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Preface

Adverse drug reactions and drug interactions remain a major issue in 2011. During the
second edition of our book, FDA reported greater than 370,000 serious adverse events
in 2009 and more than 100,000 for the first quarter of 2010. The Adverse Event
Reporting System is a database that gives computerized statistics used to support
FDA’s post-marketing safety surveillance for all approved drugs. A serious event is
defined as requiring hospitalization, being life-threatening, causing disability or con-
genital anomalies, for example. Importantly, more than 63,000 deaths were recorded
in 2009, and more than 20,000 occured during the first quarter of 2010.

The second edition of Handbook of Drug Interactions: A Clinical and Forensic
Guide has been updated to reflect new information and also includes new chapters
of interest. In this respect, it is a continuation of the first edition and part of the
ongoing story of drug—drug interactions.

Pharmacogenomics is a rapidly growing field covering the genetic basis for indi-
vidual variability in drug responses. This new section allows the reader to review
important polymorphisms in drug metabolizing enzymes and applies the findings to
forensic interpretation through interesting cases involving opiates.

Although the section relating to central nervous system drugs encompasses a
number of potential drugs with illicit use such as benzodiazepines and opiates, a
chapter dealing exclusively with drugs of abuse has been added to the second edi-
tion. Cocaine, amphetamines, cannabis, flunitrazepam and GHB are now discussed.
Alcohol and nicotine are still covered in the section related to environmental and
social pharmacology.

The existing chapters from the first edition have, in most cases, been updated and
edited to reflect new data or bring out better tables and diagrams. More recent drugs
and formulations are included. Recent references have been added for completeness.

This volume emphasizes explanations when possible and covers both pharma-
cokinetic and pharmacodynamic drug interactions. The result, we hope, will con-
tinue to prove useful to health and forensic professionals as well as students.

Houston, TX Ashraf Mozayani
Fort-Lauderdale-Davie, FL. Lionel Raymon
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Part I
Pharmacogenomics



Chapter 1
Pharmacogenetics in Clinical and Forensic
Toxicology: Opioid Overdoses and Deaths

Saeed A. Jortani, Elaine Stauble, and Steven H. Wong

Abstract Factors considered in the observed variability in drug response within a
population are intrinsic, extrinsic, or a combination of both. The intrinsic factors are
differences in the demographics of a given individual (e.g., age or gender), disease
or physical condition (e.g., renal function or BMI), and pharmacogenetics (see
below). The extrinsic factors are composed of environmental factors (e.g., diet) as
well as drug interactions or polypharmacy.

In recent years, the role of genetic variation in drug metabolism and response has
been increasingly recognized. Since various pharmacokinetic and pharmacody-
namic mediators of drug efficacy and toxicity involve peptides and proteins, poly-
morphisms in the genes responsible for encoding their amino acid sequence create
a fundamental mechanism for the observed variations. In this chapter, we will briefly
discuss the sources of variability in drug metabolism and response. The role of
pharmacogenetics in pharmacokinetics and pharmacodynamics will then be dis-
cussed. Special attention will be paid to the consequence of polymorphisms on the
forensic applications of toxicology, such as postmortem investigations.

Keywords Pharmacogenetics * Variability * Polymorphisms * Forensic applications

Pharmacogenetics and Pharmacogenomics

The terms pharmacogenomics and pharmacogenetics are generally used inter-
changeably, denoting the study of genetic variation on an individual’s ability to
metabolize a drug or respond to it. More specifically, pharmacogenetics is concerned
with the effects of variation in one or a handful of genes whereas pharmacogenomics

S.A. Jortani (><)

Department of Pathology and Laboratory Medicine, University of Louisville,
511 S. Floyd Street (Room 227), Louisville, KY 40202, USA

e-mail: sjortani @louisville.edu

A. Mozayani and L. Raymon (eds.), Handbook of Drug Interactions: 3
A Clinical and Forensic Guide, DOI 10.1007/978-1-61779-222-9_1,
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Table 1.1 Drugs used in pain management as analgesics or as adjutants

Drug class Examples
Analgesics
NSAIDs
Traditional Aspirin, ibuprofen
Coxibs Celecoxib, rofecoxib
Opioids
Strong opioids Fentanyl, morphine, hydromorphone
Partial agonists Buprenorphine, pentazocine
Weak opioids Codeine, hydrocodone, propoxyphene
Local anesthetics Lidocaine
Neuroleptics Phenothiazines, clozapine
Tricyclic antidepressants Nortriptyline, despiramine
SSRIs Lamotrigine, citalopram, sertraline
Antiepileptics Barbiturates, carbamazepine
NMDA antagonists Ketamine, methadone?

SSRIs selective serotonin reuptake inhibitors

“Methadone and tramadol elicit their pharmacological actions through opi-
oid receptors and by an additional mechanism such as NMDA antagonism
or inhibition of reuptake of norepinephrine and serotonin

involves the entire genome [1]. The field of clinical pharmacogenetics was initiated
approximately a decade ago [2, 3] with a slow but steady adaptation in various fields
of medicine such as oncology [4], psychiatry [5, 6], and cardiology [7-9]. In fact,
the role of pharmacogenetics in warfarin management has led to clinical testing for
polymorphisms in Cytochrome P450 2C9 (CYP2C9) and Vitamin K Oxido-
Reductase Complex 1 (VKOR C1) genes [10-12]. This has also involved the
development of several clinical decision tools that now make it possible for clini-
cians to incorporate genotyping results in their decisions regarding warfarin therapy
[13, 14]. Such progress has led to recommendations by regulators and guidelines by
various authoritative bodies [10, 15-17]. The significant role of pharmacogenetics
in oncology has also been noticeable involving multiple drugs such as Erbitux
(cetuximab) and K-Ras mutation [18], tamoxifen and CYP2D6 testing [19], and
Irinotecan and UGT1AL1 testing [20, 21]. In pain management, pharmacogenetics
has been implicated for various non-steroidal anti-inflammatory drugs (NSAIDs)
such as Celecoxib [22] and opioids such as fentanyl, hydrocodone, and codeine
[23-27]. Table 1.1 lists various classes of drugs used either directly or as adjuvants
in pain management [28, 29]. Opioids constitute a major class of analgesics with
many of the members being influenced by pharmacogenetic variables. Codeine,
hydrocodone, and oxycodone are substrates for CYP2D6 whereas the pharmacoki-
netics of buprenorphine and fentanyl are influenced by CYP3A4 and CYP3AS
enzymes [30, 31]. Oftentimes, the same enzymes are responsible for the metabo-
lism of additional drugs also given to the patients for various reasons. Our discus-
sion in this chapter will demonstrate the use of pharmacogenetics for forensic
applications focusing primarily on opioids. Through the review of several cases, we
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will highlight the importance of considering genetic variations in interpretation of
postmortem drug concentrations in the field of forensic toxicology. Obviously, there
is a steep learning curve for general toxicologists and pharmacologists trying to
bring genetic information into their applied practices. Wong and colleagues first
coined the term molecular autopsy, which best signifies the role of incorporating
pharmacogenetics in forensic toxicology [25]. It is our hope that this chapter will
catalyze the adaptability of this novel approach to describe the mechanistic role of
pharmacogenetics in personalized medicine as well as in personalized justice. This
latter emerging practice would include the use of molecular diagnostics such as
pharmacogenomics in legal proceeding to explain the possible genetic contribution
to drug therapy and efficacy, and therefore performance and side effect. This might
be applied in the settings of drug influence of drugs (DUID) and working under the
influence of drugs (WUID). According to Wong, the inevitable check and social
balance relationship to personalized medicine would enhance both practices in the
future [70, 71)).

Variability in Response to Medications

Forensic toxicologists are among the professionals facing the interpretive chal-
lenges brought about by variability in drug response and efficacy. Frequently, such
variabilities are co-presented in settings affected by additional confounders such as
postmortem redistribution, polypharmacy, unknown drug exposures, and homicidal
or suicidal poisonings. In this section, we will briefly discuss physician variability
and genetic differences in drug handling and response that are considered two of the
main factors affecting interpretation of clinical and forensic toxicology results.

Physician Variability

To demonstrate the issue of physician variability, we will focus on the use of medi-
cations in the area of pain management. Differences among practitioners in this
medical discipline have led to either inadequate pain management for patients,
accusation of drug diversion or non-compliance, as well as considerable morbidity
and death. Various tools such as drug screening, patient contracts, and counseling
have been developed to cope with these challenges.

Much attention in the lay press, as well as the medical literature, has focused on
pain control in the last several years. In emergency rooms, only 44% of patients rate their
pain control as “very good” [32]. This is especially interesting in light of the fact
that after Lipitor, hydrocodone (Lortab) is the second most commonly dispensed
prescription medication in this country [33]. What are the factors that influence
clinical decision-making on the part of physicians prescribing opioid narcotics? The
decision to prescribe narcotics is quite complex. It varies depending on the character-
istics of the physician and the presenting condition, as well as patient characteristics.
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There is a large body of research focusing on physician variables, as well as on the
different clinical conditions with which patients present. Studies reveal that there is
an inherent dichotomy between beneficence of the physician versus the physician
who acts as gatekeeper to forestall narcotic addiction. Every physician approaches
a problem from his or her own perspective. The decision to prescribe opioids
depends on the physician’s personal experience (i.e., cultural, surgical). It must
depend on the clinical content of the situation (i.e., the chief complaint, their experi-
ence investigating the chief complaint, stereotyping), as well as the context (role
expectation, available resources). Patient expectations and demands also affect the
decision to prescribe narcotics. Some physicians prescribe more, others less, when
the patient requests “something strong” for the pain. The effectiveness of the com-
munication between the patient and doctor also plays a role. Language barriers
make the physician—patient interaction cumbersome; interpreters for a specific dia-
lect are not always readily available. Male and female medical students have been
shown to respond differently to identical clinical vignettes depicting chest pain [34].
Their responses also varied depending on the patient’s race and gender. Each physi-
cian’s training and philosophy of prescribing narcotics develops depending on what
medical school they attended, how long ago they graduated, and their surgical expe-
rience. The specialty of the physician (i.e., ER physician versus general practitio-
ner) also influences the prescribing of opioid narcotics. General practitioners may
respond differently to patients with chronic non-cancer pain than the ER physician,
who is accustomed to treating acute pain. The general practitioner often has more
continuity with the patient, knows their family history in depth, and has more infor-
mation with which to make a decision regarding prescriptions. In contrast, the ER
physician makes decisions in a vacuum, relatively speaking. This may permit judg-
mental issues to be more influential, especially at the beginning of an encounter
with a patient for whom the physician has a paucity of objective data. When ER
physicians were faced with clinical scenarios of three common medical conditions
in a study designed by Tamayo-Sarver et al. [35], patient race and ethnicity had no
effect on whether the physician prescribed narcotics or not. When information about
high socioeconomic status or socially desirable occupations was provided with the
same scenario, the physician prescribed more opioid narcotics. In another series of
cases from a pain clinic, the severity and duration of the pain experienced by the
patient did not affect narcotic prescribing as much as observed pain behaviors (dis-
torted posture, audible expressions of distress, and avoidance of activity) [36]. The
communication skills possessed by the clinician have a large influence on his/her
decision to prescribe medication for pain control. Physicians look for features com-
patible with their expectation about a specific clinical condition [35]. When ER
physicians viewed identical case scenarios, they had highly variable rates of pre-
scribing narcotics. Physician prejudice and stereotyping also plays a role and occa-
sionally may threaten the patient—physician relationship.

Therefore, the complexity of a clinical decision to prescribe opioid narcotics for
pain control is apparent. It may be that better curricula must be developed early on
in medical schools, to standardize the prescribing of opioids for certain clinical
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conditions, so as to “level the playing field,” and to better control pain for all patients
with the same condition, no matter how differently they present.

In summary, from a physician’s standpoint, effective pain management is com-
plicated by multiple factors, including strict regulatory requirements and concerns
about addiction or diversion, and also because both the experience and treatment of
pain are subject to a broad degree of interindividual variability. Setting policy and
procedural issues aside, the very subjective nature of pain is at the heart of the prob-
lem for practitioners. Research has found that the experience of pain and patients’
response to therapy (with regard to adverse reactions and therapeutic benefit), are
subject to wide interindividual variability caused by a number of factors, including
patient age, BMI, organ function, co-medication, underlying disease, and genetics.
In the remainder of this chapter, we will focus on the genetic variability influencing
toxicology and interpretation of drug response.

Genetic Differences in Drug Handling and Response

The effect of physician variability is theoretically minimized by a scenario in which
the same clinician is prescribing a given medication for two different patients. An
example is pain medication administered to these two individuals with similar
extrinsic factors. It is widely recognized that even under these circumstances, vari-
ability in response remains unlikely. Since proteins and peptides are responsible for
the action of therapeutics, alterations in the genetic sequence responsible for encod-
ing them creates an inherent source of variability. The association between drug
response and toxicity and inherited genetic variations was recognized over 50 years
ago [37]. Several different types of variations exist in the DNA sequence which
range from single nucleotide polymorphisms (SNPs) to larger structural alterations
such as copy number variants (CNVs), deletions, and inversions [38, 39].
Polymorphisms are defined as genetic variants occurring in at least 1% of the popu-
lation. By the year 2007, over 3.2 million SNPs in the human genome have been
reported [40]. The functional consequences of SNPs range from having no effect on
the transcribed protein’s function to a total loss of its activity. Since SNPs can alter
a drug’s pharmacokinetics and pharmacodynamics, they serve as an objective mea-
sure of a potentially significant source of variability in drug response. In fact, clini-
cal pharmacogenetics has now made it possible for incorporating the effect of such
variability in dosing decision-making and personalized drug therapy [20].

Polymorphisms in Drug Metabolizing Enzymes

A significant part of genetically caused variations in drug handling arise from the
mediators of pharmacokinetics such as the drug metabolizing enzymes. These
enzymes are classified into two main groups based on their function as phase
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I-oxidative or phase II-conjugative [41]. In the clinical pharmacogenetic practice,
many of the phase I and phase II enzymes are currently genotyped for assessing an
individual’s variability in drug metabolism. Within this group, CYP450 and several
phase II enzymes such as urindine diphosphate glucuronosyltransferase 1Al
(UGT1A1) take part in the metabolism of the majority of drugs approved in the
USA. Zanger et al. have studied the elimination routes for the 200 drugs available
mainly by prescription in the USA [31]. Approximately 80% of drugs for which
hepatic metabolism is indicated, polymorphisms in CYP450 genes of the families 1,
2, and 3 are considered to be the main sources of variability. Contribution by
CYP3A4/5 was shown to be responsible for metabolism of 37% of the drugs stud-
ied. The extent of involvement by other CYP enzymes was reported to be 17% for
CYP2C9, 15% for CYP2D6, 10% for CYP2C19, 9% for CYP1A2, 6% for CYP2CS,
and 4% for CYP2B6 [31]. The Food and Drug Administration (FDA) has long rec-
ognized the importance of incorporating pharmacogenetic knowledge and testing in
clinical practice. The FDA has made significant efforts in relabeling products where
drug efficacy or toxicity has been linked to polymorphisms (Wu et al. Future medi-
cine 2009). Genotyping tests for several enzymes, including CYP2D6, CYP2C9,
CYP2C19, and UGT1A1 as well as a drug target (i.e., VKORCI1), have been
approved by the FDA as clinical laboratory tests. There are many articles and book
chapters devoted to presenting pharmacogenetics of various classes of drugs and
genes for clinical applications [8, 14, 16]. Since covering all of these is beyond the
scope of this chapter, we will focus on the CYP2D6 and opioid analgesics in the
setting of pain management and the associated forensic cases. Special attention will
be paid on drugs more likely to be implicated in postmortem cases and issues related
to forensic toxicology.

