ). Because 

   Table 181.1    Examples of Commonly Used Medications that Cause QT Prologation   

 Class  Examples 

  Antiarrhythmics   Amiodarone (Cordarone) 
 Disopyramide (Norpace) 
 Dofetilide (Tikosyn) 
 Ibutilide (Corvert) 

 Procainamide (Pronestyl) 
 Quinidine (Quinaglute) 
 Sotalol (Betapace) 

  Antipsychotics   Chlorpromazine (Thorazine) 
 Clozapine (Clozaril) 
 Haloperidol (Haldol) 

 Quetiapine (Seroquel) 
 Risperidone (Risperdal) 
 Thioridazine (Mellaril) 

  Antibiotics   Azithromycin (Zithromax) 
 Ciprofl oxacin (Cipro) 
 Clarithromycin (Biaxin) 
 Erythromycin (Erythrocin) 
 Fluconazole (Difl ucan) 
 Gatifl oxacin (Tequin) 
 Itraconazole (Sporanox) 

 Ketoconazole (Nizoral) 
 Levofl oxacin (Levaquin) 
 Moxifl oxacin (Avelox) 
 Ofl oxacin (Floxin) 
 Sparfl oxacin (Zagam) 
 Telithromycin (Ketek) 
 Trimethoprim-Sulfa (Bactrim) 

  Antidepressants   Amitriptyline (Elavil) 
 Citalopram (Celexa) 
 Desipramine (Pertofrane) 
 Doxepin (Sinequan) 
 Fluoxetine (Prozac) 

 Imipramine (Norfranil) 
 Nortriptyline (Pamelor) 
 Paroxetine (Paxil) 
 Sertraline (Zoloft) 
 Venlafaxine (Effexor) 

  Antiemetics   Ondansetron (Zofran)  Prochlorperazine (Compazine) 

  [Adapted from Ayad RF, Assar MD, Simpson L, Garner JB, Schussler JM. Causes and manage-
ment of drug-induced long QT syndrome. Proc (Bayl Univ Med Cent). 2010 Jul;23(3):250–5. With 
permission from BUMC Proceedings]  
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this type of adverse effect could be additive, it is imperative that health care provid-
ers be knowledgeable about the classes of medication which have a large propensity 
for QT interval prolongation.

       Take-Home Points 

•     The QT interval represents the point between ventricular depolarization 
and subsequent repolarization. This activity is dependent on heart rate and, 
therefore, is mathematically adjusted for this factor. The adjusted interval, 
QTc, has different normal values for men and women.  

•   QT interval prolongation occurs through impedance of potassium ion fl ow 
via the I Kr . This fl ow is responsible for repolarization of the membrane 
potential.  

•   Hypokalemia also results in a paradoxical reduction in the I Kr  potassium 
ion fl ow, and its effects on QT intervals have been documented.  

•   Numerous drugs are known to create QT interval prolongation, and com-
binations of these medications, as well as electrolyte imbalances, can 
increase the likelihood of QT interval prolongation occurrence.  

•   Prompt recognition of the medications that are in these categories and sub-
sequent avoidance of them or close monitoring when they are administered 
can prevent QT interval prolongation and the likelihood of its worsening to 
torsades de pointes, which can be fatal.     

    Summary 

     Interactions:  pharmacokinetic and pharmacodynamic  
   Substrate (pharmacokinetic):  cyclobenzaprine  
   Enzyme:  CYP3A4 and CYP2D6  
   Inhibitor:  fl uoxetine  
   Substrates (pharmacodynamic):  droperidol, fl uoxetine, cyclobenzaprine, and 

hypokalemia  
   Mechanism/site of action:  slowing of potassium current through potassium chan-

nels in cardiac cells  
   Clinical effect:  QTc prolongation with an increased risk for ventricular dysrryth-

mias and torsades de pointes        
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    Abstract   
  This case discusses pharmacokinetic and pharmacodynamic drugs interac-
tions between methadone, amitriptyline, and moxafl oxacin leading to QT 
prolongation.  

         Case 

 A 48-year-old, 73 kg woman underwent radical hysterectomy for cervical carci-
noma. She had poorly controlled postoperative pain which required hydromorphone 
patient-controlled analgesia. Subsequently, her treatment was successfully transi-
tioned to an oral pain regimen. At her 3-month follow-up, the patient reported severe 
life-altering right-groin and inner-thigh pain, which she attributed to her postopera-
tive course of radiation therapy and chemotherapy with cisplatin. She described the 
pain as and a shooting and burning sensation, rating it as 5 of 10 on a visual analog 
scale at baseline, with exacerbations reaching 10 of 10. The workup showed right 
obturator neuropathy. 

 Multimodal pain management therapy was started and included neuropathic and 
opiod pain medications. The patient found that she had reasonable quality of life 
and amelioration of her pain symptoms on a regimen of gabapentin (900 mg TID), 
amitriptyline to help with the neuropathic pain, as well as her sleep pattern (75 mg 
each night), and methadone (30 mg TID). 

 Several months later, the patient had a purulent, productive cough with fevers and 
felt “lightheaded.” She was prescribed moxifl oxacin (400 mg daily) for 10 days by 
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an urgent care center. Approximately 4 days after starting the antibiotic, she had a 
syncopal episode at her hospital volunteer job and was admitted to the intensive care 
unit after her electrocardiogram (ECG) showed normal sinus rhythm and a QTc 
interval of 650 msec. Moxifl oxacin therapy was discontinued, and the patient was 
retainined in the hospital for cardiac monitoring because of suspicion of intermittent 
torsades de pointes dysrhythmia.  

    Discussion 

  This is an example of a mixed pharmacodynamic and pharmacokinetic inter-
action producing cardiac toxicity due to QT interval prolongation . 

 The present case represents a clinical situation leading to prolongation of the QT 
interval. The patient already was taking two medications (methadone and amitripty-
line) known to prolong the QT interval when a third medication with the same 
potential, moxifl oxacin, was added. 1  –  3  Moxifl oxicin is associated with the greatest 
risk for QTc-interval prolongation of all of the currently available fl uoroquino-
lones. 4  However, all fl uoroquinolones prolong the QT interval, and caution has to be 
used when they are taken with methadone simultaneously. 1  

 Methadone is a synthetic opioid with unique pharmacokinetic and pharmacody-
namic profi les that separate it from other opioid agonists. Methadone’s action as 
both an  N -methyl- D -aspartate antagonist and a μ-receptor agonist and its low cost 
have resulted in its increased use for treating chronic pain. Methadone causes a 
dose-dependent prolongation of the QT interval, which has been reported to result 
in torsades de pointes (a potentially fatal arrhythmia). 5  This is illustrated in the 
following fi gures: Figure  182.1A  shows an example of an ECG from the patient 
taking methadone, with long QT interval and QTc and Fig.  182.1B  shows an ECG 
rhythm strip of torsades de pointes caused by QT interval prolongation due to 
methadone. Recent reports have showed a sharp increase in methadone-related 
deaths. 6  Some of these deaths could have been avoided with better understanding 
of methadone’s interaction with other medications known to prolong the QT 
interval.  

 The medications that have been shown in case reports and clinical studies to prolong 
the QT interval include several antiarrhythmics, antibiotics including levofl oxacin, 
ciprofl oxacin, moxifl oxacin (see below), gemifl oxacin, oxofl oxacin, sparfl oxacin, 
pentamidine, trimethoprim, azithromycin, clarithromycin, and erythromycin, anti-
emetics including droperidol and ondansetron, and antidepressants including ami-
triptyline, nortriptyline, desipramine, trimipramine, doxepin, sertaline, citalopram 
and fl uoxetine. Drug-induced QT-interval prolongation and torsades de pointes fre-
quently occur through inhibition of the rapidly activating component of the delayed 
rectifi er potassium current. 7  ,  8  The increased QT interval caused by medications can 
be worse when other contributing factors are present, such as structural conduction 
abnormalities or bradycardia. 7  
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 Methadone is primarily metabolized by the cytochrome P450 (CYP) system—spe-
cifi cally, CYP3A4 and, to a lesser extent, CYP2D6 and CYP1A2. 9  Additionally, 
CYP2B6 is also considered to have a secondary role, although one recent study 
suggested a more signifi cant role for 2B6 in methadone metabolism and disposi-
tion. 10  The biotransformation of methadone is not entirely predictable, since there is 
an up to 17-fold interindividual variation of methadone blood concentration for a 
given dosage, this may be explained in a large part by interindividual variability of 
CYP enzymes. 11  As dose-related effects of methadone on QT prolongation are seen, 
the inherent pharmacokinetics of this agent may contribute to the toxicity. 12  

 Amitriptyline is a tricyclic antidepressant (TCA) that is metabolized by a number of 
CYP enzymes—it is hydroxylated by 2D6 and demethylated by 2C19, 1A2, and 
3A4 to nortriptyline. Nortriptyline is also subsequently hydroxylated by 2D6. Drugs 

a

b

  Fig. 182.1     A , Electrocardiogram showing QT interval prolongation due to methadone therapy. 
 B , Electrocardiogram rhythm strip showing sustained torsades de pointes of a patient taking meth-
adone [Adapted from Sticherling C, Schaer BA, Amman P et al. Methadone-induced torsades de 
pointes tachycardias. Swiss Med Wkly. 2005;135:282–285. With permission from EMH Swiss 
Medical Publishers Ltd]       
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that inhibit these enzymes have the potential to produce amitriptyline toxicity; how-
ever, so far it has been shown that only inhibition of amitriptyline’s metabolism by 
2D6 is correlated with increased adverse effects. 13  Because methadone is a moder-
ate inhibitor of 2D6, it has the potential of decreasing amitriptyline metabolism and 
subsequent clearance. 14  In the case of the TCA desipramine, concomitant use of 
methadone and desipramine have been shown to increase desipramine serum 
concentrations. 15  

 Patients who simultaneously take methadone and amitriptyline have to be moni-
tored closely for ECG signs of toxicity. Recent recommendations advise an ECG, 
to assess QTc, at the start of therapy with either methadone or amitriptyline and a 
second ECG at 30 days after initiating therapy. In addition, an ECG should be 
considered when escalating the methadone dose or when adding another medica-
tion that can prolong the QT interval. 16  The present patient did not receive an ECG 
until after symptoms developed, but she should have received at least four—at the 
initiation of methadone, 30 days later, annually, and before starting moxifl oxicin 
therapy.  

    Take-Home Points 

•     Methadone is a synthetic opioid agonist that also functions as an  N -methyl-
 D - aspartate antagonist. Because of its potential effi cacy against neuro-
pathic pain and its relatively low cost, prescriptions of methadone have 
increased. Concurrently, there has been an increase in methadone-related 
deaths.  

•   Methadone causes a dose-dependent prolongation in the QT interval 
that is associated with malignant dysrhythmias (eg, torsades de 
pointes).  

•   It is recommended that a baseline ECG be obtained before a patient starts 
methadone therapy. A follow-up ECG should be obtained at 30 days and 
annually.  

•   The QT interval should be reassessed before and after an escalation in 
methadone dose.  

•   The QT interval should be reassessed when a new medication is added to 
a patient’s treatment regimen that is known to be associated with prolonga-
tion of QT interval.  

QT-prolonging DDIs



817

•   The QT interval should be reassessed when a potential for pharmacoki-
netic drug–drug interaction may alter the serum concentrations of an 
arrhythmogenic drug.     

    Summary 

     Interaction 1:  pharmacodynamic  
   Substrates:  methadone, amitriptyline, and moxifl oxacin  
   Mechanism / site of action:  inhibition of the rapidly activating component of the 

delayed rectifi er potassium current  
   Clinical effects and ECG effects:  prolonged QTc and increased risk for torsade de 

pointes   

    Interaction 2:  pharmacokinetic  
   Substrate:  amitriptyline  
   Enzyme:  CYP2D6  
   Inhibitor:  methadone  
   Clinical and ECG effects:  amitriptyline toxicity including prolonged QTc        
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 Abstract   
 This case discusses a mixed synergistc pharmacodynamic and pharmacoki-
netic interaction involving haloperidol and amiodarone. The pharmacody-
namic interaction between these drugs resulted in QTc prolongation and 
torsades de pointes. In addition, haloperidol is a substrate of cytochrome P450 
enzymes 1A2, 2D6, and 3A4. Amiodarone is an meaningful inhibitor of these 
enzymes. 

            Case 

 A 63-year-old Vietnam veteran underwent successful hand-reattachment surgery 
after partially severing his right hand in a motorcycle accident. He had a long 
smoking history, diabetes, a remote diagnosis of bipolar disease type I, and a poor 
psychosocial history due to severe posttraumatic stress disorder (PTSD) as a result 
of surviving a helicopter crash during his combat tour. His admission electrocar-
diogram (ECG) showed at QTc of 444 msec. On the fi rst postoperative day, he 
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began complaining of chest pain. A repeat ECG showed a narrow complex tachy-
cardia and ST depressions in lateral leads. Metoprolol (15 mg) was given intrave-
nously (IV) over 20 minutes which did not resolve the tachycardia but caused a 
signifi cant drop in blood pressure. Amiodarone (150 mg) was then given IV over 
30 minutes and an amiodarone infusion was initiated at 1 mg/min. Ten minutes 
later, the patient converted to sinus rhythm with improvement in his blood 
pressure. 

 On the second postoperative day, the patient began to suffer hallucinations of being 
burned in a fi re. He ripped out his IV, and was combative with staff. The intensive 
care unit (ICU) nurse yelled for help, stating, “I think he’s having a fl ashback.” He 
was restrained and successfully sedated with haloperidol (10 mg IM), and his IV 
replaced. During the episode a brief run of supraventricular tachycardia (SVT) 
occurred. Because of continued paranoid ideation, disorientation, and staff safety 
concerns, the patient was placed on a standing haloperidol dose (2 mg IV q8h). 
Daily ECGs were ordered to follow the QTc. The amiodarone infusion was contin-
ued at 0.5 mg/min. to treat the recurrent SVT. 

 At 6 AM on the third postoperative day, the ECG was done by the night-shift nurse 
prior to going home. It showed sinus bradycardia at 55 beats per minute with a QTc 
of 575 msec, but unfortunately no report was given to the day-shift staff. At 
7:30 AM. the intensivist rounded on the patient and noted the prolonged QTc. He 
discontinued the haloperidol, and, after discussion with the consultation-liaison 
(C-L) psychiatrist, ordered fl uphenazine (5 mg IM q6h PRN agitation) instead. 

 At 7:50 AM, as the intensivist was walking over to the step-down unit, the telemetry 
alarm sounded. The patient was unresponsive and the rhythm on the monitor was 
torsades de pointes. The advanced cardiopulmonary resuscitation protocol was ini-
tiated and magnesium sulfate (2 g IV) was given without effect. Defi brillation was 
transiently effective. A transvenous pacer was placed and the patient was success-
fully paced with continued recovery of spontaneous circulation. He remained intu-
bated on a short-term propofol infusion for sedation. Anticipating the patient’s 
extubation, the ICU physician also asked the C-L psychiatry fellow to come to after-
noon rounds to discuss the use of sedation and antipsychotics for treatment of 
behavorial dyscontrol in the ICU setting in general and for patients on amiodarone 
specifi cally.  

    Discussion 

  This is an example of a mixed pharmacodynamic and pharmacokinetic inter-
action. The pharmacodynamic interaction involves the synergism of two 
arrhythmogenic drugs. In addition, this is an example of an inhibitor (amioda-
rone) added to a substrate (haloperidol).  
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 This interaction was caused by the synergistic activity of two potentially arrhythmo-
genic agents: haloperidol and amiodarone. Haloperidol is prone to produce QT pro-
longation. 1 , 4  Thus, it is relatively contraindicated to coadminister it with a Class III 
antiarrhythmic agent, such as amiodarone. The combination of these agents pro-
duced a much greater degree of QT prolongation than would have occurred with 
either agent alone, which led to the episode of torsade. 

 In addition to this pharmacodynamic synergy, there is also a signifi cant pharmaco-
kinetic interaction between these agents. While much of haloperidol’s  metabolism 
is catalyzed by Phase II enzymes, a large component is also handled by several 
cytochrome P450 (CYP) enzymes, specifi cally CYP1A2, CYP2D6, and CYP3A4. 
Amiodarone is a meaningful inhibitor of the activity of all of these enzymes, thus 
producing greater haloperidol level than would have been typically expected at the 
administered dosages. This pharmacokinetic drug–drug interaction (DDI) made a 
dangerous outcome even more likely than would have been anticipated from the 
mere fact of combining two arrhythmogenic agents. 

 Torsades de pointes (TdP) is initiated by R-on-T in the setting of prolonged QTc. As 
the heart rate slows and the QTc lengthens, the probability that an early afterdepo-
larization (EAD) of the ventricle will occur while normal conduction pathways are 
refractory, increases. Patients with heightened sympathetic tone (in this case induced 
by agitated paranoid delirium) are more likely to have EADs and hence have 
increased risk of TdP if the QTc becomes prolonged. Most treatments for conven-
tional ventricular tachycardia prolong the QT interval and are therefore not effective 
for torsades. The standard treatment is magnesium sulfate, which suppresses EADs. 5  
If the underlying rhythm is slow, atropine, β-agonists, or overdrive pacing may be 
helpful in shortening the QT, although beta agonists are considered contraindicated 
in patients with congenital prolonged QT. 2 ,  3  

 Although there is no ideal pharmacologic choice for the management of ICU delir-
ium in the presence of amiodarone, fl uphenazine is often recommended by the 
knowledgeable C-L consultant, as it is another high-potency typical antipsychotic. 
It provides all of the advantages of haloperidol in terms of reliably sedating with 
minimal changes in blood pressure and minimal anticholinergic effects. However, 
haloperidol is a butyrophenone antipsychotic, and all butyrophenones have been 
implicated as having a “defi nite association” with signifi cant QT prolongation and 
subsequent development of TdP. In contrast, fl uphenazine is a phenothiazine, and in 
that class, only thioridazine and its metabolite mesoridazine have been similarly 
implicated. 6  Thus, it is essentially a less arrhythmogenic alternative to haloperidol. 

 As a fi nal note, the careful ICU provider will remember that it has now been well 
established that lorazepam and other benzodiazepines are generally contraindicated 
in the management of delirium, as they are among the worst offenders in worsening 
and prolonging delirium. 7 ,  8   
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    Take-Home Points 

•     This is an acute-on-chronic scenario. The patient was suffering acute ICU 
delirium with psychotic features. The specifi c content of his hallucinations 
was informed by his prior traumatic experiences.  

•   Although haloperidol has for many years been a mainstay of treatment for 
the hospitalized patient with acute behavioral dyscontrol, it is a poor choice 
for patients on amiodarone or for whom cardiac arrhythmias are a pressing 
concern.  

•   Haloperidol has been described as causing QT prolongation and increasing 
the risk for TdP in a variety of doses and clinical situations.  

•   The QT prolonging effect of haloperidol is pronounced when administered 
with a class III arhythmogenic agent such as amiodarone—this is a classic 
synergistic pharmacodynamic interaction.  

•   Haloperidol also undergoes metabolism to a signifi cant degree by CYP1A2, 
CYP2D6, and CYP3A4.  

•   Amiodarone is a meaningful inhibitor of CYP1A2, CYP2D6, and CYP3A4.  

•   The combination of haloperidol and amiodarone poses a special risk for 
patients, especially those with heightened sympathetic tone.  

•   When an ICU patient on amiodarone requires treatment for acute psy-
chotic symptoms and behavorial dyscontrol in the context of ICU delir-
ium, consider the use of other drugs, such as the antipsychotic 
fl uphenazine, that have less association of QT prolongation and/or TdP.     

    Summary 

     Interaction 1:  pharmacodynamic  
   Substrates (pharmacodynamic):  amiodarone and haloperidol  
   Mechanism:  synergistic QTc prolongation and arrthymogenicity  
   Clinical effect:  torsades de pointes   
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    Interaction 2: pharmacokinetic   
   Substrate (pharmacokinetic):  haloperidol  
   Enzymes:  CYP1A2, CYP2D6, and CYP3A4  
   Inhibitor:  amiodarone  
   Clinical effect:  decreased metabolism of drug associated with QTc prolongation 
leading to increased and prolonged risk for torsades de pointes        
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    Abstract    
 This case discusses a pharmacokinetic interaction between thioridazine and 
propranolol leading to QTc prolongation. Thioridazine is a cytochrome P450 
2D6 substrate. Propranolol is a 2D6 inhibitor.  

         Case 

 A 75-year-old man presented for an anesthesia preoperative evaluation before his 
cystectomy for bladder cancer. He had a history of heavy smoking, and a diagnosis 
of hypertension made 4 months earlier when he presented to a community health 
clinic with blood in his urine. He was taking oral propranolol (80 mg TID). He had 
a history of schizophrenia that presented while he was teenager and had undergone 
trials of numerous antipsychotic medications and a long-term internment in a state-
run psychiatric hospital. He had been relatively stable over the past 20 years with a 
standing oral thioridazine dose (200 mg BID) and he was able to reside in a commu-
nity-based group home. 

 During the preoperative visit, the patient reported that since taking propranolol, he 
felt lightheaded on standing and sometimes needed to sit or lie down for relief. His 
vital signs showed mild bradycardia, and normotension while seated. He was mark-
edly hypotensive but when standing, although with no corresponding increase in 
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heart rate. Routine laboratory values were unremarkable, however an electrocardio-
gram showed mild sinus bradycardia with normal QRS and T waves and a pro-
longed QTc interval of 580 msec. He was admitted to the cardiac care unit for 
monitoring. His evening and morning doses of thioridazine were held and lisinopril 
was substituted for propranolol for hypertension control. A repeated electrocardio-
gram on the following day showed normal sinus rhythm and a shortened QTc inter-
val of 450 msec. Because of the severe nature of his schizophrenia, it was elected to 
restart his thioridazine therapy; a repeated electrocardiogram on the following day 
showed that the QTc interval stayed normal.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Thioridazine is a phenothiazine neuroleptic (postsynaptic dopamine D 2  receptor 
antagonist) used for treatment of symptoms of schizophrenia, psychotic depression, 
and schizoaffective psychosis. It has several important adverse effects. They include 
anticholinergic, H1 antagonism, and α 1 -adrenergic receptor antagonism, as well as 
cardiac repolarization abnormalities (eg, potential to prolong the QTc interval and 
thus cause severe life-threatening dysrhythmias, such as torsades de pointes). 1  The 
cardiac adverse effects of thioridazine are believed to be caused by blockade of the 
delayed inward rectifi er potassium channels. 2  Because of these serious adverse 
effects, thioridazine is used infrequently in Western countries compared with the 
newer antipsychotic drugs, but it still is used as a second-line agent or for patients 
for whom discontinuation is not possible. Also, it continues to be used in the devel-
oping world. 

 Thioridazine is metabolized to the pharmacologically active metabolites 
mesoridazine and sulforidazine through several cytochrome P450 (CYP) path-
ways. 3  The cytochrome enzymes 1A2 and 3A4 are the main enzymes responsi-
ble for its 5-sulfoxidation and  N -demethylation (34% and 52%, respectively); 
CYP2D6 is the primary enzyme that catalyzes the mono-2-sulfoxidation and 
di-2- sulfoxidation of thioridazine in the human liver (49% and 64%, respec-
tively). CYP2C19 contributes to a minor degree to the  N -demethylation of 
thioridazine. 4  

 Propranolol is a lipid-soluble β-adrenergic receptor antagonist that was added to the 
patient’s regimen as an antihypertensive. A nonselective β-blocker, propranolol 
reduces chronotropic, inotropic, and vasodilator responses to β-adrenergic stimula-
tion by competing for available binding sites that stimulate the β-adrenergic recep-
tors. Propranolol is a substrate and a moderate inhibitor of CYP2D6. It also has mild 
to moderate inhibiting activity against CYP1A2. 5  ,  6  
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 Concurrent administration of thioridazine and propranolol can result in inhibited 
metabolism of thioridazine, leading to a three- to fi ve fold increase in plasma levels 
of thioridazine. 7  Propranolol induces dose-related elevations in thioridazine plasma 
levels. 8  This interaction can have several serious cardiac consequences. First, 
 thioridazine effects on the cardiac conduction system are dose related, and for this 
patient probably were refl ected in the prolonged QTc interval on the electrocardio-
gram. This known interaction has made the simultaneous use of thioridazine and 
propranolol contraindicated. Second, other medications that inhibit the metabolism 
of thioridazine, such as cimetidine and many antidepressants, are similarly contra-
indicated. Third, thioridazine should not be used simultaneously with drugs that 
prolong the QT interval (some antiarrhythmics and most antipsychotics) or for 
patients who already have a prolonged (≥500 msec) QTc interval. Thioridazine 
should be withdrawn or its dose reduced to achieve a QTc interval of less than 
500 msec. In the present case, the patient was at risk for serious, life-threatening 
cardiac arrhythmia. With discontinuation of propranolol therapy, his electrocardio-
gram results returned to normal and he was able to resume his thioridazine therapy. 

 The cause of hypotension in this patient was also related to interactions between 
propranolol and thioridazine. The inhibition of thioridazine metabolism and the sub-
sequent increased plasma concentration resulted in an increase in α 1 -adrenergic 
receptor antagonism and contributed to the patient’s orthostatic hypotension. The 
β-adrenergic antagonism of propranolol blunted the refl ex tachycardiac response that 
should have accompanied the orthostatic hypotension, thus potentiating the patient’s 
symptoms. The use of lisinopril as the antihypertensive for this patient is a better 
choice than propranolol because it does not interfere with thioridazine metabolism.  

    Take-Home Points 

•     Thioridazine is metabolized through the CYP2D6 pathway.  

•   Propranolol is a moderate inhibitor of CYP2D6.  

•   Concurrent administration of thioridazine and propranolol can result in a 
three- to fi ve fold increase of thioridazine concentration in patients taking 
large doses of thioridazine.  

•   Signs and symptoms of thioridazine toxicity may not be seen even with 
thioridazine levels in the toxic range. However, potential adverse effects are 
so severe (ie, hypotension, prolonged QTc interval, and torsades de pointes) 
that the combined use of thioridazine and propranolol is contraindicated.  

•   Lisinopril would have been a better choice for this patient.     
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    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  thioridazine  
   Enzymes:  CYP2D6 and CYP1A2,  
   Inhibitors:  propranolol  
   Clinical effects:  QT prolongation, hypotension        
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    Abstract    
 This introduces drug interactions involving food.  

      Perioperative health care providers have the goal of providing patients with the 
 safest possible perioperative care. During patient preoperative evaluation, factors 
such as the patient’s medical, surgical, and anesthetic history; current medications; 
and allergies are gathered to ensure that the patient’s care is optimized while mini-
mizing any risk during surgery and post-surgery. However, one of the most over-
looked areas of a patient’s history is the evaluation of their diet and the potential 
effects of diet on their medications. To confound our ability to evaluate the potential 
drug–food interactions in our patients, the medical literature has limited and con-
fl icting information to guide clinicians in identifying true dietary risks to pharmaco-
therapy, with the possible exception of drug interactions with grapefruit and 
tyramine containing-foods are well documented and known to most health care 
providers. 

 Drug–food interactions are of clinical importance because 1) food can decrease the 
response of the medication, 2) food can cause acute or chronic drug toxicity, and 3) 
medications can interfere with the nutritional status of the patient. All of these can 
dramatically affect the patient’s care by potentially prolonging treatment or 
hospitalization. 

 To help mitigate or avoid potential drug–food interactions, the individual character-
istics of medications and diets need to be considered and evaluated. An  understanding 
of the physical and chemical properties of a drug, such as the stereochemistry, 
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molecular weight, solubility, pKa/pH, is essential in determining if a drug will 
 interact with food. Likewise, dietary macronutrient effects on medications need to 
be recognized. Increased dietary fat can enhance the absorption and availability of 
lipophilic medications and supplements but a decreased dietary fat intake can lead 
to poor absorption. Diets high in fi ber can bind to medication in the gastrointestinal 
tract thus limiting the medications bioavailability. Protein in the diet can have vari-
able effects on the availability, actions, and absorption of medications. High protein 
diets can decrease the availability of medications by directly competing with medi-
cations for absorption sites, increasing protein binding of medications in the blood, 
and up regulating hepatic enzymes thus increasing hepatic clearance of medica-
tions. Lastly, medication interactions with dietary carbohydrates are highly variable 
and generally considered not signifi cant. 

 To further our understanding, drug–food interactions can largely be divided into two 
categories—pharmacological interactions and nutritional interactions. Pharmaco-
logical food interactions can be further subdivided into either pharmacokinetic or 
pharmacodynamic interactions. Pharmacokinetic drug–food interactions happen 
when the food affects the absorption, distribution, metabolism, or elimination of the 
medication, which can lead to an increase or decrease in drug response. Of these, 
the most important drug–food interaction is the one that affects medication absorp-
tion. Absorption of a drug can be affected by either direct chemical interactions (ie, 
chelation), changes in gastrointestinal environment, or changes in gastrointestinal 
motility. Conversely, food interactions that affect metabolism, distribution, or elimi-
nation are not as common but can impact the patient’s pharmacotherapy. For exam-
ple, the most notable interaction is grapefruit inhibition of the ability of the 
cytochrome P450 (CYP) 3A4 to metabolize medications thus increasing drug avail-
ability and risk for adverse effects. 

 Pharmacodynamic drug–food interactions are ones that affect the pharmacologic 
action of a medication and are generally not as common. However, the signifi cant 
pharmacodynamic interaction between vitamin K and warfarin is well documented. 
Lastly, nutritional interactions are the result of a medication interfering with the 
nutritional status of patient. These can either manifest as altered food intake, nutri-
ent malabsoption, or electrolyte imbalances. 

 Because health care providers have a solemn duty to ensure patient’s safety while 
under their care, it is important that they know, identify, and minimize potential 
risks for the patient. Although information on drug–food interactions is limited, 
there are consistent concepts that can guide a clinician to minimize these potential 
interactions in our patients. This section will explore how different aspects of the 
patient’s diets can interact with their pharmacotherapy and how to identify and man-
age potential food–drug interactions in the perioperative setting.   
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    Abstract    
 This case discusses the food–drug interactions encountered with children on 
a ketogenic diet.  

         Case 

 An 8-year-old boy presented for extensive dental restoration due multiple deep 
painful dental caries and extraction of two primary teeth under general anesthesia. 
His past medical history was signifi cant for refractory epilepsy with frequent break-
through seizures despite a regimen of phenytoin, phenobarbital, and valproic acid. 
He also had been on a ketogenic diet (KGD) for the past 15 months, which was 
effective in decreasing the frequency of his seizures and allowed him to attend 
school and participate in other activities. The general anesthetic proceeded without 
incident or apparent complication. Before leaving the surgical center he was given 
sweetened fruit juice to drink to demonstrate that postoperative nausea would not 
lead to dehydration at home. Shortly after consuming this he had a seizure.  
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    Discussion 

  This is an example of a food–drug pharmacodynamic interaction at the end- 
organ level. It is also a possible interaction at the neurotransmitter level.  

 This case highlights the importance of maintaining perioperative dietary homeosta-
sis in children on dietary therapies for epilepsy. The KGD is a strictly controlled 
alternate therapy for epilepsy and should be considered in anesthesia care planning 
and management. 

 The KGD is a carefully prescribed high-fat, low-carbohydrate, and low protein 
dietary regimen that has been used since the 1920s as an effective therapy for epi-
lepsy, primarily in children. Most tissues, including the brain, preferentially utilize 
carbohydrate as an energy source but can switch to metabolizing fat when carbohy-
drates are scarce. During starvation, ketosis induces changes of brain function 
including suppression of seizures. Metabolism of this diet results in the formation 
of ß-hydroxybutyrate (structurally similar to GABA), acetoacetate, and acetone, 
collectively referred to as “ketone bodies.” These compounds may have direct anti-
convulsant or anti-epileptogenic effects. The KGD may also change the expression 
of excitatory and inhibitory neurotransmitters but the exact mechanism of action has 
not been completely elucidated despite the long history of the diet’s use for seizure 
control. 1  –  5  

 Important medical considerations in patients on the KGD undergoing anesthesia 
include common laboratory fi ndings in these patients including metabolic acidosis, 
hyponatremia, hypocalcemia, hypoalbuminemia, and alteration in liver and pancre-
atic enzymes. Children commonly have low serum glucoses but tolerate lower 
serum levels with chronic adaptation to the diet. All intravenous or orally adminis-
tered fl uids or medication should be free of glucose and other sugar forms. Blood 
products can also contain glucose products. The sudden addition of excess carbohy-
drate in the case example in the form of sweetened juice can switch cerebral metab-
olism back to glucose dependence with increase in seizure activity. 6  –  8  

 Resources available to the medical team prior to surgery include the consulting 
specialized dietician who typically works closely with patients and families, the 
consulting neurology team who can assist with medication plans for seizure preven-
tion and occurrence, and the family who is often the most knowledgeable about 
their child’s medical needs and need for certain precautions. Measures should be 
taken to ensure effective communication with nursing and pharmacy staff to provide 
safe care to children on the KGD.  
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    Take-Home Points 

•     Severe carbohydrate restriction with ketosis may improve seizure control.  

•   The exact neurotransmitter mechanism for the effi cacy in seizure control is 
not known.  

•   The sudden addition of carbohydrate can precipitate seizures in a patient 
using the ketogenic diet (KGD) for seizure control.  

•   Postoperative patients who are on a ketogenic diet should not be given 
popsicles or juice of any kind.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  high-fat ketogenic diet and acute administration of high-carbohydrate 

foodstuffs  
   Mechanism/site of action:  seizure suppression resulting from induction of ketosis 

by high-fat diet is offset by acute administration of carbohydrates with increase 
in seizure potential  

   Clinical effect:  acute onset of seizures        
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         Case 

 Upon entering the preoperative area, the anesthesiologist noticed that her patient 
appeared anxious and had labored breathing. The patient was a moderately obese 
26-year- old scheduled for an esophagogastroduodenoscopy to evaluate gastro-
esophageal refl ux symptoms. The patient’s husband explained that, “She has been 
wheezing for a few days, but walking in from the parking garage this morning really 
set her off.” She had a distant history of poorly controlled asthma due to noncompli-
ance with inhaled bronchodilators. She had enjoyed much better control after start-
ing on oral theophylline 3 years earlier, but over the past week had needed to use her 
albuterol inhaler multiple times per day. The patient’s room air SaO2 was noted to 
be 92%. She was particularly exasperated because she had expected improvement 
in her breathing after a 5-kg weight loss over the previous 2 weeks while on a high- 
protein diet. 