CYP3A4 and CYP3AS5

The CYP3A subfamilies are overall the most abundant drug metabolizing enzymes,
taking part in the metabolism of approximately 40% of the drugs [31]. In this sub-
family of enzymes, the CYP3A4 and CYP3AS are the two most important ones in
the hepatic tissue. Many drugs of interest to forensic toxicologists are the semisyn-
thetic or synthetic opioids which are either in part or primarily metabolized by the
CYP3A4 enzyme. These include methadone, propoxyphene, buprenorphine, trama-
dol, and fentanyl [42, 43]. Generation of norfentanyl from fentanyl by CYP3A4 has
previously been reported in several forensic cases [25]. Another example of vari-
ability is N-dealkylation of buprenorphine to norbupronorphine [43] by CYP3A4
[44]. Although buprenorphine has low respiratory depressive properties, its metabo-
lite is the one that primarily contributes to its toxicity [43, 45]. Another issue to be
considered by toxicologists while interpreting drug levels is the coadministration of
opioid analgesics with drugs known to alter the activities of CYPA4/5 enzymes. To
demonstrate this point, consider taking itraconazole or ketoconazole and even drinking
grapefruit juice which are all known to inhibit the CYP3A4 activity in patients also
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on fentanyl or buprenorphine. These inhibitors are expected to enhance fentanyl’s
toxic effects by reducing its elimination whereas they can decrease the toxic buildup
of the metabolite of buprenorphine! Another example is benzodiazepines such as
midazolam which are known to be metabolized by CYP3A4 enzyme. Its adminis-
tration to patients taking semisynthetic and synthetic opioids can create a source of
variability in toxicity and response. This situation is far more common than gener-
ally recognized. In fact, anesthetics and drugs routinely administered during the
preoperative and perioperative periods can include lists containing midazolam and
fentanyl. Potential drug interactions can then be expected in patients who are con-
currently receiving inhibitors and substrates of CYP3A4 (e.g., ketoconazole, posa-
conazole), benzodiazepines (e.g., midazolam) and opioids [1, 46]. The contribution
of CYP3AS for metabolism of various drugs is also significant. In many cases, both
CYP3A4 and CYP3AS5 contribute to metabolism of the same drugs such as fenta-
nyl. Therefore, it is possible that a patient has wild-type alleles for one enzyme and
polymorphism in the other. This creates a challenge in interpretation of the genotyp-
ing results for the CYP3A4/5 families. Despite this concern, specific polymorphisms
denoted as CYP3A4*1B and CYP3A5%*3 have been found to be helpful in certifica-
tion of postmortem fentanyl toxicity cases [25]. It is therefore recommended that for
similar situations, both CYP3A4 and CYP3AS5 be genotyped and their results be
interpreted as an adjunct considering all other case evidence accordingly.

CYP2D6

Only 2-4% of the overall cytochrome composition in human hepatic tissue belongs
to the CYP2D6 enzyme. Nevertheless, this enzyme, which is highly polymorphic,
is responsible for metabolizing approximately 35% of all the drugs on the market
[47]. The role of CYP2D6 in pharmacokinetics of many drugs of interest to forensic
toxicologists has already been established [26, 30, 48, 49]. According to the Human
Cytochrome P450 Allele Nomenclature Committee, there are over 120 reported
base substitutions or polymorphisms reported by June 2009 [50]. Genotyping for
these is routinely performed by commercially available kits capable of testing for 20
or less of these polymorphisms. Routinely, multiplexing or array-type techniques
are best suited for CYP2D6 genotyping [51, 52]. Overall, the allele variants are
designated by a * and a number. For example a *1 allele variant generally refers to
the wild-type genotype. An allele variant of *2 is also expected to have normal
activity whereas *3 through *8 and *11 through *15 genotypes denote no enzymatic
activity. Partial activity is expected from those with allele designations of *9, *10,
*11, and *41. Traditionally, four major genetically derived phenotypic designations
have been described for this CYP2D6. Extensive metabolizers (EM) represent the
norm for metabolic capacity. Genotypes consistent with the EM phenotype include
two active CYP2D6 alleles (for example, *1/*1 or *1/%2) or one active and one partially
active CYP2D6 allele. In general, extensive metabolizers can be administered drugs
which are substrates of the CYP2D6 enzyme following standard dosing practices.
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Increased caution may be appropriate for individuals having one partially active
allele. Intermediate metabolizers (IM) may require lower than average drug dosages
for optimal therapeutic response. Genotypes consistent with the IM phenotype are
those with one active and one inactive CYP2D6 allele, one inactive and one par-
tially active CYP2D6 allele, or two partially active CYP2D6 alleles. Poor metabo-
lizers (PM) are at increased risk of drug-induced side effects due to diminished drug
elimination or lack of therapeutic effect resulting from failure to generate the active
form of the drug. Genotypes consistent with the PM phenotype are those with no
active CYP2D6 genes. Ultrarapid metabolizers (UM) exhibit higher than average
rates of metabolism. Genotypes consistent with the UM phenotype include three or
more active CYP2D6 alleles due to duplication of an active allele. UMs are at
increased risk of therapeutic failure as a result of increased drug elimination. Thus
they may require an increased dosage of medications that are inactivated by
CYP2D6. Alternatively, UMs may also be at increased risk of drug-induced side
effects because of increased exposure to active drug metabolites. In this case, they
may require lower than average doses.

In addition to the above-mentioned enzymes, there are several other genes such
as the CYP2C19 and UGT subfamily which may be worth looking into during a
case investigation. The National Academy for Biochemistry (NACB) has developed
recommendations for the use of pharmacogenetics in forensic applications which
are now closed for further comments and about to be published [53]. In addition,
during the past couple of years, the College of American Pathologists has had pro-
ficiency testing surveys available for pharmacogenetic testing [54]. The remainder
of this chapter will focus on the CYP3A4/5 and CYP2D6 genes by presentation of
several cases illustrating the use of their genotypic information in working up toxi-
cology cases.

Forensic Applications of Pharmacogenetics

In the discipline of forensic toxicology, results of drug screening activities as well
as postmortem investigations are influenced by genetic differences in drug metabo-
lism and elimination. We will focus on these areas in more detail below.

Interpretation of Urine Drug Screening Results

Toxicology screens have become very popular in both clinical and forensic toxicol-
ogy disciplines. For clinical purposes, drug screens play an important role in the
evaluation and treatment of the potentially poisoned patient. Other clinical applica-
tions include pain management, drug addiction treatment, and compliance testing.
The forensic applications of drug screening are commonly used in workplace test-
ing utilized by both private and governmental organizations. The consequences of



1 Pharmacogenetics in Clinical and Forensic Toxicology: Opioid Overdoses and Deaths 11

these results affect hiring practices, quality assurance, termination policies, and
medical compensation for work-related injuries. Drug screening for other purposes
such as driving under the influence and testing in athletes, students, and prisoners is
also very popular. Obviously, the legal and social repercussions of a given test result
are potentially devastating to the subject. In addition, the illicit drug use suggested
by toxicological screens leads to employers routinely denying medical compensa-
tion to workers injured on the job should their hospital evaluation include a positive
screening result. In many forensic situations, medical review officers (MRO) certify
the drug screening results without any knowledge or evidence for an individual’s
ability to metabolize the drug in question. Added to this challenge is the fact that
many drug screens are performed using immunoassays utilizing antibodies with
differential cross-reactivities to the parent drug versus its metabolites. Otton et al.
have demonstrated that the clearance of hydrocodone in the form of hydromorphone
was 28.1+10.3 mL/h/kg for patients with EM and 3.4 +2.4 mL/h/kg for those with
PM genotypes for the CYP2D6 enzyme [55]. Therefore, in addition to the therapeu-
tic efficacy of hydrocodone, the proportion excreted as its O-demethylated metabo-
lite may have consequences on the urine opioid screening results [55, 56]. Another
example is the metabolism of diazepam which is dependent on CYP2C19 activity
[57]. Individuals with the PM genotype have prolonged half-lives for diazepam
which are twice as long as those with the wild-type phenotype (88.3+17.2 versus
40.8+14.0 h, respectively). Obviously, benzodiazepine immunoassays with prefer-
ential cross-reactivities for the metabolites may have a reduced chance of detecting
exposure to the drug. Combining analytical and pharmacogenetic screening was
used in a case of an individual on oxycodone with continued negative drug screen-
ing results in the urine. Apparently, this individual had been on rifampin, which is a
known inducer of CYP450 activity causing a very rapid half-life for the drug [58].
With the stated examples, it is apparent that alterations in metabolic capacity of
drugs either due to polymorphisms or drug interactions can have consequences on
the urine drug screening test results.

Pharmacogenetics in Forensic Investigations

Through presentation of several cases involving various different opioids, we will
demonstrate the use of pharmacogenetic testing in establishing (or excluding)
genetic differences in drug metabolism as a potential contributing factor to the cause
of death. The field of forensic toxicology is in a great position to contribute to phar-
macogenetics and its use in personalized medicine. When drugs are taken in “thera-
peutic” doses, toxicity and ultimately death are not generally expected. In cases
where a patient dies after taking conventional doses of a drug or a combination of
drugs, death investigation needs to be highly “individualized.” This is best achieved
by assessing the person’s ability to metabolize the drugs through genotyping the
DNA responsible for transcribing the relevant proteins and enzymes. Often, in indi-
viduals with reduced metabolic ability such as the IM or PM genotypes, the toxicity
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is attributed to the parent drug. Alternatively, in those with the UM genotype, a
higher than expected production of active metabolites can be the mechanism of
toxicity. We will present several published and unpublished cases in which pharma-
cogenetics information was useful in determination of cause of toxicity or death.

Case Reports

We will initially focus on codeine and present several cases in which patients with
various genotypes were investigated. We will then present an example for each of
the other opioids, namely, oxycodone, fentanyl, and methadone.

Codeine is considered to be a weak opioid agonist, and is generally used for its
analgesic and antitussive properties. The O-demethylation of codeine to morphine
is by the CYP2D6 enzyme, and is considered to be important for its analgesic effi-
cacy. Despite this, in PM subjects, respiratory depression and other side effects of
opioid toxicity have been observed which are thought to be due to codeine itself.
Therefore, it cannot be assumed that lack of CYP2D6 metabolic activity (by which
codeine is converted to morphine) also results in the absence of side effects. The
following cases demonstrate codeine toxicity in patients with different genotypes.
In each of these, genotyping contributed to either the determination of the cause of
death or was helpful in confirmation of the cause of death. Codeine is also metabo-
lized by the CYP3A4 enzyme by N-demethylation to norcodeine which is equipo-
tent to codeine.

Case 1: Codeine Intoxication in a Breast-fed Infant

This is the case of a newborn male infant who had developed lethargy at 7 days of
age [59]. On day 11 after birth, the infant had been noted to have altered skin color
and had reduced milk intake. The baby was finally transported to a hospital on day
13 for being cyanotic with no vital signs. Resuscitation efforts that had been initi-
ated at home were unsuccessful and the patient was pronounced dead at the hospi-
tal. After ruling out various inborn errors of metabolism for conditions such as
organic acidemias, fatty acid oxidative disorders, and thyroid issues, toxicological
examinations were also performed. The postmortem blood sample had 70 ng/mL of
morphine and 5.9 pg/mL of acetaminophen. The source of this blood sample was
not mentioned in the report. This morphine concentration is approximately 6—7
times the therapeutic concentration seen in neonates receiving morphine for analge-
sia. The breast milk which he was being fed contained a morphine concentration of
87 ng/mL. This milk sample had been collected during the time his mother was tak-
ing half of the prescribed codeine dose during which she was somnolent and consti-
pated. Pharmacogenetic analysis involved genotyping for CYP2D6 and UGT2B7
(catalyzing the morphine-3-glucuronide (M3G) and morphine-6-glucuronide (M6G)
formation). The mother was considered to be an ultrarapid metabolizer since she
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had CYP2D6 gene duplication (heterozygous with CYP 2D6*2A allele and a CYP
2D6*2x2 alleles). The father of the infant and the infant himself were EM with
CYP2D6 *1/*2 genotypes. In addition, both the infant and his mother were homozy-
gous for the UGT 2B7*2 gene known to be associated with increased M6G to mor-
phine ratio. M6G is known be an active metabolite of morphine. Considering the
genotype for the mother, it is apparent that she was converting more of the codeine
to morphine due to her enhanced CYP2D6 activity. Additional morphine in her
blood had led to her own somnolence and constipation. As a result, her milk also
contained increased morphine which was fed to the infant. The clinical presentation
of the infant prior to his death is consistent with opioid intoxication, also confirmed
by the fact that the postmortem morphine values were in the toxic range.

Case 2: Codeine Intoxication in Twin Boys (Set A)

Codeine is widely used in the pediatric population for its antitussive as well as its
analgesic properties. Compared to other opioids, it is generally regarded to have
fewer side effects; therefore, it is frequently prescribed to younger children and
neonates. This case involves codeine-induced toxicity in a recently published case
of 3-year-old monozygotic twin brothers [48, 60]. They had been prescribed 10 mg
of codeine to treat their cough following the diagnosis of upper respiratory infec-
tion. They were both administered codeine for 6 days. On the 6th day, 5 h after
administration of the last dose, one of the twins was found to be apneic and had
vomited. Their mother began resuscitation and the child was transferred to the pedi-
atric intensive care unit. He was tachycardic, hypotensive, and had a Glasgow Coma
Scale of 3. He had elevated leucocytes and was diagnosed with a tracheal viral
infection. His aspiration pneumonia was treated by administration of antibiotics,
and catecholamines were used to raise his blood pressure. After a few days, he even-
tually recovered with no further complications. Gas chromatography-mass spec-
trometry analysis of a serum sample collected 7.5 h after the last codeine dose
resulted in total and free codeine concentrations of 489 and 179 ng/mL, respec-
tively. The total and free morphine in the same sample were 312 and 33 ng/mL,
respectively. The therapeutic serum concentration for codeine was listed as
56-129 ng/mL in small children. The concentration of morphine after codeine ther-
apy has been mentioned to be 4.5+2.1 ng/mL [60]. This particular case is consistent
with codeine (and morphine) overdose leading to apnea, vomiting, and hypotension.
Unfortunately, the second twin brother had been found dead in his bed at home
shortly after the first twin was initially discovered to be in distress. Autopsy on the
second twin revealed aspiration of gastric contents. Analysis of codeine and mor-
phine were performed on several postmortem tissues and fluids on the second twin
[60]. A serum sample obtained from the femoral vein resulted in a free codeine
concentration of 547 ng/mL and a free morphine value of 150 ng/mL, respectively.
The total and free codeine and morphine levels were also high in the cardiac blood.
It is probable that respiratory depression and aspiration secondary to codeine (and
the resulting morphine) overdoses led to the death of this twin brother. Genotyping
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for CYP2D6 was used to investigate the reason for the elevation of both codeine and
morphine. As expected, both twins had the same CYP2D6 genotypes which were
considered to be wild types with no gene duplication. Therefore, they were catego-
rized as extensive metabolizers thus ruling out the possibility of reduced metabo-
lism due to genetic variation (i.e., being poor or intermediate metabolizer
phenotypes). Accumulation of morphine was not attributed to CYP2D6 gene dupli-
cation since the children were not ultrarapid metabolizers. The pharmacogenetic
data raises the suspicion that too much codeine had been administered to these chil-
dren. Indeed, case investigation further revealed that the prescribed dose was 0.5 mL
of the codeine solution resulting in 10 mg of the drug per dose. Sadly, their mother
had administered the codeine to them by “drops.” Each time, she administered 10
“drops” which were experimentally shown to range from 494 to 940 mg of codeine
per dose. Authors had concluded that variations in “drop” size and imprecision in its
measurements could have created the unfortunate overdose situation for these
twins.

Case 3: Codeine Intoxication in Twin Boys (Set B)

The case of a second set of 3-year-old twin boys who had both died of respiratory
depression following administration of codeine is presented. These children had
undergone adenotonsillectomy operations within an hour of one another for severe
obstructive sleep apnea syndrome (OSAS). Their operations had gone well with no
complication. Both children had awakened, were extubated, and were stable. To
control their surgical pain, each had received 5 mL of a codeine elixir containing
12 mg of codeine sulfate prior to discharge. Later on the same day, each child had
further received two additional doses of the same codeine elixir at home. The rec-
ommended dose in children 3—6 years of age is 5 mL to be administered 3—4 times
per day to be given every 3—4 h as needed (PRN). Interestingly, these children were
being awakened to take their medication every 4 h. Several hours later, the first twin
was noticed to be in respiratory distress and “choking,” which eventually lead to
acute cardiopulmonary arrest. CPR was initiated and the child was taken to the hos-
pital. Resuscitation efforts were not successful and he was pronounced dead. While
at the hospital with the first twin, the parents became concerned about the second
twin who had been left in the care of a neighbor. The second twin was later on found
to be unresponsive, had no pulse, and was cyanotic. He was resuscitated and eventu-
ally had his pulse reinstated. Ultimately, after 2—3 days of intensive care, the second
twin also passed away. Autopsy performed on the first twin the morning after his
death indicated that he had cerebral edema and airway froth. Toxicological analyses
were performed on postmortem femoral blood, urine, vitreous fluid, and brain col-
lected at autopsy from the first twin. Analysis of the peripheral blood sample resulted
in total and free codeine concentrations of 740 and 540/mL, respectively. The total
and free morphine levels in the same sample were 190 and 60 ng/mL, respectively.
The concentrations of total and free codeine in the brain tissue were 530 and 500 ng/mL,
respectively. Vitreous fluid contained primarily free codeine (300 ng/mL) and its



1 Pharmacogenetics in Clinical and Forensic Toxicology: Opioid Overdoses and Deaths 15

morphine concentration was <10 ng/mL. CYP2D6 genotyping on these twins
showed that each had one functional allele (*2) and one nonfunctional allele (*4).
Therefore, it is concluded that they were both intermediate metabolizers. It is clear
that the codeine concentrations in twin A, and by extrapolation in twin B, were
elevated at the time of cardiopulmonary arrest. Additional investigation into this
case revealed that the mother had administered the correct amount of the drug to
each child at each dosing time. The volume of unused elixir corroborated this con-
clusion. The twins had inherited the *4 from their mother and *2 from their father,
since the mother was a carrier of *4 allele and the father was wild type carrying the
*2 allele. Therefore, carrying a nonfunctional CYP2D6 allele more probably than
not contributed in part to the reduced metabolism of codeine reflected by the toxic
concentrations measured in the first twin at autopsy. Contribution of the extent of
postoperative respiratory compromise or other variables to the demise of these chil-
dren is not known.

Cases 4: Codeine in an Ultrarapid Metabolizer Child

In CYP2D6 rapid metabolizers, opioid toxicity after ingestion of codeine, hydro-
codone, and oxycodone is possible due to the generation of too much morphine,
hydromorphone, and oxymorphone, respectively. These metabolites are more potent
than their parent counterparts. In a reported case, codeine elixir was used for man-
aging pain in a 2.5-year-old boy who had undergone tonsillectomy operation [61].
He apparently had received four doses of codeine on postoperative day 1 and one
more dose the next evening. Four hours later, the mother found the child unrespon-
sive and apneic. The emergency team administered naloxone which led to some
improvement; however, the child became apneic at the hospital and was intubated.
After a couple of weeks, he was extubated and discharged in stable condition.
CYP2D6 genotyping revealed that he had a copy of *1 allele and multiple copies of
the *2 allele. Both *1 and *2 have enzymatic activity and having more than two
copies renders the individual an ultrarapid metabolizer. In this case, use of pharma-
cogenetic information was found to be useful in implicating morphine as the cause
of respiratory depression. However, the authors had not verified this finding by mea-
suring the concentrations of codeine and morphine in this child.

Cases 5: Codeine in an Ultrarapid Metabolizer Adult

Another case of toxicity in individuals with multiple copies of CYP2D6 involves a
62-year-old gentleman with a history of leukemia who had presented with cough,
fever, and dyspnea [62]. Since this patient was considered to be immunocompro-
mised, bronchoalveolar lavage had been performed which revealed the presence of
yeast. He was treated with two antibiotics (ceftriaxone and clarithromycin), an antifun-
gal agent (voriconazole) and oral codeine (25 mg three times a day) for cough. His
condition deteriorated on hospital day 4 and he became unresponsive. The last dose
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had been administered 12 h prior to the changes in his level of consciousness. The
patient’s pupils were miotic and he had a Glasgow Coma Scale of 6 (no eye opening,
no verbal response, and limb withdrawal after pain stimulation) on his initial neuro-
logic examination. Administration of naloxone (0.4 mg repeated two times) resulted
in a dramatic improvement in his level of consciousness. His plasma codeine concen-
tration was 114 pg/L. The reference range for CYP2D6 extensive metabolizers has
been reported to be 13—75 pg/L [62]. He was genotyped for CYP2D6 and CYP3A4,
both of which are implicated in the metabolism of codeine. In addition, relative activ-
ities of CYP2D6 and CYP3A4 were assessed by administration of dextromethorphan
and subsequent measurement of deconjugated dextrorphan excreted in the urine. The
results of genotyping indicated that he had >3 copies of CYP2D6 which was con-
firmed by the phenotyping results assessed by the ratio of dextromethorphan and
deconjugated dextrorphan. This patient was on a macrolide and an azole derivative to
treat his infections. Both of these agents are known inhibitors of CYP3A4. It is
believed that more of the codeine metabolized through the CYP2D6 route since
CYP3A4 was inhibited, in this situation since there were multiple copies of CYP2D6
present to convert codeine to morphine. It is clear from this case that genotyping was
useful in directing the investigation by focusing on codeine as a cause of decreased
neurological function and opioid toxicity.

Case 6: Oxycodone in a Poor Metabolizer

The decedent was a 49-year-old white male, prescription drug abuser with a history
of depression and posttraumatic stress disorder [49]. For treating his chronic back
pain following surgery, OxyContin and Percocet were prescribed. He was an alco-
holic. He attempted suicide once. Of the 60 oxycodone pills prescribed, only 12 had
remained. His roommate, who saw him in the morning, found the decedent unre-
sponsive after returning from work. Toxicological analysis showed subclavian
blood, obtained within 24 h after death, with a concentration of oxycodone
0.437 mg/L, and without detection of alcohol and other drugs. Autopsy showed
hepatic cirrhosis which might have impaired his drug metabolism. Molecular
autopsy showed he was CYP 2D6*4 homozygous, corresponding to the poor metab-
olizer phenotype. This deficiency might have contributed to impaired metabolism of
oxycodone, along with hepatic cirrhosis. Death certification was: cause of death,
oxycodone overdose; and manner of death, accident.

Cases 7: Methadone in a Poor Metabolizer

The decedent was a 51-year-old white male with a 25-year history of heroin addic-
tion for which he was enrolled in a methadone maintenance program [63]. On
Friday, he was accompanied by his friend to the methadone clinic where he
ingested his prescribed dose, and was given an extra dose for the weekend. He
also bought illicit drugs near the clinic. His girlfriend confirmed that he was alive
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at 7 a.m. on Sunday, and she found the decedent on Monday at 8 a.m., with a
bottle of methadone nearby. The decedent had hepatitis C and hepatic cirrhosis.
Toxicology showed the iliac blood methadone concentration to be 1.6 mg/L.
Based on the case history, acute ingestion of methadone was likely, followed by
postmortem interval of <24 h. Thus, the high methadone concentration was not
due to postmortem redistribution. Molecular autopsy showed CYP 2D6%*3 and *4
compound heterozygosity, corresponding to a poor metabolizer of methadone.
Other toxicological findings included benzoylecgonine, 0.871 mg/L; propoxy-
phene, 0.32 mg/L; and diazepam, 0.12 mg/L. Autopsy finding included end-stage
alcoholic liver disease. Death certification was: cause of death, mixed drug toxic-
ity attributed to methadone, cocaine abuse, propoxyphene, and diazepam; and
manner of death, accident.

Cases 8: Fentanyl in a Poor Metabolizer

The decedent was a 44-year-old white female, with a history of drug abuse (cocaine,
marijuana, and pain medications), suicidal ideation, and psychiatric disorders [25].
In a previous attempt to obtain medications, she had cut her arm. After a rummage
sale, she complained to her boyfriend about her knee pain, and obtained some nar-
cotic patches. Later that evening, she seemed “goofy.” She was found dead 24 h
later. One Duragesic patch was attached to her arm, and another adhered to a blan-
ket. Toxicology showed subclavian blood concentrations of : fentanyl and norfenta-
nyl, 19 and 7.6 pg/L with a total of 26.6 ng/L; cyclobenzapine, 0.16 mg/L; tramadol,
0.06 mg/L; diphenhydramine, 0.08 mg/L; citalopram, 0.22 mg/L; and olanzapine,
positive. Pharmacogenetic testing (i.e., molecular autopsy) showed: CYP3A4*1B
heterozygous and CYP3AS5*3 heterozygous. In these individuals, a reduced rate of
fentanyl metabolism is expected. Therefore, according to the toxicology results and
the genetic testing information, the death certification was issued as: cause of death,
mixed drug toxicity attributed to fentanyl, diphenhydramine, citalopram, cycloben-
zaprine, and tramadol; the manner of death was indicated to be an accident.

Techniques and Methods

Genetic variations in the genes which encode the drug-metabolizing enzymes may
lead to normal, deficient, or higher enzyme activities. Such genetic variations can
include SNPs, gene deletion, or gene duplications. For several enzymes such as
CYP2D6, CYP2C9, and CYP2C109, there are several FDA-approved methodologies
and kits available [64, 65]. In many of the techniques used for genotyping drug-
metabolizing enzymes, DNA is initially isolated from blood or tissues and is ampli-
fied using PCR-based techniques. The variation in the gene sequence is then queried,
using a variety of different methods. Restriction fragment length polymorphism
(RFLP) has been considered to be the traditional approach in identifying known
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mutations. This approach is limited by the fact that targeted polymorphisms have to
be able to lead to alterations capable of forming a restriction site. The restriction
sites will determine changes in the DNA fragmentation (restriction digestion) pat-
tern which is identified on the gel [66]. In allele-specific amplification using real-
time PCR, the product is amplified by PCR and its formation is detected [67].
Another approach is the multiplex PCR in which the target DNA sequence is ampli-
fied, and based on allele-specific primer extension technique, the simultaneous
detection of multiple CYP2D6 variants is achieved [52]. There are many other
methods such as HPLC, mass spectrometry, and sequencing which can detect varia-
tions in the DNA sequence. The detailed discussion of these methods is beyond the
scope of this chapter and the reader is referred to other sources for more information
[51, 66, 68].

Frequently, the question of “what sample type should be used for pharmacoge-
netic testing” comes up in forensic applications. DNA has been isolated from many
different types of samples, ranging from dried blood spots or whole blood to various
organs such as the liver. For some genes, sample condition is less of an issue than
others. For example, many of the PCR products of CYP2D6 are large, and therefore
sample integrity and DNA quality in the original sample is important. In the clinical
environment, blood drawn in EDTA plasma tubes is recommended since DNA can
be readily isolated from the buffy coat. On the other hand, collection of samples
during autopsy is limited to getting a whole blood specimen or tissue. Since whole
blood has been used with success for DNA isolation, it is the preferred specimen.
However, if needed, tissue can also be used for isolation of DNA for pharmacoge-
netic testing.

Since many medical examiner offices and state laboratories do not routinely per-
form pharmacogenetic testing, it is recommended that they use referral laboratories
for this type of determination. It is also crucial to consider the needed knowledge
and skill set in order to properly interpret the results for forensic settings. As previ-
ously indicated, the drug-metabolizing gene testing is done as an adjunct to the
overall process of case investigation. Most ideally, the interpretations should be
performed by individuals with toxicology knowledge who have been specifically
trained in pharmacogenetics. Obviously, molecular diagnostics experts often lack
the pharmacology and toxicology background needed for forensic toxicology issues.
If too much emphasis is put on the pharmacogenetic data without considering the
fundamentals of forensic toxicology, the case can be easily misinterpreted. Therefore,
understanding the drug concentrations and utilizing the pharmacogenetic data are
best done by considering both items simultaneously. It is recommended that toxi-
cologists consult with the pharmacogenetics experts and use the information as a
piece of a larger puzzle.

In summary, when assessing therapeutic and toxic effects of opioids such as
codeine which are often implicated in forensic cases, two distinct issues need to be
considered. In the CYP2D6 poor metabolizers, not only opioid toxicity can be
caused by the drug (e.g., codeine) itself, adequate pain relief mediated by its metab-
olite (e.g., morphine) is less likely [24, 69]. In a recent study, CYP2D6 genotyping
was shown to predict only 50% of ultrarapid metabolizers subjects who carried gene
duplication [27]. These subjects were better identified by dextromethorphan-based
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phenotyping, which was able to distinguish 68% of the subjects on codeine with
high morphine formation. When genotyping and phenotyping were combined, 88%
of the high morphine formation subjects after administration of codeine were identi-
fied. On the other hand, CYP2D6 genotyping by itself was adequate enough to be
able to predict insufficient morphine formation subjects. The point to consider when
interpreting postmortem codeine cases is that determining the metabolic category
for the patient is useful in establishing the underlying cause. For example, in twin
set A (Case 2 discussed above), being an extensive metabolizer correlated with the
finding that imprecision in “drop size” potentially leads to too much drug being
administered. On the other hand, in twin set B (Case 3), carrying an inactive
CYP2D6 allele explains toxic concentrations of codeine measured postmortem even
if the correct dosing has been proven. Therefore, it is advised that genotyping be
used as an additional piece of the puzzle when forensic toxicity cases are being
investigated.

References

1. Weinshilboum, R.M., and L. Wang. 2006. Pharmacogenetics and pharmacogenomics: devel-
opment, science, and translation. Annu Rev Genomics Hum Genet 7:223-245.

2. Linder, M.W., R.A. Prough, and R. Valdes, Jr. 1997. Pharmacogenetics: a laboratory tool for
optimizing therapeutic efficiency. Clin Chem 43(2):254-266.

3. Spielberg, S.P. 1996. N-acetyltransferases: pharmacogenetics and clinical consequences of
polymorphic drug metabolism. J Pharmacokinet Biopharm 24(5):509-519.

4. Huang, R.S., and M.J. Ratain. 2009. Pharmacogenetics and pharmacogenomics of anticancer
agents. CA Cancer J Clin 59(1):42-55.

5. de Leon, J., MJ. Arranz, and G. Ruano. 2008. Pharmacogenetic testing in psychiatry: a review
of features and clinical realities. Clin Lab Med 28(4):599-617.

6. Hamdani, N., and P. Gorwood. 2008. [Role of genetics in psychiatric treatment]. Presse Med
37(5 Pt 2):902-911.

7. Brugts, J.J., A.H. Danser, M.P. de Maat, C.A. den Uil, E. Boersma, R. Ferrari, and M.L.
Simoons. 2008. Pharmacogenetics of ACE inhibition in stable coronary artery disease: steps
towards tailored drug therapy. Curr Opin Cardiol 23(4):296-301.

8. Marin, F.,, V. Roldan, R. Gonzalez-Conejero, and J. Corral. 2005. Pharmacogenetics in cardio-
vascular antithrombotic therapy. Curr Med Chem Cardiovasc Hematol Agents 3(4):357-364.

9. Roepke, T.K., and G.W. Abbott. 2006. Pharmacogenetics and cardiac ion channels. Vascul
Pharmacol 44(2):90-106.

10. Gage, B.F., and L.J. Lesko. 2008. Pharmacogenetics of warfarin: regulatory, scientific, and
clinical issues. J Thromb Thrombolysis 25(1):45-51.

11. Takahashi, H., G.R. Wilkinson, E.A. Nutescu, T. Morita, M.D. Ritchie, M.G. Scordo, V. Pengo,
M. Barban, R. Padrini, I. Ieiri, K. Otsubo, T. Kashima, S. Kimura, S. Kijima, and H. Echizen.
2006. Different contributions of polymorphisms in VKORC1 and CYP2C9 to intra- and inter-
population differences in maintenance dose of warfarin in Japanese, Caucasians and African-
Americans. Pharmacogenet Genomics 16(2):101-110.

12. Wu, A.H., P. Wang, A. Smith, C. Haller, K. Drake, M. Linder, and R. Valdes, Jr. 2008. Dosing
algorithm for warfarin using CYP2C9 and VKORCI genotyping from a multi-ethnic popula-
tion: comparison with other equations. Pharmacogenomics 9(2):169-178.

13. Langley, M.R., J.K. Booker, J.P. Evans, H.L. McLeod, and K.E. Weck. 2009. Validation of
clinical testing for warfarin sensitivity: comparison of CYP2C9-VKORCI genotyping assays
and warfarin-dosing algorithms. J Mol Diagn 11(3):216-225.



20

14.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

S.A. Jortani et al.

Zhu, Y., M. Shennan, K.K. Reynolds, N.A. Johnson, M.R. Herrnberger, R. Valdes, Jr., and
M.W. Linder. 2007. Estimation of warfarin maintenance dose based on VKORCI1 (-1639
G>A) and CYP2C9 genotypes. Clin Chem 53(7):1199-1205.

. Flockhart, D.A., D. O’Kane, M.S. Williams, M.S. Watson, D.A. Flockhart, B. Gage, R.

Gandolfi, R. King, E. Lyon, R. Nussbaum, D. O’Kane, K. Schulman, D. Veenstra, M.S.
Williams, and M.S. Watson. 2008. Pharmacogenetic testing of CYP2C9 and VKORCI1 alleles
for warfarin. Genet Med 10(2):139-150.

Thompson, C.A. 2007. FDA encourages genetics-aided warfarin dosing. Am J Health Syst
Pharm 64(19):1994-1996.