 Because of the patient’s asthma exacerbation, her procedure was canceled. She 
received an albuterol nebulizer and demonstrated mild improvement. Upon fur-
ther examination of the patient’s records, the anesthesiologist noted that previous 
 theophylline levels had been consistently in the low therapeutic range, between 

    Abstract 
 This case discusses a pharmacokinetic interaction between theophylline and 
high dietary protein levels.  
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10 and 11 mcg/mL. A new theophylline level was obtained, which was subthera-
peutic at 6 mcg/mL. The patient was started on oral steroids and admitted for 
overnight observation. A pulmonologist was consulted who suggested that the 
low theophylline level may have been associated with the recent change to a high-
protein diet.  

    Discussion 

  This is an example of an inducer added to a substrate.  

 More specifi cally, this is an example of a macronutrient (high-protein diet) altering 
the metabolism of theophylline. 

 Dietary habits are rarely addressed when obtaining a patient’s medical history. 
Nonetheless, the content of a patient’s diet has been demonstrated to affect the bio-
availability and metabolism of certain drugs. 

 A high-protein diet may affect the bioavailability and metabolism of drugs via 
decreased absorption, increased protein binding, increased hepatic metabolism, 
and/or increased renal clearance. 1  Drugs that have been shown to be affected by a 
high-protein diet include theophylline, warfarin, and propranolol. 2  ,  3  ,  6  ,  7  

 In this case, a patient in the preoperative holding area was noted to have signs and 
symptoms of an asthma exacerbation, despite her asthma having been well con-
trolled on theophylline maintenance therapy until several days prior to the sched-
uled procedure. Upon further questioning, it was discovered that 2 weeks before to 
the date of surgery, the patient had initiated a high-protein, low-carbohydrate diet in 
order to lose weight before her procedue under general anesthesia. 

 Several controlled studies have shown that theophylline clearance is increased in 
patients on a high-protein diet. 2  ,  3  Theophylline is a known substrate of cytochrome 
P450 (CYP) 1A2. 9  Cimetidine is a pan-inhibitor. 10  ,  11  Kennedy et al. performed a 
series of dietary manipulations of subjects on theophylline and found that a high- 
protein diet was able to partially offset cimetidine’s inhibitory effects on theophyl-
line metabolism and the subsequent rise in theophylline levels, that is, a high-protein 
diet was acting as a specifi c CYP1A2-mediated inducer of theophylline metabo-
lism. 8  In comparison, high-carbohydrate diets do not affect theophylline levels in 
the blood. 2  ,  3  

 Theophylline is rarely used as a fi rst-line agent for the treatment of asthma; how-
ever, it may still be utilized in patients who have failed inhaled bronchodilator ther-
apy. 4  The therapeutic range of theophylline is narrow. It is conceivable that increased 
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hepatic metabolism due to a high-protein diet may make a patient’s theophylline 
blood level subtherapeutic. 

 High dietary protein has also been reported to affect clinical levels of warfarin. Case 
reports have shown decreased international normalized ratio (INR) and the need for 
dose escalation in patients acutely increasing their protein intake. If patients discon-
tinue their high-protein diet, the INR begins to rise and the medication dosage must 
be reduced to maintain an INR within a therapeutic range. 5  ,  6  

 Although a high-protein diet has only been shown to affect the bioavailability and 
metabolism of a handful of medications, differences in dietary macronutrients may 
help explain the interpatient differences in drug response seen with a wide range of 
medications.  

    Take-Home Points 

•     Many patients are on a weight loss diet at the time of surgery. Beyond a 
patient’s time since last oral intake, specifi c information about diet is rarely 
elicited, although certain dietary components may interact with 
medications.  

•   The metabolism of theophylline may be altered by dietary macronutrients. 
This could predispose patients to an asthma exacerbation.  

•   Warfarin is another example of a drug with decreased clinical effects when 
combined with a high-protein diet. Patients who have an unexplained 
decrease in INR should have a history of changes in dietary protein 
elicited.  

•   Differences in dietary protein intake between patients may play a role in 
wide interpatient variability in drug and dose responses.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  theophylline  
   Enzyme:  CYP1A2  
   Inducer:  high levels of dietary protein  
   Clinical effects:  subtherapeutic theophylline levels leading to exacerbation of 

asthma        
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    Abstract  
  This case reviews the physiology of dietary salt and discusses the possible 
exaggerated effects of sodium nitroprusside in patients with high salt 
ingestion.  

      Salty Sam 
 High-salt diet, nitroprusside                     

       Robert     Sco       Lang   MD      and     Li     Meng   MD, MPH   

         Case 

 Samuel S. Saltinstall was a mildly obese 57-year-old who presented for emergent 
laparotomy for an enlarging subcapsular hematoma of his liver. Mr. Saltinstall had 
apparently fallen at home and impacted a sharp table corner. He delayed seeking 
medical care, insisting that he was just clumsy and often fell and bruised himself. 
Sam stated he was much more upset about his recent marital separation and his 
weight gain since being a bachelor and living on “salami slammers” and beef jerky. 
After prompting from his son, he did fi nally admit to a history of bipolar disease, 
which was well controlled with lithium. He also admitted that he had been on other 
medications but he was unsure of the names, stating his recently departed wife had 
always taken care of his prescriptions. The patient’s son also indicated that his father 
suffered from a bleeding disorder. The son did not know the name of his condition, 
but reported that his father bruised easily and had signifi cant blood loss during a 
previous surgery. 
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 The patient underwent an uncomplicated induction of anesthesia and central line 
placement. During the surgery, there was substantial blood loss. The surgery team 
asked if sodium nitroprusside could be used to induce hypotension in an effort to 
decrease the amount of blood loss.  

    Discussion 

  This is an example of a pharmacodynamic interaction of unknown 
mechansim.  

 Sodium chloride is ubiquitous, and has long been a part of our diets. It is used as an 
intravenous solution regularly throughout hospitals and other health care facilities. 
Dietary sodium intake can be classifi ed into low, normal, and high with many ranges 
of milligrams per day reported in the literature. A majority of the US population 
ingests much more sodium chloride daily than is required for homeostasis, with 
little thought to its effects on the body. There is still debate and conjecture on the 
physiologic effects caused by changes in dietary sodium. It has widely been 
preached that a high-sodium diet causes hypertension and that lowering intake has 
favorable effects on hemodynamics. Understanding salt’s relationship with our 
body is an important step in elucidating these changes and in managing patients like 
the one in the case. 

 Sodium is an essential electrolyte in our body; helping to regulate fl uid balance, 
continuing the action potential of nervous conduction, and playing an important role 
in cardiac contraction. The control of sodium is regulated in the body by several 
hormones. The key factors in this regulation include the natriuretic peptides as well 
as the renin-angiotensin-aldosterone system. The peptides include atrial natriuretic 
peptic (ANP), brain natriuretic peptide, and C-type. The amount of sodium in the 
body is dependent on intake, the actions of these hormones, and modifying factors 
such as the stress of surgery. 

 In trying to understand how a high-salt diet affects an anesthetic, one needs to 
understand the effects it has on the body. It would be unlikely for the patient in this 
case to suffer the effects of hypernatremia. Rather, more chronic changes in his 
body’s chemistry should be considered. A diet high in sodium chloride has been 
implicated in hypertension, increased risk for stroke, increased cardiovascular mor-
tality, left ventricular hypertrophy, insulin resistance, nephrolithiasis, as well as 
changes in renin, aldosterone, catecholamines, cholesterols, and triglyerides. 1  –  3  In 
addition to these alterations, vascular regulation may be disrupted due to a high-salt 
diet. Some research has indicated the possibility that a high salt diet is associated 
with altered vascular control in salt-sensitive hypertensive individuals, as well as 
having an effect on vascular regulation in normotensive subjects. 4  Data suggest that 
normotensive individuals on a high-salt diet may have impaired  regulation of tissue 
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perfusion due to oxidative stresses. 5  Other studies have indicated that a high-salt 
diet enhances GABA receptor-mediated responses in the brain, which can affect 
arterial pressure. 6  Furthermore, a high-salt diet may affect the metabolism of vaso-
active intestinal peptide, which has numerous consequences to the gastrointestinal 
system such as smooth muscle relaxation of the lower esophageal sphincter and 
the stomach. 7  

 The most prominent and widely discussed effect of a high-salt diet is hypertension. 8  
Hypertension can have a complex etiology, with various factors all potentially play-
ing a role. 9  Sodium and water retention are the end points of this pathophysiology. 
Any patient may have chronic hypertension when he or she presents to the operating 
room. Anesthesiologists will need to use hypotensive agents with care, as they 
would with any chronic hypertensive. Fluid volume status needs to be assessed to 
adequately treat these patients. Increased sodium intake can cause fl uid retention. 
Anesthesiologists must be careful when correcting blood pressure through medica-
tions such as hydralazine, nitroglycerin, and nitroprusside, 

 Sodium nitroprusside is a potent vasodilator that acts on the smooth muscles, which 
cause both arterial and venous dilation. Researchers have studied the effects of 
nitroprusside on the human forearm. The study suggested that a salt loading prior to 
nitroprusside injection intra-arterially enhanced the vasodilatory effects. 10  In Mr. 
Saltinstall’s case, as presented above, the patient might have had an increased reac-
tion to the nitroprusside suggested by the surgery team. This may be explained by 
previous studies in animal models demonstrating increased sensitivity to nitric 
oxide during a high-salt diet. There needs to be further research in this area before 
generalized guidelines can be made. If these results are consistent, the prepared 
anesthesiologist should consider either adjusting the dose or slowly titrating nitro-
prusside intraoperatively when the patient has recently had a high-salt intake. 

 A diet high in sodium has also been linked to interactions with other medications. A 
well-known interaction is that of dietary salt and lithium. Lithium is used mainly for 
bipolar disorders as well as some forms of schizophrenia. Steady-state blood levels 
of lithium have been shown to signifi cantly rise and fall with consistent alterations 
of sodium intake. The physicians taking care of the patient in this case may see a 
change in his normally well-controlled condition. A high-salt diet has been reported 
to decrease the lithium level in the blood; whereas a low-salt diet can cause the level 
to rise. As the body adjusts to a low-salt diet, the kidneys try to retain sodium. 
Monovalent cations like lithium are “mistaken” for sodium and are retained as well, 
causing an increase in plasma lithium levels. Conversely, as the body adjusts to a 
high-salt diet, the kidneys will excrete sodium and concomitantly excrete lithium 
and other monovalent cations. 

 Dietary sodium has also been linked to changes in function of the cytochrome P450 
(CYP) enzyme system in animals. 11  ,  12  The exact physiologic relationships of the 
liver, intestinal, and renal P450 enzyme systems with a high-salt diet in humans 

188 High-salt diet, nitroprusside



844

have not yet been elucidated, although the early work is interesting. For example, a 
recent study suggested an association between CYP2C9 polymorphism and activa-
tion of the renin-angiotensin-aldosterone system in normotensive men. 13   

    Take-Home Points 

•     A high-sodium diet is common in the United States population and can 
have signifi cant physiologic effects on the body both chronically and 
acutely during surgery.  

•   Sodium is regulated in the body by several hormones such as antidiuretic 
hormone and the renin-angiotensin-aldosterone system. The function of 
these hormones can be altered by stressful states such as surgery and 
anesthesia.  

•   Certain drugs such as nitroprusside and lithium may have altered effects 
due to a high-salt diet or an abrupt change in diet.  

•   Changes on the P450 cytochrome system in humans due to a high-salt diet 
are not yet fully identifi ed.  

•   Careful titration of medications and a quick investigation into patients’ 
habits can help avoid problematic events during the course of anesthesia.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  dietary salt and sodium nitroprusside  
   Mechanism/site of action:  unknown, increased sensitivity to nitric oxide during a 

high-salt diet shown in animals  
   Clinical effects:  possible exaggerated hypotensive effects        
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    Abstract 
 This case discusses a pharmacokinetic drug–drug interaction (excretion) 
between a high-potassium salt substitute, spironolactone, and lisinopril.  

 A Peak Potassium Problem 
 Salt subs  tute, spironolactone, lisinopril                     

       Jus  n     McCray   MD     and     Steven     L.     Orebaugh   MD    

    189   

         Case 

 A 67-year-old man presented for inguinal hernia repair. He had a history of chronic 
hypertension, mild congestive heart failure, and mild, chronic renal insuffi ciency 
with a glomerular fi ltrate rate 40% of normal. He had good functional status except 
for occasional shortness of breath and lower extremity edema. He had had two pre-
vious surgeries without anesthetic complications. His medications included meto-
prolol (25 mg BID), lisinopril (40 mg daily), furosemide (40 mg BID), spironolactone 
(50 mg daily), and aspirin (81 mg daily). His vital signs were acceptable and preop-
erative laboratory values showed a potassium of 4.4 mEq/L, BUN 16 mg/dL, and 
creatinine 1.2 mg/dL. An electrocardiogram (ECG) showed normal sinus rhythm. 
An echocardiogram 6 months ago showed no wall motion abnormalities and an 
ejection fraction of 45%. 

 Five minutes after an uneventful induction, peaked T-waves were noted on the ECG 
monitor, which progressed to include a prolonged PR interval, decreased P-wave 
amplitude, and widened QRS. The patient had a brief run of ventricular tachycardia, 
which resolved spontaneously. Hyperkalemia was suspected. An arterial blood gas 
(ABG) revealed a potassium of 6.8 mEq/L. Calcium gluconate, sodium bicarbonate, 
and insulin were administered along with furosemide (40 mg). The case was can-
celled and he was admitted to the intensive care unit. He was treated for ongoing 
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moderate hyperkalemia with furosemide and sodium polystyrene sulfonate 
(Kayexalate®) per rectum and extubated later that evening. 

 Upon questioning the patient denied any recent medication changes. However, he did 
admit to recently using potassium-containing salt substitutes, which he began two 
weeks ago after his primary care physician recommended decreasing his sodium intake.  

    Discussion 

  This is an example of a pharmacokinetic food–drug interaction.  

 Hyperkalemia (serum potassium > 5.5 mEq/L) rarely occurs in normal individuals 
because of the capacity to renally excrete excess potassium. 1  The patient discussed 
in this hypothetical case was at risk for several reasons. He had a history of mild 
renal insuffi ciency with a decreased glomerular fi ltration rate (GFR) that, coupled 
with hypovolemia from fasting for surgery, can further decrease his GFR. 2  

 In addition, the patient was taking spironolactone, an aldosterone antagonist, and lisino-
pril, an angiotensin-converting enzyme inhibitor (ACEI) that acts to impair production of 
aldosterone. Both of these drugs can raise potassium levels. However, despite his medi-
cations and renal status, the patient had been normokalemic until recently. In patients 
with renal insuffi ciency, increased dietary intake of potassium can alter potassium lev-
els. 2  Salt substitutes, such as those that this patient had been ingesting, allow decreased 
sodium intake and improved control of hypertension by substitution of potassium chlo-
ride for sodium chloride. Indeed, most commercially available salt substitutes contain 
approximately two-thirds KCl and one-third NaCl. 3  Using a salt substitute in conjunction 
with his medications and renal insuffi ciency, his baseline potassium was elevated. With 
an elevated potassium that was not apparent the morning of surgery it is not surprising 
that receiving succinylcholine would produce symptomatic hyperkalemia. 1  

 The prevalence of salt substitute use is not known, but may be increasing. One large 
multicenter randomized control trial conducted in China and published in the 
 Journal of Hypertension  in 2007 showed a statistically signifi cant mean reduction 
of systolic blood pressure of 3.4 mm Hg when 100% NaCl dietary supplementation 
was switched to one containing 65% NaCl, 25% KCl, and 10% magnesium sulfate. 4  
The reduction in systolic blood pressure was also shown to increase over time with 
a maximum net reduction of 5.4 mm Hg after 1 year. Given the prevalence of hyper-
tension worldwide, it follows that dietary salt supplements are an inexpensive 
method that can contribute to maintaining normal blood pressure. However, certain 
patient populations are at risk for developing hyperkalemia. There are case reports 
in the literature of patients developing life-threatening hyperkalemia when using 
salt substitutes if they are in chronic renal failure or if taking an ACEI. 3  ,  5  In the case 
of salt substitute use with an ACEI, the hyperkalemia was initially attributed to 
ACEI use alone until further history was elicited from the patients.  
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    Take-Home Points 

•     Potassium-containing salt substitutes used in conjuction with medications 
known to raise serum potassium levels can potentially lead to symptomatic 
hyperkalemia, especially in patients with impaired ability to excrete 
potassium.  

•   Salt substitutes are available in any supermarket and there are no regula-
tions governing their purchase. At least one such salt substitute, Lo-Salt, 
contains a warning that states that people who are taking medications for 
diabetes, heart disorders, or kidney disorders should consult their physi-
cian before using. 6  However, as the product is available without regulation 
many customers may be unaware of the potential dangers of using them.  

•   A dietary history to exclude the use of salt substitutes should be considered 
in patients taking drugs known to cause increased serum potassium levels, 
and in patients with impaired renal function for any reason.     

    Summary 

     Interaction:  pharmacokinetic (excretion)  
   Substrate:  potassium-containing salt substitute  
   Inhibitors (of excretion):  spironolactone, and lisinopril  
   Mechanism/site of action:  increased potassium intake combined with decreased 

renal excretion of potassium  
   Clinical effects:  cardiac arrhythmias        
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    190    Awake? 
 Vitamin C, general anesthe  cs                     

          Nicole     Scouras      and     David     G.     Metro    

    Abstract    
 This case discusses a hypothetical interaction between vitamin C and general 
anesthetics leading to increased incidence of intraoperative awareness  

         Case 

 A healthy but very nervous 28-year-old man presented to the Perioperative 
Anesthesia Clinic and expressed signifi cant concern over the possibility of intraop-
erative awareness during his upcoming shoulder surgery under general anesthesia. 
While in college, he had seen the movie  Awake . Since then, although he recognized 
that the movie “was just Hollywood” he had been concerned that something like this 
would happen to him. While searching the Internet he found websites devoted to an 
interaction between increased awareness under general anesthesia and vitamin C 
supplementation. He had been taking 1000 mg of vitamin C daily and was very 
concerned that he would be awake during surgery.  
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    Discussion 

  This is an example of a hypothetical food–drug interaction, supported at this 
time only by personal anecdotal reports in the non–peer-reviewed literature 
and media.  

 vitamin C, also known as ascorbic acid, is an essential micronutrient that can not be 
synthesized by humans and, therefore, must be obtained from the diet. It is found in 
vegetables and fruits, particularly citrus fruits. Besides being used to prevent or treat 
the common cold, vitamin C may be of benefi t in preventing cardiovascular disease, 
cancer, and cataracts. 1  Vitamin C also has an important use as a treatment of methe-
moglobinemia and also has been considered for use as a prevention of methemoglo-
binemia when using prilocaine. 2  

 Awareness is usually defi ned as a patient remembering an event that occurred dur-
ing general anesthesia. The true prevalence is not fully understood, however, it has 
been reported to occur in between one and two cases per thousand. 3  ,  4  

 Dr. Allan Spreen, a nutrition expert, on a Health Sciences Institute e-Alert entitled 
“C-saw,” stated “Before surgery I deliberately suggest [tapering vitamin C] to peo-
ple, as high-dose C is very detoxifying and many times I’ve had patients tell me that 
their anesthesiologist was surprised at how much medication was required to knock 
them out. This happened to a friend of mine and my sister-in-law, both of whom 
tapered before a subsequent surgical procedure.” 5  

 Although there is a vast medical literature on the biology and pharmacology of 
ascorbic acid (vitamin C), there are few reports of clinically signifi cant drug–food 
or drug–drug interactions. Those studies that have been done have looked at the 
occurrence of drug interactions between ascorbic acid and oral contraceptives, fi nd-
ing either no signifi cant pharmacologic or clinical effects or increased serum con-
centrations of the hormonal constituents. 6  

 No clinical trials have been done to support the claim that vitamin C increases a 
person’s anesthetic requirement, but the Pennsylvania Patient Safety Advisory on 
Anesthesia Awareness included that “a high level of vitamin C may interfere with 
anesthetic effect.” 7   

    Take-Home Points 

•     Vitamin C is used for the prevention of the common cold, cardiovascular 
disease, cancer, cataracts, and methemoglobinemia.  
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•   There are anectodal reports suggesting that people who take high doses of 
Vitamin C supplementation may require a greater depth of anesthesia in 
order to prevent intraoperative awareness but no retrospective or prospec-
tive trials have been conducted.  

•   The entertainment world has capitalized on this as yet unsupported asso-
ciation and it may be a concern for some patients undergoing anesthesia.  

•   If vitamin C is administered preoperatively, there should be increased vigi-
lance by the anesthesia providers for potential signs of intraoperative 
awareness and these steps can be discussed with the patient.  

•   It is important to inquire about and document all medications that a patient 
is taking. Although, vitamin C supplementation may seem benign, it may 
have implications for anesthetic management.  

•   Just as knowledge and awareness of real and possible drug interactions is 
increasing in the medical community, it is increasing in the cohort of health 
care consumers, although it may be less reliable. Be prepared for this and 
be prepared to answers questions!     

    Summary 

     Interaction:  hypothetical  
   Substrates:  vitamin C and general anesthetics  
   Mechanisms:  unreported  
   Clinical effect (claimed):  increased incidence of anesthetic awareness        
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    Abstract  
  This case discusses the interaction of midazolam and grapefruit juice. 
Midazolam is a cytochrome P450 3A4 substrate. Grapefruit juice is an 
 irreversible and cumulative inhibitor of intestinal 3A4.  

      Tropical Punch Packing 
a Real Knockout 
  Fatal Forty DDI:  grapefruit juice, midazolam, CYP3A4                     

       Brian     Blasiole   MD, PhD      and     Shawn     T.     Beaman   MD   

         Case 

 An anesthesiologist was posted for an elective right inguinal herniorraphy for a 
14-year-old boy. As she greeted the patient and his family, she noted the patient was 
large for his age, rocking back and forth, and avoided eye contact. His mother con-
fi rmed that he had been diagnosed with an autism spectrum disorder and other 
developmental delays, but was otherwise healthy and had no prior surgeries. 

 The patient took no medications and had no known drug allergies. His last oral 
intake was the previous evening when he drank a large glass of grapefruit juice per 
his nightly routine. He weighed 116 kg. Finally, the mother was concerned because 
the patient experienced signifi cant diffi culties and could be very aggressive when 
uncomfortable or forced from his routine. She asked if he could be given something 
“like a clear juice” to help keep him calm as he loved fl avored drinks and fruit juices 
of all kinds. The anesthesiologist ordered midazolam syrup (20 mg) to be adminis-
tered by mouth 15 minutes before going to the operating room. 
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 Twenty minutes later, the overhead paging system announced an emergency in the 
preoperative area. Upon arriving, the anesthesiologist found the patient apneic and 
being ventilated by bag-valve mask. The upset mother reported that shortly after 
drinking the preoperative midazolam cocktail, the child stopped rocking in his chair, 
became unconscious, and slumped to the ground.  

    Discussion 

  This is an example of a substrate added to an inhibitor.  

 This case illustrates a grapefruit juice–drug interaction. The child in this scenario 
became apneic after a relatively low dose of oral midazolam for his weight, due to 
an increased plasma concentration of midazolam caused by grapefruit juice inhibi-
tion of presystemic drug metabolism. Grapefruit juice selectively and irreversibly 
inhibits intestinal cytochrome P450 (CYP) 3A4, resulting in increased bioavailabil-
ity of orally administered drugs metabolized by CYP3A4, such as midazolam. 1  This 
interaction was fi rst discovered in 1989 when concomitant ingestion of grapefruit 
juice and the dihydropyridine calcium channel antagonist felodipine caused exces-
sive hypotension. 2  The effect of grapefruit juice on CYP3A4 activity is immediate, 
causes decreased levels of 3A4 by 47% within 4 hours of juice ingestion, and is still 
detected at 24 hours. 3  Consuming grapefruit juice in large amounts or in concen-
trated form causes a cumulative effect on CYP activity. Grapefruit juice irreversibly 
inhibits 3A4 via increased enzyme degradation and by reduced mRNA translation, 
requiring  de novo  synthesis of CYP 3A4 for full recovery of metabolic function. 4  
The components of grapefruit juice thought to be responsible for CYP 3A4 enzyme 
inhibition have yet to be elucidated, however the furancoumarin, 6′,7′-dihydroxy-
bergamottin, is currently the main focus of attention. 5  

 Grapefruit juice is consumed by 21% of US households. Its popularity is enhanced 
among the health conscious by medical evidence suggesting grapefruit juice reduces 
atherosclerosis and inhibits breast cancer cell formation. 6  ,  7  The clinically important 
grapefruit juice–drug interactions that have been studied include the dihydropyri-
dines, terfenadine, saquinavir, cyclosporine, midazolam, triazolam, and verapamil. 
The interactions with midazolam and triazolam are of particular importance since 
benzodiazepines cause dose-dependent respiratory depression. Studies in healthy 
human volunteers who drank just 8 ounces of grapefruit juice 1 hour prior to oral 
midazolam administration showed 1.5-fold increase in plasma levels and signifi -
cantly reduced clearance levels of the drug. 8  Similar results have also been observed 
with triazolam, however, alprazolam is unaffected by grapefruit juice due to high 
baseline bioavailablity. These data strongly suggest that caution is warranted when 
administering oral midazolam and triazolam to patients who consume grapefruit 
juice.  
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    Take-Home Points 

•     Grapefruit juice inhibits intestinal more than hepatic CYP3A4; therefore, 
the grapefruit juice–drug interaction predominantly increases the plasma 
levels of orally, as opposed to parenterally, administered drugs.  

•   The effect of grapefruit juice on enteric CYP3A4 is unique and does not 
pertain to other juices, including orange juice or pomegranate juice.  

•   If there is a possibility of an interaction with grapefruit juice, oral mid-
azolam and triazolam should be avoided or the dose decreased by 50%.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  midazolam  
   Enzyme:  CYP3A4  
   Inhibitor:  grapefruit juice  
   Clinical Effect:  increased sedation        
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         Case 

 The Urology chief resident called the operating room desk to schedule surgical 
intervention for a case of priapism and asked if anyone from the Anesthesiology 
on-call team was available to pre-op the patient and consult for pain control. The 
junior Anesthesiology on-call resident was dispatched to the ED (no pun intended) 
and found a 56-year-old man in signifi cant distress having experienced an erection 
that began 7 hours ago. A thorough history and physical was done and was signifi -
cant for hypertension, hypercholesterolemia, and erectile dysfunction. The patient 
was an occasional cigar smoker. His medications included lisinipril, atorvastatin, 
and sildenafi l, the later taken “as needed.” He stated that he had no known drug 
allergies. Further questions about NPO status led to the patient revealing that he 
drank approximately a liter of pomegranate juice every day because he was told in 
his “men’s group” that that particular juice can help with erectile dysfunction. 

 The Anesthesiology resident had majored in food science in college and was mar-
ried to a lady who was just fi nishing her PharmD program and so was keenly aware 

    Abstract 
 This case discusses the pharmacokinetic interaction between pomegranate 
juice and sildenafi l, resulting in priapism. Sildenafi l is a cytochrome P450 
3A4 substrate and pomegranate juice is a 3A4 inhibitor.  

 When the Fire Won’t 
Go Out 
 Pomegranate juice, sildenafi l, CYP3A4                     

       Thomas     P.     Pon  nen   MD      and     Randal     O.     Dull   MD, PhD   
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of the association between nutritional supplements and commonly prescribed medi-
cations. He alerted the patient and the Urology resident to the biologically activate 
compounds in pomegranate juice and grapefruit juice.  

    Discussion 

  This is an example of a substrate added to an inhibitor.  

 Sildenafi l is phosphodiesterase type-5 inhibitor that is used for treatment of erectile 
dysfunction and pulmonary hypertension. There are numerous drug–drug interac-
tions (DDIs) with sildenafi l, notably nitrates, α-blockers, and ß-blockers, which may 
all cause severe hypotension. Sildenafi l is metabolized by cytochrome P450 (CYP) 
3A4 (80%) and CYP2C9 (20%); in addition to known DDIs, patients are advised to 
avoid grapefruit juice when taking sildenafi l. 

 Pomegranate juice has high concentrations of antioxidants and has been recom-
mend as part of a heart-healthy diet and as a nutritional treatment of erectile dys-
function. However, like grapefruit juice, pomegranate juice has been reported to 
inhibit CYP enzymes based on laboratory studies. In our patient in this scenario, 
regular ingestion of pomegranate juice with concurrent administration of sildenafi l 
likely resulted in inhibition of CYP3A4 which in turn resulted in elevated plasma 
levels of sildenafi l. This then resulted in increased risk for side effects including 
priapism. Case reports of priapism associated with both grape fruit juice and pome-
granate juice have been reported. 1   

    Take-Home Points 

•     A thorough preanesthesia history and physical must include questions 
regarding the patient’s nutritional habits and consumption of vitamins, 
herbs, and other supplements that may possess biologically active 
compounds.  

•   Both pomegranate juice and grapefruit juice are inhibitors of CYP3A4 and 
possible other members of the CYP family. 2   

•   Sildenafi l is metabolized by two members of the CYP family, CYP3A4 
and CYP2C9. The astute practitioner must develop an awareness for CYP-
mediated DDIs and know where to expediently locate information regard-
ing perioperative implications. 3      
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    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  sildenafi l  
   Enzyme:  CYP3A4  
   Inhibitor:  pomegranate juice  
   Clinical effects:  priapism        
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    Abstract 
 This case discusses a pharmacokinetic interaction between felodipine and 
peppermint. Felodipine is a cytochrome P450 3A4 substrate and peppermint 
is a 3A4 inhibitor.  

 Peppermint Pa  y 
  Fatal Forty DDI:  peppermint, felodipine, CYP3A4                     

       Ryan     D.     Ball   MD      and     Karen     Boretsky   MD   
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         Case 

 Mrs. Patricia Patterson was a generally healthy, 78-year-old women with long-
standing essential hypertension and irritable bowel syndrome (IBS). She was sched-
uled for an outpatient colonoscopy and, because of a recent Emergency Department 
(ED) visit, her gastroenterologist requested that she be seen by a nurse practitioner 
in the preoperative clinic at the local hospital and that her colonoscopy be done 
there instead of at a free-standing center. 

 The preoperative nurse practitioner had a bit of a story to untangle about the recent 
ED visit when trying to decide if further workup was necessary. Patty gave a history 
of being transported to the ED with low blood pressure and a “faint pulse.” She 
reported that she had been admitted to the “observation unit” for a day and a half, 
but could give no other details about her hospitalization. However, she was able to 
give more detail about her preceding medical history. Her only prescription medica-
tion was felodipine for control of her hypertension. And although her IBS was mild, 
she occasionally used over-the-counter-medications when her symptoms worsened. 
Over time, Patty found that peppermint oil capsules were most effective in reducing 
IBS symptoms, and the fact that peppermint oil is an herbal remedy increased her 
confi dence in its safety. 

 Just prior to the ED visit, Patty had been experiencing increased IBS-related symp-
toms with worsened pain. She had tried to schedule an appointment with her  family 
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physician, but was unable to get an appointment for several weeks, While await-
ing the appointment, Patricia increased her intake of peppermint oil to try to 
improve her symptoms. On a particularly painful morning, she planned to spend 
the day with her grandchildren and used much more peppermint oil than usual. 
Later that day, Patty was preparing lunch and fainted. She lost consciousness only 
briefl y and was brought immediately to the ED by her neighbors for further evalu-
ation. Forutnately, our astute preoperative nurse practitioner immediately recog-
nized the likely cause of the syncopal episode and further unnecessary workup 
was avoided.  

    Discussion 

  This is an example of an inhibitor added to a substrate.  

 Patty’s hypotension-induced syncopal episode was due to an increased plasma con-
centration of felodipine resulting from an inhibition of felodipine metabolism by 
peppermint. Peppermint oil and its primary constituent menthol are moderately 
potent, reversible inhibitors of the cytochrome P450 (CYP) 3A4, the primary 
enzyme responsible for the metabolism of felodipine. In one study, the administra-
tion of oral peppermint oil (600 mg) versus placebo (water) increased felodipine 
concentrations by a mean of 140%. 1  Levels of cyclosporine and simvastatin may 
also be increased by concurrent use of peppermint. 2  Conversely, menthol has been 
reported to increase the clearance of warfarin, leading to decreased International 
Normalized Ratios. 3  ,  8  

 Peppermint is one of the oldest used medicinal herbs. Today, peppermint is used for 
many different reasons, and it is commercially sold in several forms. Peppermint oil 
capsules are used for dyspepsia and as an antispasmodic and have been shown to 
provide relief from the symptoms related to IBS in both children and adults. 4  ,  5  
Peppermint oil is also sold diluted in a topical preparation and has shown promising 
results in the treatment of pain related to postherpetic neuralgia. 6  Using over-the-
counter peppermint oil capsules in excess, such as in the case above, can lead to 
high doses of peppermint ingestion and potentially to inhibition of the CYP3A4 
enzyme. 

 Aside from its drug interactions, peppermint also has clinically signifi cant side 
effects. Some people have been shown to be allergic to peppermint oil, with rash 
being most commonly associated, and these folks would be ill advised to use the 
capsule or topical form. Although peppermint oil has been used in the treatment of 
dyspepsia, it also causes relaxation of the lower esophageal sphincter and can actu-
ally make heartburn and acid refl ux worse in some instances. 7   
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    Take-Home Points 

•     Medicinal use of peppermint oil should be avoided in combination with 
drugs that are metabolized by the CYP3A4 enzyme.  