. Vladutiu, G.D. 2008. The FDA announces new drug labeling for pharmacogenetic testing: is

personalized medicine becoming a reality? Mol Genet Metab 93(1):1-4.

Albitar, M., C. Yeh, and W. Ma. 2009. K-ras mutations and cetuximab in colorectal cancer. N
Engl J Med 360(8):834; author reply 835-836.

Rae, J.M., M.J. Sikora, N.L. Henry, L. Li, S. Kim, S. Oesterreich, T.C. Skaar, A.T. Nguyen, Z.
Desta, A.M. Storniolo, D.A. Flockhart, D.F. Hayes, and V. Stearns. 2009. Cytochrome P450
2D6 activity predicts discontinuation of tamoxifen therapy in breast cancer patients.
Pharmacogenomics J.

Jada, S.R., R. Lim, C.I. Wong, X. Shu, S.C. Lee, Q. Zhou, B.C. Goh, and B. Chowbay. 2007.
Role of UGT1A1*%6, UGT1A1*¥28 and ABCG2 c.421 C>A polymorphisms in irinotecan-
induced neutropenia in Asian cancer patients. Cancer Sci 98(9):1461-1467.

Sai, K., J. Sawada, and H. Minami. 2008. [Irinotecan pharmacogenetics in Japanese cancer
patients: roles of UGT1A1%6 and *28]. Yakugaku Zasshi 128(4):575-584.

Ahlstrom, M.M., M. Ridderstrom, and I. Zamora. 2007. CYP2C9 structure-metabolism rela-
tionships: substrates, inhibitors, and metabolites. J Med Chem 50(22):5382-5391.

de Leon, J. 2008. CYP2D6 genotyping and codeine. Paediatr Anaesth 18(3):274-275; author
reply 275-276.

Foster, A., E. Mobley, and Z. Wang. 2007. Complicated pain management in a CYP450 2D6
poor metabolizer. Pain Pract 7(4):352-356.

Jin, M., S.B. Gock, P.J. Jannetto, J.M. Jentzen, and S.H. Wong. 2005. Pharmacogenomics as
molecular autopsy for forensic toxicology: genotyping cytochrome P450 3A4*1B and 3A5%3
for 25 fentanyl cases. J Anal Toxicol 29(7):590-598.

Kaplan, H.L., U.E. Busto, G.J. Baylon, S.W. Cheung, S.V. Otton, G. Somer, and E.M. Sellers.
1997. Inhibition of cytochrome P450 2D6 metabolism of hydrocodone to hydromorphone
does not importantly affect abuse liability. J Pharmacol Exp Ther 281(1):103-108.

Lotsch, J., M. Rohrbacher, H. Schmidt, A. Doehring, J. Brockmoller, and G. Geisslinger. 2009.
Can extremely low or high morphine formation from codeine be predicted prior to therapy
initiation? Pain 144(1-2):119-124.

Kong, V.K., and M.G. Irwin. 2009. Adjuvant analgesics in neuropathic pain. Eur J Anaesthesiol
26(2):96-100.

Onal, S.A. 2006. [Adjuvant analgesics in pain management]. Agri 18(4):10-23.

Reynolds, K.K., B. Ramey-Hartung, and S.A. Jortani. 2008. The value of CYP2D6 and
OPRM1 pharmacogenetic testing for opioid therapy. Clin Lab Med 28(4):581-598.

Zanger, U.M., M. Turpeinen, K. Klein, and M. Schwab. 2008. Functional pharmacogenetics/
genomics of human cytochromes P450 involved in drug biotransformation. Anal Bioanal
Chem 392(6):1093-1108.

Lanser, P., and S. Gesell. 2001. Pain management: the fifth vital sign. Healthc Benchmarks
8(6):68-70, 62.

Lamb, E. 2009. Top 200 Drugs of 2008. Pharmacy Times Published Online: May 15, 2009
Rathore, S.S., L.A. Lenert, K.P. Weinfurt, A. Tinoco, C.K. Taleghani, W. Harless, and K.A.
Schulman. 2000. The effects of patient sex and race on medical students’ ratings of quality of
life. Am J Med 108(7):561-566.

Tamayo-Sarver, J.H., N.V. Dawson, S.W. Hinze, R.K. Cydulka, R.S. Wigton, J.M. Albert, S.A.
Ibrahim, and D.W. Baker. 2003. The effect of race/ethnicity and desirable social characteristics
on physicians’ decisions to prescribe opioid analgesics. Acad Emerg Med 10(11):1239-1248.



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Pharmacogenetics in Clinical and Forensic Toxicology: Opioid Overdoses and Deaths 21

Turk, D.C., and A. Okifuji. 1997. What factors affect physicians’ decisions to prescribe opi-
oids for chronic noncancer pain patients? Clin J Pain 13(4):330-336.

Kupiec, T.C., V. Raj, and N. Vu. 2006. Pharmacogenomics for the forensic toxicologist. J Anal
Toxicol 30(2):65-72.

Feuk, L., J.R. MacDonald, T. Tang, A.R. Carson, M. Li, G. Rao, R. Khaja, and S.W. Scherer.
2005. Discovery of human inversion polymorphisms by comparative analysis of human and
chimpanzee DNA sequence assemblies. PLoS Genet 1(4):e56.

Khaja, R., J. Zhang, J.R. MacDonald, Y. He, A.M. Joseph-George, J. Wei, M.A. Rafiq, C.
Qian, M. Shago, L. Pantano, H. Aburatani, K. Jones, R. Redon, M. Hurles, L. Armengol, X.
Estivill, R.J. Mural, C. Lee, S.W. Scherer, and L. Feuk. 2006. Genome assembly comparison
identifies structural variants in the human genome. Nat Genet 38(12):1413-1418.

Levy, S., G. Sutton, P.C. Ng, L. Feuk, A.L. Halpern, B.P. Walenz, N. Axelrod, J. Huang, E.F.
Kirkness, G. Denisov, Y. Lin, J.R. MacDonald, A.W. Pang, M. Shago, T.B. Stockwell, A.
Tsiamouri, V. Bafna, V. Bansal, S.A. Kravitz, D.A. Busam, K.Y. Beeson, T.C. McIntosh, K.A.
Remington, J.F. Abril, J. Gill, J. Borman, Y.H. Rogers, M.E. Frazier, S.W. Scherer, R.L.
Strausberg, and J.C. Venter. 2007. The diploid genome sequence of an individual human. PLoS
Biol 5(10):e254.

Iyanagi, T. 2007. Molecular mechanism of phase I and phase II drug-metabolizing enzymes:
implications for detoxification. Int Rev Cytol 260:35-112.

Armstrong, S.C., G.H. Wynn, and N.B. Sandson. 2009. Pharmacokinetic drug interactions of
synthetic opiate analgesics. Psychosomatics 50(2):169—176.

Kobayashi, K., T. Yamamoto, K. Chiba, M. Tani, N. Shimada, T. Ishizaki, and Y. Kuroiwa.
1998. Human buprenorphine N-dealkylation is catalyzed by cytochrome P450 3A4. Drug
Metab Dispos 26(8):818-821.

Elkader, A., and B. Sproule. 2005. Buprenorphine: clinical pharmacokinetics in the treatment
of opioid dependence. Clin Pharmacokinet 44(7):661-680.

Megarbane, B., N. Marie, S. Pirnay, S.W. Borron, P.N. Gueye, P. Risede, C. Monier, F. Noble,
and F.J. Baud. 2006. Buprenorphine is protective against the depressive effects of norbuprenor-
phine on ventilation. Toxicol Appl Pharmacol 212(3):256-267.

Krishna, G., A. Moton, L. Ma, I. Savant, M. Martinho, M. Seiberling, and J. McLeod. 2009.
Effects of oral posaconazole on the pharmacokinetic properties of oral and intravenous mida-
zolam: a phase I, randomized, open-label, crossover study in healthy volunteers. Clin Ther
31(2):286-298.

Vandel, P., .M. Talon, E. Haffen, and D. Sechter. 2007. Pharmacogenetics and drug therapy in
psychiatry--the role of the CYP2D6 polymorphism. Curr Pharm Des 13(2):241-250.
Hermanns-Clausen, M., W. Weinmann, V. Auwarter, N. Ferreiros, R. Trittler, C. Muller,
A. Pahl, A. Superti-Furga, and R. Hentschel. 2009. Drug dosing error with drops: severe clini-
cal course of codeine intoxication in twins. Eur J Pediatr 168(7):819-824.

Jannetto, P.J., S.H. Wong, S.B. Gock, E. Laleli-Sahin, B.C. Schur, and J.M. Jentzen. 2002.
Pharmacogenomics as molecular autopsy for postmortem forensic toxicology: genotyping
cytochrome P450 2D6 for oxycodone cases. J Anal Toxicol 26(7):438—447.

CYP-Committee. 2009. Home Page of the Human Cytochrome P450 (CYP) Allele
Nomenclature Committee http://www.cypalleles.ki.se/.

de Leon, J., M.T. Susce, M. Johnson, M. Hardin, L. Maw, A. Shao, A.C. Allen, F.A. Chiafari,
G. Hillman, and D.M. Nikoloff. 2009. DNA microarray technology in the clinical environment:
the AmpliChip CYP450 test for CYP2D6 and CYP2C19 genotyping. CNS Spectr
14(1):19-34.

Melis, R., E. Lyon, and G.A. McMillin. 2006. Determination of CYP2D6, CYP2C9 and
CYP2C19 genotypes with Tag-It mutation detection assays. Expert Rev Mol Diagn
6(6):811-820.

Jortani, S.A., Wong S. H. 2009. Guidelines and Recommendations for Laboratory Analysis
and Application of Pharmacogenetics to Clinical Practice (Applications in Forensics).
Laboratory Medicine Practice Proposed Guidelines (NACB).

Check, W. 2009. PGx tests for warfarin dosing—how soon? CAP Today January - 2009.



22

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

S.A. Jortani et al.

Otton, S.V., M. Schadel, S.W. Cheung, H.L. Kaplan, U.E. Busto, and E.M. Sellers. 1993.
CYP2D6 phenotype determines the metabolic conversion of hydrocodone to hydromorphone.
Clin Pharmacol Ther 54(5):463-472.

Hutchinson, M.R., A. Menelaou, D.J. Foster, J.K. Coller, and A.A. Somogyi. 2004. CYP2D6
and CYP3A4 involvement in the primary oxidative metabolism of hydrocodone by human
liver microsomes. Br J Clin Pharmacol 57(3):287-297.

Lennestal, R., H.A. Lakso, M. Nilsson, and T. Mjorndal. 2008. Urine monitoring of diazepam
abuse- new intake or not? J Anal Toxicol 32(6):402-407.

Lee, H.K., L.D. Lewis, G.J. Tsongalis, M. McMullin, B.C. Schur, S.H. Wong, and K.T. Yeo.
2006. Negative urine opioid screening caused by rifampin-mediated induction of oxycodone
hepatic metabolism. Clin Chim Acta 367(1-2):196-200.

Madadi, P., G. Koren, J. Cairns, D. Chitayat, A. Gaedigk, J.S. Leeder, R. Teitelbaum, T.
Karaskov, and K. Aleksa. 2007. Safety of codeine during breastfeeding: fatal morphine poi-
soning in the breastfed neonate of a mother prescribed codeine. Can Fam Physician
53(1):33-35.

Ferreiros, N., S. Dresen, M. Hermanns-Clausen, V. Auwaerter, A. Thierauf, C. Muller, R.
Hentschel, R. Trittler, G. Skopp, and W. Weinmann. 2009. Fatal and severe codeine intoxication
in 3-year-old twins-interpretation of drug and metabolite concentrations. Int J Legal Med.
Voronov, P, H.J. Przybylo, and N. Jagannathan. 2007. Apnea in a child after oral codeine: a
genetic variant - an ultra-rapid metabolizer. Paediatr Anaesth 17(7):684—687.

Gasche, Y., Y. Daali, M. Fathi, A. Chiappe, S. Cottini, P. Dayer, and J. Desmeules. 2004.
Codeine intoxication associated with ultrarapid CYP2D6 metabolism. N Engl J Med
351(27):2827-2831.

Wong, S.H., M.A. Wagner, J.M. Jentzen, C. Schur, J. Bjerke, S.B. Gock, and C.C. Chang. 2003.
Pharmacogenomics as an aspect of molecular autopsy for forensic pathology/toxicology: does
genotyping CYP 2D6 serve as an adjunct for certifying methadone toxicity? J Forensic Sci
48(6):1406-1415.

Babic, N., E.V. Haverfield, J.A. Burrus, A. Lozada, S. Das, and K.T. Yeo. 2009. Comparison
of performance of three commercial platforms for warfarin sensitivity genotyping. Clin Chim
Acta.

Jain, K.K. 2005. Applications of AmpliChip CYP450. Mol Diagn 9(3):119-127.

Jannetto, PJ., E. Laleli-Sahin, and S.H. Wong. 2004. Pharmacogenomic genotyping method-
ologies. Clin Chem Lab Med 42(11):1256-1264.

Nguyen, D.L., J. Staeker, B. Laika, and W. Steimer. 2009. TagMan real-time PCR quantifica-
tion strategy of CYP2D6 gene copy number for the LightCycler 2.0. Clin Chim Acta
403(1-2):207-211.

Misra, A., J.Y. Hong, and S. Kim. 2007. Multiplex genotyping of cytochrome p 450 single-
nucleotide polymorphisms by use of MALDI-TOF mass spectrometry. Clin Chem 53(5):
933-939.

Eckhardt, K., S. Li, S. Ammon, G. Schanzle, G. Mikus, and M. Eichelbaum. 1998. Same inci-
dence of adverse drug events after codeine administration irrespective of the genetically deter-
mined differences in morphine formation. Pain 76(1-2):27-33.

Wong, SHY. 2011. Pharmacogenomics as molecular autopsy- an adjunct to forensic pathology/
toxicology: from gregor mendel to personalized medicine and personalized justice. In Clarke’s
analysis of drugs and poisons 4th edition, Moffat, D Osselton and B Widdop, Eds. Royal
pharmaceutical society publishing, London. pp. 401-16.

Wong, SHY, C. Happy. 2009. Personalized justice, translational pharmacogenomics and
personalized medicine — relevant to the forensic sciences? tox talk, (Newsletter of the society
of forensic toxicologists). 33(1):22-3.



Part 11
CNS Drugs



Chapter 2

Drug Interactions with Benzodiazepines:
Epidemiologic Correlates with Other CNS
Depressants and In Vitro Correlates with
Inhibitors and Inducers of Cytochrome P450 3A4

David E. Moody

Abstract The benzodiazepines are a class of a relatively large number of drugs that
share a common chemical structure and have anxiolytic to sedative action on the
central nervous system (CNS). They are chemically diverse, but share a classic
structure that consists of a benzene fused to a seven-membered diazepine ring.
Benzodiazepines are noted to have both pharmacodynamic and pharmacokinetic
drug interactions. The former can be most devastating, and usually arise from
co-exposure to another CNS depressant (e.g., ethanol, opioids, barbiturates, anesthe-
tics). These have been associated with enhanced impairment and mortality, usually
from respiratory depression. Pharmacodynamic interactions occur with all benzodi-
azepines and are not related to their structure. Pharmacokinetic interactions, on the
other hand are highly structure dependent, as most arise from either inhibition or
induction of the cytochrome P450s involved in the metabolism of the benzodiaz-
epine. Numerous examples of pharmacokinetic interactions that alter the pharma-
cokinetics of the benzodiazepine have been reported and these are herein described
for an assortment of drug. These interactions may have sufficient changes to signifi-
cantly reduce efficacy (induction of metabolism), but toxicity from inhibition of
metabolism was rarely seen at the therapeutic doses used in clinical studies. These
consequences, however, could be magnified in the overuser. Numerous drug interac-
tions between benzodiazepines and other drugs do occur; those with other CNS
depressants are of greatest concern.
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General Information About Benzodiazepines

Introduction

The purpose of this chapter is to examine the drug interactions that occur with
benzodiazepines and discuss the relevance of these interactions to the field of medi-
cine in general with an emphasis on forensic toxicology. Because of the diverse
nature of the benzodiazepines, some time has been taken to introduce this class of
drugs. This introductory material has drawn upon some basic reference material and
reviews [1-8], and is not otherwise referenced, except for specific points that did not
come from these references. The primary literature will be more thoroughly cited in
latter sections presenting evidence of interactions with other central nervous system
(CNS) depressants and specific enzyme involvement in the metabolism of benzodi-
azepines and drug interactions.