•   Over-the-counter medications are not devoid of side effects and/or drug 
interactions, and should be discussed with a physician to determine safety.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  felodipine  
   Enzyme:  CYP3A4  
   Inhibitor:  peppermint  
   Clinical effect:  increased antihypertensive effect        
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    Abstract  
  This case discusses the pharmacodynamic interaction between leafy green 
vegetables and warfarin, resulting in loss of anticoagulant effect.  

      From Bleeding Gums 
to Green Thumbs: A True 
Story 
  Fatal Forty DDI:  warfarin, green vegetables                     

       Audra     M.     Webber   MD      and     Patricia     L.     Dalby   MD   

         Case 

 A 60-year-old anesthesiologist was on call for his practice and completed a tiring 
overnight shift. Early the next morning he began to experience palpitations and felt 
some chest discomfort. His fi rst instinct was to brush it off and head home, however, 
the anesthesiologist coming on call convinced him to go to the emergency depart-
ment for evaluation. As soon as the electrocardiogram (ECG) leads were placed, it 
was apparent he was experiencing intermittent atrial fi brillation, as well as short 
periods of supraventricular tachycardia. He was also signifi cantly hypertensive. He 
elected for medical therapy - fl ecanide, atenolol, and lisinopril, as well as warfarin 
for primary prevention of stroke with the goal of an International Normalized Ratio 
(INR) around 3.0. 

 Shortly after this regimen was initiated, the patient was scheduled for knee arthros-
copy and mentioned at his preoperative appointment that his gums were bleeding 
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when he brushed his teeth. His INR was found to be elevated at 6.7, and his warfarin 
frequency was decreased to every other day. In the meantime, the physician had 
embarked on a healthier lifestyle, including signifi cant changes in exercise habits 
and nutrition. When next evaluated, his INR had dropped to 0.9, even though the 
patient was utterly compliant with his warfarin regimen. None of his current medi-
cations were known to interact signifi cantly with warfarin, so his cardiologist made 
inquiries about other recent changes the physician had made. The physician related 
his recent increase in aerobic excercise – 1/2 hour daily 4 days a week, and then 
mentioned his turnaround in dietary habits. He had increased his intake of whole 
grains, fruits, and especially leafy green vegetables. He had even started gardening, 
and had been cooking his way through a bumper crop of kale.  

    Discussion 

  This is an example of a pharmacodynamic interaction.  

 Warfarin is one of the most widely prescribed anticoagulant medications. Patients 
are placed on warfarin therapy for a variety of reasons, often for atrial fi brillation, 
cardiac valve replacement, or deep vein thromboses. Response to therapy is notori-
ously variable, and derangements in INR can have a number of unwanted side 
effects. Studies have shown that at any one time point only 50% to 60% of patients 
on warfarin therapy are within their therapeutic range. 2  ,  5  Inhibition of the drug's 
activity can lead to subtherapeutic INR and increased likelihood of clotting and 
thromboemboli. Potentiation of warfarin can lead to a supratherapeutic INR and 
side effects of excessive anticoagulation like bleeding gums, hematomas, and gas-
trointestinal or intracranial bleeds. 

 Warfarin works by interfering with with vitamin K-dependent coagulation factors, 
specifi cally by inhibiting vitamin K epoxide reductase such that the resultant vita-
min KH2 is not available as a substrate for carboxylation of coagulation factors II, 
VII, IX, and X, rendering them functionally inactive. 5  Patient response to warfarin 
can be infl uenced by individual genetic components, interactions with coadminis-
tered medications, and dietary vitamin K intake. 4  Vitamin K from plants, specifi -
cally the phylloquinone which is available as vitamin K1, can bypass the warfarin 
sensitive pathway and be reduced to vitamin KH2 without VK epoxide reductase. 1  ,  3  ,  5  
Obviously this effect varies as diet varies, which is one of the reasons INR is so 
diffi cult to keep in the therapeutic range. A diet low in dietary vitamin K, for exam-
ple in cases of malnutrition or patients with poor fat-soluble vitamin absorption 
(such as gastric bypass patients), can potentiate the activity of warfarin. Conversely, 
a diet rich in leafy greens (which have the highest phylloquinone content of all veg-
etables), or one that includes vitamin supplementation, can inhibit the action of 
warfarin. As in the above case, it is often when patients embark on a healthier life-
style regimen that their vitamin K intake changes signifi cantly from baseline. It is 
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those patients with poor baseline vitamin K status that are most susceptible to large 
changes in INR with relatively small changes in vitamin K intake, especially with 
regard to vitamin supplements. 6  

 Which foods contribute most to dietary vitamin K content varies with food habits, 
some of which may be infl uenced by culture. The vitamin K content of common 
foods in shown in Table  194.1 . The US Recommended Daily Allowance of vitamin 
K for men is 120 mcg/daily and for women is 90 mcg /daily. A recent Brazilian 
study showed that kidney beans and soy oil were the most signifi cant contributers to 
dietary vitamin K in a Brazilian population. 2  This is notable because as kidney beans 
have relatively small amounts of phylloquinones, but are eaten in such quantity that 
they make a signifi cant contribution to the total. Although it is commonly thought 
that leafy green vegetables are the primary source of vitamin K in the American diet, 
tomato products such as pasta sauce and salsa can be consumed in suffi cient quan-
tity to contribute signifi cantly, even though they are relatively low in phylloquinone. 
Cooking foods in oil also aids vitamin K absorption as it is a fat-soluble vitamin. 
The cooking oil itself can also contribute to dietary phylloquinone content.

       Take-Home Points 

•     Diet has a signifi cant impact on INR, often more so than medications and 
over and above any variation in response attributible to genetic variation.  

•   Leafy greens such a broccoli, kale, and rapini have the highest levels of 
phyllopquinones, but cooked tomatoes, which are more common in the 
American diet, can also contribute a signifi cant amount of vitamin K.  

•   Diet changes daily, but patients are often on a regimented warfarin dosing 
schedule. The goal is not to have patients omit these healthy foods from 

   Table 194.1    Vitamin K Content of Common Foods   

 300–600 mcg/serving  70–100 mcg/serving  >10 mcg/serving  10 mcg/serving 

 Kale  Brussels sprouts  Sauerkraut/Cabbage  Olive oil 
 Collard greens  Broccoli  Peas  Potatoes 
 Spinach  Asparagus  Lettuce  Carrots 
 Turnip or beet greens  Canola oil 
 Rapini  Artichokes 

 Pasta sauce 
 Tomato paste 
 Peppers 
 Salsa 

  [Based on data from Refs. [ 2 ,  6 ]  
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their diet entirely, but to regularly consume the same amount of phylloqui-
none-rich foods. This requires patient education regarding the vitamin K 
content of foods common in the particular patient's diet. Additionally, any 
addition of vitamin supplementation or sweeping revamps of dietary intake 
should be accompanied by more frequent monitoring of INR.  

•   For patients undergoing surgery, an INR should be obtained within 1 day 
of the scheduled procedure. A 2-week-old INR is not necessarily refl ective 
of the patient's current state of anticoagulation as their diet may have 
changed signifi cantly in the weeks leading up to surgery.  

•   If warfarin therapy is being held or modifi ed in the week preceding an elec-
tive surgery, patients should be counseled not to make any changes in their 
diet or to start or stop vitamin supplementation.  

•   Anticoagulation therapy with warfarin can result in quite erratic patient 
blood levels of the drug that is affected by many factors. Clinicians should 
look carefully for signs of supratherapeutic or subtherapeutic levels of 
anticoagulation.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  warfarin and leafy green vegetables  
   Site of action:  vitamin K-associated coagulation cascade  
   Clinical effect:  loss of warfarin effi cacy        
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    Abstract 
 This case discusses the synergistic pharmacodynamic interaction between the 
mineralocorticoid activity of licorice, and the diuretic effects of hydrochloro-
thiazide, each contributing to the development of hypokalemia.  

 Delicious but Malicious 
 Licorice, spironolactone, hypokalemia                     

       Eric     Fox   BA      and     Kirk     Lalwani   MD, FRCA, MCR   
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         Case 

 One December evening, a 57-year-old man was seen in the Emergency Department 
(ED) with concerns about his heart “racing” and having a hard time catching his 
breath. He collapsed in the triage area and was immediately rushed to a bay by the 
ED staff. He was found to be in ventricular fi brillation, and successfully treated with 
cardiopulmonary resuscitation and defi brillation. A 12-lead electrocardiogram 
(ECG) showed signifi cant ST segment depression, but his cardiac enzymes were 
normal, and the ST depression had resolved on a repeat ECG. Serum potassium was 
dramatically low at 1.9 mmol/L but other laboratory values were normal. The 
patient was transferred to the intensive care unit (ICU) for monitoring and adminis-
tration of intravenous (IV) potassium chloride. 

 On initial workup, the ICU doctor obtained the history that patient was generally 
healthy, but had been on a low dose of hydrochlorothiazide to manage mild hyper-
tension. A careful history revealed that the patient had a 24-year-old son, who had 
recently graduated from college and been hired to do marketing for a famous lico-
rice company in California. In addition to supplying his son with gainful employ-
ment and fulfi lling work, the company also liberally supplied their employees with 
confectionery products from the company’s lineup. The son had just recently started 

        E.   Fox   BA      (*) 
  College of Medicine, Oregon Health and Science University ,   Portland ,  OR ,  USA   
 e-mail: foxe@ohsu.ed   

    K.   Lalwani   MD, FRCA, MCR    
  Department of Anesthesiology & Perioperative Medicine , 
 Oregon Health and Science University ,   Portland ,  OR ,  USA    

mailto:foxe@ohsu.ed


872

shipping his dad a 4-pound mega-tub of black licorice every week or two. The 
patient’s wife occasionally helped out, but the patient happily shouldered the burden 
of consuming the licorice before the next tub arrived. The intensivist, who also har-
bored a love of licorice (especially at the movies), faintly recalled hearing of a 
woman who had survived cardiac arrest secondary to eating heroic quantities of 
licorice (4.5 pounds per week). 1  Following correction of his hypokalemia and 
detailed discussions about the dangers of excessive licorice consumption, the patient 
was  discharged without further incident.  

    Discussion 

  This is an example of a synergistic pharmacodynamic interaction.  

 Licorice has seen liberal use for centuries as a food sweetener and natural remedy 
for ailments such as peptic ulcers, indigestion, cough, bronchitis, and sore throats. 2  
However, excess licorice consumption can result in symptoms of mineralocorticoid 
excess, such as hypokalemia, metabolic alkalosis, sodium retention, hypertension, 
and suppression of the renin-angiotension-aldosterone system. 3  Licorice contains 
glycyrrhizic acid (GZA), which imparts both the sweet fl avor and pharmacody-
namic properties of licorice. 4  GZA is hydrolyzed in the intestines into glycyrrhetic 
acid (GTA) and other active metabolites, which are potent inhibitors of 
11-β-hydroxysteroid dehydrogenase (11β-OHSD). 3  ,  4  

 Mineralocorticoids such as aldosterone act in the kidney to promote potassium and 
hydrogen ion secretion as well as sodium bicarbonate reabsorption. The mineralo-
corticoid receptors also have a high affi nity for glucocorticoids such as cortisol, 
which are generally present at much higher plasma concentrations than aldosterone. 
These circulating glucocorticoids are prevented from exerting effects at the renal 
mineralocorticoid receptors by the presence of tissue localized 11β-OHSD, which 
converts cortisol to its inactive form, cortisone, but has no effect on aldosterone. 
When 11β-OHSD is inhibited by GTA and other GZA metabolites, the body’s 
endogenous cortisol is not deactivated in the kidneys and is permitted to act on the 
mineralocorticoid receptors, producing the observed symptoms of apparent miner-
alocorticoid excess. 3  

 The patient in this case suffered from a tachydysrhythmia followed by ventricular 
fi brillation due to dramatic hypokalemia brought about by his recent boost in lico-
rice consumption. His tendency to lose potassium from his kidneys as a result of 
licorice’s mineralocorticoid activity was further exacerbated by his concurrent use 
of a thiazide diuretic. Hypokalemia is a well-known side effect of thiazide diuretics, 
which increase delivery of sodium ions to the collecting duct and drive the secretion 
of potassium ions through the Na/K exchanger. Concurrent use of a thiazide diuretic 
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and large quantities of licorice overwhelmed the body’s ability to regulate potas-
sium balance, resulting in the dramatic presentation of hypokalemia observed 
above. 

 It should be noted that although various cardiac dysrhythmias have been observed 
due to excess licorice consumption, ventricular fi brillation is relatively rare. 1  ,  5  
Hypokalemia secondary to excess licorice consumption responds to treatment with 
spironolactone, a mineralocorticoid receptor antagonist, and is reversible upon dis-
continuation of the patient’s licorice habit. 5   

    Take-Home Points 

•     This case emphasizes the overwhelming importance of a thorough history. 
Without the full story, seemingly superfl uous details (such as the consump-
tion of pounds of licorice per week) might escape the clinician, setting the 
patient up for misdiagnosis, relapse, or unnecessary investigations.  

•   Licorice is found in a surprising array of products, including the obvious 
confectionaries and teas, but also some less obvious products such as 
liquors (absinthe, ouzo, pastis, Belgian beers, etc.), herbal cough syrups, 
throat lozenges, gum, chewing tobacco, and as a stiffening agent in pills. 3   

•   While the mineralocorticoid effects of licorice have been well established, 
the connection may be diffi cult to ascertain in acute presentations of min-
eralocorticoid excess.  

•   Given the prevalence of licorice containing products, the morbidity associ-
ated with accidental excess consumption could be substantial. 3      

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  licorice and hydrochlorothiazide  
   Site of action:  nephron  
   Clinical effect:  hypokalemia        
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    Abstract 
 This case discusses a complex pharmacodynamic interaction between digoxin 
and natural licorice, resulting in digoxin toxicity.  

 I Just Can’t Lick This 
Problem 
  Fatal Forty DDI:  licorice, electrolytes, digoxin                     

       Koshy     M.     Mathai   MD     ,     Michael     P.     Hutchens   MD    , 
and     Robert     G.     Krohner   MD   

    196   

         Case 

 A 55-year-old man with a history of hypertension, atrial fi brillation, congestive 
heart failure, and a distant knee arthroscopy presented for elective laparoscopic cho-
lecystectomy. His medication list included digoxin. The anesthesiologist noted the 
patient appeared diaphoretic and lethargic. When asked about his last oral intake, 
the patient said he had been nauseated and vomited several times since eating a 
whole bag of his favorite natural licorice candy – a staple part of his diet–which he 
had nervously binged on the afternoon before surgery. Having recently read about 
the effects of natural licorice, the anesthesiologist ordered an electrocardiogram 
(EKG), which demonstrated frequent premature ventricular contractions and a 
10 beat run of ventricular tachycardia. The anesthesiologist cancelled the elective 
surgery and obtained an emergent cardiology consult, which resulted in an admis-
sion to the medical intensive care unit and treatment for digoxin toxicity.  
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    Discussion 

  This is an example a complex pharmacodynamic interaction  

 Glycyrrhiza is a genus classifi ed into more than 20 species, all of which have been 
known as licorice and long used as fl avoring and natural medicine. 1  The popular 
herb is found across the world and is native to central and southwestern Asia and the 
Mediterranean, in both temperate and subtropical regions. 2  It has been used across 
cultures; there is documented use by the Assyrians, Egyptians, Chinese, Indians, 
Greeks, and Romans for respiratory tract infections and symptoms of hepatitis. 2  In 
fact, it has been used within the past 60 years as an anti-hepatitis agent. 3  

 There are several active components of the licorice herb: triterpene saponins, fl avo-
noids, isofl avanoids, and chalcones. Glycyrrhizic acid (GLA) or glycyrrhizin is the 
main biologically active compound. 1  Glycyrrhizic acid is approximately 50 times 
sweeter than sugar. 1  

 GLA competitively binds the enzyme 11-ß-dehydrogenase, which forms together 
with 11-oxoreductase to make the enzyme complex 11ß-HSD. It is this complex 
that is responsible for the interconversion of cortisol and cortisone. The binding of 
11-ß-dehydrogenase by GLA results in the inhibition of oxidation of cortisol. 
Mineralocorticoid receptors in the distal nephron are thus activated by cortisol; the 
previous enzyme complex no longer protects it. The consequence is a state of appar-
ent mineralocorticoid excess in which there is suppressed renin and aldosterone 
production secondary to sodium retention and volume expansion. 4  This syndrome is 
known as pseudohyperaldosteronism. Clinically, it is marked by hypertension, 
hypokalemia, and metabolic alkalosis. 5  Digoxin acts via inhibition of the sodium-
potassium ATPase, resulting in higher intracellular sodium concentrations and 
lower intracellular potassium concentration. Patients suffer symptoms of toxicity 
(nausea, anorexia, lethargy, and a wide variety of dysrhythmias) at lower serum 
digoxin levels when the serum potassium level is subnormal. 6  

 Metabolism of oral glycyrrhizin is initiated by ß-D-glucuronidase supplied by 
intestinal bacteria. This transforms the herbal component into its active form, 
GLA. If administered by IV, it is metabolized by liver lysosomal ß-D-glucuronidase 
to 3-mono-glycuronidase, which is then excreted into the bile and intestine, where 
ultimately, bacteria metabolize it further into GLA. The active metabolite then 
undergoes enterohepatic recirculation versus fecal excretion. 5  Entero-hepatic circu-
lation may prolong metabolic effects. Furthermore, even though the body may be 
rid of the drug within a few days, existing electrolyte abnormalities and hyperten-
sion from chronic use may take weeks to resolve after discontinuation. 5  

 Although little evidence supports therapy with GLA, it is present in many products. As 
a fl avoring agent, it has been used in chewing gum, chocolate, candy, cigarettes/snuff, 
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and as a mask for bitter aloe/quinine. It has been used in toothpastes, mouth rinses, and 
cosmetics. 5  ,  7  In addition GLA has been used as treatment for adrenal insuffi ciency, 
apthous ulcers, dermatitis, Crohn’s disease, croup, gastrointestinal ulceration, herpes 
simplex virus, and viral hepatitis. It has even been shown to reduce the thickness of 
subcutaneous thigh fat. 8  

 The potential interaction between licorice and digoxin resulting in toxicity is high-
lighted here. Generally, the use of GLA is cautioned or contraindicated in four groups: 9 

 –    patients on warfarin, NSAID, and antiplatelet agents, because GLA can 
have anti- platelet effects.  

 –   patients on nitrofurantoin, as GLA can lead to increased excretion of the 
drug.  

 –   patients taking antihypertensives, diuretics, digoxin, laxatives, steroids, or 
hormone replacement therapy because electrolyte imbalances can be made 
evident.  

 –   women who are pregnant because the effects on fetal growth are not 
well-delineated.     

    Take-Home Points 

•     Recommendations for safe dosing of GLA are in dispute. The US FDA 
states that current evidence does not support a defi nitive recommendation 
regarding safe levels of GLA consumption, and to date, there is no evi-
dence that glycyrrhizin at currently consumed levels is teratogenic or 
mutagenic. 9  ,  10   

•   The amount of GLA in many products, and thus, the amount consumed by 
a patient, is unpredictable. Laboratory analysis may not be available. 
A good history and physical, including a thorough review of systems, will 
be what tips the clinician off to major abnormalities, including the possi-
bility of life-threatening dysrhythmias.  

•   If GLA use is identifi ed, and abnormal potassium/volume status is recog-
nized, discontinuation of GLA for 2 weeks will generally result in ade-
quate clearance and normalization of the electrolyte/volume status.  

•   As a general rule, a dietary history and a history of herbal compound/ 
supplement can only be useful additions to the patient interview.     

196 Fatal Forty DDI: licorice, electrolytes, digoxin  
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    Summary 

     Interaction:  pharmacodynamics (complex)  
   Substrates:  digoxin and natural licorice  
   Sites of action:  multisystem  
   Clinical effect:  digoxin toxicity        
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    Abstract 
 This case discusses a food–drug interaction the monoamine oxidase inhibitor 
tranylcypromine and tyramine, resulting in hypertensive emergency.  

 Sommelier’s Surprise 
 Tyramine-rich foods, MAOI drugs, 
monoamine oxidase                     

       Charles     Lin   MD      and     Joseph     F.     Talarico   DO   

    197   

         Case 

 A 64-year-old woman arrived in the trauma bay after suffering a fracture of the 
humerus when her scooter hit a tree. The patient was scheduled for an emergent 
external fi xation of the humerus and the anesthesiologist was called to do her preop-
erative evaluation. The patient stated that she was returning home from a wine and 
cheese party when her scooter hit a wet patch on the road. Her vital signs included 
heart rate of 110 beats per minute and blood pressure of 240/110 mm Hg, although 
she stated that her blood pressure was normally well controlled with lisinopril. She 
complained of a headache that preceded the accident, but was getting worse. Review 
of the radiologic imaging obtained in the emergency room showed a normal com-
puted tomography (CT) of the head without hemorrhage. An electrocardiogram 
(ECG) showed sinus tachycardia but no ST-wave changes. Her only medications 
were lisinopril and tranylcypromine (Parnate®) for depression. Despite multiple 
doses of fentanyl for pain control, the patient remained hypertensive. Her hyperten-
sion responded well to labetalol and decreased to 140/90 mm Hg after 10 minutes. 
The surgeons were impatiently waiting for the anesthesiologist’s decision to bring 
the patient back to the operating room.  
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    Discussion 

  This an example of a pharmacodynamic interaction.  

 Monoamine oxidase inhibitors and concomitant consumption of tyramine-rich 
foods should always be considered in the differential diagnosis of hypertensive 
 crisis during the perioperative period. 

 Hypertensive crises or emergencies are defi ned as systolic blood pressure greater 
than 180 mm Hg or diastolic blood pressures greater than 110 mm Hg with associ-
ated end-organ damage such as cerebral hemorrhage, altered level of consciousness, 
retinopathy, angina, myocardial infarction, or renal failure. 1  The distinct difference 
between a hypertensive crisis from a hypertensive urgency is the absence of end- 
organ damage, not the degree of blood pressure elevation. 1  The patient in this clinical 
vignette manifests symptoms suggestive of a hypertensive urgency, because there 
are no focal neurological fi ndings, and the CT revealed no abnormalities. The man-
agement of hypertensive crises and urgencies primarily involve controlling the blood 
pressure to mitigate end-organ damage, as opposed to lowering the blood pressure to 
normal levels. In fact, lowering the blood pressure should be controlled to avoid 
precipitous decrease which may result in cardiac or neurological complications. 
With the exception of acute aortic dissection, the goal in the use of intravenous anti-
hypertensive therapies is to reduce the diastolic blood pressure by 10% to 15% or to 
110 mm Hg within 30 to 60 minutes. 1  Appropriate anti-hypertensive medications 
include esmolol, phentolamine, nitroglycerin, and nitroprusside because they share 
qualities of rapid onset and short duration that permit titration. Alternatively, rapid 
onset agents with longer duration of action, such as labetalol or hydralazine, can be 
used when carefully titrated to avoid a precipitous decrease in blood pressure. 

 In trauma patients such as the one described, there are many causes for hyperten-
sion, the most common including pain or preexisting hypertension. One often over-
looked cause is drug–drug or food–drug interactions, in this case the concurrent 
consumption of tyramine-rich foods with monoamine oxidase inhibitors (MAOIs) 
such as tranylcypromine. Monoamine oxidase inhibitors treat the symptoms of 
depression by blocking the action of monoamine oxidase (MAO) enzymes that 
inhibit the metabolism of biogenic amines including tyramine, dopamine, norepi-
nephrine, epinephrine, and serotonin. Monoamine oxidase exists as two subtypes: 
MAO-A and MAO-B. MAO-A inhibition in the brain produces the antidepressant 
effect, but it also potentiates the adverse hemodynamic effects associated with a 
tyramine-rich diet when it works in the periphery. 2  Selective MAO-B inhibition is 
used in the treatment of Parkinson’s disease because one of its preferred substrates 
is dopamine. It also accounts for 80% of the total MAO activity in the basal  ganglia. 2  
Hypertensive crises or urgencies arise when monoamine oxidase inhibitors block 
the peripheral MAO-A enzymes from controlling tyramine levels in the blood dur-
ing the consumption of tyramine-rich foods such as aged wine and cheese. Tyramine 
has 1/20th to 1/50th of the vasopressor potency of epinephrine, but treatment with 
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MAOI therapy can increase the pressor response to tyramine by 30-fold. 3  In addi-
tion, tyramine causes the release of stored norepinephrine from peripheral adrener-
gic nerve terminals. 2  Tranylcypromine is the most common offending drug at doses 
of 20 to 50 mg daily; however, case reports of hypertensive crises caused by admin-
istration of phenelzine (Nardil ® ) and pargyline have also been published. 3  

 Tyramine exists naturally in cheeses and is formed during bacterial protein degrada-
tion in meats; spoiled or preserved foods may contain large amounts of tyramine. 4  
The following table provides a useful guide for dietary restrictions (Table  197.1 ).

       Take-Home Points 

•     One commonly overlooked cause for hypertensive crises is the interaction 
between the patient’s diet and monoamine oxidase inhibitors.  

•   Tyramine is a vasopressor compound found in many foods and several 
beverages.  

•   An intact monoamine oxidase system will metabolize tyramine to prevent 
signifi cant end-organ catecholaminergic effects from tyramine.  

•   Administration of a monoamine oxidase inhibiting drug such as tranylcy-
promine, phenelzine, and pargyline will prevent the breakdown of 
 tyramine. Thus, tyramine indigested in the diet acts as an exogenous 
cathecholamine surge.  

•   Hypertensive crises and urgencies require immediate management to 
reduce the blood pressure by 10 to 15% with intravenous antihypertensive 
medications.  

•   To best care for our patients, it is important to elicit a thorough medical and 
medication history to ensure that pertinent albeit unlikely differential diag-
noses are not missed.  

   Table 197.1    Foods and Beverages with Possible Interaction with Monoamine Oxidase Inhibitors   

 Aged cheese 
 Aged and cured meat including: 
pepperoni, salami, mortadella  Banana Peel 

 Beer: bottled, canned or 
tapped 

 Fava and broad 
 bean pods 

 Spoiled meat  Poultry and fi sh 

 Sauerkraut  Soy products  Wine: 
 Red and white 

 Marmite yeast 
concentrate 

  [Based on data from Refs. [ 2 ,  5 ]  
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•   As a general rule, tyramine is found in foods that have been degraded or 
preserved including aged cheeses, wines, and meats.  

•   Tranylcypromine is the monoamine oxidase inhibitor most commonly 
reported to be involved in hypertensive crises and urgencies.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  tranylcypromine (MAOI) and tyramine  
   Mechanism/site of action : inhibition of the enzyme in the central nervous system 

leads to catecholamine surge at peripheral catecholamine receptors.  
   Clinical effects:  hypertensive urgency        
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         Case 

 A 56-year-old, unrestrained man was involved in a motor vehicle crash and was 
ejected from the vehicle. He was intubated at the scene and transferred by helicopter 
to a tertiary care center, where he was noted to have multiple musculoskeletal inju-
ries including multiple rib fractures, left scapular fracture, a pelvic fracture, and a 
right femur fracture. Physical exam and imaging were negative for any additional 
injuries. 

 On post-trauma day 1, he underwent open reduction and internal fi xation of his 
pelvic and femur fractures and had paravertebral nerve blocks placed for his rib 
fractures. The patient was extubated, started on aggressive pulmonary toilet, and 
had his diet advanced. Despite pulmonary toilet including incentive spirometry and 
pain control, the patient developed tachypnea with shallow breathing which he 
attributed to pain from his ribs and he remained in the intensive care unit (ICU). On 
post-trauma day 3, the patient developed a fever and productive cough and there was 
a concern for nosocomial versus community-acquired pneumonia. A sputum culture 
was obtained and he was started on empiric cefepime and vancomycin. He responded 
well to the empiric antibiotic therapy with improved respiratory function. On 

    Abstract  
  This case discusses reduced bioavailability of a fl uoroquinolone due to con-
sumption of calcium-containing food (dairy products).  

 Dairy Carefully 
  Fatal Forty DDI:  dairy, fl uoroquinolone                     
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 post-trauma day 5, his sputum culture grew methicillin-susceptible  Staphylococcus 
aureus,  which was sensitive to levofl oxacin. The antibiotic regimen was then 
changed to oral levofl oxacin. The patient was transferred to the ward and continued 
his regular diet, including snacks of fortifi ed cereal and milk, orange juice, and a 
few ice cream treats brought in by his wife. Three days later, the patient became 
tachypneic and febrile with cough again productive of purulent sputum.  

    Discussion 

  This is an example of a pharmacokinetic (malabsorption) interaction.  

 Dairy products contain calcium, a divalent cation that is stored in teeth and bones 
and is essential to health. Calcium functions as a cellular messenger and is inti-
mately involved with muscle contraction. For the average adult, the recommended 
daily requirement for calcium, the most abundant mineral in our body, is 1000 mg. 

 Calcium interacts with drugs through chemical interactions. Chelation interactions 
between calcium and various drugs may decrease drug absorption. Fluoroquinolones 
are chelated by calcium, and this interaction may have resulted in the patient’s 
decompensation. 

  In vitro  studies have long supported the decreased availability of levofl oxacin in the 
presence of calcium. 2  In recent studies in humans, levofl oxacin and gatifl oxacin 
have both been shown to have decreased bioavailability when consumed with 
calcium- fortifi ed orange juice. 3  ,  4  Whether this is directly related to a chelation reac-
tion or related to intestinal absorption mechanisms in the presence of calcium- 
containing juice has yet to be determined. 

 Most of the package inserts for these antibiotics suggest that the patient take the 
fl uoroquinolone at least 2 hours before or after consuming a calcium-containing 
supplement, antacid, or calcium-containing food. However, yogurt taken with moxi-
fl oxacin had little effect on drug absorption and pharmacokinetics in healthy volun-
teers and thus, no specifi c dairy-related recommendations are needed for this 
antibiotic agent. 5  ,  6  

 Tetracycline, and to a lesser extent, minocycline, are also less well absorbed after 
milk ingestion while phenytoin may exhibit decreased absorption inthe presence of 
caseinate salts and calcium chloride. 7  ,  8  Bisphosphonates (alendronate, risedronate, 
and ibandronate) have low bioavailability, and little drug is absorbed when given 
with any type of food or beverage other than water; this is especially problematic 
with dairy products. Levels of cefuroxime, a cephalosporin antibiotic, are decreased 
when taken with dairy products. Other cephalosporins do not appear to be affected. 1  
In addition, methotrexate levels are decreased with the consumption of milk-rich 
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foods. 3  As a general rule, administration of dairy products and/or calcium supplements 
should be separated from the interacting drug by at least 2 to 4 hours. 

 Given the popularity of calcium-fortifi ed foods, this and similar studies suggest the 
need to include consumption of such products in evaluating bioequivalence and 
bioavailability. It is especially important that patients be monitored for decreased 
therapeutic effects of oral quinolones if these antibiotics are coadministered with 
oral calcium supplements.  

    Take-Home Points 

•     Dairy products, as well as calcium supplements and calcium-fortifi ed 
foods, may cause impaired bioavailability of certain antibiotics such as 
some of the fl uoroquinolones and tetracyclines.  

•   Decreased absorption and thus bioavailability is due to chelation between 
the functional groups and calcium.  

•   Moxifl oxacin, a newer fl uoroquinolone, does not appear to have altered 
pharmacokinetics when taken with dairy products.  

•   Other medications such as phenytoin may have decreased absorption when 
taken concomittantly with enteral nutrition.     

    Summary 

     Interaction:  pharmacokinetic (malabsorption) secondary to chemical interaction 
(chelation)  

   Substrates:  calcium, fl uoroquinolones  
   Site of Action:  gut lumen  
   Clinical Effect : decreased absorption leading to decreased bioavailability and drug 

effi cacy        
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Abstract
This case discusses a pharmacokinetic interaction between dietary fiber and 
oral thyroid replacement therapy resulting in decreased absorption and lack of 
efficacy of thyroid hormone replacement.

 Case

It was 3 PM on a Friday afternoon when the anesthesiologist at a Level 1 trauma 
center was informed by the operating room desk that an open reduction/internal 
fixation had been scheduled in her room. She went to the preoperative holding area 
and found an obtunded, mildly obese 71-year-old women who had fallen at her 
nursing home and had fractured her right hip. Her son was with her and told the 
anesthesiologist that her mental status was pretty typical as she suffered from 
Alzheimer’s dementia and had steady and significant cognitive decline in the past 6 
months. The patient also had a history of hypertension, hypothyroidism, hypercho-
lesterolemia, chronic constipation, coronary artery disease, and a myocardial infarc-
tion 10 years earlier. She had undergone a cholecystectomy and appendectomy 3 
years earlier and a thyroidectomy 7 months earlier for thyroid cancer. The patient’s 
medicines were significant for aspirin, simvastatin, metoprolol, levothyroxine, 
donepezil (Aricept®), colace, senna, and hydrochlorothiazide.
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On physical exam, the anesthesiologist noted puffiness in the patient’s hands and 
face, swollen lips, thickened nose and nonpitting edema in her legs. Her vital signs 
were significant for a temperature of 34.8°C checked both orally and maxillary as 
well as a blood pressure of 90/70 mm Hg. The patient’s labs were significant for a 
sodium of 123 millimoles/L and a glucose of 54 mg/dL.

At this point, the anesthesiologist asked the son whether his mother had been get-
ting her thyroid replacement therapy. The son responded by saying that his mother 
got her levothyroxine (Synthroid®) every morning with her breakfast of a bran muf-
fin and whole-wheat toast, which the nursing home served to prevent constipation. 
The anesthesiologist recommended that the case be postponed because the patient 
was suffering from myxedema coma secondary to inadequate thyroid hormone 
replacement. The patient was admitted to the intensive care unit (ICU) where she 
was given 100 mg of intravenous hydrocortisone. Laboratory studies were drawn 
including thyroid-stimulating hormone (TSH), tetraiodothyronine (T4), triiodothy-
ronine (T3), cortisol, and adrenocorticotropic hormone (ACTH).

 Discussion

This is an example of a pharmacokinetic interaction involving absorption or 
(more accurately) malabsorption.

More specifically, this is an example of how changes in fiber intake can decrease 
oral bioavailability of certain drugs.