The benzodiazepines are a class of a relatively large number of drugs that share
a common chemical structure and have anxiolytic to sedative action on the CNS.
Chlordiazepoxide was first introduced in the 1960s, followed by diazepam, fluraze-
pam, and oxazepam. Since that time, a number of benzodiazepines have been intro-
duced. In the 1999 edition of Martindale [7], at least 43 benzodiazepines were listed
(Table 2.1). Most were found in the section on anxyolytic sedatives hypnotics and
antipsychotics; one, clonazepam, was listed in the antiepileptics section. Of these 43
benzodiazepines only 15 have, or had, US manufacturers listed in the more recent
online version of Martindales (Table 2.1) [9].

Most benzodiazepines are now made by more than one pharmaceutical house, or
more than one subsidiary of a pharmaceutical house and therefore have more than
one trade name. A single example of trade names has been listed in Table 2.1, along
with an associated manufacturer.

To understand the importance of drug interactions with benzodiazepines, a basic
understanding of their pharmacodynamic action is required, along with the related
therapeutic use. In addition, because many of the drug interactions are of a pharma-
cokinetic nature, the chemical structure and metabolism of the benzodiazepines
must be appreciated.

Pharmacodynamics (Briefly), Uses, and Adverse Effects
of Benzodiazepines

Most of the effects of benzodiazepines arise from their action on the CNS.
Within the CNS, the major molecular targets of the benzodiazepines are inhibi-
tory neurotransmitter receptors directly activated by the amino acid, gamma-
aminobutyric acid (GABA). Benzodiazepines have been shown to bind and
modulate the major GABA receptor in the brain, GABA ,, while GABA  recep-
tors are not altered by benzodiazepines. The GABA  receptor is an integral
membrane chloride channel that mediates most of the rapid inhibitory
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Table 2.1 Benzodiazepines listed in Martindales

Generic name Representative trade name Representative manufacturer CAS #
Adinazolam None Upjohn, USA 37115-32-5
Alprazolam® Xanax (others) Upjohn, USA 28981-97-7
Bentazepam Tiadipona Knoll, Spain 29462-18-8
Bromazepam Lexotan (others) Roche, UK 1812-30-2
Brotizolam Lendormin B.I., Germany 57801-81-7
Camazepam® Albego Daker Farmasimos, Spain 36104-80-0
Chlordiazepoxide® Librium (others) Roche, USA 438-41-5
Cinolazepam Gerodorm Great, Australia 75696-02-5
Clobazam Frisium Hoechst, UK 22316-47-8
Clonazepam® Klonopin (others) Roche, USA 1622-61-3
Clorazepate® Tranxene (others) Abbott, USA 20432-69-3
Clotiazepam Clozan (others) Roerig, Belgium 33671-46-4
Cloxazolam Akton (others) Excel, Belgium 24166-13-0
Delorazepam En Ravizza, Italy 2894-67-9
Diazepam? Valium (others) Roche, USA 439-14-5
Estazolam® Prosom (others) Abbott, USA 29975-16-4
Ethyl Loflazepate ~ Victan (others) 29177-84-2
Etizolam Depas (others) Fournier, Italy 40054-69-1
Fludiazepam Erispan Sumitomo, Japan 3900-31-0
Flunitrazepam Rohypnol (others) Roche, UK 1622-62-4
Flurazepam?® Dalmane (others) Roche, USA 1172-18-5
Halazepam®® Paxipam (others) Schering, USA 23092-17-3
Haloxazolam Somelin Sankyo, Japan 59128-97-1
Ketazolam Solatran (others) SmithKline Beecham, Sweden 27223-35-4
Loprazolam Dormonoct (others) Hoechst Marian Russell, Belgium 61197-73-7
Lorazepam® Ativan (others) Biovail, USA 846-49-1
Lormetazepam Loramet (others) Wyeth, Greece 848-75-9
Medazepam Rudotel AWD, Germany 2898-12-6
Metaclazepam® Talis Organon, Germany 65517-27-3
Mexazolam Sedexil Medibial, Portugal 31868-18-5
Midazolam? Versed Roche, USA 59467-96-8
Nimetazepam® Ermin Suitomo, Japan 2011-67-8
Nitrazepam Mogadon (others) ICN, UK 146-22-5
Nordazepam Nordaz (others) Boucharo-Recordati, France 1088-11-5
Oxazepam™* Serafax (others) Wyeth, India 604-75-1
Oxazolam Serenal Sankyo, Japan 24143-17-7
Pinazepam Domar (others) Teoforma, Italy 52463-83-9
Prazepam®© Centrax (others) Parke-Davis, Germany 2955-38-6
Quazepam? Doral (others) Questcor, USA 36735-22-5
Temazepam?® Restoril (others) Novartis, USA 846-50-4
Tetrazepam Myolastan (others) Sanofi Aventis, France 10379-14-3
Tofisopam Grandaxin Hung 22345-47-7
Triazolam? Halcion Pharmacia Upjohn, USA 28911-01-5

Note: Benzodiazepines listed in the 32nd edition of “Martindale: The Complete Drug Reference
(1999)” [7]. When more than one trade name was listed (noted as “other”), either the USA or most
common one was chosen; a representative manufacturer was selected for listing. Listed in latest
online edition [9] as: *having a US manufacturer; "manufacturing suspended; “manufacturing sus-

pended in USA, but still made in other countries
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Table 2.2 Uses of benzodiazepines
. Anxiety (27)*

. Insomnia (26)

. Presurgery/sedation (8)

. Epilepsy/seizures (7)

. Alcohol withdrawal (4)

. Muscle spasms (3)

. Panic disorder (2)

. Depression (2)

0NN R W~

2The number in parentheses represents
the number of benzodiazepines listed
in Martindale that are used to treat this
disorder

neurotransmission in the CNS. Benzodiazepines, unlike barbiturates that also
bind GABA,, act only in the presence of GABA. Typical benzodiazepine
agonists increase the amount of chloride current generated by GABA , activation,
potentiating the effect of GABA throughout the CNS. Bicuculline, an antagonist
of GABA , reduces the behavioral and electrophysiological effects of benzodi-
azepines, and a benzodiazepine analog, flumazenil, that potently and selectively
blocks the benzodiazepine binding site, is used clinically to reverse the effects
of high doses of benzodiazepines [4].

These CNS depressive effects result in anxiolytic, muscle relaxant, hypnotic,
anti-grade amnesia, anticonvulsant, and sedative effects that define the therapeutic
uses of benzodiazepines (Table 2.2). While the proper dose of any one benzodi-
azepine will produce many of these effects, some benzodiazepines are more
appropriate for certain uses than others. In large part, this is dictated by the thera-
peutic half-life of the drug. Benzodiazepines are generally classified as short-
(0-6 h), intermediate- (624 h), or long-acting (>24 h); some texts, however,
will justuse short- (0—24 h) and long-acting (> 24 h) designations. Benzodiazepines
used as anticonvulsants are long acting and have rapid entry into the brain. Short- to
intermediate-acting benzodiazepines are favored for the treatment of insomnia.
Short-acting benzodiazepines are used as preanesthetic agents for sedation prior
to surgery. Long-acting or multidose shorter-acting benzodiazepines are gener-
ally used as anxiolytics. The use of benzodiazepines listed in Martindale, along
with their half-life, route(s) of administration, and normal range of doses is
presented in Table 2.3.

Drowsiness, sedation, and ataxia are the most frequent adverse effects of benzo-
diazepine use. They generally decrease on continued administration and arise from
the CNS depressive effects of benzodiazepines. Less common adverse effects
include vertigo, headache, mental depression, confusion, slurred speech, tremor,
changes in libido, visual disturbances, urinary retention, gastrointestinal distur-
bances, changes in salivation, and amnesia. Rare events include paradoxical excita-
tion leading to hostility and aggression, hypersensitivity reactions, jaundice, and
blood disorders. With very high doses, hypotension, respiratory depression, coma,
and occasionally death may occur.
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Table 2.3 Uses of benzodiazepines listed in Martindale

Route(s) of
Generic name Half-life (h)* administration Usual dose (mg)  Uses®
Adinazolam Short - - 1,8
Alprazolam 11-15 Oral 0.75-1.5 1,8
Bentazepam - Oral 25 1,2
Bromazepam 12-32 Oral 3-18 1,2
Brotizolam 4-8 Oral 0.25 2
Camazepam - Oral 10 2
Chlordiazepoxide 5-30, 48-120¢ Oral, iv, im 25-100 1,2,3,5,6
Cinolazepam - - - 2
Clobazam 18, 42¢ Oral 20-30 2,4
Clonazepam 20-40 Oral, iv 0.25-1 4,7
Clorazepate 48-120¢ Oral, iv, im 15-90 1,4,5
Clotiazapam 4-18 Oral 5-60 1,2
Cloxazolam Long Oral, im 8-12 1,3
Delorazepam Long Oral, im 0.5-6 1,2,3,4
Diazepam 24-48, 48—-120¢ Oral, iv, im 5-30 1,2,3,4,5,6
Estazolam 10-24 Oral 1-2 2
Ethyl Lorazepate Long Oral 1-3 1
Etizolam Short Oral 3 1,2
Fludiazepam Short Oral - 1
Flunitrazepam 16-35 Oral, iv 0.5-2 2,3
Flurazepam 47-100 Oral 15-30 2
Halazepam Short Oral 20 1
Haloxazolam Short Oral 5 2
Ketazolam Long Oral 15-60 1
Loprazolam 4-15 Oral 1-2 2
Lorazepam 10-20 Oral, iv, s.1. 1-6 1,2,3,4
Lormetazepam 11 Oral 0.5-1.5 2
Medazepam Long Oral 10-20 1
Metaclazepam Short Oral 15 1
Mexazolam - Oral 0.5 1
Midazolam 2-7 iv, im 2.5-7.5 3
Nimetazepam Short Oral 3 2
Nitrazepam 24-30 Oral 5-10 2,4
Nordazepam 48-120 Oral 15 1,2
Oxazepam 4-15 Oral 15-30 1,2,5
Oxazolam Long Oral 10 1
Pinazepam Long Oral 5-20 1,2
Prazepam 48-120¢ Oral 30-60 1
Quazepam 39, 39-73¢ Oral 15 2
Temazepam 8-15 Oral 10-40 1,3
Tetrazepam - Oral 25-50 6
Tofisopam - Oral 150 1
Triazolam 1.5-5.5 Oral 0.125-5 2

4If half-lives were not given, they were often referred to as short- or long-acting
®See Table 2.2 for the number corresponding to different uses

‘Half-life for active metabolite
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Daily benzodiazepine use has been associated with dependence, tolerance,
and after discontinuation, withdrawal symptoms in many individuals. Tolerance
to the effects of benzodiazepines is a highly debated topic. It appears to occur in
some individuals and may not occur in others. The likelihood of dependence
appears higher in individuals with a history of drug or alcohol dependence and
personality disorders. High doses and intravenous injection are used for their
euphoric effects. Because development of dependence cannot be easily predicted,
abrupt discontinuation of use is not recommended. Rather the dose should be
tapered. Symptoms of withdrawal include anxiety, depression, impaired concen-
tration, insomnia, headache, dizziness, tinnitus, loss of appetite, tremor, perspi-
ration, irritability, perceptual disturbances, nausea, vomiting, abdominal cramps,
palpitations, mild systolic hypertension, tachycardia, and orthostatic hypoten-
sion. If long-term use of benzodiazepines occurs, professional assisted with-
drawal is recommended.

Basic Pharmacokinetics

The benzodiazepines are generally lipophilic drugs. Within the class, however,
lipophilicity measured as the oil:water coefficient can differ over a 50-fold range.
Due to their lipophilicity the benzodiazepines have relatively high plasma protein
binding (70-99%) and relatively large volumes of distribution (0.3-22 L/kg)
(Table 2.4). In general, the percent plasma protein binding and the volume of distri-
bution increase as does the oil:water partition coefficient.

The differences in lipophilicity can have a major impact on the pharmacoki-
netics of the benzodiazepine. Diazepam is regarded as a long-acting benzodiaz-
epine. When diazepam is given as a single dose, however, it rapidly redistributes
to non-plasma (lipid) compartments, which is referred to as the o elimination
phase. It then slowly distributes back into the plasma compartment at subthera-
peutic concentrations with a long terminal elimination half-life. Therefore, single
doses of diazepam can be used as a preanesthesia medication, while daily dosing
will result in accumulation during the terminal elimination phase and provide
long-acting therapy.

The benzodiazepines are well absorbed from the gastrointestinal tract, which
allows for oral dosing of benzodiazepines (Table 2.3). As described in more detail
in the Section on metabolism, most will also undergo extensive first-pass metabo-
lism, some to such an extent that parent drug is only detected at very low concentra-
tions in blood (or blood-derived) samples. The plasma concentration of
benzodiazepines, or their primary pharmacodynamically active metabolites, corre-
lates well with the dose of benzodiazepine administered (Fig. 2.1).

As a class, the benzodiazepines share many properties. There are structural
differences between them, and these differences will effect the manner in which the
benzodiazepine is metabolized, and thereby have an impact on their individual
susceptibility to drug interactions.
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Table 2.4 The percent of plasma protein binding and
volume of distribution (V) of some benzodiazepines

Benzodiazepine % Bound  V (L/kg) Source

Alprazolam 71 0.7 a
Bromazepam 70 0.9 b
Chlordiazepoxide 96 0.3 a
Clobazam 85 1.0 b,c
Clonazepam 86 32 a
Clotiazepam 99 - c
Diazepam 99 1.1 a
Estazolam 93 - c
Flunitrazepam 78 33 a
Flurazepam 97 22.0 a
Halazepam - 1.0 b
Lorazepam 91 1.3 a
Midazolam 95 1.1 a
Nitrazepam 87 1.9 a
Nordazepam 98 0.8 a
Oxazepam 98 0.6 a
Prazepam - 13.0 b
Quazepam 95 - c
Temazepam 98 1.1 a
Triazolam 90 1.1 a

The source of information was a [5]; b [6]; and ¢ [7]

Chemistry and Metabolism of Benzodiazepines

Chemistry of Benzodiazepines

The classic structure of benzodiazepines (Fig. 2.2) consists of a benzene (A ring)
fused to a seven-membered diazepine (B ring). In all but two of the commercially
available benzodiazepines, the nitrogens in the diazepine ring are in the 1,4-posi-
tion. Clobazam has nitrogens in the 1,5-position of the diazepine ring; tofisopam
has nitrogens in the 2,3-position of the diazepine ring (Fig. 2.3). In addition, most
commercially available benzodiazepines have an aryl substituent (C ring) at the
5-position of the diazepine ring. Therefore, with the exception of clobazam and
tofisopam, these are 5-aryl-1,4-benzodiazepines.

Following the initial synthesis of chlodiazepoxide by Sternbach in 1957, and
its introduction as a therapeutic agent in 1961, a number of benzodiazepines have
been introduced onto the market. The initial modifications involved changes in the
substituents on the diazepine ring. Modifications along this line first led to the
development of diazepam, flurazepam, and oxazepam. These have continued
through the years, leading to a number of 1,4-benzodiazepines (Table 2.5).
Substitution of the benzene with a thieno group produced the 1,4-thienodiazepines
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Fig. 2.1 The range of therapeutic doses (a) and plasma concentrations (b) of selected benzodiaz-
epines. *In (b), these concentrations are for the primary metabolite, nordiazepam

(Figs. 2.2 and 2.3, Table 2.6). Annelation of an oxazolo (Fig. 2.2, Table 2.6) or
oxazino group (ketazolam in Fig. 2.3, Table 2.6) at the 4,5-position of the diaz-
epine has been used and the newer benzodiazepines have 1,2 annealed triazolo or
imidazo groups (Fig. 2.2, Table 2.6). While most benzodiazepines have a phenyl
substituent at the 5-position of the diazepine ring, bromazepam has a 2-pyridinyl
substituent, and tetrazepam has a 1-cyclohexen-1-yl substituent at this position
(Fig. 2.3, Table 2.6). Bentazepam, with a benzylthieno group fused to the diaz-
epine ring, and brotizolam with both the thieno and triazolo groups are unique
1,4-thienodiazepines (Fig. 2.3, Table 2.6).
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Structure activity studies have demonstrated some essential requirements for the
benzodiazepine-mediated CNS effects. An electron-withdrawing group is required
at the 7-position of the benzene (or thieno) group (R10 for oxazolo and RS8 for
triazolo or imidazo). These are generally the halides chloride, and occasionally
bromide, or a nitroso group. An electron-withdrawing group at the 2’ position of the
5-phenyl substituent is associated with increased potency and decreased half-life.
Chloride or fluoride substituents have been used for this purpose.