Dietary fibers have many beneficial effects on the body.1,2 Fiber promotes greater 
chewing and increases salivation, which protects the teeth. Soluble fiber, found in 
fruits, vegetables, rye, and oats, forms a gel-like compound in the stomach, which 
slows down gastric motility.1–3 This results in early satiety and also prevents rapid 
fluctuations in blood sugar, which is particularly beneficial in diabetics. Insoluble 
fiber, found in cereal grains and vegetables, stimulates the intestinal mucosa and 
absorbs water and other waste products promoting better gastrointestinal health. 
Several studies demonstrate that high fiber diets, specifically the consumption of 
vegetables and fruits, lowers the risk for colorectal cancer.1–4 Fiber in the gastroin-
testinal (GI) tract also binds dietary cholesterol, lowering low-density lipoprotein 
(LDL) cholesterol and reducing the risk for heart disease.

However, dramatic and rapid changes in amount and timing of fiber consumed can 
affect oral bioavailability of certain drugs like digoxin, levothyroxine, lithium, and 
statins.5–8 In addition, the blood concentrations of certain electrolytes like magne-
sium, zinc, and calcium can also be affected by dramatic changes in fiber intake.9–11 
The mechanism of action is presumably that fiber in the GI tract binds these medica-
tions before they are absorbed into the blood stream, hence reducing the concentra-
tion of these medications to subtherapeutic levels. In studies of  levothyroxine and 
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digoxin, it was shown that blood concentrations of these drugs were not decreased 
if there was a time delay between consumption of a high-fiber meal and the taking 
of these medications.7,8

Synthroid should be taken in a fasting state preferably in the morning at least an 
hour before breakfast to prevent any dietary interactions.12 In addition, several stud-
ies have shown that dietary fibers greatly affect the absorption of levothyroxine 
from the jejunum and terminal ileum so TSH and T4 levels should be checked if 
there are any changes in timing and quantity of fiber consumption.13 It should be 
noted that although dietary fiber will delay absorption of levothyroxine, synthetic 
fibers at doses found in over-the-counter supplements do not have a significant 
effect on levothyroxine absorption.14

In this clinical scenario, the increase in fiber as well as the simultaneous administra-
tion of a high fiber breakfast with levothyroxine resulted in inadequate absorption 
of the levothyroxine. Although myxedema coma is very uncommon because of the 
ease of checking TSH and T4, older women with dementia are a special subset of 
patients that can be missed because the signs and symptoms of myxedema coma 
could be confused with natural aging in these patients.15 Myxedema coma is an 
endocrine emergency with up to 40% mortality and all elective surgeries should be 
cancelled until the patient is medically managed.

 Take-Home Points

• Often during perioperative evaluation, physicians fail to inquire about 
changes in diet. The reason is because changes in a diet are often subtle 
and the interactions with medications are overlooked. However, several 
foods interact with medications resulting in variations in concentrations of 
medications, for example levothyroxine and high-fiber diets.

• It is important for perioperative physicians to spend enough time with a 
patient the day of surgery in order to do a focused history and physical. 
This is often difficult with debilitated nursing home patients but the peri-
operative physician must remember that he or she is the last safety check 
for the patient before surgery and must therefore remain vigilant.

• High-fiber diets have several positive effects on the body and it is not 
wise to council patients to eliminate fiber from their diets before surgery. 
However, if a patient starts consuming significantly less or more fiber 
over a short period of time, it is important to enquire about their medica-
tions and make sure that there is time delay between meal times and when 
medications are taken. This is especially crucial for medications that have 
narrow therapeutic ranges and high toxicity profiles like levothyroxine 
and digoxin.
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• Levothyroxine has many drug and food interactions and therefore should 
be taken in a fasting state.

• Myxedema coma is an endocrine emergency and surgery must be delayed 
until all the physiologic perturbations are corrected.

 Summary

Interaction: pharmacokinetic (absorption)
Substrates: thyroxine
Site of action: intestinal mucosa
Inhibitor: dietary fiber
Clinical effects: decreased absorption and bioavailability of thyroxine with result-

ing hypothyroidism
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    Abstract  
  This case discusses an interaction between ceftriaxone and total parenteral 
nutrition (TPN) minerals, resulting in line precipitation, and a pharmacody-
namic interaction between TPN solution and a nondepolarizing neuromuscu-
lar blocking agent. Other implications of the use of TPN in the perioperative 
period are reviewed.  

         Case 

 A 57-year-old man with a history of hypertension and alcoholism who was 5 weeks 
status post-motor vehicle accident presented to the operating room (OR) for percu-
taneous gastrostomy tube placement. He had been slow to wean from mechanical 
ventilation and required long-term enteral access. He had been receiving total par-
enteral nutrition (TPN) through a peripherally inserted central catheter (PICC) for 
the past week. In the OR, the anesthesiologist decided to disconnect the patient’s 
TPN infusion and to induce general anesthesia through the PICC line. The patient 
received vecuronium for neuromuscular blockade. The anesthesia team gave 1g of 
ceftriaxone per surgeon request and immediately noticed white crystals in the line. 
The anesthesia resident secured a peripheral intravenous (IV) line for the remainder 
of the case. At the end of the case, the patient was unable to be extubated. He 
appeared weak despite full reversal of neuromuscular blockade and was not follow-
ing commands. Postoperative labs revealed serum phosphate of 500 mg/dL (low) 
and serum glucose of 24 mg/dL. After sign-out to the intensive care team, there was 
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considerable discussion as to the etiology of the patient’s weakness and 
unresponsiveness.  

    Discussion 

  This is an example of a physicochemical drug interaction. There is also a phar-
macodynamic interaction involving combined drug effects superimposed on 
metabolic derangements resulting in neuromuscular weakness.  

 The potential complications of TPN infusions include both catheter-related and 
metabolic complications. The most common of these complications are drug inter-
actions with TPN infusions (eg, precipitation of many drugs with calcium in the 
TPN solution) and metabolic derangements (eg, hypophosphatemia, hypo, and 
hyperglycemia). The patient in the above case scenario likely was weak from hypo-
phosphatemia and unresponsive from hypoglycemia. Hypophosphatemia is com-
monly seen in malnourished patients and can worsen during the initial “refeeding 
stage” of TPN infusion therapy. This is commonly referred to as “refeeding syn-
drome.” Additionally, TPN infusions can contain large amounts of dextrose and/
or insulin, which could be the etiology for hyperglycemia and hypoglycemia in the 
perioperative period. TPN is rightfully considered to be a feeding modality, but it is 
actually a cocktail of a number of drugs, all with potential actions and interactions 
in the perioperative period. It is imperative that the perioperative provider under-
stand the issues surrounding TPN infusions and identify patients at greatest risk for 
these complications. 

 When enteral feeding is contraindicated (eg, ileus), TPN is used as a way to provide 
nutritional support until enteral feedings can be resumed. However, aggressive nutri-
tional support of the malnourished patient may lead to refeeding syndrome. Patients 
at high risk for this include those patients with a body mass index <16, unintentional 
weight loss >15% in the past three to six months, little or no nutritional support for 
>10 days, history of alcohol use, chemotherapy, or diuretic use. 1  

 Refeeding syndrome is defi ned as shifts in fl uids and electrolytes that may occur in 
malnourished patients receiving either parenteral or enteral nutrition, with the most 
remarkable biochemical disturbance being severe hypophosphatemia. 2  The patho-
physiology is believed to be due to the metabolic and hormonal changes that occur 
in the starvation state; conversion to the use of fat and protein for energy sources 
(instead of carbohydrates), increase in serum ketone bodies, and decreased gluco-
neogenesis. Minerals and cofactors such as potassium, phosphate, magnesium, and 
thiamine are depleted during the starvation state, but their serum levels may appear 
normal due to the intracellular contraction. When enteral or parental feedings are 
initiated, glycemia causes insulin secretion, which in turn stimulates glycogen, fat, 
and protein synthesis. 2  These metabolic processes require the key minerals and 
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 cofactors listed above, which leads to critically low levels of these already depleted 
minerals. 

 Standard TPN infusions contain a mixture of amino acids, dextrose, and electrolytes 
(including sodium, potassium, calcium, magnesium, and phosphorus). Additives 
include insulin, vitamins, and lipid emulsions. Any patient on TPN should be 
closely monitored throughout the perioperative period for metabolic  abnormalities, 
with particular attention to serum glucose, phosphate, magnesium, and potassium. 3  
For example, hypophosphatemia may present as respiratory muscle failure and/or 
myocardial dysfunction, as phosphate is a key mineral in synthesis of ATP, 2,3- 
diphosphoglycerate, and membrane phospholipids. 4  

 Catheter-related issues with TPN infusions arise from the need for a dedicated cen-
tral venous line for infusion. Central venous lines carry inherent risks for injury 
during placement, as well as risks for infection and thrombosis. Several issues and 
questions arise when the patient arrives in the OR with only a PICC line and a TPN 
infusion. For example, TPN infusions should not be administered through a periph-
eral line. TPN solution is often very concentrated (hyperosmolar), as to prevent 
volume overload in critically ill patients. Connecting concentrated TPN solution to 
a peripheral IV may lead to thrombophlebitis. 5  

 It is also imperative that the clinician be aware and understand the incompatibility 
of many drugs with TPN solutions. The chemical stability of many antibiotics and 
other drugs is jeopardized when these medications are given in the same intravenous 
line with TPN. The components of TPN most likely to cause issues with drug–nutri-
ent incompatibility include calcium, phosphorus, and magnesium. For example, 
ceftriaxone precipitates with the calcium in the TPN infusion. Other drugs that are 
deemed incompatible with TPN infusions include metronidazole, acyclovir, imipe-
nem, sulfamethoxazole-trimethoprim, diazepam, phenytoin, and sodium bicarbon-
ate 6  If there are no other intravenous access lines available, it is recommended that 
the TPN be briefl y discontinued and the line fl ushed with 0.9% saline or D 5 W before 
giving any of the above mentioned medications. 6   

    Take-Home Points 

•     Standard TPN infusions contain a mixture of amino acids, dextrose, and 
electrolytes (including sodium, potassium, calcium, magnesium, and phos-
phorus). Additives include insulin, vitamins, and lipid emulsions.  

•   The anesthesiologist must be cognizant of these components of TPN infu-
sions and the potential for the clinical consequences of metabolic 
 derangements. In particular, careful attention must be made to serum 
 phosphate and glucose levels in the perioperative period.  
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•   TPN infusions require a dedicated central venous access line. These  central 
lines can become infected and thrombosed.  

•   Certain medications commonly given in the perioperative period, includ-
ing several antibiotics, are chemically incompatible with trace elements in 
TPN solutions and can cause catheter blockage and/or precipitation with 
TPN solutions.     

    Summary 

     Interaction 1:  physicochemical  
   Substrates:  trace minerals in TPN solution (calcium, phosphorus, and magnesium) 

and cetriaxone  
   Mechanism:  chemical precipitation  
   Clinical effects:  formation of precipitate with line occlusion   

    Interaction 2:  pharmacodynamic  
   Substrates:  TPN solution and vecuronium  
   Mechanism:  neuromuscular blockade in the face of TPN-induced hypophosphatemia  
   Clinical:  prolonged clinical neuromuscular weakness        
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    Abstract  
  This case discusses increased clearance of the antiepileptic drug valproic acid 
in patients with traumatic brain injury during administration of total paren-
teral nutrition, resulting in subtherapeutic valproic acid levels.  

         Case 

 Following a motor vehicle accident, a 66-year-old man was fl own by air ambulance 
to a Level 1 trauma center. His injuries included a traumatic brain injury, depressed 
skull fracture, a penetrating wound to his abdomen, and multiple rib fractures. He 
had a history of hypertension, gastroesophageal refl ux disease, and alcohol abuse. 
His medications included aspirin, atenolol, and omeprazole. He was intoxicated but 
initially responsive, however, his mental status deteriorated. He required emergent 
surgical intervention for subdural hematoma evacuation and repair of a ruptured 
small bowel. His abdomen was left open, and he was transported to the neurosurgi-
cal intensive care unit sedated and with his trachea intubated. 

 The patient was prescribed total parenteral nutrition (TPN) on postoperative day 
2. On postoperative day 3, while he was still sedated, his nurse noted generalized 
muscle movement consistent with seizure activity which was confi rmed by elec-
troencephalograph (EEG). Intravenous lorazepam was administered with resolu-
tion of the seizure activity, and point sodium valproate prophylaxis was instituted. 
Sedation was maintained with a continuous fentanyl infusion and boluses of loraze-
pam. On postoperative days 5, 7, 9, and 11 he was brought to the operating room for 
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 abdominal reexploration and lavage, and his abdomen was fi nally closed on postop-
erative day 13. Following abdominal closure his sedation was weaned, but shortly 
after he became responsive his seizure activity returned. A blood valproic acid level 
was found to be below the therapeutic level. The valproic acid dose was increased, 
and blood levels were checked daily for the following week and every 3 days there-
after with dose adjustments as needed to assure the level remained therapeutic. 

 He did well over the next several days, TPN was stopped, and he slowly resumed 
oral intake. Interestingly, it was noted that after TPN was discontinued his valproic 
acid dose needed to be reduced to maintain the level within the therapeutic range.  

    Discussion 

  This is an example of an alteration in pharmacokinetic drug handling.  

 Valproic acid and its derivatives are antiepileptic medications that are commonly 
used to treat a variety of seizure disorders as well as migraine, manic bipolar disor-
der, and posttraumatic epilepsy. As a simple fatty acid, metabolism is via oxidation 
and glucuronidation with very little drug excreted unchanged in the urine. 

 Since the initial successful use of TPN in 1968, it has become a commonly imple-
mented technique for providing nutrition in patients unable to receive oral intake 
or enteral feedings. Although formulations of TPN vary, most include a combina-
tion of water, carbohydrates, amino acids, essential fatty acids, vitamins, and min-
erals. The formulation can be adjusted based on information obtained from 
laboratory values. Central venous access is required for TPN administration 
because of the concentrated nature of the solution and risk for peripheral vein 
thrombosis. However, although TPN is a valuable tool, it is not without risk. 
Complications of TPN include but are not limited to complications due to central 
venous access, hyper- or hypoglycemia, sepsis, liver dysfunction, electrolyte 
abnormalities, and cholecystitis. 1  

 With administration of a solution that may alter liver function, albumin concentra-
tion, and plasma osmolality, it is not surprising that drug pharmacokinetics and 
pharmacodynamics are impacted via alterations in metabolism or protein binding. 
Little is known about interactions between TPN and drugs including valproic acid. 
Much of the evidence has come from case reports and anecdotes. 2  However, in a 
prospective study, Anderson and colleagues examined the variability in valproic 
acid pharmacokinetics after traumatic brain injury demonstrating an increased 
clearance of both total and unbound valproic acid in this population. 3  This study 
investigated factors affecting valproic acid clearance in patients with traumatic 
brain injury and found that clearance was increased on average more than 75% by 
2 to 3 weeks post-injury, presumably due to the presence of increased blood levels 
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of proinfl ammatory mediators. While the severity of traumatic brain injury is asso-
ciated  per se  with an increase in hepatic metabolism, increased total valproic acid 
clearance was also associated with decreased plasma albumin concentration, the 
presence of ethanol intoxication on admission, enteral feeding, and TPN. Increased 
unbound clearance (free valproic acid) is associated with older age, presence of 
ethanol on admission, increased severity of head injury, tube feeding, TPN, and if a 
postinjury neurosurgical procedure was performed. 3  Figure  201.1  illustrates the role 
of both plasma albumin and metabolism in valproic acid disposition.  

 Our 66-year-old patient in this scenario had decreased valproic acid serum con-
centrations due to increased clearance and required dose escalation to achieve 
seizure control. Because of the complexity of treatments for critically ill patients 
drug interactions could be considered inevitable. However, if we understand the 
nature of the interaction clinical decision making can be modifi ed  improving 
patient care.  
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  Fig. 201.1    Valproic acid (VPA) metabolism. Albumin decreases secondary to TPN or tube- 
feeding use. This decreases bound VPA to albumin. This subsequently increases free VPA. Increased 
hepatic metabolism  via  enzyme induction caused by traumatic brain injury or chronic ethanol use, 
results in increased VPA metabolism [Reprinted from Yamamura N, Imura K, Naganuma H et al. 
Panipenem, a carbapenem antibiotic, enhances the glucuronidation of intravenously administered 
valproic acid in rats. Drug Metab Dispos. 1999;27(6):724–30. With permission from American 
Society for Pharmacology and Experimental Therapeutics]       
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    Take-Home Points 

•     TPN is an important means of providing nutrition to patients in whom 
enteral feeding is not an option.  

•   Little is known about the effect of TPN on drug pharmacokinetics and 
pharmacodynamics.  

•   Valproic acid is a commonly used antiepileptic medication and it has been 
demonstrated that TPN use is associated with increased clearance in 
patients with traumatic brain injury.  

•   Using measurement of free valproic acid levels to guide dose adjustments 
may avoid complications due to low plasma level of the antiepileptic 
medication.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrates:  TPN and valproate  
   Mechanism:  unknown  
   Clinical effect:  decrease in valproate levels        
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    Abstract  
  This case discusses the interplay of the physiologic derangements of starva-
tion and the safe and appropriate administration of drugs in the perioperative 
period.  

         Case 

 A consultant anesthesiologist was paged to the emergency room. She arrived to fi nd 
a 48-year-old cachectic homeless man in the trauma bay with an open right lower 
extremity wound and an obvious tibia and fi bular fracture. When asked whether he 
had eaten within the past 12 hours, the patient disclosed that he had eaten nothing 
for the previous 3 days.  

    Discussion 

  This is a primer on the “interaction” between the physiologic derangements of 
starvation and the safe and appropriate administration of drugs in the periop-
erative period.  

 Patients with prolonged fasting states are malnourished. They are at risk for multi-
organ system failure and subject to anesthetic complications if there is not adequate 
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adjustment for their prolonged fasting state. Prolonged fasting should be considered 
a possibility in patients who appear cachetic, are dysphagic, or have had recent 
weight loss. It is important to ask about prolonged fasting states as the condition 
may not reveal itself via physical appearance. Also, recognize that patients may opt 
to be in a prolonged fasting state due to religious conviction. 

 This homeless patient was in a prolonged fasting state. He had not eaten for 
3 days, and was almost certainly malnourished prior to that, as suggested by 
his cachectic appearance. One of the most important initial considerations for 
our hypothetical malnourished patient was his volume status. Laboratory and 
physical fi ndings that suggested this were low urine output, metabolic alkalosis 
if hypovolemia was mild, and lactic acidosis if hypovolemia was severe. Keep 
in mind that the serum creatinine, a product of muscle metabolism, can be low 
and misleading in the prolonged fasting state. Vasodilatory anesthetic induction 
agents and will have a profound effect in this patients like this who are signifi -
cantly hypovolemic. 

 One of the major organs affected by prolonged fasting is the liver. 2  The liver is 
responsible for glucose homeostasis and synthesis of the proteins on which drug 
binding, coagulation, hydrolysis of ester linkages, and drug metabolism all depend. 
Laboratory fi ndings can confi rm the suspicion of malnutrition. Hepatocellular 
injury in patients with malnutrition results in an elevation in transaminases. 1  Case 
reports have described concentrations of alanine aminotransferase greater than 130 
times the upper limit of normal. These abnormalities may be attributed to acute liver 
hypoperfusion from hypovolemia. 1  

 If the liver is producing less protein, there will be fewer sites for drug binding; 
therefore, administered medications may be more effective than expected due to 
elevated levels of unbound agent. Because clearance of propofol exceeds hepatic 
blood fl ow, there is no impairment in clearance in liver disease but clearance can be 
slowed by low perfusion states. Etomidate hydrolysis occurs via hepatic microen-
zymes and plasma esterases. For decades, serum thiopental concentration has been 
known to parallel serum concentrations of albumin; higher free thiopental levels 
occur with lower levels of albumin. 6  Propofol at lower doses may therefore be the 
best induction choice in this malnourished patient. 

 Most providers would administer muscle relaxants during induction and mainte-
nance of anesthesia in the case presented above. Remember, pseudocholinesterase 
is required for the hydrolysis of ester linkages in succinylcholine and local anes-
thetics with ester structures. Malnutrition has been established as a cause of 
acquired plasma cholinesterase defi ciency. Unanticipated postoperative apnea fol-
lowing mivacurium administration in patients with previous uneventful exposure 
to both mivacurium and succinylcholine has resulted from acquired plasma cholin-
esterase defi ciency. 5  Providers should keep this in mind and adjust doses 
accordingly. 
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 Abnormalities in metabolic enzymes are common in outpatients with eating disor-
ders combined with underweight status. 3  Additional abnormal laboratory fi ndings 
may include prolonged prothrombin time and decreased platelet count. Providers 
may expect to see increased blood loss and potentially other complications such as 
pulmonary edema, acute renal failure, gastrointestinal bleeding, disseminated intra-
vascular coagulation, and even death. 4   

    Take-Home Points 

•     If there is a concern for malnutrition/prolonged fasting state, providers must 
recognize common abnormalities such as decreased plasma-binding proteins, 
decreased enzymes of metabolism, prolonged PT, and decreased platelet count.  

•   Patients in prolonged fasting states are hypovolemic and will have a more 
acute and exaggerated response to our vasodilatory anesthetics.  

•   Anesthesia providers must tailor the anesthetic; propofol may be the best 
induction choice as it exceeds hepatic blood fl ow and there is no impair-
ment in clearance.  

•   Tailor induction and maintenance of pseudocholinesterase-dependent 
medications such as succinylcholine and ester local anesthetics. Providers 
will need to decrease dose as clearance is affected by acquired pseudocho-
linesterase defi ciency in malnutrition.     

    Summary 

     Interaction:  physiologic effects of starvation and perioperative drug 
administration  

   Effected mechanisms/sites of action:  decreased plasma-protein binding, decreased 
plasma esterases, decreased hepatic microenzymes, acquired plasma cholinester-
ase defi ciency,  

   Clinical effects:  various effects due to elevated unbound fractions of drugs, postop-
erative weakness, and apnea        
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    Abstract  
  This case discusses cardiomyopathy and muscle weakness secondary to syrup 
of ipecac abuse in a bulimic patient receiving general anesthesia.  

         Case 

 A 20-year-old college student presented to the operating room after breaking her 
ankle when she tripped on the library stairs during examination week. She was very 
anxious about missing her fi nal exams. She denied any past medical history. Current 
medications included an oral contraceptive and occasional acetaminophen. She 
denied use of tobacco, alcohol, or illicit drugs. The physical examination was unre-
markable. Emergency Department labs included a normal hemoglobin level and a 
negative drug screen. 

 General anesthesia was induced in the standard fashion and maintained with a 
volatile agent, supplemented with an opioid. During the case, mild hypotension 
responded to repeated fl uid boluses. Frequent ectopic atrial and ventricular com-
plexes were present on the electrocardiogram (ECG). Short runs of nonsustained 
ventricular tachycardia occurred throughout the case without causing hemodynamic 
instability. Near the end of the case, the oxygen saturation began to trend down 
despite measures to increase oxygen delivery and a small amount of pink frothy fl uid 
was noted in the endotracheal tube. At completion of the surgery, sustained tetanus 
in response to peripheral nerve stimulation was demonstrated and  neuromuscular 
blockade was antagonized. Despite being awake, the patient remained weak with 
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small spontaneous tidal volumes, weak handgrip, and inability to lift her head. She 
was taken to the intensive care unit with full mechanical ventilatory support. Further 
workup included a 12-lead ECG with low voltage QRS complexes and frequent 
ectopic ventricular and atrial complexes. An echocardiogram showed a poorly con-
tracting left ventricle with an ejection fraction of 25% to 30%. 

 The cause of the cardiomyopathy remained elusive until the patient’s condition 
improved and she was extubated several days later. She revealed that she had been 
“limiting her calories” by making herself vomit, especially after large meals. She 
often used syrup of ipecac, purchased in bulk over the Internet, to induce vomiting.  

    Discussion 

  This is an example of an “interaction” between the physiologic effects of 
chronic ingestion of syrup of ipecac, bulimia, and general anesthesia.  

 The prudent perioperative care provider is vigilant for cardiomyopathy, muscle 
weakness, and other physiologic derangements secondary to syrup of ipecac abuse 
in a bulimic patient receiving general anesthesia. 

 Syrup of ipecac was formerly recommended to induce vomiting after poisoning. 
The active ingredients are two alkaloids, cephaeline and emetine. Both act locally 
on the gastric mucosa and centrally act on the chemoreceptor trigger zone in the 
brainstem. Syrup of ipecac’s effi cacy in the treatment of poisoning has not been 
demonstrated however, and recently experts have recommended against its use. 1  
Ipecac is available without a prescription and has been associated with abuse by 
patients with bulimia. 

 Chronic ingestion of syrup of ipecac can be toxic. The most serious manifesta-
tion can be cardiomyotoxicity, with death resulting from dysrhythmia or heart fail-
ure. 2  ,  3  Skeletal muscles are also affected. Emetine-induced myopathy results from 
severe disruption of sarcomeres, infl ammatory changes, and muscle fi ber degen-
eration. With time, these changes may be reversible if syrup of ipecac use ends. 1  ,  4  
Metabolic derangements can also be present and contribute to cardiac morbidity. 
Loss of stomach acid establishes metabolic alkalosis and, often, compensatory 
depressed respiratory drive. Dehydration from vomiting, decreased oral intake, or 
possible diuretic abuse leads to increased serum aldosterone levels. The subse-
quent activation of the renin-aldosterone system and excessive potassium excre-
tion by the kidneys establishes hypokalemia. Chronic hypokalemia may further 
damage the myocardium, in addition to the damage from chronic syrup of ipecac 
ingestion. 2  ,  3  Patients with these metabolic derangements, combined with bradycar-
dia and baseline preoperative hypotension, present signifi cant challenges to safe 
 anesthetic management. 4  
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 Ipecac use may be revealed on direct questioning, but if suspicion exists despite denial 
by the patient, laboratory assessment can confi rm its use. Creatinine  phosphokinase, 
lactate dehydrogenase, and transaminase levels may be increased and emetine can 
be detected in the urine and serum for several weeks after ingestion. 1  

 Bulimic patients tend to be young women; however bulimia, can affect both men 
and older patients. Once identifi ed, bulimic patients require careful preoperative 
evaluation and preparation. EKGs can provide valuable information. Common fi nd-
ings in the setting of syrup of ipecac abuse include atrioventricular block, ST- and 
T-wave changes, and fi ndings consistent with hyponatremia. Electrolyte abnor-
malities may also contribute to prolonged QT interval and dysrrhythmias such as 
wandering pacemaker, supraventricular tachycardia, and ventricular tachycardia. 
Hypokalemia can develop from repetitive vomiting or in patients suffering from 
volume depletion and dehydration. 4  –  6  A further consequence of profound electrolyte 
abnormalities is a reduction in the seizure threshold. In addition to routine electro-
lytes, calcium, magnesium, glucose, and phosphorus levels should be obtained. 7  If 
the patient complains of heart failure symptoms or admits to ipecac use, echocar-
diographic studies are indicated and elective cases should delayed if myocardial 
dysfunction or electrolyte abnormalities are discovered. 

 If signifi cant preoperative cardiovascular involvement is suspected, invasive blood 
pressure monitoring may prove useful. In emergent or trauma cases, or if prolonged 
surgical time is expected, an arterial line will allow for blood gas and electrolyte 
monitoring in addition to close blood pressure monitoring. 

 For the anesthesiologist, examination of the oral cavity carries extra relevance in 
patients who self-induce vomiting. Identify and document damaged teeth. Protect 
at-risk teeth during laryngoscopy or instrumentation. Procedures that require instru-
mentation of the esophagus with probes, suction tubes, or scopes need to be done 
with extreme care and the risks and benefi ts should be weighed before placing these 
devices. Gastritis and refl ux may not be uncovered on a routine review of symptoms, 
as these patients may not disclose complaints related to their disorder. The standard 
preoperative fasting guidelines may not ensure an empty stomach, as delayed gas-
tric emptying, either from gastritis or from decreased metabolic rates seen in mal-
nourished patients, may be present. 5  The combination of delayed gastric emptying 
and refl ux places these patients at a signifi cant risk for perioperative vomiting and 
aspiration of gastric contents. These problems become especially relevant during 
trauma or emergent cases. With decreased gastric emptying and an increased inci-
dence of asymptomatic gastroesophageal refl ux disease, a nonparticulate antacid 
such as sodium citrate may be useful. H 2 -receptor antagonists may increase gastric 
pH. Promotility agents such as metoclopramide may improve gastric emptying. 

 Preoperative rehydration should be provided to hypovolemic patients, but should 
be performed cautiously in patients with cardiomyopathy. The optimization of 
 electrolyte abnormalities should be initiated preoperatively, as these electrolyte 
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abnormalities may prolong the effect of muscle relaxants and lead to dysrhythmias. 
In patients with either electrolyte abnormalities or a history of abusing syrup of 
ipecac, recovery from neuromuscular blockade should be carefully evaluated, with 
endotracheal extubation only attempted after full recovery has been demonstrated. 
Concern has been raised for the possibility of dysrhythmia associated with the 
antagonism of neuromuscular blockade, and the immediate availability of a defi bril-
lator is warranted. Allowing these patients to spontaneously recover from paralytic 
agents without the use of reversal agents may be considered. 4  ,  8   

    Take-Home Points 

•     Muscle and cardiac damage can result from chronic syrup of ipecac abuse. 
The anesthetic implications will depend on the extent and severity of skel-
etal and cardiac muscle involvement. An ECG and an echocardiogram can 
provide vital information when managing these patients.  

•   Young healthy patients often require minimal preparation for anesthesia 
and surgery. However, bulimic patients, particularly those abusing syrup of 
ipecac or other agents, require more extensive preoperative evaluation. The 
identifi cation of these patients may be diffi cult and physical exam fi ndings 
may provide clues when assessing these patients.  

•   Fluid and electrolyte changes are commonly found with implications for 
increased sensitivity to neuromuscular blockade and cardiac dysrhythmias.  

•   Effects on the gastrointestinal system include decreased gastric emptying 
and esophageal pathology associated with self-induced vomiting. These 
patients cannot be assumed to have an empty stomach, even in cases where 
fasting time has been judged to be adequate. Preoperative preparation may 
include the use of nonparticulate antacids, H 2 -receptor antagonists, and 
promotility agents. Esophageal pathology may result from repetitive vom-
iting, and the relative risks and merits of instrumenting the esophagus must 
be carefully considered.     

    Summary 

     Interaction:  physiologic effects of syrup of ipecac use, bulimia, and general 
anesthesia  

   Effected mechanisms/sites of action:  gastric mucosa, chemoreceptor zone in the 
brainstem, renin-aldosterone system  
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   Clinical effects:  neuromuscular weakness, exaggerated cardiodepressant effects of 
anesthetic agents, decreased seizure threshold        

   References 
      1.    Silber TJ. Ipecac syrup abuse, morbidity, and mortality: isn’t it time to repeal its over-the- 

counter status? J Adolesc Health. 2005;37:256–60.  
     2.    Adler AG, Walinsky P, Krall RA, et al. Death resulting from ipecac syrup poisoning. JAMA. 

1980;243:1927–8.  
     3.    Dawson JA, Yager J. A case of abuse of syrup of ipecac resulting in death. J Am Coll Health. 

1986;34:280–2.  
       4.    Seller CA, Ravalia A. Anaesthetic implications of anorexia nervosa. Anaesthesia. 

2003;58:437–43.  
    5.    Yager J, Powers PS. Clinical manual of eating disorders. 1st ed. Washington, DC: American 

Psychiatric Pub; 2007.  
    6.    Palla B, Litt IF. Medical complications of eating disorders in adolescents. Pediatrics. 

1988;81:613–23.  
    7.    Goldstein DJ. The management of eating disorders and obesity. 2nd ed. Totowa: Humana 

Press; 2005.  
    8.    Arnold DE, Rose RJ, Stoddard P. Intraoperative cardiac dysrhythmias in a patient with bulimic 

anorexia nervosa. Anesthesiology. 1987;67:1003–5.      

203 Syrup of ipecac, general anesthesia



909© Springer Science+Business Media New York 2015 
C. Marcucci et al. (eds.), A Case Approach to Perioperative Drug-Drug 
Interactions, DOI 10.1007/978-1-4614-7495-1_204

        L.   Chan   MD      (*) 
  Department of Pediatric Cardiac Anesthesiology , 
 Memorial Regional Hospital ,   Hollywood ,  FL ,  USA   
 e-mail: lisaychan@gmail.com   

    K.   Lalwani   MD, FRCA, MCR    
  Department of Anesthesiology & Perioperative Medicine , 
 Oregon Health and Science University ,   Portland ,  OR ,  USA    

      Determined and Desperate 
to Diet 
  Fatal Forty DDI:  orlistat, warfarin                     

       Lisa     Chan MD       and     Kirk     Lalwani MD, FRCA, MCR    

    Abstract  
  This case discusses the drug interactions between orlistat, vitamin K, and 
warfarin that lead to changes in coagulability.  

         Case 

 A sedentary, obese 39-year-old woman embarked on a drastic weight loss and exer-
cise program prior to making an appointment to start treatment at an infertility 
clinic, as she had read that normalizing her weight would make an ensuing preg-
nancy safer and more likely to go to term. However, she was unable to even walk her 
bike up to the bike trail due to shortness of breath. 

 She reluctantly saw her primary care provider, who heard a loud murmur and sent 
her for a transthoracic echocardiogram (TTE). TTE showed a redundant mitral valve 
with severe regurgitation due to vegetations on the posterior leafl et. A workup for 
etiology came back negative, and she underwent a mechanical valve replacement of 
her mitral valve. Her surgery was uneventful as was her postoperative course. 

 The patient was started on warfarin and her International Normalized Ratio (INR) rose 
to therapeutic levels. Following treatment for a wound infection she was scheduled 
to be discharged on postoperative day 14, but that morning she was found  coughing 
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blood over the toilet. She confessed to purging, but only because she had not lost 
the weight in the hospital that she had hoped she would, despite secretly doubling, 
and tripling her usual dose. Once stabilized, she was transferred to inpatient cardiac 
rehabilitation under close observation by psychiatry, who discontinued her diet pills. 

 She was discharged from inpatient rehabilitation a few days later with her INR in 
the therapeutic range. However, the day after coming home, her mother found her 
confused, disoriented, and short of breath. In the emergency department, physical 
exam revealed a loud heart murmur, and an emergent TTE found a large clot on the 
mechanical valve. She was rushed to the OR and a decision was made to change out 
her clotted mechanical valve for a bioprosthetic one. 1  While on bypass, the anesthe-
siologist reviewed her chart more closely. An “event” note prior to her transfer men-
tioned she had used a diet pill called orlistat to help her purge. The anesthesiologist 
realized that orlistat prevented her from absorbing fat-soluble vitamins, which raised 
her INR quickly. At rehabilitation, her INR had begun to decrease rapidly despite 
aggressive warfarin dosing because she had stopped taking orlistat; the warfarin regi-
men was no longer adequate at the previous dosage, and despite increased dosing did 
not achieve sustained therapeutic levels in time to prevent thromboembolism.  

    Discussion 

  This is an example of a pharmacokinetic (absorption) drug–drug interaction.  

 Orlistat (trade name Alli® or Xenical® in the United States) is an FDA-approved 
over-the-counter drug to treat obesity. It is advertised as a diet supplement that is 
optimally used with a low-calorie diet for maximal weight-loss results. Orlistat 
prevents the breakdown of triglycerides in the gastrointestinal tract by inhibiting 
lipases, approximately 46% to 91% of pancreatic lipases and 51% to 81% of gas-
tric lipases. 2  The breakdown products, monoglycerides and fatty acids, are what 
the body actually absorbs. When compared to those not taking orlistat, the mean 
maximum percentage of ingested fat excreted in the feces was 32% compared to 
5%. 3  It is reported to have negligible systemic absorption. 4  Therefore, orlistat works 
by reducing the amount of dietary fat that the body is able to absorb from the gut. 

 Common side effects are steatorrhea, diarrhea, fl atulence, and abdominal pain; other 
rare but serious effects that have been reported are pancreatitis, cholestatic hepatitis, 
and subacute liver failure. There seems to be no deleterious effect on the absorp-
tion of calcium, vitamin D, phosphorus, magnesium, iron, copper, or zinc balance. 
Studies have shown that while there are decreased levels of fat-soluble vitamins, the 
levels are usually still within normal limits. 5  

 There are several means by which orlistat may interfere with other drugs. It can 
decrease the absorption of lipophilic drugs such as amiodarone, cyclosporine, 
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 thyroxine, and lamotrigine. Decreased absorption of fat-soluble vitamins  leading 
to a raised INR in an elderly patient taking warfarin and orlistat has been reported. 6  
Orlistat has also been suspected of binding directly to thyroxine in the gut, prevent-
ing its absorption. Lastly, it has been shown to augment the effects of antidiabetic 
drugs, leading to a risk for hypoglycemia.  

    Take-Home Points 

•     Orlistat is an over-the-counter dietary supplement that inhibits intestinal 
lipases from breaking down triglycerides for absorption.  

•   It may interfere with the absorption of fat-soluble vitamins resulting in 
potentiation of warfarin’s anticoagulant effects as a result of reduction in 
absorption of vitamin K.  

•   Drug levels of the following should be monitored when coadministered 
with orlistat: warfarin, amiodarone, cyclosporin, lamotrigine, valproic 
acid, vigabatrin, gabapentin, and thyroxine.     

    Summary 

     Interaction:  pharmacokinetic (absorption)  
   Substrate:  warfarin  
   Mechanism/site of action : inhibition of intestinal lipases by Orlistat prevents 

absorption of fat-soluble vitamin K  
   Clinical effect : enhanced anticoagulant effect of warfarin        
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    Abstract  
  This introduces drug–drug interactions involving spices and supplements.  

        “May they protect this man from the disease sent by the gods, the herbs whose father is the 
sky, whose mother is the earth, whose root is the ocean.”  Hymn to all magic and medicinal 
plants: The Atharva Veda, circa 1200–900 B.C.E  

   Plants are the basis of life as we know it. There are an estimated 380,000 species of 
plants, many of which have medicinal properties that are utilized in health care. 
Herbal medicine is a booming industry in many nations, with estimated 2007 herbal 
dietary supplement sales of $4.79 billion in the US alone. 

 There is a common misconception that these remedies are “natural”, and therefore 
harmless. This may also be the reason that patients often do not voluntarily disclose 
their consumption of herbal supplements, unless questioned specifi cally about 
them. However, nothing is further from the truth regarding potential safety; pub-
lished scientifi c literature describes numerous studies and case reports of interac-
tions between a variety of herbal supplements and prescribed medications, with 
signifi cant and sometimes fatal effects. These effects may occur as a result of induc-
tion or inhibition of cytochrome P450 enzymes, synergism or antagonism at recep-
tor sites, alteration of bioavailability, or direct organ-specifi c toxicity. Some herbal 
supplements may have multiple effects via different mechanisms, some of which 
are poorly understood. For example,  Ginkgo biloba  is an inducer of cytochrome 
P450 (CYP) 2C19, which may lead to subtherapeutic levels of the antiepileptic drug 
phenytoin. It is also possibly an inducer of CYP2C9, producing decreases in tolbu-
tamide levels and thus producing hyperglycemia. In patients on other antidiabetic 
drugs such as glyburide, it may cause a decrease in insulin levels, thus producing 
hyperglycemia through yet another mechanism. Finally, it can also cause serious 
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bleeding in patients on anticoagulants as a result of its inhibition of platelet- 
activating factor, as well as by enhancing thrombolysis. 

 An additional diffi culty is the popularity of herbal concoctions that may contain 
several different herbs in order to achieve a specifi c purpose, such as remedies for 
weight loss or depression. Confronted with these situations, practitioners should 
obtain details of each ingredient in order to prevent or diagnose potential interaction- 
related side effects. 

 This section explores some of the well-known herb drug interactions for which 
published clinical reports exist; it must be emphasized that Level I evidence for 
such interactions is rare. It is important to note that many additional potential inter-
actions have been described based solely on  in vitro  studies; the absence of pub-
lished clinical reports to support these interactions justify their exclusion from this 
book. On the other hand, the interactions highlighted in these chapters do not form 
a comprehensive list, but rather a selection of clinically relevant vignettes from 
which, it is hoped, the practitioner will acquire an awareness of the signifi cance of 
these alternative remedies, and perhaps retain the more memorable or frequently 
encountered ones.    

Spices and Supplements



917© Springer Science+Business Media New York 2015 
C. Marcucci et al. (eds.), A Case Approach to Perioperative Drug-Drug 
Interactions, DOI 10.1007/978-1-4614-7495-1_206

        B.   Gierl   MD      (*) 
  Department of Anesthesiology , 
 University of California San Diego ,   San Diego ,  CA ,  USA   
 e-mail: gierl.brian@gmail.com   

    R.   Romeo   MD    
  Department of Anesthesiology , 
 University of Pittsburgh School of Medicine ,   Pittsburgh ,  PA ,  USA    

      Caff eine Crash 
  Fatal Forty DDI:  caff eine, ethinylestradiol, 
ciprofl oxacin, CYP1A2                     

       Brian     Gierl MD       and     Ryan     Romeo MD    

    Abstract  
  This case discusses the pharmacokinetic interaction of caffeine, ethinylestra-
diol, and ciprofl oxacin, resulting in caffeine toxicity Caffeine is a cytochrome 
P450 1A2 substrate. Both ciprofl oxacin and ethinylestradiol inhibit 1A2. The 
physiologic effects of ingestion of high doses of caffeine are also reviewed.  

         Case 

 The patient was a 20-year-old female college student who was a restrained driver in 
a motor vehicle accident (MVA). She was belligerent and required intubation after 
being extracted from the vehicle. The patient vomited during the intubation. She 
had extensive knee swelling and deformity and was taken to the nearest trauma 
center for evaluation. 

 Her boyfriend reported that she had been up all night fretting and cramming for an 
oral examination. He also reported had a history of asthma, migraine headaches, 
and anaphylactic reaction to penicillin. Her medications included an oral contracep-
tive pill (OCP) and sumatriptan for migraine symptoms, which she had not taken 
recently as she had run out and did not have time to refi ll the prescription in the 
middle of fi nals week. He reluctantly reported that she had consumed four “no- 
dozing” maximum-strength tablets and three cans of “high-test” energy drinks in 
order to stay awake and review her notes. To stave off a headache, prior to the 
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examination, she took two ergotamine tartrate and caffeine (Cafergot®) tablets and 
repeated that dose midway through the examination. Her friend also reported that 
she “zoned out” and started shaking while she was driving, entering an intersection 
where another vehicle struck their vehicle on the driver’s side. 

 The patient’s left lower extremity was cyanotic and cold and she was taken to the 
operating room emergently for repair of her popliteal artery injury. Prior to incision, 
the anesthesiologist started ciprofl oxacin as per the surgeons’s request, due to the 
patient’s penicillin allergy. The anesthesiologist also administered prophylactic alb-
uterol down the patient’s endotracheal tube for her asthma. After the infusion of 3 L 
of normal saline, she remained tachycardic and appeared fl ushed. He then checked 
an arterial blood gas that showed a metabolic acidosis. See Table  206.1 .

   The patient’s blood pressure was stable with continued tachycardia and premature 
ventricular contractions, but after vascular repair the intraoperative angiogram 
showed continued poor fl ow to the lower limb. The anesthesiologist and surgeon 
decide to dose nicardipine for possible vasospasm and the vascular fl ow normalized 
shortly thereafter. Over the subsequent 24 to 48 hours, the patient’s metabolic aci-
dosis corrected and her potassium and lactate levels returned to baseline.  

    Discussion 

  This is an example of inhibitors added to a substrate.  

 This patient suffered from caffeine toxicity due to ingestion of several caffeine- 
containing over- the-counter (OTC) products as well as chronic oral contraceptive 
use that prolonged the half-life of the caffeine. Her caffeine ingestion combined 
with her sleep deprivation caused the seizure that led to the MVA. At the scene she 
demonstrated symptoms of caffeine intoxication, including tachycardia and dys-
phoria. Her popliteal artery injury required vascular surgery repair. Physical exami-
nation of a person who has ingested a large amount of caffeine may reveal agitation, 

  Table 206.1    Arterial Blood 
Gas  

 Species  Value 

 pH  7.10 
 P a O 2  (mm Hg)  210 
 P a CO 2  (mm Hg)  32 
 HCO 3  −  (mEq)  18 
 Na+  139 
 K+  3.1 
 Hgb (g/dL)  11.2 
 HCT (%)  34 
 Lactate  7 
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restlessness, sweating, tachycardia, and a fl ushed face. Patients often complain of 
increased bowel motility and may present with aspiration. 

 Caffeine is naturally present in coffee, cola, tea, and cocoa. It is also the active 
component in guarana (also known as Brazilian cocoa or zoom) where it is present 
in concentrations of 3.6% to 5.8%. While the Food and Drug Administration limits 
the amount of caffeine in soft drinks to a maximum of 32.4 mg/6 oz, it does not 
regulate energy drinks, which may contain large amounts of caffeine. A single serv-
ing may provide up to 1000 mg of caffeine, which is the equivalent of 10 cups of 
coffee. 1  

 Data are mixed regarding caffeine’s impact on alertness. The US Army performed a 
series of studies to assess caffeine’s impact on sleep-deprived individuals. After a 
period of sleep deprivation, caffeine increased vigilance without impacting recovery 
sleep, and improved psychomotor response speed and decreased subjective rating of 
sleepiness. 2  Some authors determined that caffeine only improved cognitive perfor-
mance in subjects suffering from caffeine withdrawal, but others concluded that the 
benefi t was a stimulant effect, independent of withdrawal. 3  

 Caffeine increases seizure rates in persons susceptible to seizure and toxic doses of 
caffeine may cause seizures. A thorough analysis determined that the mechanism of 
methylxanthine-induced seizures may involve pyroxidine depletion as well as 
γ-aminobutyric acid (GABA) and adenosine inhibition. The anesthesiologist may 
employ caffeine clinically in patients undergoing electroconvulsive therapy (ECT) 
who do not achieve suffi cient seizures despite maximal electrical stimulus. 4  Caffeine 
is the preferred methylxanthine because patients receiving theophylline to treat pul-
monary disease have suffered status epilepticus during ECT. There was a trend to 
both a faster and higher rate of clinical response in patients treated with caffeine as 
an adjunct to ECT. Patients receiving caffeine before ECT have experienced cardiac 
dysrythmias, anxiety, tremors and olfactory sensations. 

 Adenosine causes muscle vasodilation in areas of ischemia and by blocking this 
effect, caffeine may prevent vasodilation and is not recommended for patients 
undergoing vascular surgery. 5  For this patient, the high level of caffeine resulted in 
vasospasm that required treatment with a calcium channel blocker. 

 The prophylactic ciprofl oxacin prolonged the symptom of tachycardia by inhibiting 
caffeine degradation. Like other methylxanthines, the liver metabolizes the majority 
of ingested caffeine via the P450 cytochrome (CYP) 1A2 enzyme. 6  Only ~5% is 
secreted in the urine by adults. The plasma half-life varies between 3 and 7 hours in 
adults and increases approximately twofold with elevated estrogen levels in the 
third trimester of pregnancy or with long term use of OCPs. 7  Cirrhosis, congestive 
heart failure and pulmonary edema increase half-life, as does consumption of 
cimetidine, fl uvoxamine, and other CYP1A2 inhibitors. Ciprofl oxacin, as a potent 
inhibitor of 1A2, also increases the half-life of caffeine. 8  ,  9   
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    Take-Home Points 

•     Caffeine has a multitude of signifi cant physiological and pharmacologic 
effects.  

•   Caffeine is metabolized by CYP1A2.  

•   Ciprofl oxacin and ethinylestradiol are CYP1A2 inhibitors.  

•   The ingestion of high doses of caffeine and coadministration of CYP1A2 
inhibitors can lead to caffeine toxicity and signifi cant clinical sequelae 
including seizures and vasospasm.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  caffeine  
   Inhibitors:  ethinylestradiol and ciprofl oxacin  
   Enzyme:  CYP1A2  
   Clinical Effect:  caffeine toxicity        
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    Abstract  
  This case discusses a pharmacodynamics interaction between warfarin and 
dong qui, resulting in potentiation of the anticoagulant effect of warfarin.  

         Case 

 A 31-year-old woman presented to the emergency room with severe abdominal 
cramping and vaginal bleeding. She described mild nausea and cramping over the 
past 4 to 6 weeks. She initially attributed this to the timing of her menstrual cycles, 
but admitted that she did not have a menstrual period last month, and the cramping 
had continued. On the morning of presentation, the patient awoke with vaginal 
bleeding and shoulder pain, as well as more severe abdominal pain. She stated that 
the bleeding was much heavier than her regular cycles. 

 The patient had undergone replacement of a bicuspid aortic valve with a mechanical 
prosthesis some years prior. Her warfarin dose and International Normalized Ratio 
(INR) had been considered stable. She also had a history of pelvic infl ammatory 
disease in the distant past. She was married, with one child, and a nonsmoker. 

 Vital signs revealed an afebrile, tachycardic patient with an elevated blood pressure. 
The patient’s hematocrit was 29%, and the ß-human chorionic gonadotropin was 
elevated. Her preoperative INR was 4.5. Abdominal ultrasound disclosed an ectopic 
pregnancy with severe intra-abdominal bleeding. On further close questioning, the 
patient admitted that she had begun taking the herbal supplement dong quai at the 
onset of mild cramping 6 weeks before admission, which was recommended by 
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a friend for help with premenstrual  syndrome symptoms. The patient was immedi-
ately seen by the hematology team, treated with prothrombin-complex concentrates 
for emergency correction of her coagulopathy and taken to the operating room for 
an emergency laparotomy.  

    Discussion 

  This is an example of a pharmacodynamic interaction.  

 Dong quai is a Chinese herbal supplement made from the root of  Salvia miltior-
rhiza . It is also known as  Angelica sinensis,  danggui, and tang-kuei. It is used most 
often for menstrual cramping, irregular menses, premenstrual syndrome and meno-
pausal symptoms. 1  ,  2  It is also used for treatment of infertility, neuralgias, migraines, 
anemia, hypertension, hepatitis, and is recommended for various cardiovascular 
diseases. Dong quai is available as tablets, injections, powders, teas, and alcohol 
extracts. 3  

 In Southeast Asia, other  Angelica  species are sometimes substituted for dong 
quai. Most often these include  Angelica acutiloba , which is predominantly found 
in Japan and  Angelica gigas , which is mainly found in Korea. Though these spe-
cies are similar, there is signifi cant variation in the chemical composition 
between them. 

 Dong quai contains at least six coumarin derivatives and constituents. Coumarins 
are believed to promote vasodilatation, act as uterine stimulants, and have anti- 
infl ammatory, antipyretic, antispasmodic, immunosuppressant, and estrogen-like 
effects. In addition, they possess antithrombotic, antiarrhythmic, phototoxic, and 
carcinogenic effects. 4  

 Of the natural coumarin derivatives found in dong quai, ferulic acid and osthole 
have been show  in vivo  and  in vivo  to possess antithrombotic activity, and while 
there have been no case reports in the literature, it has been theorized that, in com-
bination with NSAIDS, dong quai may potentiate the risk for bleeding. 2  ,  5  ,  6  .  

 An animal study revealed that dong quai taken alone did not affect prothrombin 
(PT) values during a 3-day treatment period in rabbits, but that warfarin and dong 
quai taken simultaneously caused mean PT values to increase signifi cantly after 
only 2 days of concurrent dosing. After 4 days of concurrent warfarin and dong 
quai, PT values tripled. There was no difference in average plasma warfarin steady-
state concentrations. 7   
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    Take-Home Points 

•     Dong quai can produce clinically signifi cant potentiation of warfarin, with 
dramatic alterations in INR even in a patient with previously stable INR.  

•   Herbal supplements are not always pure, and may come in preparations 
that contain other herbal medications with signifi cant side effects and/or 
drug interactions.  

•   If consumed alone, dong quai is not believed to increase INR; however, 
when combined with other antiplatelet or antithrombotic medications, 
a signifi cant change in bleeding time may occur.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  warfarin and dong quai  
   Sites of action:  variable extravascular spaces  
   Clinical effect:  potentiating of the anticoagulant effect of warfarin        
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    Abstract  
  This case discusses the pharmacokinetic interaction between phenytoin and 
ginkgo biloba, resulting in breakthrough seizures. Phenytoin is a cytochrome 
P450 2C19 substrate and Ginkgo biloba is a 2C19 inducer.  

         Case 

 The CA-2 on call one Saturday reported to the Emergency Department (ED) for an 
airway call. The patient was a 26-year-old female medical student with a history of 
epilepsy well controlled with phenytoin (Dilantin®, 300 mg/d) who had fallen from 
a height of 18 feet while bouldering one sunny afternoon in Arizona. The patient 
had sustained several scrapes and contusions to her right side and head and lost 
consciousness briefl y. She complained of dyspnea, and her exam and conventional 
radiography revealed a rib fracture. Further questioning of the patient and her friend 
revealed that the patient did not remember falling, but her friend saw the patient 
exhibit seizure-like activity. Trying to impress the attending, the patient’s friend, 
also a medical student, suggested hyponatremia and hypoglycemia as differential 
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diagnoses for the patient’s seizure. The ED physician seemed convinced, however, 
the well-read anesthesia resident quietly urged the ED attending to continue to 
probe the patient about her medication history. It was the anesthesia resident, 
instead, who looked very impressive when the patient revealed that 2 weeks ago, she 
had started taking 120 mg/d of Ginkgo biloba to improve her memory, while study-
ing for her in-service exams. After treatment and discharge, the patient was 
instructed to stop the Ginkgo supplements, study harder the natural way, and sleep 
more. She remained seizure-free on her usual dose of phenytoin.  

    Discussion 

  This is an example of an inducer added to a substrate.  

 Many commonly prescribed anticonvulsant drugs including phenytoin and valpro-
ate (Depakote®) are either primarily or secondarily metabolized by the cytochrome 
P450 (CYP) enzymes 2C9 and 2C19 enzyme systems. 1  Ginkgo biloba also has a 
signifi cant inductive effect on CYP2C19. 2  ,  3  The increased metabolism of the 
patient’s anticonvulsant drugs over the course of 2 weeks led to subtherapeutic lev-
els of her medication, with breakthrough seizure and resultant trauma. Furthermore, 
Ginkgo products, including Ginkgo nuts and possibly commercially available 
Ginkgo biloba (typically extract from the  Ginkgo biloba  tree leaves), may contain 
low levels of a potent neurotoxin, 4′- O -methoxypyridoxine (4′-MPN). 4′-MPN is 
capable of inducing convulsions by reducing γ-aminobutyric acid (GABA) levels. 4  
Other case reports exist of breakthrough seizures associated with Ginkgo use that 
have proved fatal, and therefore the current recommendation is to not use Ginkgo 
products in conjunction with anticonvulsant medications.  

    Take-Home Points 

•     Ginkgo biloba is a commonly used herbal supplement to improve memory. 
It is a 2C19 inducer.  

•   Ginkgo biloba preparations may also contain neurotoxic compounds capa-
ble of inducing seizures by a GABA-mediated pathway.  

•   Phenytoin is a CYP2C19 (and also 2C9 substrate).  

•   The addition of Ginkgo biloba without an increase in phenytoin dose 
 lowered phenytoin levels such that the seizure threshold was broached.     
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    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  phenytoin  
   Enzyme:  CYP2C19  
   Inducer:  Ginkgo biloba  
   Clinical effect:  decreased phenytoin levels with resulting breakthrough seizure        
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    Abstract  
  This case discusses the possible pharmacokinetic interaction between 
 tolbutamide and ginkgo biloba. Ginkgo biloba should be used with caution in 
the diabetic population.  

         Case 

 The same superstar anesthesia resident was in the Emergency Department (ED) 
again when a 54-year-old woman with type II diabetes was brought into the ED by 
her daughter because of increasing confusion and slurred speech. Her daughter 
reported that her mother took tolbutamide (1 g/d) and that her diabetes was typically 
managed on that dose. On her last annual checkup 2 weeks earlier, however, her 
HbA1c was reported as 9.5%; her mother attributed this to a new frozen yogurt shop 
that opened down the street. The dosage of tolbutamide was increased and the 
patient promised to watch her diet more carefully. Blood work revealed a blood 
glucose of 54 mg/dL. The same ED attending tipped his personal computing device 
at the resident as he asked the patient whether she had been taking Ginkgo biloba. 
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The patient revealed that she had been taking Ginkgo for 3 months prior to her 
annual visit and then she discontinued it when her tolbutamide dosage was increased, 
fearing adverse side effects.  

    Discussion 

  This is an example of a possible pharmacokinetic interaction (reversal of 
induction).  

 For this interaction we revisit the cytochrome P450 (CYP) system, particulary 
CYP2C9. The common sulfonylurea, tolbutamide, is partially metabolized by 
CYP2C9. There are some data suggesting an increase in the hypoglycemic action of 
tolbutamide  in vitro  and in animal models following exposure to Ginkgo. 1  –  3  These 
studies showed that Ginkgo acted as a 2C9 inhibitor, thus increasing tolbutamide 
concentrations and hypoglycemic activity. These results, however, have not trans-
lated as predictably to human studies. Currently two studies using healthy human 
volunteers and Ginkgo extract present confl icting results; one presenting an attenua-
tion of tolbutamide’s effect, which would produce hyperglycemia, and the other pre-
senting a lack of any signifi cant interaction with tolbutamide pharmacokinetics. 1  ,  4  

 The story doesn’t end there for diabetics and Ginkgo. In diet-controlled patients 
with hyperinsulinemia, Ginkgo seems to have little effect. However, in those patients 
controlled with oral hypoglycemic agents such as glimepiride, glyburide, piogli-
tazone or rosiglitazone, Ginkgo seems to decrease insulin levels and leads to higher 
blood glucose levels after an oral glucose tolerance test (OGTT). 5  The same 
researchers also found that in patients with pancreatic exhaustion, Ginkgo could 
actually increase insulin and C-peptide levels, but there was no therapeutic change 
after an OGTT. 6  

 It should be emphasized that the interactions with Ginkgo and insulin or other oral 
hypoglycemic drugs, especially those metabolized by the CYP2C9, are complex 
and poorly understood. Given the risk for hypoglycemic events similar to those seen 
in the case above, caution should be exercised when diabetic patients use Ginkgo. It 
should also be emphasized that many patients do not disclose their use of herbal 
products, and therefore a sudden change in a patient’s previous disease course, labo-
ratory results, or symptoms should raise the suspicion of herbal supplementation as 
a contributory factor.  
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    Take-Home Points 

•     Tolbutamide is a CYP2C9 substrate.  

•    In vivo  human studies show that ginkgo slightly induces the metabolism of 
tolbutamide.  

•   Ginkgo biloba may act independently to decrease insulin levels  

•   Patients do not always readily disclose herbal and other supplements.     

    Summary 

     Interaction:  pharmacokinetic (possible)  
   Substrate:  tolbutamide  
   Enzyme:  CYP2C9  
   Inducer:  Ginkgo biloba (possible)  
   Clinical effect:  possible        
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         Case 

 A 42-year-old male Aboriginal person who was an immigrant from Australia came 
to the Emergency Department (ED) complaining of a worsening headache and 
blurry vision. The headache started about 10 days earlier and was not associated 
with sensitivity to light or sound. He reported no recent trauma or stress. His past 
medical history revealed a mitral valve replacement secondary to rheumatic heart 
disease 3 years ago. He had since been on stable warfarin therapy with an 
International Normalized Ratio (INR) of 2.6 the previous month. Fearing an intra-
cranial bleed, the ED physician ordered a head computed tomograph (CT) scan and 
baseline coagulation studies. Surprisingly, the patient’s PT, APTT, and platelet 
counts were all normal but the CT revealed a subdural hematoma. Still perplexed as 
to the cause of the bleed, the physician ordered detailed coagulation studies, which 
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    Abstract     
 This case discusses the possible pharmacodynamic interaction between 
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revealed decreased platelet aggregation to collagen and prolonged in vitro bleeding 
times (PFA-100). The ED attending, who had been diligently doing his drug–drug 
interaction (DDI) reading in his off-hours, then thought to further question the 
patient and determined that he had started taking 85 mg/day of Ginkgo biloba 
2 months earlier. After letting the surgical resident know he would need to call the 
posting desk to post the case for the subdural hematoma evacuation, the ED physi-
cian decided to write the case up as a case report and also called the anesthesia 
offi ce to ask where he should have the a cake delivered, with thanks and compli-
ments from the Emergency Department.  

    Discussion 

  This is an example of multiple complex pharmacodynamic interactions.  

 The primary active constituents of Ginkgo include fl avonoids, terpenoids, and 
organic acids. Standard preparations of Ginkgo biloba extract exist as EGb 761 and 
contain 24% fl avanoids, 6% terpenoids, and no more than 5 parts-million of toxic 
ginkgolic acids. 1  The terpenoid ginkgolide B is known to potently and directly 
inhibit platelet-activating factor (PAF) mediated platelet aggregation by binding to 
PAF receptors on platelet membranes. Ginkgo also has been shown to increase con-
centrations of endothelium-derived thrombolytics, including nitric oxide and pros-
tacyclin. 2  Both of these effects can potentially have dramatic consequences on an 
already anticoagulated patient. 

 There are numerous case studies in the literature reporting bleeding with Gingko 
use either alone or in conjunction with anticoagulant drugs. Case reports show 
patients taking drugs that affect either platelet function or coagulation in addition to 
Ginkgo have experienced substantial bleeding. The most commonly implicated 
drugs are aspirin, warfarin, and ibuprofen, which have resulted in bilateral subdural 
hematomas, spontaneous hyphema, fatal intracerebral hemorrhages, perihepatic 
and vitreous hemorrhages, and postoperative bleeding. 2  ,  3  The causal link between 
the Ginkgo and the bleeding was not defi nitively suggested in any case, though most 
cases reported no subsequent bleeding episodes after discontinuing the Ginkgo. 

 Furthermore, there are several reports in the literature of bleeding with Gingko use 
in patients who are not on any other anticoagulants. The causal link again cannot be 
proven, since many patients had other clinical risk factors including increased age, 
cirrhosis, and hypertension. In addition, the few small, randomized controlled stud-
ies that have been carried out did not fi nd any association between Ginkgo and an 
increased risk of bleeding. It should be noted that all of these studies have had small 
sample sizes and short durations (majority fewer than 100 patients and less than 12 
weeks), suggesting insuffi cient power to detect any association. 2  The current recom-
mendation is to use caution when patients are concurrently using Ginkgo and any 
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anticoagulants. Gingko should defi nitely be discontinued prior to surgery, but the 
recommendation varies between 36 hours and 14 days before surgery. 1  ,  4  ,  5   

    Take-Home Points 

•     Ginkgo biloba has many pharmacologically active compounds.  

•   Among these is terpenoid ginkgolide B, which binds to a receptor on plate-
let membranes.  

•   Other constituents can increase circulating thrombolytics, including nitric 
oxide and thrombocylcin.  

•   Case reports have documented bleeding in anticoagulated patients on 
Ginkgo and in patients on Ginkgo alone, however, the causal link cannot 
be proven.  

•   Current thought is to discontinue ginkgo before surgery.     

    Summary 

     Interactions:  pharmacodynamic  
   Substrates:  Ginkgo biloba constituents including terpenoid ginkgolide B  
   Receptor/site of action:  platelet activating factor receptor  
   Clinical effect:  possible causal effect of increased anticoagulation        
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         Case 

 A 29-year-old woman of Somalian descent presented to the labor and delivery unit 
in active labor. Her nervous husband spoke only a small amount of English, enough 
for the labor team to learn that the he and his wife had recently immigrated from 
Somalia and that she was 9 months pregnant. 

 Following discussions with the patient via a Somalian interpreter, the anesthesia 
resident was called to place an epidural. The patient was tall and thin and epidural 
placement was uneventful. However, after the loading dose of bupivacaine, the 
patient became hypotensive and tachycardic. The resident administered intravenous 
ephedrine to raise the blood pressure and paged her attending. The hypotension 
persisted despite another dose of ephedrine, and the patient became diaphoretic, 
anxious, and pointed to her chest in obvious discomfort. As the tension in the room 
mounted, the labor nurse noted fetal distress on the monitor and called the obstetric 
resident who ran into the room, assessed the fetal heart tracing, and called for a stat 
Ceasarean section. After a rapid-sequence induction and intubation, the anesthesia 
attending decided to try some phenylephrine to counter the patient’s continuing 
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    Abstract    
 This case discusses several issues pertinent to the perioperative period arising 
from chronic khat use.  
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hypotension. Immediate improvement in the blood pressure was noted, the C-section 
proceeded uneventfully, and a healthy baby girl was delivered. 

 Following completion of surgery, the patient had delayed emergence from the anes-
thetic. As the minutes ticked by, the obstetrician grew increasingly concerned and 
suggested a CT scan of the brain, but the anesthesia attending calmly picked up the 
blade of the laryngoscope and displayed it to the operating room team. It was dis-
colored by adherent greenish leafy particles. “She may take a while to wake up. I 
think I know why all this happened. Let’s discuss it later.”  

    Discussion 

  This is an example of pharmacodynamic interaction at the neurotransmitter level.  

 More specifi cally, this case highlights an antagonistic pharmacodynamic interaction 
and the clinical issues arising from depletion of central and peripheral endogenous 
catecholamines secondary to chronic khat use resulting in refractory hypotension, 
resistance to indirect-acting sympathomimetic drugs such as ephedrine, and delayed 
anesthetic emergence. 

 Fresh leaves from the khat tree ( Catha edulis ) are chewed habitually by residents of 
Yemen, Somalia, Ethiopia, and others in East Africa. This habit continues in immi-
grants in Somali and Ethiopian communities in the United States, United Kingdom, 
and Europe. 

 Chewing khat produces a pleasurable, euphoric feeling that is attributed to the 
amphetamine–like constituents of the plant. Khat contains the pyrrolizidine alka-
loids cathinone, cathine, and cathidine. Most of the effects of khat have been attrib-
uted to cathinone. Like amphetamines, cathinone causes sympathetic effects through 
the release of central and peripheral neuronal catecholamines. 1  

 Acutely, khat chewing may result in tachycardia, hypertension, arrhythmias, myocar-
dial ischemia, coronary vasospasm, and myocardial infarction. 2  ,  3  These effects are 
especially pronounced within 4 hours of ingestion. Acute intoxication may also result 
in an increase in anesthetic requirements, aggressive behavior, and psychosis. 4  

 Chronic khat use results in depletion of neuronal catecholamines, refractory hypo-
tension, and resistance to indirect-acting sympathomimetic agents like ephedrine. 
Chronic use may also lead to the development of tolerance and cross-tolerance to 
other sympathomimetic agents, as well as hepatitis and nephropathy. Chronic khat 
users may also have decreased anesthetic requirements and delayed emergence 
from anesthesia.  
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    Take-Home Points 

•     Acute ingestion of khat can cause tachycardia, hypertension, arrhythmias, 
coronary vasospasm, acute myocardial infarction, delayed gastric empty-
ing, and psychosis.  

•   The pyrrolizidine alkaloids in khat, when used chronically, can cause 
depletion of central and neuronal cathecholamines.  

•   Khat anatagonizes the use of ephedrine and other indirect acting sympa-
thomimetics. In the OR, chronic users of khat are at risk for refractory 
hypotension that may require treatment with direct-acting sympathomi-
metic agents.  

•   Following anesthesia, chronic khat users are at risk for delayed emergence 
from anesthesia probably as a result of decreased anesthetic requirements.     

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  pyrrolizidine alkaloids cathinone, cathine, cathidine  
   Mechanism/site of action:  depletion of central and peripheral cathecholamines  
   Clinical effects:  refractory hypotension, tolerance to sympathomimetic agents, 

decreased anesthetic requirements        
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 Abstract    
 This case discusses a pharmacokinetic interaction between warfarin and gin-
seng resulting in the decreased anticoagulant effect of warfarin. Warfarin is a 
cytochrome P450 2C9 substrate and ginseng is a 2C9 inducer. 