Basic Metabolism of Benzodiazepines

Most of the 5-aryl-1,4-benzodiazepines are metabolized by N-dealkylation at the
N-1 position and hydroxylation at the 3-position (Fig. 2.4). The N-dealkylation
results in an active metabolite with a longer therapeutic half-life. In many cases, the
N-dealkyl metabolite is nordiazepam (N-desmethyldiazepam, nordiazam) (Fig. 2.4).
Hydroxylation at the 3-position also results in an active metabolite. The 3-hydroxyl
group is then conjugated, usually with glucuronide, resulting in an inactive metabo-
lite. For benzodiazepines with a 3-hydroxyl group, such as temazepam, oxazepam
(Fig. 2.4), lorazepam, and lormetazepam (not shown), conjugation of the 3-hydroxyl
group is the major route of metabolism, even when other routes, such as N-dealkylation
may occur. These 3-hydroxyl benzodiazepines are consistently intermediate-acting
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Fig. 2.3 Structure of “odd” benzodiazepines that could not easily be described in Tables 2.5 or 2.6

drugs. Clorazepate is nonezymatically decarboxylated to nordiazepam at the low pH
of the stomach. The 4,5-oxazolo-benzodiazepines, such as ketazolam, oxazolam, and
mexazolam have the 4,5-oxazolo cleaved. It has been postulated by Ishigami et al.
[10] that P450-mediated hydroxylation of the oxazolo-ring is followed by nonenzy-
matic cleavage of the ring, as shown for mexazolam (Fig. 2.5).

The 1,2-triazo- and 1,2-imidazo-benzodiazepines, alprazolam, triazolam, and
midazolam are metabolized by hydroxylation at the alpha (1) methyl group and at
the 4-position (same as 3-position for other benzodiazepines). These metabolites
are active until they are conjugated. 1-Hydroxylation is the primary route for
triazolam and midazolam, while 4-hydroxylation is the primary route for alprazolam.
Cleavage of the diazo ring of alprazolam has also been described (Fig. 2.6).
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Table 2.5 Structures of the 1,4-benzodiazepines

Benzodiazipine R, R, R, R, R, R,

1. 1,4-Benzodiazepines

Camazepam —CH, =0 -OCON(CH,), -H -H -C1
Chlordiazepoxide -H -NHCH, -H —->0 -H -Cl
Cinazolam -CH,CH,CN =0 —-OH -H -F —Cl1
Clonazepam -H =0 -H -H -CI -NO,
Clorazepate -H =0 -COO~ -H -H —Cl
Delorazepam -H =0 -H -H -Cl -Cl
Demoxepam -H =0 -H -0 -H —Cl
Diazepam —CH, =0 -H -H -H —Cl
Ethyl Lorazepate -H =0 —COOC H; -H -F -Cl
Fludiazepam —-CH, =0 -H -H -F —Cl
Flunitrazepam —CH, =0 -H -H -F -NO,
Flurazepam -C,H,N(CH,), =0 -H -H -F -C1
Flutoprazepam —CH,CH=(CH,CH,) =0 -H -H -F —Cl
Halazepam —CH,CF, =0 -H -H -H —Cl
Lorazepam -H =0 -OH -H -Cl -Cl
Lormetazepam —-CH, =0 -OH -H -Cl -Cl
Medazepam —CH, -H -H -H -H —Cl
Metaclazepam —CH, -CH,0CH, -H -H -ClI -Br
Nimetazepam —CH, =0 -H -H -H -NO,
Nitrazepam -H =0 -H -H -H -NO,
Nordazepam -H =0 -H -H -H -Cl
Oxazepam -H =0 -OH -H -H —Cl
Pinazepam —CH,C=CH =0 -H -H -H —Cl
Prazepam —CH,- =0 -H -H -H —Cl
Quazepam —CH,CF, =S -H -H -F —Cl
Temazepam —CH, =0 —-OH -H -H —Cl

Adinazolam is successively N-demethylated at the 1-dimethylaminomethyl
constituent to N-desmethyladinazolam and didesmethyladinazolam. The first
N-demethyl product has a higher area under the curve (AUC) than the parent drug
and higher affinity for the central benzodiazepine receptors. Deamination of
N-desmethyladinazolam with eventual 1-hydroxylation to 1-hydroxyalprazolam
or side chain cleavage to estazolam have been described in the mouse, but does
not appear important in humans [11, 12]. Estazolam is hydroxylated to 1-oxo-
estazolam and to 4-hydroxyestazolam. While both metabolites have minor activity,
they are not formed in sufficient amounts to contribute to the pharmacologic
activity of estazolam.

The 7-nitroso-benzodiazepines, clonazepam, flunitrazepam, and nitrazepam are
metabolized by successive reduction of the nitroso-group to the amine and subse-
quent N-acetylation of the amine to the corresponding acetamido-group (Fig. 2.7).
These are often the major metabolites present in urine and plasma and are devoid of
activity at benzodiazepine receptors. N-Dealkylation at the 1 position of the diazo
ring is also a prominent route of metabolism for flunitrazepam. Clonazepam and
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Table 2.6 Structures of the oxazolo-, 1,2-triazo-, and 1,2-imidazo- benzodiazepines

II. Oxazolo-

benzodiazepines R, R, R, R, R, R,
Cloxazolam -H =0 —-H -H —Cl —Cl
Flutazolam -CH,CH,OH =0 -H -H -F —Cl
Haloxazolam -H =0 -H -H -F —Br
Metazolam -H =0 -H —CH, —Cl —Cl1
Mexazolam -H =0 —CH, -H —Cl —Cl
Oxazolam -H =0 —-CH -H -H —Cl

III. 1,2-Triazo- or
1,2-imidazo-annelated-

benzodiazepines R, X R, R, R, R,

Adinazolam -CHN(CH,), -N- -H -H -H —Cl

Alprazolam -CH, -N- -H -H -H —Cl

Clinazolam -CH, —-CH- -H -H —Cl —Cl

Estazolam -H -N- -H -H -H —Cl

Midazolam —-CH, —-CH- -H -H -F —Cl

Triazolam -CH, -N- -H -H —Cl —Cl

V. Odd structures (see Fig. 2.3)

Bentazepam Has thieno-cyclohexyl ring in place of benzyl A ring

Bromazepam 2-Pyridynyl ring at 5-position

Brotizolam Has thieno ring in place of benzyl A ring along with
1,2-triazo fused ring

Clobazam A 5-aryl-1,5-benzodiazepine

Clotiazepam Has thieno ring in place of benzyl A ring

Etizolam Has thieno ring in place of benzyl A ring along with
1,2-triazo fused ring

Ketazolam Has a non-oxazolo 4,5-fused ring

Loprazolam Has a imidazo fused ring with different N configura-
tion/also 7-nitroso

Tetrazepam Nonaromatic 6-membered ring at 5-position

Tofisopam A 1-aryl-2,3-benzodiazepine

flunitrazepam can also be hydroxylated at the 3-position of the diazo ring. With
nitrazepam, oxidative metabolism at the diazo ring results in ring cleavage; this can
be followed by hydroxylation of the phenyl (B) ring (Fig. 2.7).

The routes of metabolism of other benzodiazepines, bromazepam (ring cleav-
age and 3-hydroxylation), clobazem (N-dealkylation and c-ring hydroxylation),
clotiazepam (N-dealkylation and side chain hydroxylation), and loprazolam
(N-dealkylation and spontaneous hydrolysis to polar compounds) have been
described (Fig. 2.8). Metaclazepam has a methyl ether at the 2-position of the diazo
ring. This appears to block hydroxylation at the 3-position, with N- and
O-demethylations forming the primary metabolites (Fig. 2.9) [13]. Camazepam
has a dimethylcarbamyl group at the 3-position of the diazo ring. Successive
hydroxylations of the methyl groups followed by N-dehydroxymethylations
account for most of the metabolites, along with N-demethylation (Fig. 2.9) [14].
Tofisopam (tofizopam) is an unusual 2,3-diazopine with hydroxymethyl groups at
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4 positions. O-Demethylation at the R1 and R4 positions has been described as the
major routes of tofisopam’s metabolism (Fig. 2.9) [15]. The metabolism of a number
of other benzodiazepines has not been described. Based upon the principles
discussed above, however, one can speculate on putative pathways of their metabo-
lism (Table 2.7).
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The Role of Specific Enzymes in the Metabolism
of Benzodiazepines

Methods Used to Determine Enzyme Involvement in the Metabolic Pathway

The methods for determination of the role of a specific enzyme in the pathway of a
drug’s metabolism have been developed most thoroughly for the cytochrome P450s
(P450s) [16-20]. Studies are done using human liver tissue that is now usually
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procured from donor tissue that is deemed unsuitable for transplantation. Most
often, studies utilize the microsomal cell fraction prepared from differential cen-
trifugation of homogenates of liver tissue [21], but cultured hepatocytes and liver
slices are also being used. The methods used include the use of selective inhibitors,
selective antibodies, correlation between P450 activities or contents in a number of
human liver microsome (HLM) preparations with the pathway in question, and
activities with cDNA-expressed P450s (Table 2.8). Each of these methods has
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certain strengths and weaknesses; the most convincing studies use most of them in
an integrated approach (Table 2.8).

Selective inhibitors are often the easiest reagents to obtain and perform studies
with. The results from their use, however, must be interpreted with care, as selectivity
is either not complete, or is lost as the concentration of the inhibitor is increased.
Recent studies have compared the ability of commonly used selective inhibitors to
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Table 2.7 Speculation on putative metabolic pathways for benzodiazepines that have not had

metabolites defined

5-Aryl-1,4-benzodiazepines
Cinolazolam

Delorazepam

Ethyl lorazepate
Fludiazepam

Pinazepam

Tetrazepam

Conjugation of 3-hydroxyl; N-dealylation
3-hydroxylation ->conjugation

3-ester hydrolysis ->conjugation
3-hydroxylation ->conjugation; N-dealylation
3-hydroxylation ->conjugation; N-dealylation
3-hydroxylation ->conjugation; N-dealylation

7-Nitroso-5-aryl-1,4-benzodiazepines

Nimatazepam

4,5-Oxazolo-benzodiazepines

Cloxazolam
Haloxazolam

Mexazolam

1,2-Triazo-benzodiazepine
Etizolam

Amine reduction ->N-acetylation
3-hydroxylation ->conjugation; N-dealylation

Cleavage of 4,5-oxazolo-ring; 3-hydroxylation
->conjugation

Cleavage of 4,5-oxazolo-ring; 3-hydroxylation
->conjugation

Cleavage of 4,5-oxazolo-ring; 3-hydroxylation
->conjugation

Alpha-hydroxylation ->conjugation; 4-hydroxylation

Table 2.8 Tools used to determine involvement of specific enzymes in xenobitotic metabolism

1. Selective inhibitors .
2. Selective antibodies .
3. Correlation .
4. cDNA-expressed .

enzymes .

Relatively easy to get and most are relatively inexpensive
Selectivity is concentration dependent

Using titration can help determine % involvement in a pathway
Mechanism-based inhibitors require 10—15 min preincubation
before addition of test substrate

Either expensive or require collaboration with laboratory that
produces them

Selectivity often limited to family of enzyme

Using titration can help determine % involvement in a pathway
Requires a phenotyped HLM bank, the higher the number, the
better

Requires selective assays for all enzymes monitored
Selectivity is rarely perfect

If marker assay is not evenly distributed, high activity HLMs
may bias result

Excellent to determine if enzymes can carry out metabolism
Activities have improved over time

Newer studies are employing scaling techniques to help
estimate % involvement. This requires a phenotyped liver bank

inhibit marker substrate P450 activities in either HLM or cDNA-expressed P450s
[22-24]. A summary of their results is presented in Table 2.9. These comparisons
can be useful in interpreting results presented in this and other chapters of this book,
and when researching the primary literature.
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Selective antibodies are powerful tools, but their selectivity must be carefully
determined. The most common limitation is their inability to distinguish P450s of
the same family (e.g., 3A4 versus 3AS5). A common feature of selective inhibitors
and selective antibodies is that they can be used to titrate the activity in liver
tissue preparations and provide an estimate of the percent involvement. Selective
antibodies can also be used to quantitate the amount of a particular P450 or P450
family in liver tissue.

A common feature of liver tissue preparations is that there is usually large inter-
individual variation between preparations. This arises in part from true individual
differences and from differences in tissue preparation. When a number of HLM
have been phenotyped by immunoquantitation (IQ) and/or by determining P450
selective activities, they can be used for correlational studies. The metabolic path-
way in question is measured in the different preparations and plotted as a scatter
gram against the marker activities or contents. High and low correlation coefficients
provide supportive evidence of the enzyme’s positive or negative involvement,
respectively. As with any correlation experiments, the distribution of activities
should be carefully examined to assure no heterogeneous scatter is creating a biased
result [25].

cDNA-expressed P450s provide a means of measuring the pathway in question in
a purified and reconstituted system. By themselves, they can only determine the ability
of the enzyme to perform the reaction. Comparison of different P450s is complicated
by differences in their membrane lipid contents, and the contents of the other enzymes
involved in P450-mediated monooxygenations, NADPH cytochrome P450 reductase,
and cytochrome b, [19]. In more recent experiments, scaling techniques have been
employed to estimate the relative contributions of P450s using the results of experi-
ments in cDNA-expressed P450s. The relative contribution of the enzyme (f) is
calculated from f; = (A,v,(s)) / (2 Ay, (s)) , where A is the relative abundance of
the P450 and v (s) is the concentration velocity function of the P450. Abundance has
been alternatively estimated from immunoquantitation (IQ) of P450s in HLM [26] or
from relative activity factors (RAFs) calculated from the ratio of activity of enzyme-
specific pathways in HLM to that in cDNA-expressed P450s [19]. These methods are
well described in the work of Venkatakrishnan et al. [20] and Neff and Moody [27].

Involvement of Specific P450s in the Metabolism of Benzodiazepines

The metabolism of a number of benzodiazepines has been studied using the methods
described above. The results of these studies are summarized in Table 2.10. The P450
3A family has been implemented in all of these metabolic pathways that include
diazepam 3-hydroxylation and N-demethylation [28-32] and utilization [33],
nordiazepam 3-hydroxylation [29, 30], temazepam N-dealkylation [29, 30], midazo-
lam 1’- and 4-hydroxylation [34-46], triazolam 1’- and 4-hydroxylation [35, 44, 471,
alprazolam 1'- and 4-hydroxylation [48-51], the first and second N-demethylations
of adinozalam [52], flunitrazepam 3-hydroxylation and N-demethylation [53-55],
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Table 2.10 Involvement of specific enzymes in the metabolism of benzodiazepines
Level of
Drug Pathway P450 evidence References
Diazepam 3-Hydroxylation 3A4,3A5>>2C19 1,2,4 [28-32]
N-Demethylation 2C19, 3A4, 3A5 1,2,4 [28-32]
>>2B6
Utilization 3A4>>2C19,2B6 1,4 [33]
Nordiazepam 3-Hydroxylation 3A4>>3A5 4 [29, 30]
Temazepam N-Dealkylation 3A4,2C19>3A5 4 [29, 30]
>>2B6
Midazolam 1'-Hydroxylation 3A5>3A4>>2B6 1,2,3,4 [34-46]
4-Hydroxylation 3A4,3A5>>2B6 1,2,3,4 [35, 36, 38,
40, 41,
44]
Triazolam 1'-Hydroxylation 3A 1,2,3 [35, 44, 47]
4-Hydroxylation 3A 1,2,3 [35, 44, 47]
Alprazolam 1'-Hydroxylation 3A5>3A4 1,2,3,4 [49-51]
4-Hydroxylation 3A4,3A5 1,2,3,4 [48-51]
Adinozalam N-Demethylation 3A4>2C19 1,4 [52]
2nd N-Demethylation 3A4>2CI19 1,4 [52]
Flunitrazepam 3-Hydroxylation 3A4 1,2,4 [53-55]
N-Demethylation 3A4,2CI19 1,2,4 [53-55]
Brotizolam Utilization 3A4 4 [56]
1'-Hydroxylation 3A4 1,2 [56]
4-Hydroxylation 3A4 1,2 [56]
Mexazolam Oxazolo-ring cleavage 3A4 2 [10]
Clobazem N-Demethylation 3A4>2C19>>2B6 1,4 [57]
4-Hydroxylation 2C19,2C18 1,4 [57]
N-Desmethylclobazam  4-Hydroxylation 2C19, 2C18 1,4 [57]
Quazepam 2-Oxidation 3A4>>2C9, 2C19 1,4 [58]
N-Desmethylation 3A4>2C9 1,4 [58]
3-Hydroxylation 3A4>2C9 1,4 [58]
Estazolam 4-Hydroxylation 3A4 1,4 [59]
Clotiazepam Utilization 2B6>3A4,2C18, 1,4 [33]
2C19
Tofisopam Utilization 3A4>2C9, 2C8 1,4 [33]
Etizolam Utilization 3A4>2C18, 2C19 1,4 [33]

brotizolam 1'- and 4-hydroxylation [56], the oxazolo-ring cleavage of mexazolam [10],
the N-demethylation of clobazam [57], the metabolism of quazepam to 2-oxoquaze-
pam, N-desalkylquazpam, and 3-hydroxyquazepam [58], estazolam 4-hydroxylation
[59], and the utilization of clotiazepam, tofisopam, and etizolam [33].