            Case 

 During a 15-hour fl ight home from a business trip to China, a 60-year-old man felt 
an intense pain develop in his left calf that reminded him of the deep vein thrombo-
sis (DVT) he suffered 1 year previously. He was very worried, as his father had died 
of a pulmonary embolism. 

 In the Emergency Department (ED), he confi rmed that because of his family and 
personal history, he had been on long-term anticoagulant therapy and his International 
Normalized Ratio (INR) had been well maintained on warfarin at 5 mg/d for the 
past 11 months. The INR was measured every two to fi ve weeks and had ranged 
from 2.5 to 3.5 with the last measurement at 3.0 four weeks ago. Unfortunately, 
venous ultrasonography confi rmed the resident’s suspicion of DVT and laboratory 
studies showed a subtherapeutic INR of 1.3 (goal 2–3). The patient insisted he had 
been taking warfarin as prescribed. 
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 The ED resident was puzzled by the sudden decrease in a previously stable INR. No 
one answered in the anticoagulation clinic, so the resident called up to the intensive 
care unit to talk to the pharmacist. The pharmacist asked him to go over all medica-
tions, vitamins, and supplements the patient was taking. The patient denied any 
changes to his diet or medications, but did fi nally admit that he had started taking 
American ginseng 3 weeks earlier while in China after a coworker suggested that it 
would boost his immune system and give him energy. The resident called the ICU 
pharmacist back and, after a quick literature search, they decided to write up a case 
report on the herb–drug interaction between ginseng and warfarin.  

    Discussion 

  This is an example of an inducer added to a substrate.  

 The elimination of warfarin is primarily by hepatic metabolism. S-warfarin is 
metabolized to the inactive 7-hydroxywarfarin by the hepatic cytochrome P450 
(CYP) 2C9 enzyme. 1  Its effective half-life ranges from 20 to 60 hours with a mean 
of 40 hours. Ginsenosides, the principal compounds in American ginseng, have 
been shown to reduce plasma warfarin levels and INR signifi cantly by inducing 
hepatic CYP2C9 enzymes; more than 1 week is required to induce hepatic enzymes 
and to see any signifi cant reduction in plasma warfarin and INR levels. 2  

 In this patient’s case, he had been taking ginseng for 3 weeks, long enough to induce 
the 2C9 enzyme and thus increase clearance of warfarin. The fact that he did not 
start any other new medication eliminates the possibility of other drug–drug interac-
tions. Vitamin K interaction with warfarin also seems unlikely since the patient 
denied any sudden change in his diet. Discontinuation of ginseng would be expected 
to raise his INR back to therapeutic range within 2 weeks. In the mean time, the 
patient was treated acutely for his DVT with low-molecular-weight heparin, and his 
INR was closely monitored to ensure that discontinuation of ginseng resulted in 
return to adequate therapeutic levels.  

    Take-Home Points 

•     It is important to recognize that almost one in four perioperative patients 
use herbal supplements, and the majority of these patients will fail to dis-
close their use of herbs during routine preoperative assessment. 3 ,  4   

•   Since ginsenosides are the principal compounds in all ginseng products in 
various concentrations, other species of ginseng including Asian ginseng 
( Panax ginseng ) and Siberian ginseng ( Eleutherococcus senticosus ) can also 
decrease the effi cacy of warfarin and reduce the INR to dangerous levels. 5 - 7      
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    Summary 

     Interaction:   pharmacokinetic  
   Substrate:   warfarin  
   Enzyme:   CYP2C9  
   Inducer:   American ginseng  
   Clinical effect:   decreased anticoagulant effect of warfarin        
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         Case 

 A 65-year-old woman originally from the French Polynesian island of Moorea had 
suffered from Parkinson’s disease for the past 15 years. She was a retired seamstress 
and lived with her daughter, a high school French teacher. The patient’s symptoms 
of tremor, rigidity, shuffl ing gait, and masked facies had been well controlled with 
increasing doses of carbidopa-levodopa. At her last annual visit to her primary care 
physician approximately 7 months ago, the dose of her maintenance carbidopa- 
levodopa had been increased to 25 to 100 mg 5 times daily. 

 One night the patient tripped on a rug while setting the table for dinner and broke 
her arm. Her daughter returned home to fi nd her mother on the fl oor complaining of 
arm pain but oddly without painful facial expression, and brought her to the 
Emergency Department (ED). Apparently the patient had experienced a particularly 
severe “off” period, which manifested as diffi culty walking and rigidity. The daugh-
ter reported to the consultant anesthesiologist that her mother had started taking 
kava a couple of months prior to treat anxiety and leg pain. The patient had not 
informed her primary care physician of this new remedy, because she did not 
 consider kava to be a drug. However, the patient had noticed “off” periods of 
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    Abstract    
 This case discusses a pharmacodynamic interaction between the dopamine 
agonist levodopa and the dopamine receptor antagonist and supplement kava, 
resulting in increased Parkinsonian symptoms  
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increasing duration and severity in the past week or so with increasing tremor. The 
ED physician splinted the patient’s arm, and admitted the patient for open reduction 
and internal fi xation of her humeral fracture. The anesthesiologist instructed the 
patient to discontinue the use of kava indefi nitely and to inform her physicians of 
any new herbal remedies.  

    Discussion 

  This is an example of a pharmacodynamic interaction.  

 Kava is derived from the plant  Piper methysticum , and has gained popularity as an 
anxiolytic and sedative. The kavalactones appear to be the source of the pharmaco-
logical activity of kava, and have dose-dependent effects on the central nervous 
system (CNS), including antiepileptic, neuroprotective, and local anesthetic proper-
ties. 1  –  3  Adverse effects generally do not occur at therapeutic dosages of kava. At 
supra-therapeutic doses, mild gastrointestinal disturbances, visual-accommodation 
disorders, pupil dilation, and disorders of oculomotor equilibrium have been 
reported. Toxic dosages can cause progressive ataxia, muscle weakness, and ascend-
ing paralysis. “Kava dermopathy,” characterized by yellow discoloration of the skin, 
and fi sh scale-like lesions on the palms of the hands, soles of the feet, forearms, 
back, and shins, may also occur following ingestion of toxic doses. 4  

 Kava also has central dopamine receptor antagonist activity that reduces the activ-
ity of the anti-Parkinsonian drug levodopa. 1  ,  2  ,  5  ,  6  The severe “off” period experi-
enced by the Parkinson’s patient was probably caused by its anti-dopaminergic 
effects. Kava also inhibits cytochrome P450 (CYP) enzymes such as CYP1A2, 
2C9, 2C19, 2D6, and 3A4, which are responsible for the metabolism of many 
pharmaceutical agents. 7  

 Studies have suggested that kava has therapeutic potential in the treatment of anxi-
ety. 8  ,  9  A Cochrane meta-analysis found that although kava extract is an effective 
symptomatic treatment for anxiety when compared to placebo, the size of the effect 
seems small. 10  Data in several studies suggest that kava is relatively safe for short-
term treatment (1 to 24 weeks) of anxiety, and that kava is well tolerated by most 
users, but long-term trials with larger sample sizes are needed. 10  ,  11  Analysis of sev-
eral studies found that when taken as recommended, kava was rarely associated 
with hepatotoxicity; however, overdose, prolonged treatment, and combination 
with other medications increase the risk. 7  Kava may also be an effective sedative- 
hypnotic by potentiating γ-aminobutyric acid (GABA) neurotransmission. 3  Thus, 
kava may have additive effects with benzodiazapenes, since both act on the same 
receptors and on the same areas of the central nervous system. Such an interaction 
has been reported to cause a semicomatose state. 1  ,  2  Kava may also improve the 
quality of sleep in humans, and may be used as a centrally acting muscle 
relaxant. 4   
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    Take-Home Points 

•     Kava has antidopaminergic effects that may interact with drugs such as 
levodopa in patients with Parkinson’s disease, resulting in worsening of 
symptoms or an increase in “off ” periods.  

•   Kava is a popular herbal remedy for anxiety, and is prescribed for its seda-
tive and skeletal muscle relaxant actions.  

•   Kava may potentiate the effects of alcohol and benzodiazepines, leading to 
increased levels of sedation and a decreased level of consciousness.  

•   Kava may play a role in pharmacokinetic drug–drug interactions mediated 
by a number of P450 subenzymes. 12      

    Summary 

     Interaction:  pharmacodynamic  
   Substrates:  levodopa (agonist) and kava (antagonist)  
   Site of action:  central dopamine receptors  
   Clinical effect:  increased Parkinsonian symptoms        
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         Case 

 A 16-year-old girl presented to an ambulatory surgery center for esophago- 
duodenoscopy and colonoscopy to evaluate functional abdominal pain. The anes-
thesiologist elicited a history of abdominal pain two to three times a week for the 
past 6 months. The patient stated that she took amitriptyline and miralax for abdom-
inal pain and had no drug allergies. She also admitted that she visited a naturopathic 
clinician who prescribes an herbal medication for mouth sores, which the patient 
thought was caused by the dry mouth associated with amitriptyline. 

 The patient mentioned a recent episode of lightheadedness and several occasions on 
which she felt like her heart was racing. She attributed these symptoms to dehydra-
tion from the onset of summer weather. On review of her vital signs, the anesthesi-
ologist notice that her heart rate was 115 beats per minute and requested further 
detail about the herbal medication. The primary ingredient was goldenseal.  
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    Abstract    
 This case discusses the pharmacokinetic interaction between amitriptyline 
and goldenseal, leading to tricyclic antidepressant toxicity. Amitriptyline is a 
cytochrome P450 3A4 and cytochrome P450 2D6 substrate and goldenseal is 
a 3A4 and 2D6 inhibitor.  
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    Discussion 

  This is an example of an inhibitor added to a substrate . 

 It can be challenging to elicit a history of herbal medication use and determine 
active ingredients. Goldenseal ( Hydrastis canadensis ) is an inhibitor of cytochrome 
P450 (CYP) 2D6 and 3A4 metabolic pathways in the liver.  In vivo  studies demon-
strate goldenseal may inhibit these pathways up to 50%. 1  ,  2  CYP2D6 is involved in 
the metabolism of approximately 30% of all medications, thus this level of inhibi-
tion could have signifi cant clinical implications. Amitriptyline relies on both of 
these enzymes for its metabolic clearance in that it undergoes CYP2D6 hydroxyl-
ation and CYP3A4 demethylation. 3  

 Goldenseal extract has two principal active components, berberine and hydrastine. 
These are also termed isoquinoline alkaloids. Berberine has been shown to be more 
inhibitory than hydrastine  in vitro , however berberine has low bioavailablity. 

 Goldenseal is packaged as a tea or capsules. It is marketed as a treatment for gastro-
intestinal problems, mouth sores, and upper respiratory infections. It has also been 
used to mask illicit substances in urine, specifi cally marijuana. 4  In this instance, the 
patient was prescribed a tricyclic antidepressant (TCA), amitriptyline for chronic 
pain. TCA medications have many side effects including dry mouth, constipation, 
urinary retention, sexual dysfunction, blurred vision, dizziness, drowsiness, and 
increased heart rate. In addition, TCAs have a narrow therapeutic window and 
increased risk of signifi cant and life-threatening toxicity. Cardiovascular collapse 
and central nervous system toxicity are the most serious consequences of 
overdose. 5  

 The dose of amitriptyline prescribed for chronic pain is usually lower than the 
dose used for treatment of depression. Goldenseal inhibition of the metabolism of 
the amitriptyline resulted in larger than expected clinical effect of the medication. 
In this instance, additional screening with a 12-lead ECG is required to determine 
if more serious arrhythmias are present. If the patient has any signs of TCA toxic-
ity, she should be admitted for monitoring until symptoms resolve. If there are no 
signs of toxicity, it would be prudent to delay this elective procedure until the 
clinical symptoms of palpitations and dizziness have resolved. The patient and her 
parent should be counseled about drug interactions with the use of herbal 
medications.  
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    Take-Home Points 

•     Goldenseal is a CYP2D6 and CYP3A4 inhibitor that can increase plasma 
levels of medications that utilize these metabolic pathways.  

•   Patients underestimate the impact of over-the-counter and herbal medica-
tions. Careful questioning and a brief review of systems can often uncover 
subtle symptoms that may reveal drug–drug interactions.  

•   Drug–drug interactions can commonly effect cardiovascular and central 
nervous system function. Failure to recognize these interactions prior to 
delivering anesthesia can have serious consequences.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  amitriptyline  
   Enzyme:  CYP2D6 and CYP3A4  
   Inhibitor:  goldenseal  
   Clinical effect:  amitriptyline (tricyclic antidepressant) toxicity        
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         Case 

 Late one evening, the anesthesia resident and the surgical resident (who had been med-
ical school classmates) were chatting while walking down to the snack machines in the 
cafeteria when their phones rang at the same time. They were being called about a 
possible posting for an exploratory laparotomy/appendectomy for a patient patient 
complaining of severe abdominal pain. The patient was a 40-year-old man with known 
human immunodefi ciency virus (HIV) infection who believed he had appendicitis. He 
reported that he was currently on highly active antiretroviral therapy (HAART), but 
did not know the name of his medications. He also reported taking “some medication” 
to prevent infections since his “CD4 count is somewhere in the hundreds.” 

 After a complete workup, the surgical resident called the anesthesia resident to tell 
her that the CT scan was negative for appendicitis, and jokingly asked if she had 
noticed whether there were any mints in the vending machines as the patient reeked 
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of garlic. The astute anesthesia resident asked the surgical resident to meet her at the 
patient’s bedside to talk to the patient. After questioning, the patient admitted to 
taking fresh garlic supplement because a friend who was an alternative medicine 
healer suggested that garlic had antimicrobial properties and he was anxious to 
avoid HIV-associated opportunistic infections. The residents then inquired as to 
whether he was taking the protease inhibitor ritonavir, to which the patient responded 
that that name sounded very familiar. They informed the patient that his stomach 
pain would likely go away if he stopped taking the garlic supplements. He was dis-
charged from the emergency department in the morning with recommended fol-
lowup with his outpatient medical care team.  

    Discussion 

  This is an example of an inhibitor added to a substrate . 

 Interactions between large amounts of garlic and antiretroviral medications, specifi -
cally ritonavir and saquinavir, have been described. In a case report by Laroche 
et al. two HIV-positive patients consuming large amounts of garlic supplements 
developed severe gastrointestinal symptoms after starting HAART containing rito-
navir. 1  Curiously, after discontinuing either the garlic supplements or the ritonavir, 
the gastrointestinal symptoms subsided. Although the mechanism for this toxicity is 
not clear, a proposed mechanism includes an inhibitory effect of garlic on cyto-
chrome P450 (CYP) 3A4 or P-glycoprotein, resulting in an increased systemic con-
centration of ritonavir, which is a substrate of both CYP3A4 and P-glycoprotein. 2  ,  3  
However, an alternative mechanism for the gastrointestinal toxicity has been pro-
posed, which describes toxic metabolites generated from the direct interaction of 
garlic with ritonavir. 

 In a study conducted with healthy volunteers concomitantly taking large amounts of 
garlic and saquinavir, mean concentrations of saquinavir decreased by more than 
50%. 4  Like its interaction with ritonavir, garlic’s mechanism for decreased saquina-
vir concentrations is unclear, though it has been proposed that in addition to its 
inhibitory effects, garlic also induces several other P450 enzymes. 3   
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    Take-Home Points 

•     Physicians will need to keep in mind that herb–drug interactions may 
mimic other acute medical or surgical symptoms, and a thorough history is 
essential to avoid misdiagnosis.  

•   Careful review of antiretroviral regiments for HIV-positive patients also 
taking garlic supplements is warranted, as garlic may have direct and/or 
indirect interactions with ritonavir and saquinavir.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  ritonavir  
   Enzyme / site of action:  CYP3A4 and/or P-glycoprotein pump  
   Inhibitor:  garlic  
   Clinical effects:  abdominal discomfort        
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         Case 

 Late one Monday night, the anesthesia resident who was on call for the labor and 
delivery deck was paged to place an epidural catheter for probable urgent Cesarean 
section. The patient was a healthy 26-year-old primigravida with mild hyperlipid-
emia. Her medications included a daily multivitamin and a daily garlic supplement, 
which a friend suggested would help with her cholesterol levels. Before setting up 
the epidural tray, the resident checked the patient’s laboratory work-up and con-
fi rmed that the most recent coagulation panel from 3 hours earlier was normal. 

 Catheter placement was successful on the fi rst attempt using a loss-of-resistance 
technique. No paresthesia was elicited during placement, nor was blood or cerebro-
spinal fl uid aspirated. Placement and dosing of the catheter was otherwise uncom-
plicated and sensory examination confi rmed a working catheter. The patient was 
then whisked to the obstetric operating room where a baby boy was delivered via 
C-section. Surgery was uneventful, and wound closure was easily performed fol-
lowing achievement of hemostasis. 
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 Postoperatively, the patient started to complain of increasing bilateral lower extrem-
ity weakness and paresthesia. The astute anesthesia resident quickly surmised that 
an epidural hematoma could be the culprit, and ordered urgent imaging of the tho-
racic and lumbar regions. Magnetic resonance imaging confi rmed a large epidural 
hematoma spanning several vertebral levels. The on-call neurosurgery team was 
alerted for emergency evacuation and spinal decompression. Over the next few 
days, the patient made a full recovery.  

    Discussion 

  This is an example of a pharmacodynamic side effect . 

 Patients who consume large amounts of garlic that contain the active compound 
allicin, may be at an increased risk for bleeding even without concomitant antico-
agulation or antiplatelet agents. Further, the risk for spontaneous bleeding arising 
from increased garlic consumption has been documented in several case reports 
involving postoperative hemostasis. 1  ,  2  

 Although the mechanism of increased bleeding has not been fully elucidated, it is 
generally thought that this increased risk is independent of garlic’s interaction with 
the cytochrome P450 (CYP) system. 3  ,  4  It has been proposed that garlic inhibits 
platelet aggregation in a dose-dependent fashion, possibly by acting via the ADP 
pathway (like clopidogrel). 5  There is evidence that one of garlic’s constituents, ajo-
ene, may also be irreversible, thereby potentiating the effects of other antiplatelet 
agents. 5  

 In addition to its inherent bleeding risk, diabetic patients who consume large 
amounts of garlic may be at an increased risk for developing hypoglycemia, espe-
cially when taking other oral antihyperglycemic agents. There has been a case 
report of a diabetic patient on chlorpropamide developing hypoglycemia after con-
suming large amounts of Indian curry containing garlic. 6  It is currently thought that 
garlic’s hypoglycemic effect stems from its ability to increase insulin levels rather 
than interacting with other diabetic drugs.  
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    Take-Home Points 

•     Physicians will need to keep in mind that commonly used herbs such as garlic 
may interact with other antiplatelet or anticoagulant drugs, or act in an inde-
pendent fashion to increase the risk for spontaneous and traumatic bleeding.  

•   Physicians caring for diabetic patients need to advise them about the risk 
for developing hypoglycemia by consuming large amounts of garlic, espe-
cially when antihyperglycemic agents such as chlorpropamide are used.     

    Summary 

     Drug effect:  pharmacodynamic  
   Mechanism / site of action:  platelets (proposed)  
   Clinical effects:  anticoagulation        
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         Case 

 Late one Friday night, a 68-year-old woman on chronic anticoagulation with warfa-
rin arrived in the Emergency Department via ambulance, obtunded after a fall. She 
and her husband had been celebrating their 40th wedding anniversary with an eve-
ning of dinner and dancing when she slipped on the dance fl oor and hit her head. 
Over the next 2 hours, she became progressively confused, ataxic, with left-sided 
weakness, and decreased responsiveness. According to her husband, her medical 
history included atrial fi brillation, hypertension, and stable angina for which she 
took warfarin and hydrochlorothiazide. Her laboratory studies were signifi cant for 
an elevated International Normalized Ratio (INR) of 5.9. Computed tomography 
scan of her head revealed a large right-sided subdural hematoma requiring emergent 
evacuation following correction of her coagulopathy with human factor VIIa. 

 Upon interviewing the patient’s husband before going back to the operating room, the 
anesthesia resident learned that the patient had been stable on warfarin for 2 years, 
with a documented INR of 2.2 a month ago. The husband denied any changes to her 
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medication regimen or addition of herbal supplements. He did comment that his wife 
had recently started acupuncture for knee pain and help with “circulation”. Tipped off 
by the patient’s acupuncture therapy, the resident probed further about herbal supple-
ments in non-pill form, including tinctures, teas, or topical creams. The suggestion of 
tea jogged his memory, and he revealed that, 5 days earlier, his wife began drinking a 
new herbal tea containing danshen to help with her circulation and angina.  

    Discussion 

  This is an example of a mixed pharmacodynamic and pharmacokinetic drug 
interaction.  

 Danshen ( Salvia miltiorrhiza ) is among the most commonly used traditional 
Chinese herbal medications. Its posited therapeutic properties include coronary 
artery dilation, inhibition of platelet adhesion and aggregation, and suppression of 
thromboxane. 1  ,  2  Danshen is frequently used for treatment of cardiovascular and 
cerebrovascular diseases; including angina pectoris, myocardial infarction, and 
ischemic stroke 13 . Less commonly, danshen is used to treat insomnia, arthritis, or 
regulate menstrual bleeding. 3  

 Multiple case reports have described increased anticoagulation and bleeding com-
plications in patients on chronic warfarin therapy who began taking danshen. 4  –  6  The 
antiplatelet activity of danshen is only partially to blame for the enhanced antico-
agulation when combined with warfarin. Danshen also increases the anticoagulant 
effect of warfarin by altering the drug’s pharmacokinetic properties. When com-
bined with warfarin in rats, danshen increased the bioavailability, maximum con-
centration, and elimination half-life, but decreased the clearance and apparent 
volume of distribution of warfarin. 7  

 These pharmacokinetic effects are attributed to multiple pathways. Warfarin is a 
racemic mixture of two optically active isomers of the R and S forms. 8  R-warfarin 
is primarily metabolized by cytochrome P450 (CYP) 1A2 and 3A4 and S-warfarin 
is a substrate of CYP2C9. 9  The S form has approximately fi ve times the activity as 
an anticoagulant as the R form, 10  and has more clinical signifi cance as anticoagu-
lant. Danshen has been demonstrated to increase plasma concentrations of both 
R- and S-warfarin. 7  Danshen contains several active compounds that contribute to 
its inhibitory effects on the metabolic CYP enzymes 1A2, 2C9, 2D6, 2E1, and 3A4 
 in vitro . 11  ,  12  These compounds include danshensu, tanshinone I, tanshinone IIA, 
cryptotanshinone, protocatechuic aldehyde, protocatechuic acid, and salvianolic 
acid B. 12  When considering the clearance of warfarin, danshensu is a competitive 
inhibitor of 2C9 and may carry the greatest importance for this interaction. 12  
Although, tanshinone I, tanshinone IIA, cryptotanshinone are competitive inhibi-
tors of 1A2, cryptotanshinone an inhibitor of 2C9 and protocatechuic aldehyde is a 
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weak inhibitor of 3A4, their degree of contribution might be limited by their bio-
availability  in vivo . 12  It may be possible however, depending on formulation or 
route of administration, the bioavailability of these compounds may increase along 
with their importance in danshen interactions. 

 The anesthesia resident picked up on the patient’s use of acupuncture as an alterna-
tive therapy, and explored the possibility of a drug or herbal interaction to explain 
the patient’s supratherapeutic INR. Danshen is prepared in multiple forms including 
tablets, capsules, injectables, sprays, oral liquids, teas, and is even present in some 
brands of Chinese cigarettes. 9  It is, therefore, imperative for clinicians to query the 
use of herbs, supplements, or traditional Chinese medications in all possible prepa-
rations. Danshen is structurally similar to digoxin, and may falsely elevate or lower 
serum digoxin measurements, depending on the type of assay used. 10   

    Take-Home Points 

•     Danshen produces both pharmacodynamic and pharmacokinetic drug 
interactions when administered with warfarin.  

•   Danshen can produce a clinically signifi cant effect similar to warfarin, 
with enhanced anticoagulation in a matter of days.  

•   Clinicians should be aware of potential warfarin–herb interactions when 
patients with previously stable anticoagulation develop bleeding or unex-
pected alterations in their INR.  

•   Because herbal supplements are prepared in many forms, patients are often 
unaware they are consuming herbs. Clinicians are wise to ask about herbal 
supplements in a variety of preparations, particularly herbal teas.  

•   Danshen should not be consumed for at least 2 weeks prior to surgery to 
avoid any perioperative bleeding as a result of its antiplatelet effects.     

    Summary 

     Interaction 1:  pharmacokinetic  
   Substrate:  warfarin  
   Inhibitor:  danshen  
   Mechanism/enzymes/site of action:  multiple mechanisms, as yet not fully 

elucidated  
   Clinical effect:  increased anticoagulation   
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    Interaction 2:  pharmacodynamic  
   Substrates:  warfarin and danshen  
   Mechanism/site of action:  inhibition of platelet adhesion synergizing with 

increased INR.  
   Clinical effect:  increased anticoagulation        
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         Case 

 A 67-year-old man arrived in the preoperative area for transurethral resection of the 
prostate having failed conservative management of an acute episode of acute uri-
nary retention 1 month earlier. He also had a history of atrial fi brillation, hyperten-
sion, and coronary artery disease for which he had had a drug-eluting coronary stent 
placed just over 1 year ago. The anesthesiologist noted the patient was on warfarin 
and clopidogrel but had stopped both 7 days earlier on instruction from his surgeon. 
His preoperative International Normalized Ratio (INR) was 1.2. The patient’s wife 
mentioned that 2 months ago his INR had been very high and his warfarin dose had 
been adjusted. The anesthesiologist began to discuss the risks and benefi ts of spinal 
anesthesia when she noticed bright yellow staining on the patient’s fi ngers. The 
patient mentioned that he had read in a magazine that turmeric could prevent pros-
tate cancer and he had been taking it as a supplement for several months. Unfamiliar 
with the implications of turmeric therapy, the anesthesiologist checked an online 
drug and supplement registry. He returned to the patient to inform him that he could 
not have a spinal anesthetic for his procedure.  
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    Discussion 

  This is an example of an inhibitor added to a substrate and also a synergistic 
pharmacodynamic drug effect . 

 Turmeric, derived from the rhizome of the  Curcuma longa  plant, is a commonly 
used spice found in yellow curry dishes. For centuries, turmeric has been used in 
traditional Asian medicine for a wide variety of ailments, including dyspepsia, 
wound healing, and rheumatism. 

 Curcumin, a yellow pigment compound in turmeric, is the major pharmacologically 
active component of the spice. It has garnered interest because of its anti- 
infl ammatory and antioxidant properties. In the last three decades, curcumin has 
been extensively investigated  in vitro  and in animal models of specifi c disease 
states, though human studies are in most cases lacking. The therapeutic effects of 
curcumin are being examined in a number of diseases including cancer, Alzheimer’s 
disease, hyperlipidemia, thrombosis, peptic ulcers, psoriasis, rheumatoid arthritis, 
and HIV/AIDS. 1  

 While much has been published of the potential health benefi ts of curcumin, little 
has been reported about drug interactions. Based on  in vitro  and animal studies, 
curcumin may increase the risk for bleeding in patients taking antiplatelet agents. 
Patients on medications such as aspirin or clopidogrel may develop an exaggerated 
antiplatelet effect when consuming curcumin. Studies have demonstrated that cur-
cumin inhibits human platelet aggregation by interfering with platelet-activating 
factor and arachidonic acid-mediated thromboxane formation. 2  ,  3  It appears that cur-
cumin inhibits thromboxane formation induced by these aggregation agonists pri-
marily by interrupting COX activity. This effect on platelets is reversible. 2  

 In addition, patients prescribed warfarin may develop excessive anticoagulation 
after beginning consumption of curcumin. Curcumin has been demonstrated  in vitro  
to interact with multiple major human cytochrome P450s (CYP) enzymes including 
1A2, 3A4, 2D6, 2C9 and 2B6. 4  Warfarin is primarily metabolized by 2C9 and 1A2, 
both of which are inhibited by curcumin. The cytochrome P450 inhibition creates 
the potential for a rising INR in a patient who initiates curcumin while on a stable 
coumadin regimen. 

 The National Institute of Health’s Internet health service,  Medline Plus , recom-
mends cessation of turmeric and curcumin prior to scheduled surgery, regardless of 
concurrent forms of anticoagulation 5  The American Society of Regional 
Anesthesiology contends that although herbal agents alone do not appear to pose a 
greater risk of spinal hematoma with neuraxial anesthesia, herbal drugs in combina-
tion with other anticoagulants may increase the risk for hemorrhage. 6  Therefore, it 
is prudent to consider the effects of turmeric in the perioperative patient who is 
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 taking or has recently discontinued anticoagulants, especially if a neuraxial anes-
thetic technique is being considered. 

 Natural turmeric rhizome is composed of 3% to 5% curcumin. It is estimated the 
average person in India consumes 2 to 2.5 g turmeric daily. 5  Herbal remedies 
 containing turmeric are widely available commercially and generally contain 
between 200 and 1000 mg curcumin. 

 Curcumin has little bioavailability, being poorly absorbed through the gastrointesti-
nal tract and quickly metabolized by liver glucuronidation and sulfation 1  Detailed 
pharmacokinetics of curcumin do not exist in humans. However, in a Phase I clinical 
trial, curcumin blood levels peaked at 1 to 2 hours and gradually declined over the 
next 12 hours. Toxic effects in humans were not detected in humans in doses up to 
8 g daily 7   

    Take-Home Points 

•     Many patients and even some physicians falsely perceive that because they 
are “natural,” food supplements do not have signifi cant adverse effects and 
drug interactions. Because of this belief, many patients will not inform 
their providers about regularly consumed supplements.  

•   It is important not to become complacent in asking the perioperative 
patient about supplements they may be ingesting, and investigating the 
potential interactions of those supplements with drugs they are taking or 
may be exposed to in the perioperative period.  

•   Turmeric and its active constituent curcumin appear to have intrinsic anti-
platelet effects. 2  ,  3  It is important to be mindful of this fact in the perioperative 
patient where bleeding is a concern. Vigilance in this regard should be height-
ened when the patient is concurrently taking an antiplatelet medication.  

•   While curcumin appears to have a short plasma half-life and seems to be a 
reversible platelet-aggregation inhibitor, detailed pharmacokinetics do not 
exist for this herb. 2  ,  7  Therefore, it is prudent to advise patients to cease 
consuming turmeric or curcumin at least 7 days prior to surgery when 
neuraxial analgesia is contemplated or hemorrhage is a signifi cant risk.  

•   Curcumin has been demonstrated to be a potent inhibitor of several major 
human cytochrome P450 enyzmes. 4  The full extent of curcumin-drug 
interactions is far from established, but drug–drug interactions occurring at 
the cytochrome P450 system are a common mechanism of adverse drug 
reactions.  
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•   Curcumin’s ability to inhibit the specifi c cytochrome P450 enzymes 
(CYP2C9, CYP1A2) which metabolize warfarin is of particular impor-
tance to the perioperative patient. This has the potential to lead to a danger-
ously high INR in a patient who is not closely monitored after initiation of 
regular consumption of turmeric or curcumin.  

•   Equally disconcerting is the possibility of an unsuspecting practitioner ini-
tiating a standard dose of warfarin in a patient who is already consuming 
turmeric, leading to supratherapeutic anticoagulation.     

    Summary 

     Interaction:  pharmacokinetic and pharmacodynamic  
   Substrate:  warfarin  
   Enzyme:  CYP 1A2 and CYP 2C9  
   Mechanism / site of action:  cyclooxygenase/thromboxane formation  
   Clinical effect:  decreased platelet aggregation, increased anticoagulant effect        
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         Case 

 A 42-year-old woman with a history of rheumatoid arthritis and chronic mild 
depression, slipped at work and sustained a lumbar compression fracture. She 
underwent posterior fusion and was admitted to the neurosurgical intensive care 
unit (ICU) postoperatively. She had a history of rheumatoid arthritis which was 
managed with Gengraf ®  (oral cyclosporine, 125 mg BID). Additional medications 
included over the counter St. John’s wort for mild depression and calcium plus vita-
min D for severe steroid induced osteoporosis. 

 The patient’s standing dose of cyclosporine was started in the ICU; however, hospi-
tal policy did not permit herbal dietary supplements such as St. John’s wort to be 
taken. The patient’s surgical site was healing as anticipated; however, on postopera-
tive day 6 it was noticed that her urine output had decreased by 50%, her serum 
creatinine had increased from 0.9 mg/dL to 1.7 mg/dL, and her potassium was 
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 This case discusses the pharmacokinetic interaction between cyclosporine 
and St. John’s wort, resulting in renal failure. Cylcosporin is a cytochrome 
P450 3A4 and P-glycoprotein substrate and St. John’s wort is a 3A4 and 
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5.3 mg/dL. A cyclosporine drug level was reported as 302 mg/dL. The cyclosporine 
therapy was held until the level returned to 100 mg/dL and then restarted at a lower 
dose. The patient’s transfer to the ward was deferred until her renal function 
improved. After extensive review of the patient’s medication history, it was noted 
that there was a signifi cant drug–drug interaction (DDI) between cyclosporine and 
St. John’s wort. The patient was discharged home on the new dose of cyclosporine 
and sertraline for her mild depression.  

    Discussion 

  This is an example of multiple reversals of induction . 

 After extensive review of the patient’s medication history it was discovered the 
patient had been on St. John’s wort concurrent to when the cyclosporine was started 
and titrated to effect. Cyclosporine is a known substrate and mild inhibitor of the 
cytochrome P450 (CYP) enzyme 3A4. 1  It is also a substrate of the P-glycoprotein 
transporter. The incidence of renal dysfunction associated with cyclosporine is as 
high as 40%. 2  The mechanism is thought to be due to a decrease in renal blood fl ow 
by a vasoconstriction of the afferent glomerular artery. Patients on cyclosporine are 
subject to close monitoring of drug levels to decrease this risk for renal failure. Also, 
it is very important to ensure which cyclosporine product, Gengraf ®  or Sandimmune ®  
the patient takes, because Gengraf ®  has one third greater bioavailability. St. John’s 
wort is classifi ed as an herbal dietary supplement, which means it is not subject to 
the strict safety and quality testing that the Food and Drug Administration requires 
from prescription medications.  