In human liver, there are two members of the 3A family, 3A4 and 3A5. P450 3A4
is the most abundant P450 in most livers, while 3AS5 is only detected in approxi-
mately 20% of livers [60]. In a few of the studies cited above, 3A4- and 3AS5-mediated
activities have been compared. Equivalent activities were found for diazepam
3-hydroxylation and N-demethylation [29, 31], and for midazolam 4-hydroxylation
[36, 38]. P450 3A4 was more active than 3A5 for nordiazepam 3-hydroxylation and
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temazepam N-dealkylation [29, 30]. In contrast, P450 3AS was more active than
3A4 for midazolam 1'-hydroxylation [36, 38, 45]; however, He et al. [46] studied
the distribution of 3A4 and 3A5 genotypes and did not find a correlation. Subsequent
studies on the relationship of 3A4 and 3A5 genotypes with midazolam metabolism
also found no significant differences [61-64]. There does appear to be a polymor-
phism at an upstream element of the 3A4 gene that increases midazolam metabo-
lism [63], and a genetic defect in the P450 oxidoreductase does reduce activity [64].
Gorski et al. [49] indirectly suggest that 3AS5 is more involved in the 1’-hydroxyla-
tion of alprazolam based upon correlation differences between livers that contain
both 3A4 and 3AS5 versus those containing only 3A4. This has been further sup-
ported by the impact of 3A5 genotype on alprazolam metabolism [65]. As some
differences have been observed in the response of 3A4 and 3AS5 to inhibitors [23],
the differential metabolism of benzodiazepines by these two members of the 3A
family may play a factor in susceptibility to certain drug interactions.

P450 2C19 appears to play a role in the N-demethylation of diazepam, temaze-
pam, adinazolam, N-desmethyladinazolam, and flurazepam. For diazepam and
nordiazepam, this involvement has been confirmed from studies comparing exten-
sive and poor 2C19 metabolizers in Caucasians [66], Koreans [67], Chinese [68],
and Japanese [69] populations. An earlier study that suggested lower rates of
metabolism of diazepam among phenotyped 2C19 extensive metabolizing Han
Chinese [70], appeared to arise from a number of heterozygotes being included in
the extensive metabolizer population [68, 71]. These studies are consistent with the
in vitro findings that show considerable diazepam N-demethylation activity with
cDNA-expressed 2C19, inhibition of diazepam N-demethylation in HLM with
omeprazole and with anti-2C family antibodies [28—32]. While the impact of the
2C19 phenotype or genotype on nordiazepam clearance, suggests that 2C19 can
also be involved in some 3-hydroxylation reactions, which was not readily appar-
ent from the results of the in vitro studies [29]. A recent report suggests that the
2C19 poor metabolizing genotype was responsible for prolonged excretion of diaz-
epamin asubjectundergoing treatment for benzodiazepine abuse [72]. Interpretation
of this as new use may have had negative consequences; a concern for this and
other cases of interest to forensic toxicologists.

A couple of case studies first suggested the significant involvement of P450 2C19
in clobazam metabolism [73, 74]. Giraud et al. [57] established the involvement of
2C19 in the 4'-hydroxylation of clobazam and N-desmethylclobazam. They also
found that subjects heterogeneous for the 2C19*2 allele had a greater plasma
N-desmethylcobazam to clobazam ratio, which supported the in vivo involvement
of 2C19 in this pathway [57]. This was followed up by a population study confirm-
ing 2C19 involvement, primarily in the metabolism of N-desmethylclobazam, and
its impact on treatment of epilepsy [75]. Genotyping experiments also suggest that
2C19 plays a significant role in the metabolism of etizolam [76]. While no signifi-
cant effect was seen for the 2C19 phenotype and/or genotype on metabolism of
alprazolam [77], triazolam [78], flunitrazepam [79], and estazolam [80].

P450 2B6 had a major role in clotiazepam utilization [33], and may have a minor
role in the N-demethylations of diazepam and temazepam [29-31], as well as the
1'- and 4-hydroxylations of midazolam [42, 44, 45]. Whether this role of 2B6 will
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have clinical significance has yet to be determined. In part, this will depend upon the
relative content of 2B6 in human livers. Earlier studies on specific P450 content
suggested that 2B6 did not exceed 1-2% of total P450 [60], but a more recent one
showed 100-fold variation in 2B6 content in 19 HLM from 0.7 to 71.1 pmol/mg
protein. Assuming an average P450 content of 500 pmol/mg protein, this is a range
of 0.14-14.2% of total P450. If high 2B6 content is coupled with low 3A4 and 3A5
content, then the likelihood of 2B6’s contribution to the metabolism of some benzo-
diazepines may be increased.

In summary, P450 3A4 (and 3A5) are extensively involved in many pathways of
oxidative metabolism of benzodiazepines. P450 2C19 is involved in many of the
N-demethylation reactions, and may play a role in some other oxidative pathways.
P450 2B6 may also have a role in certain oxidative pathways. While a number of
metabolic pathways of benzodiazepines have been studied, many have not. Little is
known of the role of specific uridine diphosphate glucuronosyl transferases or
sulfotransferases in conjugation of benzodiazepines or of the enzymes involved in
reduction and subsequent acetylation of the nitroso-benzodiazepines.

Benzodiazepine Drug Interactions

General Considerations

Both pharmacodynamic and pharmacokinetic mechanisms have been observed for
drug interactions concerning benzodiazepines. Most pharmacokinetic drug interac-
tions involve either the inhibition or induction of specific P450s involved in the
metabolism of benzodiazepines. They are the most common and the better docu-
mented of drug interactions with benzodiazepines. Most, however, result in either
an increased (inhibitors) or decreased (inducers) activity of the benzodiazepine.
When therapeutic doses are used these interactions may have clinical and forensic,
if carried into driving or other machine operating environments, but rarely lethal
consequences. Pharmacokinetic drug interactions with benzodiazepines are specific
for certain benzodiazepines depending upon the enzyme(s) involved in their metab-
olism. Some of these interactions were reviewed in the mid-1980s [81, 82]. A more
recent review was restricted to alprazolam, midazolam, and triazolam [83].

Pharmacodynamic drug interactions with other CNS depressants are more likely
to have lethal, as well as clinical and forensic, consequences. These drugs, which
include ethanol, opioids, and barbiturates, also cause respiratory depression, and
their combined use can have additive, and has been described in some cases, even
synergistic effects. The potential for pharmacodynamic interactions exists for all
benzodiazepines regardless of route of metabolism; synergistic interactions, how-
ever, may involve a combined pharmacodynamic and pharmacokinetic interaction
that is specific for certain benzodiazepines. A number of reviews have considered
the interactions of benzodiazepines and ethanol [84-87]. None were located addressing
interactions with opioids or barbiturates.
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Epidemiological Occurrences of Benzodiazepines, Ethanol,
and Opioids

The Occurrence of Other Drugs or Ethanol in Benzodiazepine-Associated
Deaths

The epidemiologic record presents circumstantial evidence for the importance of
drug interactions of benzodiazepines with ethanol and opioids. A number of studies
have examined deaths linked to benzodiazepines. Those that investigated the involve-
ment of other drugs and/or ethanol in the deaths are listed in Table 2.11a. In general,
deaths linked to benzodiazepine use often, but not always, also have evidence of
ethanol and/or other drug use. Some studies investigated only the involvement of
ethanol [88, 89], or other drugs [90], in addition to benzodiazepines. It is therefore
difficult to get an exact estimate of how often only benzodiazepines were identified.
In one study carried out in the USA and Canada that investigated deaths involving
diazepam, only 2 of 914 deaths were identified with only diazepam [91]. In another
study carried out in Sweden, benzodiazepines were identified in 144 of 702 deaths
without other drugs or ethanol [92]. A sufficient dose of benzodiazepines can be
lethal, but this appears to be exacerbated when other drugs are involved.

The Occurrence of Benzodiazepines in Opioid-Associated Deaths:
the Buprenorphine Story

Benzodiazepines are also apparent in some opioid-related deaths (Table 2.11b). Three
studies were identified that investigated heroin-linked deaths. Benzodiazepines were
also found in 5-10% of these deaths [93-95]. Opioids are well recognized for their
respiratory depressant effects, that a combination with another CNS depressant that
also causes respiratory depression may exacerbate the situation is not too surprising.

Buprenorphine has been used for years as an analgesic or for treatment of chronic
pain at doses 0.3-0.8 mg. More recently, buprenorphine has been used in substitution
therapy for opioid-dependence. For the latter, doses of 8—32 mg are used. Buprenorphine
is known as a partial p agonist that appears to have ceiling effects in regard to its p-
activities such as respiratory depression [96]. Recently in France, however, six cases
of deaths involving buprenorphine were also found to involve benzodiazepine use [97]
(Table 2.11). That buprenorphine may interact with benzodiazepines was suggested in
aseries of “letters to the editor” in the journal Anaesthesia. Papworth [98] first reported
four cases of prolonged somnolence and bradypnoea with combinations of buprenor-
phine and lorazepam. Forrest [99] then described a case, also with buprenorphine and
lorazepam that had prolonged somnolence, bradypnoea, and the need for assisted
respiration. This was followed shortly thereafter by a report from Faroqui et al. [100]
that found 11 subjects out of 64 that were premedicated with diazepam and had anes-
thesia induced with buprenorphine required assisted ventilation. This was not observed
in 24 patients receiving diazepam and fentanyl.
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Table 2.11 The presence of alcohol and other drugs in benzodiazepine poisonings

Year  Population Location Reference

(a) The occurrence of other drugs or ethanol in benzodiazepine-associated deaths
1979 914 diazepam-positive fatalities USA and Canada [91]
912 and other drug or EtOH; 51 EtOH; 295 EtOH
and other drug; 566 other drug;
propoxyphene > opiates > barbiturates
1980 2,723 overdoses Toronto, Canada [90]
1,071 benzo positive; 726 other drugs (EtOH
apparently not studied)
1989 3,430 overdoses Stockholm, Sweden [92]
702 benzo positive; 144 benzo; 200 benzo and
EtOH; 254 benzo and other drugs; 104 benzo,
other drug and EtOH.
1993 1,576 benzodiazepine-associated deaths Great Britain [88]
891 single benzo; 591 single benzo and EtOH; 94
more than one benzo+EtOH
1995 303 benzodiazepine-associated overdoses Newcastle, Australia [89]
303 total; 114 EtOH

(b) The occurrence of benzodiazepines in opioid-associated deaths

1976 114 heroin-related deaths Orange Co., CA [93]
9 benzo positives

1977 268 heroin-related deaths Wayne Co., MI [94]
12 diazepam positive

1994 21 heroin-related deaths Baltimore, MD [95]
2 benzo positive

1998  Unknown # of buprenorphine-related deaths France [97]

6 benzo-positive cases

This combined effect of buprenorphine and a benzodiazepine, midazolam, has
now been reproduced in an animal model. Gueye et al. [101] have shown that rats
given buprenorphine alone (30 mg/kg, iv) had a mild increase in PaCO, at 60 min.
Rats given midazolam alone (160 mg, ip) had a mild decrease in arterial pH at
90 min and increase in PaCO, at 60 min. When the doses were combined, there was
a prolonged respiratory depression with the changes in blood pH and PaCO, noted
within 20 min, with delayed hypoxia at 120 and 180 min.

This effect is apparently not due to an inhibition of the benzodiazepine metabo-
lism. Kilicarslan and Sellers [102] have shown that metabolism of flunitrazepam to
3-hydroxyflunitrazepam in (HLM) was not inhibited by norbuprenorphine, and
while inhibited by buprenorphine, the Ki of 118 uM was suggestive of only 0.1-
2.5% inhibition in vivo. We have recently addressed the converse situation, inhibi-
tion of buprenorphine metabolism by benzodiazepines; in brief, only a few
benzodiazepines showed any tendency to inhibit the metabolism of buprenorphine
[103]. This strengthens the argument that any interaction is of the pharmacody-
namic nature.

While the percentage of opioid-associated deaths that also show benzodiazepine
use are relatively low (Table 2.11b), it is still a concern due to the potential for the
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Table 2.12 Benzodiazepine use among opioid users: survey of studies in 1990s

Year Population Location Reference
1990 272 polydrug users (75% heroin) Northwest [400]
28% were also using temazepam (use of other benzos England
not mentioned)
1990 249 male opiate addicts Penang, [401]
Greater than 50% used benzos, with flunitrazepam most Malaysia
common
1991 323 methadone treatment subjects Philadelphia and  [402]
Daily, few times per week, and a few times per month New Jersey

benzo use was 14, 15, and 39% in those that did not
share needles and 25, 18, and 24% in those that did
share needles

1992 1,245 injecting drug users Sydney, [403]
36.6% used benzos Australia

1992 103 methadone treatment subjects Innsbruck, [404]
All had used heroin and benzodiazepines, relative Austria

liking of cocaine >cannabis >>stimulates = benzos.
Flunitrazepam and diazepam were the most favored

1993 313 applicants for methadone treatment Kensington, [405]
42% reported a benzo habit (37% of males; 56% of Australia
females).
1993 973 admittees for inpatient opiate detoxification Barcelona, [406]
80.2% history of benzo use; 68.5% current; 43.1% Spain
daily. Flunitrazepam > clorazepate >diazepam
1993 222 methadone treatment subjects Kensington, [407]
36.5% use in the past month; 26.6% daily; Australia
and 11.3% 5 or more pills a day
1994 208 subjects (82.2% for opiate use) Clinics in 7 cities  [408]
90% had used benzos, 49% by injection in Britain

pharmacodynamic interaction resulting in additive (or synergistic) effects on respiratory
depression. Further epidemiological data substantiates the risk. Surveys conducted in
the early 1990s in various parts of the world demonstrate that use of benzodiazepines
is quite common in opioid-dependent subjects (Table 2.12). Regular benzodiazepine
use ranged from 27 to 50%, while most had used benzodiazepines at one time.
A great majority reported intravenous use of the benzodiazepines.

The Occurrence of Benzodiazepines, with or Without Ethanol or Other Drugs
in Motor Vehicle Investigations

One area in which epidemiological data points to potential interactions between
benzodiazepines and ethanol or other drugs is within motor vehicle investigations.
Studies that clearly indicated benzodiazepine and ethanol and/or other drug use
were reviewed and are listed in Table 2.13. These studies can be divided into three
types: (1) studies on fatalities wherein most studies drug use was determined in all
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Table 2.13 The occurrence of benzodiazepines with, or without ethanol (or other drugs) in motor
vehicle investigations

Year  Population Location Reference
(A) Fatalities
1977 127 driving fatalities Dallas, Co., TX  [409]
23 drug positive; 13 diazepam, 7 with EtOH
1980 401 motor vehicle fatalities Ontario, Canada [410]

64 drug positives; 15 benzos; 12 diazepam, 3 with EtOH; 4
& other drugs

1986 1,518 driving fatalities Alabama [411]
32 benzo positive, 25 with EtOH

1987 200 driving fatalities, survivors or blood tested Tasmania, [412]
(restricted to with EtOH <0.05) 34 drug positive; 9 benzo; Australia

7 with EtOH

1993 168 trucker fatalities USA [104]
no benzos identified

1996 318 driving fatalities Washington [413]

61 drug positive; 4 benzo; 2 with EtOH

(B) Impaired situations

1969 180 overt intoxication, but BAC<0.15% Santa Clara [414]
38 drug positive; 2 chlordiazepoxide (BAC) 1 Co, CA
(0-<0.05); 1 (0.10-0.15)
1979 765 drug positive-impaired driving California [108]

171 diazepam, 40 with EtOH; 56 chlordiazepoxide,
9 with EtOH; 14 & phenobarbital
1979 425 under influence (EtOH <0.08 in 282) Northern Ireland  [415]

Drugs present in 115 cases; benzos in 90 (80 diazepam),
85 with EtOH

1981 71,937 impaired driving, but BAC<0.10% Orange Co., CA [416]
684 benzos (571 dizepam), 310 with EtOH

1984 56 impaired driving (saliva) Ottawa, Canada  [417]
10 drug positive; 4 diazepam, 4 with EtOH

1987 184 impaired driving, negative with EtOH St. Louis, MO [109]
30 benzo positive; 10 & barbiturates, 8 & opiates analgesics

1991 1,398 mandatory railroad post-accident testing USA [107]
85 drug positives; 2 benzos, 0 with EtOH

1998 19,386 first road-traffic accidents Tayside [418]
Based on prescription data, use of benzos had region, UK

a 1.52 risk factor (8.15 with EtOH) compared to 0.30
(1.0) with tricyclics and 0.51(0.89) with SSRIs.
2000 486 impaired drivers Sweden [110]
study restricted to dextropropoxyphene or
codeine-positive samples; 346 benzo
2001 29 zolpidem positive-impaired drivers Washington [111]
4 benzo positive; 1 with EtOH

(C) Random testing

1988 317 (88% compliance) random truck drivers Tennessee [105]
1 benzo positive with prescription

2002 822 (81% compliant) random track drivers Oregon/ [106]

no benzos identified ‘Washington




2 Drug Interactions with Benzodiazepines... 53

cases, (2) studies on impaired driving where in most studies only cases with ethanol
below a certain cutoff were tested for drugs, and (3) random testing where partici-
pants volunteered for inclusion in the drug testing part of the study. These different
protocols may have an impact on the drug findings.