 Hospitals are unable to allow patients to use these herbal dietary supplements 
because they lack safety, effi cacy studies, and quality control. Patients often forget 
or do not understand the importance in listing these products on their medication 
history because they are over-the-counter products and do not require a prescription. 
St. John’s wort is a potent inducer of both CYP3A4 and the P-glycoprotein transport 
system. Thus, for our patient, St. John’s wort signifi cantly increased the metabolism 
of cyclosporine and decreased its net absorption. When the patient was unable to 
take St. John’s wort in the hospital, these effects reversed, and her cyclosporine level 
more than doubled as a result. The team did confi rm that the same cyclosporine 
product used at home was continued in the hospital. Patients should be strongly 
encouraged to provide a list of all herbal medications they take, and these should be 
reviewed for possible drug interactions and side effects.  
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    Take-Home Points 

•     St John’s wort may be a mildly effective agent for depression but acts as an 
inducer in a number of clinically relevant drug–drug interactions.  

•   Increased frequency of cyclosporine level monitoring should be consid-
ered when medication alterations are made in the perioperative 
environment.  

•   There are signifi cant differences between branded preparations of 
cyclosporine.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  cyclosporine  
   Enzyme:  CYP3A4 and P-glycoprotein  
   Inducer:  St. John’s wort  
   Clinical effects:  cyclosporine toxicity and renal failure        
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         Case 

 A 24-year-old woman was scheduled for an elective otoplasty and was very excited 
to fi nally have her planned plastic surgery. She admitted to no other past medical 
history and reported that her only medication was oral contraceptives. A routine 
preoperative urine pregnancy test was positive. The patient was shocked at this 
result, stating adamantly that she took her a birth control pill every morning and 
never missed a dose. Her case was cancelled and she was referred to an 
obstetrician. 

 A repeat pregnancy test was positive and an ultrasound confi rmed an early viable 
intrauterine pregnancy. The patient was quite distressed and adamant that she had 
been compliant with her oral contraceptives. She inquired if it was safe for her to 
keep taking her herbal supplement, as she felt that it was helpful in “smoothing 
things down.” Upon questioning, she admitted that she was taking St. John’s wort 
after a friend recommended it when she mentioned that she was feeling depressed 
but did not like the idea of an antidepressant. 
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 The obstetrician explained to her that, although herbal supplements are often 
thought of as natural, they were in fact chemical compounds that could have interac-
tions with other drugs. In her case, the interaction of St. John’s wort with her oral 
contraceptive may have resulted in her pregnancy.  

    Discussion 

  This is an example of an inducer added to a substrate . 

 St John’s wort (SJW) is an herbal supplement most commonly taken for its antide-
pressant effects. The extracts of St John’s wort contain varying amounts of com-
pounds including hypericin, hyperforin, and fl avonoids. It is the content of 
hyperforin contained within the supplement that must be taken into account when 
contemplating drug–drug interactions (DDIs) with SJW. SJW products may contain 
a concentration of hyperforin ranging from 0.2% to 5%. Products that contain a 
concentration of less than one percent are less likely to be implicated in drug inter-
actions than products containing concentrations greater than 4%. 1  

 Hyperforin is an inducer of the cytochrome P450 (CYP) enzymes 3A4 and 2C9. In 
addition, hyperforin increases the expression of the duodenal P-glycoprotein trans-
porter. 1  P-glycoprotein is an ATP-dependent active transporter on the apical surface 
of enterocytes that pumps absorbed lipophilic compounds back into the intestinal 
lumen. Oral contraceptives contain ethinylestradiol and a progestin component, 
which function to inhibit the release follicle-stimulating hormone (FSH) and lutein-
izing hormone (LH) respectively and ultimately prevent ovulation. Both ethinyl-
estradiol and progestins are primarily metabolized by CYP3A4. Several 
pharmacologic interaction studies between low dose oral contraceptives and various 
SJW preparations have been performed to examine the effects of SJW on the blood 
serum levels of ethinylestradiol, progestins, FSH, and LH as well as the incidence 
of intracyclic bleeding and possible ovulation. 2  –  5  The results of these studies varied 
regarding the effects of hyperforin and the various effects on blood serum levels of 
these hormones; however, an increased incidence of breakthrough bleeding was a 
consistent fi nding. One study demonstrated evidence of follicular maturation and 
possible ovulation; however, a recent study performed using a SJW preparation with 
a low hyperforin content (0.2%) found no evidence of interaction with ethinylestra-
diol or progestin, or increased incidence of intracyclic bleeding. 3  ,  5  

 Although intracyclic menstrual bleeding is a well-documented fi nding among 
women taking St. John’s wort and oral contraceptives, the exact incidence of 
unwanted pregnancy due to the interaction is unknown. There are case reports in 
which the drug interaction seemed to be the most likely source of an unplanned 
pregnancy, but there are no studies clearly demonstrating this result. 6  ,  7   
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    Take-Home Points 

•     Hyperforin is the component of St John’s wort that induces CYP3A4 
resulting in drug–drug interactions.  

•   The concomitant use of St John’s wort with oral contraceptives increases 
the incidence of irregular menstrual bleeding; however, the number of case 
reports of unexpected pregnancy remains small.  

•   The hyperforin content within preparations of St John’s wort may vary. 
Products containing a low concentration of hyperforin are less likely to 
result in increased metabolism of the hormonal components of oral contra-
ceptives and are less likely to result in intracyclic menstrual bleeding.     

    Summary 

     Interaction:  pharmacokinetic  
   Substrate:  ethinylestradiol  
   Enzyme / Site of action:  CYP3A4 and P-glycoprotein  
   Inducer:  St. John’s wort  
   Clinical effect:  decreased blood level of ethinylestradiol leading to decreased con-

traceptive effi cacy        
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533, 539, 611, 624, 632, 637–639, 
669–671, 867, 868, 887, 961, 965  

   Atrial natriuretic peptic (ANP) , 842  
   Atrioventricular blockade , 589, 590, 632, 905  
   Atrioventricular conduction , 589, 590, 

632, 670  
   Atrioventricular node , 670  
   Atropine , 167, 194, 204, 205, 414, 415, 425, 

426, 589, 616, 617, 821  
   Autonomic hyperactivity , 277, 278, 780  
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   Autosomal dominant , 157, 158  
   AV , 590, 592, 642  
   Awake , 121, 130, 266, 390, 391, 406, 540, 

566, 851–853, 903, 917  
   Awake intubation , 721  
   Axillary block , 186, 219  
   Azithromycin , 76, 77, 473, 590, 607, 651, 667, 

809, 814  
   Azole antifungals , 38, 74, 209, 305, 382, 473, 

492, 496–498, 558, 607, 624  

    B 
  Bactrim , 809  
   Banana peel , 877  
   Barbiturates , 50, 124, 125, 398, 564, 620, 

747, 791  
   Base , 88, 94, 95, 168, 189, 194, 240, 682, 

686, 743  
   The Bawling Baby , 6, 261–263  
   Bazett formula , 799, 808  
   BCHE.    See  Butyrylcholinesterase (BCHE) 
   Beer , 373, 551, 676, 873, 877  
   Behavioral dyscontrol , 820, 822  
   Benadryl , 717  
   Benzene , 33  
   Benzodiazepines (BZs) , 8, 124, 126, 127, 167, 

189, 196, 201, 240, 242, 258, 259, 261, 
278, 279, 299, 357, 359–362, 364–367, 
370, 373, 375, 382, 386, 387, 390, 391, 
394, 395, 398, 406, 407, 570, 780, 821, 
856, 947  

   Benzoic acid , 194  
   Benzoylmethylecgonine , 194  
   Benzylisoquinolines , 464, 465  
   Berberine , 374, 950  
   Bergamottin , 38  
   β-adrenergic antagonism , 578, 579, 827  
   β1-adrenergic blockade (Beta-adrenergic 

blockade) , 427  
   Beta-adrenergic receptor , 548, 806, 827  
   β-adrenoceptor antagonists , 225  
   β-agonist , 98, 586  
   β-aminobutyric acid (GABA) , 126, 277, 

364, 946  
   Beta blockade , 427, 599, 617  
   Beta-blockers (β-blockers) , 8, 20, 30, 96, 188, 

193, 195, 196, 506, 507, 557, 558, 560, 
565, 597–599, 617, 619, 641, 643, 695, 
827, 860  

   11-β-dehydrogenase , 888  
   Beta-hydroxybutyrate , 834  
   Beta receptor , 553  

   Biaxin , 666, 809  
   Binding site , 12, 69, 82, 126, 399, 468, 469, 

647, 758, 759, 761, 827  
   Bioactivation , 41  
   Bioavailability , 15, 16, 38, 67, 69, 70, 84, 98, 

283, 407, 480, 497, 564, 574, 633–635, 
644, 694, 710, 723, 777, 832, 838, 839, 
856, 880, 881, 884, 886, 915, 962, 963, 
967, 970  

   Bipolar I disorder , 789, 790  
   Bipolar II disorder , 790  
   Birth control , 443, 973  
   Black box warning , 323, 406, 407, 791, 

804, 809  
   Bleeding , 97, 111, 112, 176, 185, 390, 651, 

654, 655, 662, 663, 676, 677, 682, 
731, 753, 841, 867–870, 901, 916, 
921, 922, 933–935, 958, 962, 963, 
966, 967, 974  

   Block , 120, 146, 163, 166, 175, 176, 179–181, 
185–187, 194–196, 200, 203, 207, 208, 
219, 224, 233, 234, 242, 270, 297, 317, 
322, 333, 359, 393, 394, 415, 416, 418, 
422, 426, 427, 440, 445, 449–451, 461, 
464, 510, 540, 557, 558, 582, 589, 590, 
598, 601, 616, 642, 646, 654, 773, 782, 
804, 805, 876, 879, 905  

 phase 1 , 415  
 phase 2 , 415, 416  

   Blockade 
 beta , 427, 599, 617  
 neuraxial , 181  
 neuromuscular , 8, 11, 134, 265, 411, 415, 

418, 421–423, 426, 427, 430, 431, 434, 
435, 445, 446, 450, 452, 455–457, 
459–465, 891, 894, 903, 906  

   Blocked Again , 7, 413–416  
   Blood-brain barrier (BBB) , 67–71, 98, 282, 

283, 655, 744  
   Bounce Back , 8, 96, 725–727  
   Bradyarrythmia , 426, 427  
   Bradycardia , 8, 146, 149–152, 173, 174, 189, 

201, 204–205, 234, 414–416, 426, 427, 
553, 580, 581, 583, 584, 589, 616, 617, 
814, 820, 826, 904  

   Brain natriuretic peptide , 842  
   Breast cancer , 20, 491, 581, 691, 713, 714, 

718, 856  
   Brugada syndrome , 287  
   Budesonide , 501–503  
   Bulimia , 904–906  
   Bupivacaine , 126, 163, 179–181, 185–190, 

199–203, 205, 208, 209, 211–213, 
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215–218, 221, 229–231, 233–236, 269, 
405, 577, 579, 580, 937  

   Bupivacaine spinal , 8  
   Buprenorphine , 58, 62, 106, 241–246, 258, 

363–367  
   Bupropion, 30, 45, 74, 79, 207, 286, 293–295, 

329, 505–508, 543–544, 768 
   Buspirone , 511, 521–522, 526  
   Butyrophenones , 809, 821  
   Butyrylcholinesterase (BCHE) , 95, 96, 418, 

438, 444  

    C 
  Cachexia, cachetic , 899, 900  
   Cafergot , 917  
   Caffeine , 6, 42, 156, 158, 344–345, 369, 594, 

917–920  
   Calcineurin inhibitor , 496, 570, 701, 702  
   Calcium , 134, 135, 158, 159, 174–176, 189, 

195, 378, 422, 423, 460, 461, 475–477, 
488, 556, 565, 574, 605, 606, 646, 647, 
776, 800, 847, 880, 881, 884, 892–894, 
905, 910, 969  

   Calcium-channel blockers , 34, 38, 39, 74, 77, 
80, 106, 217, 574, 602, 603, 612, 613, 
651, 685–687, 694, 695, 735, 
776–778, 919  

   Calcium channels , 134, 135, 175, 234, 331, 
422, 460, 461, 590, 776, 804–806  

   Candesartan , 555–560  
   Cannabinoid , 11, 552  
   Captopril , 539, 540, 542  
   Carbamazepine (CBZ) , 19, 38, 46, 54, 59, 74, 

76, 79, 84, 106, 311, 317, 369–372, 
385–387, 431, 433–435, 511, 611–614, 
620, 743, 744, 747, 753–755, 775–778  

   Carbapenem , 527–529, 897  
   Carbidopa , 744, 945–947  
   Carbohydrates , 832–835, 892, 896  
   Carbon tetrachloride , 33  
   Cardiac 

 anesthesia , 377, 533  
 arrest , 185, 190, 200, 201, 233, 278, 364, 

406, 558, 772, 872  
 arrhythmias , 142, 319, 553, 591, 647, 

822, 827, 849  
 conduction , 6, 316, 318, 319, 670, 

804, 827  
 dysrhythmias , 239, 333, 670, 671, 764, 

873, 906, 919  
 failure , 18, 61, 96, 146, 147, 187, 

188, 226, 517, 533, 555–557, 582, 

642, 645, 722, 738, 801, 847, 887, 
904, 905, 919  

 output , 120, 194, 204, 225, 226, 234, 340, 
341, 464, 475, 536, 538, 540, 541, 
552, 564  

 surgery , 175, 464, 549, 654, 655  
 toxicity , 234, 591, 592, 795, 814–816  

   Cardiogenic shock , 547–549  
   Cardiomyopathy , 722, 904, 905  
   Cardiopulmonary arrest , 476, 477  
   Cardiopulmonary bypass (CPB) , 147, 

547–549, 653–655  
   Cardiotoxicity , 190  
   Cardiovascular event , 628, 684, 730  
   Cardiovascular medication , 533  
   Carisoprodol , 54  
   Carvedilol , 20, 50, 96, 402, 517, 641–644  
   Catecholamine depletion , 7, 8, 553  
   Catecholamines , 142, 146, 147, 176, 

194, 196, 540, 541, 544, 
548, 598, 842, 877, 878, 
937–939  

    Catha edulis   ,  938  
   Catheter occlusion , 615  
   Cathidine , 938, 939  
   Cathine , 938, 939  
   Cathinone , 938, 939  
   Cation , 422, 460, 843, 880  
   Ceftriaxone , 475–477, 518, 891, 893  
   Cefuroxime , 590, 880  
   Ceiling effect , 11, 242, 259, 341  
   Celecoxib , 30, 50, 97, 242  
   Central nervous system (CNS) 

 depressant , 124, 177, 189, 212, 213, 398, 
399, 406, 407  

 depression , 75, 97, 189, 212, 258, 345, 
357, 406, 407, 754, 755  

 toxicity , 189, 202, 216, 217, 226, 234, 
348, 950  

   Central serotonin syndrome/toxicity , 31, 
276, 507, 773  

   Central sleep apnea , 366  
   Cephalosporin , 476, 880  
   C fi bers , 150  
   Change in mental status , 208, 213, 357  
   Chelation , 832, 880, 881  
   Chemical interaction , 832, 880, 881  
   Chemical precipitation , 7, 477, 894  
   Chemoreceptor zone , 805, 904, 906  
   Chemotherapy , 491, 726, 804, 813, 892  
   Chloral hydrate , 397–399  
   Chloroguanide , 54  
   Chloroprocaine , 95, 438  
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   Chlorpromazine hydrochloride , 278  
   Chlorpropamide , 958  
   Cholinergic , 10, 11, 414, 416  
   Cholinesterase , 437–441, 452  
   Cholinesterase inhibitor , 11  
   Chromosome , 70, 438, 734  

 chromosome 1 , 158, 159  
 chromosome 3 , 438, 441  
 chromosome 7 , 68, 158, 159  
 chromosome 10 , 49  
 chromosome 15 , 41  
 chromosome 19 , 45, 157, 159  
 chromosome 22 , 29  
 chromosome 3q26 , 445, 446  

   Chronic pain , 106, 150, 199, 239, 253, 
290, 312, 314, 319, 328, 366, 722, 
814, 950  

   Cigarettes , 42, 187, 343, 593–595, 598, 
888, 963  

   Cimetidine , 30, 54, 74, 75, 79, 219–222, 
619–621, 677, 691, 721–723, 763–765, 
794, 795, 827, 838, 919  

   Ciprofl oxacin , 42, 208, 209, 249–251, 473, 
474, 479–480, 483–485, 518, 661–663, 
809, 814, 917–920  

   Cisapride , 591  
   Cisatracurium , 457, 464, 465, 539  
   Citalopram , 20, 54, 209, 289, 290, 315, 510, 

511, 768, 779–782, 793, 809, 814  
   Clarithromycin , 19, 209, 305, 329, 473, 

573–575, 607, 620, 651, 665–668, 
809, 814  

   Class 1A antiarrhythmic , 286  
   Class III antiarrhythmic , 616, 632, 670  
   Class III antiarrhythmic agent , 821  
   Clearance , 16, 18, 20, 95–97, 105, 180, 181, 

220, 221, 225, 226, 246, 266, 267, 304, 
332, 341, 342, 344, 345, 361, 375, 394, 
395, 402, 403, 418, 431, 456, 519, 528, 
574, 594, 595, 634, 638, 656, 711, 726, 
734, 735, 739, 746, 747, 750, 764, 769, 
786, 808, 816, 838, 856, 864, 889, 
896–898, 900, 901, 942, 950, 962.     See 
also  Creatinine clearance; Drug 
clearance; Hepatic clearance; Total 
drug clearance 

   Clomipramine , 42, 54, 314, 315, 511  
   Clonidine , 126, 150–152  
   Clonus , 275, 277, 510, 772–774, 779, 780  
   Clopidogrel , 45, 50, 54, 55, 74, 77, 106, 651, 

675–678, 681–687, 729–731, 958, 
965, 966  

 resistance , 54, 682  

   Clotting factors , 670  
   Clozapine , 42, 58, 74, 75, 315, 405–407, 

744, 809  
   Coagulation 

 drugs , 651, 652  
 factor , 662, 666, 667, 868  
 modifi ers , 106  

   Coagulopathy , 662, 922, 961  
   Cocaine , 8, 62, 95, 190, 193–196, 241, 511, 

543, 552, 597–599  
   Cockcroft-Gault formula , 21  
   Cockroft-Gault equation , 341  
   Cocoa , 918  
   Codeine , 20, 30, 31, 58, 74, 77, 78, 96, 97, 

173, 240, 269–273, 285–287, 294, 
303–306, 401, 402, 570, 582  

   Codeine analog , 287  
   Codeine-6-glucuronide , 270, 286, 305  
   Codon , 95, 96, 98  
   Coffee , 347, 681, 918, 919  
   Cola , 918  
   Collard greens , 869  
   Comfortably Numb , 7, 187–190  
   Competitive binding , 242–244, 557, 560  
   Competitive inhibition , 19, 50, 82, 336, 426, 

514, 734  
   Complication , 78, 97, 104, 111, 145, 155, 180, 

181, 208, 230, 275, 336, 337, 366, 375, 
417, 457, 515, 557, 599, 606, 642, 
657–659, 662, 663, 671, 672, 725, 757, 
833, 847, 876, 891–894, 896, 898, 899, 
901, 962  

   Conjugation , 18, 60, 336, 391, 528, 624, 629  
   Conjugative metabolism , 57, 60  
   Consciousness , 201, 217, 218, 220, 243, 258, 

259, 578, 744, 864, 876, 925, 947  
   Constitutive androstane receptor (CAR) , 38, 45  
   Context-sensitive half-time , 21  
   Continuous positive airway pressure (CPAP) , 

112, 113, 149, 585  
   Contrast dye , 655  
   Core concepts , 4, 6, 9–22  
   Coronary artery disease (CAD) , 129, 130, 195, 

215, 417, 427, 535, 536, 623, 637, 641, 
645, 653, 729, 883, 965  

   Coronary artery stent , 615, 675, 676, 
682, 686  

   Coronary artery vasoconstriction , 598, 599  
   Coronary artery vasospasm , 195, 196, 598  
   Coronary stent , 965  
     Corpus cavernosum , 565, 606  
   Corrected QT interval , 808  
   Corticosteroids , 105, 706, 709–711  
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   Cortisol , 76, 502, 514, 697, 698, 872, 884, 888  
   Cortisone , 872, 888  
   Cosmetics , 468, 470, 709, 889  
   Cough medicines , 299  
   Cough suppressant , 112, 468, 469  
   Coumadin , 97, 966  
   Coumarin , 666, 922  
   CPAP.    See  Continuous positive airway 

pressure (CPAP) 
   CPB.    See  Cardiopulmonary bypass (CPB) 
   Crack , 194  
   Crack lung , 195  
   Creatinine , 21, 174, 179, 303, 339–342, 373, 

495–497, 514, 556, 557, 560, 570, 
645, 701, 702, 709, 729, 737, 847, 
900, 905, 969  

   Creatinine clearance , 21, 514, 654, 655  
   Cross-reaction , 470  
   Cross-tolerance , 13, 125, 938  
   Cryptotanshinone , 962  
   Curcumin , 966, 967  
   Cured meats , 877  
   Cushingoid , 76, 709  
   Cushing’s syndrome , 501–503  
   Cyclic guanosine monophosphate (cGMP) , 

565, 606  
   Cyclobenzaprine , 6, 74, 75, 78, 106, 311, 

343–345, 807–810  
   Cyclooxygenase , 340, 968  
   Cyclooxygenase-2 selective inhibitors , 341  
   Cyclophosphamide , 45, 85, 620  
   Cyclosporin/Cyclosporine , 16, 58, 70, 83, 84, 

98, 374, 375, 383, 496–498, 558, 616, 
634, 641–644, 691, 701–703, 705–707, 
856, 864, 910, 911, 969–971  

   Cyproheptadine , 279, 299, 510, 772, 773, 780  
   Cyproheptadine hydrochloride , 278  
   Cytochrome , 39, 570, 571, 582, 730, 826  
   Cytochrome P450 (CYP) 

 CYP1A1 , 58, 726  
 CYP1A2 , 6, 41–42, 84, 85, 207–210, 315, 

343–345, 473, 474, 479–480, 485, 
593–595, 615–617, 652, 658, 661–663, 
667, 683, 721–723, 808, 815, 819–823, 
827, 828, 837–839, 917–920, 946, 
961–968  

 CYP3A , 16, 267, 322–324, 378, 394, 574, 
710, 726, 747  

 CYP3A4 , 19, 34, 37–39, 46, 68, 76, 82, 
99, 105, 170, 179–181, 186, 207–210, 
215–222, 224, 242, 245–246, 249–251, 
253–255, 261–263, 265–268, 305, 314, 
318, 321–324, 328, 344, 357, 369–379, 

381–387, 389–391, 393–396, 430, 434, 
450, 473, 483–485, 487–489, 492, 
495–498, 501–503, 521–522, 525–526, 
565, 569–571, 573–575, 589–592, 
601–603, 605–609, 611–614, 616, 
619–621, 623–625, 627–629, 637–639, 
643, 651, 658, 667, 670, 682, 685–687, 
691, 693–695, 697–698, 701–703, 
705–707, 710, 721–723, 727, 730, 
733–736, 745–751, 753–755, 764, 
767–769, 775–778, 794, 807–810, 815, 
819–823, 826, 832, 855–857, 859–861, 
863–865, 946, 949–951, 953–955, 962, 
966, 969–971, 973–975  

 CYP3A5 , 19, 99, 373–379, 570, 710, 711  
 CYP3A7 , 19, 377–379, 574  
 CYP3A4 inhibitors , 39, 76, 84, 242, 254, 

266, 329, 357, 390, 473, 474, 488, 489, 
498, 502, 565, 570, 590–592, 602, 613, 
643, 651, 686, 698, 722, 735, 777, 951  

 CYP2B6 , 45, 46, 78, 97, 170, 250, 
261–263, 328, 329, 395, 434, 570, 682, 
815, 966  

 CYP2C8 , 34, 217, 250, 262, 484, 485, 514, 
616, 670  

 CYP2C9 , 19, 38, 49–51, 76–78, 84, 97, 170, 
217, 262, 266, 351–353, 395, 430, 431, 
434, 491–493, 513–515, 570, 571, 620, 
621, 624, 628, 629, 652, 658, 661–663, 
663, 665–672, 682, 691, 698, 722, 
757–761, 763–765, 844, 860, 915, 926, 
929–931, 941–943, 946, 961–968, 974  

 CYP2C19 , 38, 53, 54, 62, 76–78, 186, 209, 
217, 218, 262, 314, 319, 352, 390, 391, 
430, 492, 493, 670, 677, 681–683, 686, 
691, 722, 730, 764, 794, 815, 926, 946  

 CYP2C19*2 , 53  
 CYP 2C19*2 allele , 54  
 CYP2D6 , 19, 20, 29–31, 38, 62, 76–78, 

83, 90, 96, 97, 99, 179–181, 208, 209, 
215–218, 240, 250, 253–255, 262, 266, 
269–273, 285–287, 289–295, 297–300, 
303–306, 311, 313–316, 318, 319, 344, 
373–376, 401–403, 405–407, 450, 452, 
507, 570, 571, 577–584, 615–617, 670, 
691, 713–715, 717–719, 722, 725–727, 
735, 744, 764, 793–795, 807–810, 
813–817, 819–823, 825–828, 946, 
949–951, 962, 966  

 CYP2E1 , 33–35, 62  
 CYP2E19 , 722  
 2E1 , 138, 139  

   Cytosine , 94  
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    D 
  Dairy , 879–881  
   Danshen , 961–964  
   Danshensu , 962  
   Dantrolene , 156–158  
   Dealkylation , 378  
   Decongestant , 544, 771  
   Defasciculating dose , 176, 413  
   Delayed emergence , 938, 939  
   Delayed potassium rectifi er channel 

(I Kr ) , 808  
   Delayed rectifi er potassium current , 590, 

814, 817  
   Delirium , 223–226, 697, 746, 747, 821, 822  
   Delta , 242, 364  
     Demerol (meperidine) , 8, 46, 58, 240, 

267, 275–279, 299, 509–511, 743, 
771–774  

   Dennis Quaid , 109  
     Dependence , 13, 20, 194, 246, 834  
   Depletion , 8, 488, 489, 905, 919, 937–939  
   Depolarization , 134, 135, 142, 143, 175, 189, 

195, 200, 378, 418, 451, 558, 606, 654, 
800, 808, 810  

   Depression , 12, 13, 70, 75, 83, 97, 120, 149, 
150, 152, 189, 195, 201, 207, 212, 
217, 218, 226, 230, 231, 239, 240, 
242, 243, 253, 258, 259, 266, 267, 
269, 275, 289, 293, 297, 304–306, 
314, 345, 357, 361, 362, 364–367, 
398, 399, 401, 403, 406, 407, 437, 
449, 502, 505, 507, 535, 536, 542, 
543, 585–587, 602, 606, 612, 637, 
676, 702, 753–755, 768, 771, 772, 
779, 793, 794, 820, 826, 856, 871, 
875, 876, 916, 950, 969, 970  

   Desethylamiodarone , 670  
   Desfl urane , 33, 35, 120, 131, 133, 134, 139, 

142, 143, 149, 150, 152, 156, 158, 159, 
174, 265, 443, 444, 450  

   Desipramine , 311, 314, 315, 809, 814, 816  
   Dexamethasone , 46, 59, 69–71, 98, 374, 375, 

501, 526, 620  
   Dexmedetomidine , 8, 129–132, 149–152, 163, 

179–181  
   Dextromethorphan , 30, 96, 271, 299, 402, 511, 

582, 587, 744  
   Dexy’s midnight spinal , 8, 163, 179–181  
   Diabetes , 34, 35, 90, 145, 149, 157, 187, 303, 

341, 373, 417, 463, 495, 513, 514, 517, 
518, 527, 557, 560, 577, 585, 627, 729, 
737, 767, 771, 819, 849  

   Dialysis , 417, 559  

   Diazepam , 50, 54, 58, 126, 194, 196, 257–259, 
389–391, 603, 893  

   Dibucaine , 439, 440, 445, 446  
   Dibucaine number (DN) , 411, 438, 439, 445, 

446, 450, 451  
   Diclofenac , 50, 58, 297  
   Die No , 8, 771–774  
   Diet , 39, 303, 667, 675–678, 737, 831–835, 

837–839, 841–844, 852, 860, 868–870, 
876, 877, 879, 885, 887, 909–911, 929, 
930, 942  

   Dietary fat , 832, 910  
   Dietary protein , 837–839  
   Dietary restriction , 772, 773, 877  
   Dietary salt , 843, 844, 848  
   Diet pill , 910  
   Digoxin , 17, 69–71, 74, 75, 89, 98, 106, 558, 

631–635, 637–639, 645–648, 884, 885, 
887–889, 963  

   Digoxin toxicity , 632, 634, 635, 647, 648, 887, 
889  

   Dihydrocodone , 30  
   Dihydroergotamine , 322–324  
   Dihydropyridine calcium channel antagonist , 

570, 574, 856  
   Dihydropyridine calcium channel blockers , 38, 

602, 603, 776, 778  
   Dihydropyridine receptor , 158, 159  
   Dihydroxybergamottin , 38  
   Dilantin , 925  
   Diltiazem , 69, 76, 77, 79, 167, 209, 215–218, 

242, 377–379, 502, 574, 605–609, 
611–614, 619–621, 624, 628, 634, 639, 
686, 693–695, 735  

   Diphenhydramine , 10, 30, 467, 581–584, 
717–719  

   5'-diphosphoglucuronoslytransferase 1A4 
(UGT1A4) , 77, 785–791  

   Direct acting , 195, 259, 553, 939  
   Disease state , 61–63, 366, 723, 966  
   Disinfectants , 468  
   Displacement , 170, 171, 224, 348, 349, 352, 

353, 399, 758, 761  
   Dissociation , 12, 190  
   Distribution , 4, 9, 15–18, 21, 41, 73, 94, 97, 

98, 188–190, 220, 221, 224–226, 226, 
281–283, 317, 348–349, 353, 365, 399, 
431, 528, 722, 723, 758–761, 832, 962  

   Distribution phase , 25  
   Disulfi ram , 34, 138, 139  
   Diuresis , 333, 365, 645, 655  
   Diuretic , 105, 332, 340, 341, 541, 542, 557, 
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547–549, 556, 559, 627, 737, 738, 739, 
842, 847, 892, 893, 915, 930, 958  

   Intraconazole , 809  
   Irbesartan , 50  
   Isofl urane , 14, 33, 34, 35, 106, 119–121, 125, 
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620, 623–625, 634, 747, 809  

    K 
  Kava , 945–947  
   Ketamine , 38, 46, 50, 126, 131, 169–171, 185, 

243, 324, 327–329, 414  
   Ketoconazole , 19, 74, 76, 209, 357, 382–384, 

473, 496–498, 502, 565, 607, 620, 623, 
624, 735, 747, 809  

   Ketorolac , 110, 111, 269, 272, 331–334, 
339–342, 401, 725  

   Ketorolac tromethamine , 110, 111, 339  

    L 
  Lamotrigene , 60, 785–788, 790, 791  
   Lansoprazole , 54, 217, 607, 677, 683, 730  
   Levetiracetam , 628, 746, 747, 750  
   Levodopa , 744, 945–947  
   Levofl oxacin , 251, 517–519, 809, 813–817, 880  
   Levothyroxine , 735, 883–886  
   Lidocaine , 7, 106, 126, 141, 186, 188, 189, 

194, 199–202, 208, 209, 219–226, 374, 
375, 539, 563, 567, 639, 721–723  

   Linezolid , 299, 505–511  
   Lisinopril , 145, 303, 339–342, 359, 517, 

611, 641, 789, 826, 827, 828, 
847–849, 867, 875  

   Lithium , 74, 75, 79, 89, 331–334, 422, 423, 
511, 743, 744, 841, 843, 844, 884  

   Loperamide , 70, 98  
   Lopinavir , 209, 246, 393–396, 607  
   Lorazepam , 58, 261, 391, 395, 603, 821, 895  
   Losartan , 50, 58  
   Lovastatin , 77, 78, 383, 620, 643  
   L tryptophan , 277  
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    M 
  Magnesium sulfate , 173–177, 421, 422, 808, 

820, 821, 848  
   Mannitol , 559  
   Meperidine , 8, 46, 58, 240, 267, 275–279, 

299, 509–511, 742, 771–774  
   Mephenytoin , 53, 54, 62  
   Mephobarbital , 54  
   Mepivacaine , 187–190, 208, 209  
   Mesoridazine , 821, 826  
   Metformin , 149, 373, 463, 737–739  
   Methadone , 30, 38, 46, 59, 62, 74, 75, 78–80, 

106, 209, 239, 243, 246, 249–251, 
253–255, 258, 261–263, 267, 283, 287, 
329, 374, 375, 511, 526, 603, 800, 
813–817  

   Methamphetamine , 552, 553  
   Methocarbamol , 211–213  
   Methotrexate , 880  
   Methoxyfl urane , 3, 34, 156, 158, 159  
     Methylene blue , 779–782  
   Methysergide , 321–324, 510  
   Metoclopramide , 30, 126, 299, 402, 438, 

713–715, 794, 795, 905  
   Metoprolol , 20, 96, 106, 207, 223–226, 271, 

402, 483, 495, 556, 560, 577–584, 598, 
599, 611, 612, 615–617, 627, 642, 643, 
676, 729, 733–736, 820, 847, 883  

   Metronidazole , 459, 661–663, 672, 893  
   Midazolam , 8, 13, 16, 38, 39, 61, 70, 71, 84, 

99, 124, 126, 131, 137, 141, 167, 175, 
187, 203, 207, 219, 233, 261, 275, 357, 
359, 364, 365, 369–379, 381–384, 386, 
393–396, 398, 405–407, 526, 543, 551, 
603, 639, 654, 733–736, 855–857  

   Minocycline , 800  
   Mivacurium , 95, 438, 439, 444, 463–465, 900  
   Moclobemide , 54, 315, 511  
   Morphine , 16, 18, 20, 30, 31, 57–60, 69, 70, 

78, 97, 98, 113, 123, 126, 151, 167, 
173, 215, 224, 229–231, 258, 266, 
270–273, 281–283, 286, 287, 294, 304, 
305, 339, 340, 402, 468, 469, 577  

   Moxifl oxacin , 251, 807–810, 813, 814, 817, 
880, 881  

    N 
  Nafcillin , 657–659  
   Naproxen , 42, 50, 58, 59  
   Nefazodone , 209, 753–755, 767–769  
   Nelfi navir , 54, 209, 394  
   Neostigmine , 8, 417–419, 421, 425–427, 444, 

445, 449–452, 459, 462  

   Nicardipine , 167, 215–218, 569–571, 
573–575, 602, 918  

   Nicorandil , 607  
   Nifedipine , 383, 487–489, 569, 570, 574, 575, 

601–603, 613  
   Nimodipine , 602, 777  
   Nipradilol , 607  
   Nitric oxide , 365, 536–538, 565, 606–609, 

642, 843, 844, 934  
   Nitroglycerin , 13, 196, 535–538, 598, 599, 

605–609, 619, 843, 876  
   Nitroprusside , 196, 505, 506, 535–538, 607, 

772, 776, 841–844, 876  
   Nitrous oxide , 14, 120, 121, 129–132, 141, 

369, 505  
   Norepinephrine , 146, 152, 194, 195, 196, 277, 

278, 290, 295, 299, 300, 506–508, 541, 
553, 586, 587, 598, 705, 754, 876, 877  

   Norfl oxacin , 42, 209, 250, 251, 473, 474  
   Nortriptyline , 83, 96, 253–255, 293, 294, 

311, 313–316, 318, 374, 375, 794, 
809, 814, 815  

    O 
  Ofl oxacin , 251, 473, 474, 809  
   Olanzapine , 42, 57, 58, 60, 315  
   Omeprazole , 42, 54, 55, 74, 77, 79, 215–218, 

651, 675–678, 681–685, 729–731, 895  
   Ondanestron , 374, 803–806, 809  
   Oral S-ketamine , 327–329  
   Orlistat , 909–911  
   Oxazepam , 59, 391  
   Oxcarbazepine , 59, 317, 743  
   Oxycodone , 30, 31, 58, 113, 229, 257–259, 270, 

272, 286, 287, 335, 352, 406, 407, 570  

    P 
  Pancuronium , 166, 167, 411, 463–465  
   Pantoprazole , 54, 677, 681, 683, 763  
   Paroxetine , 20, 31, 45, 74, 79, 83, 209, 

240, 271, 286, 289–292, 297–300, 
313–316, 449, 450, 452, 511, 691, 782, 
794, 809  

     Penicillin G (parenteral/aqueous) , 229  
     Phenelzine , 240, 275–279, 511, 743, 772, 

773, 877  
   Phenobarbital , 46, 50, 54, 59, 68, 69, 74, 76, 79, 

106, 242, 397–399, 620, 633, 743, 833  
   Phenoxybenzamine , 11  
   Phenylephrine , 145, 146, 167, 176, 195, 405, 

406, 487, 488, 536, 539, 541, 543, 551, 
552, 553, 564, 577, 606, 937  

Drug Index (Generic)



1009

   Phenytoin , 8, 46, 49, 50, 54, 58, 59, 69, 74, 76, 
79, 80, 83, 84, 106, 312, 317, 332, 
351–353, 370–372, 429–431, 433–435, 
491–493, 514, 616, 620, 621, 627–629, 
705–707, 743, 745–751, 757–761, 
763–765, 776, 777, 778, 791, 833, 880, 
881, 893, 915, 925–926  

   Pholcodine , 467–470  
   Pimozide , 74, 75, 79, 209, 767–769  
   Pravastatin , 620, 621, 624, 627, 629, 

641, 643  
   Prazosin , 563–567  
   Prednisone , 84, 112–113, 495, 569, 641, 693, 

697–698, 709–711  
   Pregabalin , 242, 243  
   Prilocaine , 852  
     Procaine , 95, 438  
   Progesterone , 787  
   Proguanil , 54, 55  
   Promethazine , 401–403, 794  
   Propafenone , 42, 271, 669, 670  
   Propofol , 23, 34, 46, 50, 58, 59, 97, 109, 120, 

124–127, 129, 131, 133, 151, 155, 156, 
173–177, 185, 187, 203, 204, 205, 220, 
235, 258, 265, 269, 339, 359–362, 399, 
413, 421, 429, 433, 438, 443, 444, 449, 
450, 467, 488, 535–539, 570, 654, 
733–736, 772, 807, 820, 900, 901  

   Propranolol , 58, 96, 193–196, 225, 226, 402, 
598, 825–828, 838  

   Protriptyline , 314  
   Pseudoephedrine , 543–544, 587  
   Pyridostigmine , 133, 418, 419, 426, 444  

    Q 
  Quetiapine , 745–751, 790, 809  
   Quinidine , 30, 69, 70, 74, 79, 271, 283, 

285–287, 316, 318, 319, 735, 
744, 809  

   Quinine , 98, 134, 888  

    R 
  Rabeprazole , 54, 677  
   Ramipril , 540  
   Ranitidine , 59, 69, 221, 676, 677, 713, 722, 

730, 731  
   Remifentanil , 21, 22, 121, 126, 131, 173–177, 

269  
   Rifampin , 19, 38, 39, 46, 54, 59, 74, 76, 

79, 261–263, 281–283, 370, 372, 
473, 474, 521–522, 525–526, 620, 
629, 747  

   Ritonavir , 30, 38, 46, 54, 59, 70, 74, 76, 79, 
80, 83, 106, 209, 245–246, 265–268, 
299, 393–396, 502, 607, 634, 735, 
953–955  

   Rocuronium , 70, 71, 106, 165–168, 176, 413, 
417, 425, 433–435, 438, 464, 465, 
467–470, 772  

   Ropivacaine , 30, 31, 201, 207–210  
   Rosuvastatin , 620  

    S 
  Saquinavir , 209, 394, 856, 954, 955  
   Selegiline , 511, 585–587, 771–774  
   Sertraline , 20, 45, 50, 54, 58, 209, 271, 290, 

299, 405–407, 511, 754, 780, 809, 970  
   Sevofl urane , 33, 35, 120, 129–131, 142, 143, 

151, 156, 158, 159, 166, 204, 455, 551  
   Sibutramine , 299  
   Sildenafi l , 565, 605–609, 859–861  
   Simvastatin , 58, 70, 77, 78, 211, 359, 383, 

483–485, 619–621, 623, 624, 643, 681, 
735, 864, 883  

   Sirolimus , 634, 691  
   S-ketamine S , 327–329  
   Sodium bicarbonate , 194, 333, 847, 872, 893  
   Sodium nitroprusside , 535–538, 607, 772, 

776, 842, 843, 844  
   Sotalol , 286, 558, 809  
   Sparfl oxacin , 209, 250, 251, 809, 814  
   Spironolactone , 555–560, 847–849, 871–873  
   Succinylcholine , 7, 8, 95, 96, 129, 137, 155, 

156, 158, 159, 166, 167, 169, 174, 
176, 265, 411, 413–419, 421, 422, 
429, 437–441, 443–446, 449–452, 
459, 463, 464, 468–470, 556, 558, 
559, 848, 900, 901  

   Sufentanil , 22, 38, 70, 121, 131, 167, 266  
   Sulfamethoxazole-trimethoprim , 672, 809, 893  
   Sulforidazine , 826  
   Suxamethonium chloride , 418, 559  

    T 
  Tacrolimus , 58, 70, 374, 375, 383, 495–498, 

559, 569–571, 634, 691, 693–695, 
701–703, 709–711  

   Tadalafi l , 563–567  
   Tamoxifen , 20, 74, 77, 79, 691, 713–715, 

717–719  
   Tanshinone I , 962  
   Tanshinone IIA , 962  
   Tenofovir , 265, 737–739  
   Terfenadine , 383, 591, 856  
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   Tetracycline , 880, 881  
   Thebaine , 242  
   Theophylline , 42, 74, 85, 169–171, 593–595, 

837–839, 919  
   Thiopental , 126, 137, 165–168, 189, 437, 900  
   Thiopental sodium , 167  
   Thioridazine , 74, 79, 315, 803–806, 809, 821, 

825–828  
   Thiotepa , 45  
   Ticlopidine , 45, 327–329  
   Tizanidine , 150, 479–480  
   Tobacco , 4, 6, 34, 42, 59, 74, 77–80, 85, 106, 

343–345, 593–595, 873, 903  
   Tolbutamide , 514, 515, 915, 929–931  
   Tramadol , 30, 31, 74, 77, 78, 79, 85, 96, 97, 

240, 286, 287, 289–295, 297–300, 
306, 511  

   Tranexamic acid , 653–656  
   Tranylcypromine , 511, 772, 875–878  
   Triamterene , 558  
   Triazolam , 383, 386, 856, 857  
   Trimethoprim-sulfamethoxazole , 514, 

515, 809  

    V 
  Valproate , 57–60, 348, 352, 527, 706, 743, 

747, 758–761, 777, 895, 898, 926  
   Valproic acid , 19, 347–349, 527–529, 

757–761, 789–791, 833, 895–898, 911  

   Vancomycin , 261, 262, 381, 389, 391, 411, 
505, 506, 509, 510, 879  

   Vasopressin , 145–147, 235, 539–542, 552, 
564, 654  

   Vecuronium , 8, 69, 71, 137, 166, 167, 
173–177, 421, 422, 429–431, 435, 449, 
450, 455–457, 459–462, 464, 465, 551, 
891, 894  

   Venlafaxine , 20, 315, 402, 511, 809  
   Verapamil , 34, 42, 69–71, 76, 77, 79, 157, 

271, 357, 449, 450, 452, 574, 589–592, 
613, 620, 621, 624, 628, 634, 686, 735, 
777, 856  

   Vigabatrin , 911  
   Vinblastine , 98  
   Vincristine sulfate , 383  
   Voriconazole , 305, 495–498, 607, 735  

    W 
  Warfarin , 17, 49, 50, 54, 74, 75, 78, 79, 80, 97, 

105, 106, 399, 514, 616, 621, 651, 652, 
657–659, 661–663, 665–672, 832, 838, 
839, 864, 867–870, 889, 909–911, 
921–923, 933, 934, 941–943, 961–964, 
965–968  

    Z 
  Ziprasidone , 807–810  
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  A 
  Achromycin V , 880, 881  
   Aciphex , 54, 677  
   Actiq/Duragesic/Sublimaze , 13, 18, 21, 22, 38, 

70, 83, 113–114, 121, 124, 126, 127, 
129, 131, 133, 137, 175, 203, 216, 258, 
261, 265–268, 294, 303, 339, 340, 359, 
364, 365, 405–407, 421, 429, 443, 449, 
455, 464, 467, 536, 539, 551, 603, 
733–736, 775, 807, 875, 895  

   Adalat CC/Procardia , 383, 487–489, 569, 570, 
574, 575, 601–603, 613  

   Adenocard , 94, 158, 159, 422, 484, 518, 
558, 593, 594, 645, 646, 676, 677, 682, 
730, 919  

   Advil/Motrin , 50, 58, 343, 351–353, 479, 526, 
653–656, 786, 934  

   Afrinol/Sudafed , 543–544, 587  
   Aldactone , 555–560, 847–849, 871–873  
     Aleve/Naprosyn , 42, 50, 58, 59  
   Alfenta , 22, 38, 70, 98, 121, 167, 266, 

373–375, 377–379, 603, 639  
   Allegra , 16, 70  
   Alli/Xenical , 909–911  
   Altace , 540  
   Altoprev , 77, 78, 383, 620, 643  
   Amidate , 124, 126, 131, 265, 417, 900  
   Aminomine/Tryptan , 277  
   Amoxil , 590, 591, 607, 662, 663  
   Amrix/Flexeril , 6, 74, 75, 78, 106, 311, 

343–345, 807–810  
   Anafranil , 42, 54, 314, 315, 511  
   Anectine/Quelicin , 7, 8, 95, 96, 129, 137, 155, 

156, 158, 159, 166, 167, 169, 174, 176, 
265, 411, 413–419, 421, 422, 429, 
437–441, 443–446, 449–452, 459, 463, 

464, 468–470, 556, 558, 559, 848, 
900, 901  

   Antabuse , 34, 138, 139  
   Aquachloral/Chloralum/Somnote , 397–399  
   Aricept , 449–452, 883  
   Atacand , 555–560  
   Ativan , 58, 261, 391, 395, 603, 821, 895  
   Atropen , 167, 194, 204, 205, 414, 415, 425, 

426, 589, 616, 617, 821  
   Avapro , 50  
   Avelox , 251, 807–810, 813, 814, 817, 

880, 881  
   Aventyl , 83, 96, 253–255, 293, 294, 311, 

313–316, 318, 374, 375, 794, 809,
 814, 815  

    B 
  Bactrim , 514, 515, 672, 809, 893  
   Benadryl , 10, 30, 467, 581–584, 717–719  
   Betapace , 286, 558, 809  
   Biaxin , 19, 209, 305, 329, 473, 573–575, 607, 

620, 651, 665–668, 809, 814  
     Bloxiverz , 8, 417–419, 421, 425–427, 444, 

445, 449–452, 459, 462  
   Bronkaid Dual Action Formula , 145, 146, 167, 

174, 176, 195, 488, 539, 541, 551–553, 
582, 585–587, 937, 938  

   Buspar , 511, 521–522, 526  

    C 
  Cafergot , 6, 42, 156, 158, 322–324, 344, 369, 

594, 917–920  
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   Calan , 34, 42, 69–71, 76, 77, 79, 157, 271, 357, 
449, 450, 452, 574, 589–592, 613, 620, 
621, 624, 628, 634, 686, 735, 777, 856  

   Capoten , 539, 540, 542  
   Cardene , 167, 215–218, 569–571, 573–575, 

602, 918  
   Cardizem/Cartia XT/Dilacor XR , 69, 76, 77, 

79, 167, 209, 215–218, 242, 377–379, 
502, 574, 605–609, 611–614, 619–621, 
624, 628, 634, 639, 686, 693–695, 735  

   Catafl am/Voltaren , 50, 58, 297  
   Ceftin , 590, 880  
   Celebrex , 30, 50, 97, 242  
   Celexa , 20, 54, 209, 289, 290, 315, 510, 511, 

768, 779–782, 793, 809, 814  
   Cialis , 563–567  
   Ciloxan/Cipro , 42, 208, 209, 249–251, 473, 

479–480, 483–485, 518, 661–663, 809, 
814, 917–920  

   Citanest , 852  
   Citopan/Evipan/Tobinal , 54  
   Clozaril , 42, 58, 74, 75, 315, 405–407, 

744, 809  
   Cordarone , 30, 50, 74, 75, 79, 106, 271, 

317–319, 615–617, 620, 621, 624, 628, 
631–635, 669–672, 735, 799, 809, 
819–822, 910, 911  

   Coreg , 20, 50, 96, 402, 517, 641–644  
   Coumadin , 17, 49, 50, 54, 74, 75, 78–80, 97, 

105, 106, 399, 514, 616, 621, 651, 652, 
657–659, 661–663, 665–672, 832, 838, 
839, 864, 867–870, 889, 909–911, 
921–923, 933, 934, 941–943, 961–968  

   Cozaar , 50, 58  
   Crestor , 620  
   Crinone , 787  
   Cyklokapron , 653–656  
   Cymbalta , 42, 402, 511  
   Cytoxan (lyophilized) , 45, 85, 620  

    D 
  Dantrium , 156–158  
   Delsym , 30, 96, 271, 299, 402, 511, 582, 587, 

744  
   Demerol , 8, 46, 58, 240, 267, 275–279, 299, 

509–511, 742, 771–774  
   Depakene , 57–60, 348, 352, 527, 706, 743, 

747, 758–761, 777, 895, 898, 926  
   Depakene elixer , 19, 347–349, 527–529, 

757–761, 789–791, 833, 895–898, 911  
   Depakote , 347, 348, 757, 790, 791, 926  

   Deseril/Sansert , 321–324, 510  
   Desoxyn , 552, 553  
   DHE 45/Migranal , 322–324  
   Diabenese , 958  
   Diabeta/Glynase , 50, 145, 515, 517–519, 915, 

930  
   Dibenzyline , 11  
   Difl ucan , 50, 58, 76, 84, 209, 383, 

491–493, 496–498, 620, 672, 
697–698, 747, 809  

   Dilantin , 8, 46, 49, 50, 54, 58, 59, 69, 74, 76, 
79, 80, 83, 84, 106, 312, 317, 332, 
351–353, 370–372, 429–431, 433–435, 
491–493, 514, 616, 620, 621, 627–629, 
705–707, 743, 745–751, 757–761, 
763–765, 776–778, 791, 833, 880, 881, 
893, 915, 925–926  

   Dilaudid , 50, 58, 113, 124, 155, 199, 200, 250, 
266, 269, 272, 286, 287, 294, 332, 389, 
391, 401, 402, 405–407, 813  

   Diprivan , 23, 34, 46, 50, 58, 59, 97, 109, 120, 
124–127, 129, 131, 133, 151, 155, 156, 
173–177, 185, 187, 203–205, 220, 235, 
258, 265, 269, 339, 359–362, 399, 413, 
421, 429, 433, 438, 443, 444, 449, 450, 
467, 488, 535–539, 570, 654, 733–736, 
772, 807, 820, 900, 901  

   Dolophine , 30, 38, 46, 59, 62, 74, 75, 78–80, 
106, 209, 239, 243, 246, 249–251, 
253–255, 258, 261–263, 267, 283, 287, 
329, 374, 375, 511, 526, 603, 800, 
813–817  

   Duramorph PF/MS Contin/Astramorph PF/
AVINza/Infumorph/Kadian , 16, 18, 20, 
30, 31, 57–60, 69, 70, 78, 97, 98, 113, 
123, 126, 151, 167, 173, 215, 224, 
229–231, 258, 266, 270–273, 281–283, 
286, 287, 294, 304, 305, 339, 340, 402, 
468, 469, 577  

   Dyrenium , 558  

    E 
  Effexor , 20, 315, 402, 511, 809  
   Elavil , 54, 58, 106, 249, 254, 311, 314, 315, 

317–319, 345, 402, 793–794, 809, 
813–817, 949–951  

   Eldepryl/Emsam , 511, 585–587, 771–774  
   Elixophyllin , 42, 74, 85, 169–171, 593–595, 

837–839, 919  
   Epigen/Glycyron , 888, 889  
   Ergomar , 322–324, 917  
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   Ery-Tab/Erythrocin , 209, 242, 321–324, 473, 
487–489, 565, 589–592, 607, 624, 634, 
651, 666, 667, 747, 809, 814  

   Estraderm/Estrogel/Vivelle , 45, 58, 59, 559, 
786, 787, 917–920, 974  

   Ethrane , 33, 34, 139, 156, 158, 159  
   Etilaam/Etizest/Etizola/Sedekopan , 391  

    F 
  Flagyl , 459, 661–663, 672, 893  
   Floxin Otic , 251, 473, 474, 809  
   Fluothane , 33–35, 50, 125, 137–139, 141–143, 

156, 158, 159  
   Forane , 14, 33–35, 106, 119–121, 125, 131, 

139, 142, 143, 151, 155, 156, 158, 159, 
339, 378, 429, 430, 505, 775  

    G 
  Genoptic , 8, 133–135, 459–462  
   Geodon , 807–810  
   Gleevec , 733–736  
   Glucophage , 149, 373, 463, 737–739  
   Glucotrol , 50, 513–515  

    H 
  Halcion , 383, 386, 856, 857  
   Haldol , 57, 60, 209, 224, 315, 386, 402, 526, 

745, 750, 809, 819–823  
   Hismanal , 383  
   Humulin R/Novolin R/Humulin R 

(Concentrated)/Velosulin BR , 156, 157, 
495, 514, 518, 519, 533, 547–549, 556, 
559, 627, 737–739, 842, 847, 892, 893, 
915, 930, 958  

   Hysingla ER/Zohydro ER , 30, 31, 79, 85, 
112–113, 272, 286, 287, 328, 563, 570  

    I 
  Ifex , 45  
   Ikorel/Nikoran, PCA/Dancor/Aprior/

Nitorubin/Sigmart/Angedil , 607  
   Imagotan/Psychoson/Inofal , 826  
   Imodium , 70, 98  
   Inapsine/Droleptan/Dridol , 126, 401, 725, 726, 

804, 807, 809, 810, 814  
   Inderal , 58, 96, 193–196, 225, 226, 402, 598, 

825–828, 838  
   Indocin , 50  

   INOmax , 365, 536–538, 565, 606–609, 642, 
843, 844, 934  

   Inspra , 211, 558  
   Invirase , 209, 394, 856, 954, 955  
   Ipecac , 903–907  
   Iquix/Levaquin/Quixin , 251, 517–519, 809, 

813–817, 880  
   Isocaine/Polocaine/Carbocaine/Polocaine- 

MPF  , 187–190, 208, 209  

    K 
  Kaletra , 30, 38, 46, 54, 59, 70, 74, 76, 79, 80, 

83, 106, 209, 245–246, 265–268, 299, 
393–396, 502, 607, 634, 735, 953–955  

   Kalinox/Entonox , 14, 120, 121, 129–132, 141, 
369, 505  

   Kepptra , 628, 746, 747, 750  
   Ketalar , 38, 46, 50, 126, 131, 169–171, 185, 

243, 324, 327, 329, 414  
   Ketanest , 38, 46, 50, 126, 131, 169–171, 185, 

243, 327–329, 414  
   Ketanest-S/Esketamine , 327–329  
   Klonopin , 363–367, 522, 525  

    L 
  Lamictal , 60, 785–788, 790, 791  
   Laniazid , 33–35, 54, 138, 139, 511, 521  
   Lanoxin , 17, 69–71, 74, 75, 89, 98, 106, 558, 

631–635, 637–639, 645–648, 884, 885, 
887–889, 963  

   Lasix , 397–399, 556, 645, 653–656, 847, 848  
   Lescol , 50, 77, 78, 620, 621, 624  
   Levophed , 146, 152, 194–196, 277, 278, 290, 

295, 299, 300, 506–508, 541, 553, 586, 
587, 598, 705, 754, 876, 877  

   Lipitor , 58, 77, 78, 605, 620, 627–629, 643, 
676, 859  

   Lithobid , 74, 75, 79, 89, 331–334, 422, 423, 
511, 743, 744, 841, 843, 844, 884  

   Lodosyn , 744, 945–947  
   Logicin , 467–470  
   Lopid , 58, 620, 624, 629  
   Lopressor/Toprol-XL , 20, 96, 106, 207, 

223–226, 271, 402, 483, 495, 556, 560, 
577–584, 598, 599, 611, 612, 615–617, 
627, 642, 643, 676, 729, 733–736, 820, 
847, 883  

   Luminal , 46, 50, 54, 59, 68, 69, 74, 76, 
79, 106, 242, 397–399, 620, 633, 
743, 833  
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   Luvox , 42, 54, 74, 76, 79, 208, 209, 315, 
389–391, 511, 919  

   Lyrica , 242, 243  

    M 
  Marcaine , 8, 126, 163, 179–181, 185–190, 

199–203, 205, 208, 209, 211–213, 
215–218, 221, 229–231, 233–236, 269, 
405, 577, 579, 580, 937  

   Mebaral , 54  
   Mellaril , 74, 79, 315, 803–806, 809, 821, 

825–828  
   Meridia , 299  
   Mesantoin , 53, 54, 62  
   Mestinon , 133, 418, 419, 426, 444  
   Microzide , 149, 339, 340, 347, 429, 539, 

645–648, 789, 871, 873, 883, 961  
   Midamor , 558  
   Minipress , 563–567  
   Minocin , 800  
   Mivacron , 95, 438, 439, 444, 463–465, 900  

    N 
  Nallpen (in plastic container) , 657–659  
   Nardil , 240, 275–279, 511, 743, 772, 773, 

877  
   Naropin , 30, 31, 201, 207–210  
   Neoral/Sandimmune , 58, 70, 83, 84, 98, 374, 

375, 383, 496–498, 558, 616, 634, 
641–644, 691, 701–703, 705–707, 856, 
864, 910, 969–971  

   Nesacaine/Nesacaine-MPF , 95, 438  
   Neurontin , 317, 344, 434, 813, 911  
   Nexium , 677, 682, 683, 730  
   Nimbex , 457, 464, 465, 539  
   Nimotop , 602, 777  
   Nipranol , 607  
   Nitro-Dur , 13, 196, 535–538, 598, 599, 

605–609, 619, 843, 876  
   Nitropress , 196, 505, 506, 535–538, 607, 772, 

776, 841–844, 876  
   Nizoral , 19, 74, 76, 209, 357, 382–384, 473, 

496–498, 502, 565, 607, 620, 623, 624, 
735, 747, 809  

   Nolvadex , 20, 74, 77, 79, 691, 713–715, 
717–719  

   Norco , 112, 113, 563  
   Norcuron , 8, 69, 71, 137, 166, 167, 173–177, 

421, 422, 429–431, 435, 449, 
450, 455–457, 459–462, 464, 465, 
551, 891, 894  

   Noroxin , 42, 209, 250, 251, 473, 474  
   Norpramin , 311, 314, 315, 809, 814, 816  
   Norvir , 30, 38, 46, 54, 59, 70, 74, 76, 79, 80, 

83, 106, 209, 245–246, 265–268, 299, 
393–396, 502, 607, 634, 735, 
953–955  

   Novocain/Mericaine , 95, 438  
   Nuedexta , 30, 69, 74, 79, 96, 271, 283, 

285–287, 299, 316, 318, 402, 511, 582, 
587, 735, 744, 809  

   Nupercainal , 411, 438–440, 445, 446, 
450, 451  

   Nuvigil , 370, 372  

    O 
  Oncovin , 383  
   Orap , 74, 75, 79, 209, 767–769  
   Orinase , 514, 515, 915, 929–931  
   Osmitrol , 559  
   Otrexup , 880  
   OxyContin/Roxicodone/OxyIR/Oxyfast , 30, 

31, 58, 113, 229, 257–259, 270, 272, 
286, 287, 335, 352, 406, 407, 570  

   Ozurdex , 46, 59, 69–71, 98, 374, 375, 501, 
526, 620  

    P 
  Paludrine/Malarone , 54, 55  
   Panheprin , 109, 559, 627, 654, 657, 658, 942  
   Parnate , 511, 772, 875–878  
   Pavulon , 166, 167, 411, 463–465  
   Paxil , 20, 31, 45, 74, 79, 83, 209, 240, 271, 

286, 289–292, 297–300, 313–316, 449, 
450, 452, 511, 691, 782, 794, 809  

   Penetrex , 42, 208  
     Penthrane , 3, 34, 156, 158, 159  
   Pentothal , 126, 137, 165–168, 189, 437, 900  
   Pepcid , 20, 677, 722  
   Periactin , 278, 279, 299, 510, 772, 773, 780  
   Phospholine Iodide , 419, 444  
   Plavix , 45, 50, 54, 55, 74, 77, 106, 651, 

675–678, 681–687, 729–731, 958, 965, 
966  

   Plendil , 38, 39, 383, 602, 613, 634, 775–778, 
856, 863–865  

   Pravachol , 620, 621, 624, 627, 629, 641, 643  
   Precedex , 8, 129–132, 149–152, 163, 

179–181  
   Prevacid , 54, 217, 607, 677, 683, 730  
   Prilosec , 42, 54, 55, 74, 77, 79, 215–218, 651, 

675–678, 681–685, 729–731, 895  
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   Primaxin , 527, 893  
   Prinivil/Zestril , 145, 303, 339–342, 359, 

517, 611, 641, 789, 826–828, 
847–849, 867, 875  

     Prograf , 58, 70, 374, 375, 383, 495–498, 559, 
569–571, 634, 691, 693–695, 701–703, 
709–711  

   Promethegan , 401–403, 794  
   Propulsid , 591  
   Protonix , 54, 677, 681, 683, 763  
   Prozac , 20, 30, 31, 54, 74, 76, 79, 80, 

207–210, 269–273, 286, 290, 299, 300, 
315, 402, 489, 511, 601–603, 743, 780, 
782, 793, 794, 807–810, 814  

   Pulmicort/Rhinocort , 501–503  

    Q 
  Qualaquin , 98, 134, 888  
   Quinaglute , 30, 69, 70, 74, 79, 271, 283, 

285–287, 316, 318, 319, 735, 744, 809  

    R 
  Rapamune , 634, 691  
   Rayos , 84, 112–113, 495, 569, 641, 693, 

697–698, 709–711  
   Reglan , 30, 126, 299, 402, 438, 713–715, 794, 

795, 905  
   Reyataz , 245, 246, 265, 395  
   Rhythmol , 42, 271, 669, 670  
   Rifadin/Rimactane , 19, 38, 39, 46, 54, 59, 74, 

76, 79, 261–263, 281–283, 370, 
372, 473, 474, 521–522, 525–526, 
620, 629, 747  

   Robaxin , 211–213  
   Robinul Forte/Robinul , 147, 167, 414, 417, 

421, 425–427, 449, 459, 582  
   Rocephin , 475–477, 518, 891, 893  
   Rohypnol , 54  

    S 
  Sabril , 911  
   Sancuso , 31, 299, 401, 725–727  
   Seldane , 383, 591, 856  
   Serax , 59, 391  
   Serentil , 821, 826  
   Seroquel , 745–751, 790, 809  
   Sinemet , 744, 945–947  
   Soma , 54  
   Spacin/Zagam/Zagam Respipac , 209, 250, 

251, 809, 814  

   Sporanox , 19, 39, 209, 329, 357, 381–384, 
473, 496–498, 501–503, 565, 607, 620, 
623–625, 634, 747, 809  

   Sprix , 110, 111, 269, 272, 331–334, 339–342, 
401, 725  

   Subutex , 58, 62, 106, 241–246, 258, 363–367  
   Sufenta , 22, 38, 70, 121, 131, 167, 266  
   Suprane , 33, 35, 120, 131, 133, 134, 139, 142, 

143, 149, 150, 152, 156, 158, 159, 174, 
265, 443, 444, 450  

   Sustiva , 45, 209  
   Synthroid , 735, 883–886  
   Syrup of Ipecac , 903–907  

    T 
  Tagamet , 30, 54, 74, 75, 79, 219–222, 

619–621, 677, 691, 721–723, 763–765, 
794, 795, 827, 838, 919  

   Tegretol/Equetro , 19, 38, 46, 54, 59, 74, 76, 
79, 84, 106, 311, 317, 369–372, 
385–387, 431, 433–435, 511, 
611–614, 620, 743, 744, 747, 
753–755, 775–778  

   Tekturna , 147, 558  
   Tensilon , 418, 419, 426, 451  
   Thorazine/Largactil/Megaphen , 278, 809  
   Ticlid , 45, 327–329  
   Tofranil , 42, 54, 58, 311, 314, 315, 511, 809  
   Toradol , 110, 111, 339  
   Tracrium , 167, 431, 438, 457, 464, 465, 491  
   Trileptal , 59, 317, 743  
   Tylenol , 33–35, 58, 112, 113, 242, 269, 270, 

285, 297, 298, 303, 311, 312, 335–338, 
563, 581, 583, 735, 786, 903  

    U 
  Ultane/Sojourn , 33, 35, 120, 129–131, 142, 

143, 151, 156, 158, 159, 166, 204, 
455, 551  

   Ultiva , 21, 22, 121, 126, 131, 173–177, 269  
   Ultram , 30, 31, 74, 77–79, 85, 96, 97, 240, 

286, 287, 289–295, 297–300, 306, 511  

    V 
  Valium , 50, 54, 58, 126, 194, 196, 257–259, 

389–391, 603, 893  
   Vancocin , 261, 262, 381, 389, 391, 411, 505, 

506, 509, 510, 879  
   Vasostrict , 145–147, 235, 539–542, 552, 

564, 654  
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   Versed , 8, 13, 16, 38, 39, 61, 70, 71, 84, 99, 
124, 126, 131, 137, 141, 167, 175, 187, 
203, 207, 219, 233, 261, 275, 357, 359, 
364, 365, 369–379, 381–384, 386, 
393–396, 398, 405–407, 526, 543, 551, 
603, 639, 654, 733–736, 855–857  

   Vfend , 305, 495–498, 607, 735  
   Viagra , 565, 605–609, 859–861  
   Viracept , 54, 209, 394  
   Viread , 265, 737–739  
   Vivactil , 314  

    W 
  Wellbutrin , 30, 74, 79, 207, 286, 293–295, 

329, 505–508, 543–544, 768  

    X 
  Xanax , 123, 124, 207, 363–367, 383, 

385–387, 856  
   Xylocaine , 7, 106, 126, 141, 186, 188, 189, 

194, 199–202, 208, 209, 219–226, 374, 
375, 539, 563, 567, 639, 721–723  

    Z 
  Zanafl ex , 150, 479–480  
   Zantac , 59, 69, 221, 676, 677, 713, 722, 

730, 731  
   Zemuron , 70, 71, 106, 165–168, 176, 413, 

417, 425, 433–435, 438, 464, 465, 
467–470, 772  

   Zithromax , 76, 77, 473, 590, 607, 651, 667, 
809, 814  

   Zocor , 58, 70, 77, 78, 211, 359, 383, 483–485, 
619–621, 623, 624, 643, 681, 735, 
864, 883  

   Zofran , 374, 803–806, 809  
   Zoloft , 20, 45, 50, 54, 58, 209, 271, 290, 299, 

405–407, 511, 754, 780, 809, 970  
   Zovirax , 893  
   Zymar , 251, 518, 809, 880  
   Zyprexa , 42, 57, 58, 60, 315  

   Zyvox , 299, 505–511 .        
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