In studies on driving fatalities, the presence of benzodiazepines ranged from 1.3
to 10.2%. Benzodiazepine positives were found in conjunction with ethanol in
25-78% of the cases. For impaired driving cases, the presence of benzodiazepines
ranged from 1% to 30% with the additional finding of ethanol ranging from 22% to
100%. Studies that focused on professional transportation reported very low
incidences of benzodiazepine use. In a study on 168 truck driver fatalities, no
benzodiazepines were detected [104]. In the two random studies, only commercial
truck drivers were included. In one study, only 1 of 317 participants (88% compli-
ance) was benzodiazepine positive and had a prescription for its use [105]. In the
other study, none of the 822 (81% compliance) participants were positive for
benzodiazepines [106]. In 1,398 mandatory postaccident cases studied for the
Federal Railroad Association, only two benzodiazepine-positive cases were detected,
one with prescription for its use [107]. Benzodiazepine use in vehicle-related inves-
tigations varies widely. This may be due in part to geographic and temporal differ-
ences in the studies. In seven of the ten studies that did not include commercial
drivers, ethanol was a cofactor in greater than 50% of the cases.

Benzodiazepine positive findings along with other drugs were not always
described in these studies. In a study of impaired drivers in California published in
1979, 14 of the 56 cases positive for chlordiazepoxide also had phenobarbital [108].
In a study of ethanol-negative impaired drivers in St. Louis published in 1987, 10
and 8 of the 30 benzodiazepine-positive cases were also positive for barbiturates or
opiate analgesics, respectively [109]. Two studies focused on cases positive for a
specific drug(s). In a study in Sweden published in 2000 of 486 impaired drivers
that had tested positive for codeine or dextropropoxyphene, 346 were also positive
for a benzodiazepine [110]. In a study from Washington state published in 2001, 4
of 29 zolpidem-positive cases were also positive for benzodiazepines [111]. As with
mixtures of benzodiazepines with ethanol, their mixture with other CNS depressant
drugs is common in vehicle-irregularity related studies.

Clinical Studies on Drug Interactions of Benzodiazepines
with Other CNS Depressants (See Appendix 2.1)

Pharmacodynamic and Pharmacokinetic Interactions with Analgesics
and Anesthetics

Clinical studies on drug interactions between benzodiazepines and opioids, or other
CNS depressants, have been mostly limited to interactions between the two benzo-
diazepines used as anesthetics, diazepam and midazolam, and other anesthetic or
analgesic agents (Tables 2.14 and 2.15). One exception is a study on the effect of



Table 2.14 Effect of analgesics and anesthetics on benzodiazepine pharmacodynamics

Benzodiazepine Dose Agent dose Agenttime N Reference
Methadone
Diazepam 20 and 40, or 100 and 150% maintenance O h Sm [112]

Papaveretum
Midazolam

Pethidine
Midazolam

Diazepam

Morphine
Midazolam

Fentanyl
Diazepam

Midazolam
Midazolam

Midazolam

Midazolam

Alfentanyl
Diazepam

Midazolam

Midazolam

Midazolam

Naltrexone
Diazepam

40 mg diazepam and 150% maintenance dose induced changes in pupil
constriction and subjective opioid effects greater those by either drug alone

0.15-0.5/kg,iv = 15-20 mg, im Oh 37/29 [115]
Sedative effect of midazolam was potentiated by opiate

0.15-0.5/kg,iv 50-75 mg, im Oh 47/29 [115]
Sedative effect of midazolam was potentiated by opiate
10, iv 50-75 mg Oh 50/50  [116]

No difference in sedation noted, but patients more comfortable with procedure

0.01-0.03/kg, iv  0.006-0.12 mg/kg, iv —10 min S/dose [117]
Dose response: additive effect on visual analog determination of sedation

0-0.5/kg, iv 50 pg/kg +4 min S/dose [119]
Dose response of diazepam caused significant reduction in arterial pressure and
systemic vascular resistance associated with decreases in (nor)epinephrine
~0.35/kg, iv 50 pg, iv —1 min 30/44  [118]
Combination caused greater respiratory depression than midazolam alone
0.3/kg, iv 50 or 100 pg, iv —2 min 52/100 [120]
Fentanyl decreased onset time for midazolam anesthesia and % asleep at 3 min
0.05/kg, iv 2 ng/kg, iv Oh 12m [121]
Synergistic increase in apnea and hypoxemia, no further reduction in fentanyl-
reduction of ventilatory response to CO,
0.02-0.37 /kg, iv 1.9-8.5 ng/kg, iv +1 min 10f/dose [122]
Synergistic increase in inability to open eyes in response to command
(anesthesia)

0.125 /kg, iv 100 or 200 pg/kg, iv +5 min 10/dose [123]
Diazepam reduced the numbers responding to voice at 5 min (10 to 1, 5to 1),
increased heart rate, increased reductions in blood pressure, and increased
number (1-5) with inadequate postoperative ventilation.
0.3/kg, iv 150 or 300 pg, iv -2 min 40/100 [120]
Alfentanyl decreased onset time for midazolam anesthesia and % asleep at
3 min
0.07-0.35/kg, iv  0.02-0.18 mg/kg, iv +1 min S/dose  [124]
Dose response found synergistic response of response to verbal command
(sedation)
0.023-0.2/kg, iv 0.016-0.15 mg/kg, iv Oh 10/dose [125]
Dose response, response to verbal command (hypnosis) and response to tetanic
stimulus (anesthesia) are synergistically enhanced

10, or 50 mg -1.5h 8f, 18m [132]
Negative mood states (sedation, fatigue) were increased and positive mood
states (friendliness, feeling high) were decreased by naltrexone

(continued)
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Table 2.14 (continued)

Benzodiazepine Dose Agent dose Agenttime N Reference
Propofol
Midazolam 0.1-0.2/kg, iv 0.7-2.5 mg/kg, iv Oh 10/dose [135]

Dose response: response to command was synergistically influenced; midazo-
lam reduced dose of propofol required for response to tetanic stimuli
Midazolam 0.1-0.4/kg, iv 0.4-2.8 mg/kg, iv +2 min 10/dose [136]
Dose response: response to command was synergistically influenced

Thiopental

Midazolam 0.03-0.37/kg, iv  0.7-3.6 mg/kg, iv +1 min 5/dose [133]
Dose response: response to command was synergistically influenced

Midazolam 0.04-0.2/kg,iv  0.7-4.5 mg/kg, iv +2.5 min 20/dose [134]

Dose response: response to command was synergistically influenced; midazo-
lam reduced dose of thipopental required for response to electrical stimuli

Table 2.15 Effect of opioids, other analgesics, and anesthetics on the pharmacokinetics
of benzodiazepines

Benzodiazepine Dose N T, Cox  tin AUC Cl Reference
Methadone 100% of maintenance dose

Diazepam 20, or Sm 0.95 [113]
Diazepam 40, or Sm 0.91 [113]
Methadone 150% of maintenance dose

Diazepam 20, or Sm 1.28 [113]
Diazepam 40, or Sm 1.24 [113]
Propoxyphene 65 mg, or 4/d, multidose

Alprazolam 1, or 6f,2m 346 094 1.58%* 0.62*%  [114]
Diazepam 10, iv 2f, 4m 1.14 0.87 [114]
Lorazepam 2,iv 1f, 4m 0.99 1.10 [114]
Fentanyl Patients undergoing orthopedic surgery 200 pg, iv

Midazolam 0.2/kg,iv 15/15 1.49*%  1.54%  0.70* [126]
Naltrexone 50 mgat—1.5h

Diazepam 10, or 8f, 18m 1.80* 093 1.05* 0.95 [132]
Propofol Patients undergoing elective surgery +2 mg/kg bolus, 9 mg/kg/h infusion
Midazolam 0.2/kg, iv 12/12 1.61* 1.58*%  0.63* [137]

diazepam on methadone maintenance. In an initial paper, Preston et al. demonstrated
that a combination of diazepam and methadone produced subjective opioid effects
greater than either drug alone [112] (Table 2.14). In a follow-up report, these inves-
tigators studied the effect of methadone on the pharmacokinetics of diazepam.
Although not significant, a combination of 150% of the maintenance dose of metha-
done with either 20 or 40 mg oral diazepam resulted in a approximately 25%
increase in the area under the curve (AUC) of diazepam [113] (Table 2.15).
Propoxyphene is an extensively used analgesic; its coadministration with benzo-
diazepines would not be uncommon. In a single study, subjects took three different
benzodiazepines, oral alprazolam and intravenous diazepam and lorazepam, each
one twice. In one setting no other drug was taken, in the other, propoxyphene was
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administered every 6 h from 12 h prior to the benzodiazepine for the duration of the
study [114]. Coadministration of propoxyphene significantly inhibited the elimina-
tion of propoxyphene, there was a slight, but nonsignificant inhibition of diazepam,
and no effect on the pharmacokinetics of lorazepam (Table 2.15). No information
was found on the in vitro inhibition of P450s by propoxyphene, but these data would
support an inhibitory effect of propoxyphene on P450 3A4 that spares P450 2C19.
No data were presented on the effect of propoxyphene on the pharmacodynamics of
benzodiazepines.

When midazolam or diazepam is combined with the opioids papaveretum, pethi-
dine, or morphine during anesthesia, potentiation of the sedative or subjective effects
is consistently found [115—117] (Table 2.14). Pharmacokinetic interactions between
these drugs were not studied.

The combination of midazolam or diazepam with fentanyl has also been consis-
tently found to result in potentiation of the sedative and in some cases respiratory
depressant effects of the drugs [118-122]. In the latter two studies, which used
midazolam, statistic evaluation of dose-responses suggested that the drugs inter-
acted in a synergistic manner [121, 122]. A similar finding was found for combined
use of diazepam or midazolam with alfentanil, including the synergistic response
with midazolam [120, 123—125] (Table 2.14). With fentanyl it has been shown its
combination with midazolam results in a significant increases in the terminal elimi-
nation half-life (t,,) and AUC and significant decrease in the clearance of midazo-
lam [126] (Table 2.15). A similar pharmacokinetic study has not been done with
alfentanil, but both are P450 3A4 substrates [127—130] and may have similar poten-
tial to inhibit midazolam metabolism, as has been found in vitro for fentanyl [131].

The interaction between naltrexone, an opioid p receptor antagonist, and diaze-
pam is another exception to the studies between anesthetics. Naltrexone was found
to increase the negative mood states such as sedation, and decrease the positive
mood effects such as friendliness of diazepam (Table 2.14), with no effect on its
pharmacokinetics (Table 2.15) [132].

The interaction of the structurally unique anesthetic propofol or the barbiturate
thiopental with midazolam has also been reported to have synergistic effects on the
sedative effects of the drugs (Table 2.14) [133—-136]. A pharmacokinetic study has
been performed on the interaction of midazolam and propofol, and propofol was
found to significantly increase the t,, and AUC of midazolam (Table 2.15) [137]. This
is consistent with the in vitro inhibition of midazolam metabolism by propofol [138].

Clinical studies confirm that additive interactions occur between the opioids and
other anesthetic agents. These have sometimes been found to be synergistic in their
response. The synergistic response appears to occur when there is also a pharma-
cokinetic interaction resulting in the inhibition of the benzodiazepines’ clearance.

Pharmacodynamic and Pharmacokinetic Interactions with Ethanol

The effect of combined use of ethanol on pharmacodynamic endpoints has been
studied with a large number of benzodiazepines (Table 2.16). In general, ethanol has
a potentiating effect on some of the psychomotor and subjective measures, but rarely
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Table 2.16 Effect of ethanol on benzodiazepine pharmacodynamics

Benzodiazepine  Dose (mg) Ethanol dose Ethanol time N Reference
Alprazolam 0.5, or 0.8 g/kg +3h 10m [145]
No effect on measures of side effects, tracking skills, angle recognition, or
free recall; diminished choice reaction time
Alprazolam 2, or 0.8 g/kg +3h 10m [145]
No effect on measures of side effects, tracking skills, angle recognition, or
free recall; diminished choice reaction time
Alprazolam 1, or 0.5 g/kg, +0.75h 12/12 [139]
Produced predictive additive effects on sedation, unsteadiness, dizziness,
tiredness, and psychomotor performance
Bromazepam 6,0r3/dx14d 0.5 g/kg Oh 20m [419]
Enhanced impairment of learning skills, but not short-term memory
Bromazepam 6,or3/dx14d 0.5 g/kg Oh If, 16m [142]
No effect on reaction time or mistakes; enhanced effects on coordination
skills, attention, and proprioception
Brotizolam 0.25, or 24 mL Oh 13m [150]
Subjective perceptions of sedation were enhanced, but psychomotor
performance was not
Chlordiazepoxide 5, or 3/dx2d 45 mL 6f, 12m [420]
Subjects were tested on mental and then psychomotor performance starting
at +1 h. No significant difference + ethanol
Chlordiazepoxide 10, or 3/dx14d 0.5 g/kg Oh 20 [144]
lactam No effect on reaction time; enhanced coordination mistakes at fixed and free
speed and impairment of attention and proprioception
Clobazam 20, or 77¢g 0-15h 8m [140]
Enhanced impairment of reaction errors and time, deviations of two-hand
coordination and body sway
Clorazepate 20, or 1 g/kg 14m [421]
Enhance alcohol acute euphoric effects and decreased dysphoric effects in
the following morning
Diazepam 5, or 3/dx3d 42 mL Oh 20 [422]
Measured ability for cancellation of letters, digit substitution, addition, and
pegboard placement beginning at +75 min. Performance under diazepam,
+ EtOH, was slightly poorer than with placebo tablet
Diazepam 2, or 3/dx2d 45 mL 6f, 12m [420]
Subjects were tested on mental and then psychomotor performance starting
at +1 h. Ethanol enhanced the effects on two of nine mental tests; no
effect on psychomotor tests
Diazepam 10, or/70 kg 0.75mL/70kg Oh 8m [159]
Starting at +90 min, no effect on mirror tracing; slight enhancement of attention
and time evaluation; significant with attempted letter cancellations, sorting,
flicker fusion, complex coordination, and clinical symptoms
Diazepam 10, or 0.5 g/kg 10/10 [146]
Simulated driving by professional drivers from +30-70 min. Enhanced
number of collisions and driving off the road instances
Diazepam 10,20 or 40, or 0.5 g/kg Oh 6m [423]

Markedly enhanced the effects on coordination and mood

(continued)
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Table 2.16 (continued)

Benzodiazepine ~ Dose (mg) Ethanol dose Ethanol time N Reference
Diazepam 10, or 0.8 g/kg -0.5h 10 [157]
Enhanced impairment of tracking skills and oculomotor coordination;
enhanced nystagmus
Diazepam 10, iv at 0.8-1.0 g/L —1to8h 6m [158]
Enhanced impairment of pursuit rotor performance and intoxication indices
and visual analog scale
Diazepam 10, or/dx2d 0.8 g/kg 12m [141]
Enhanced impairment on coordination, reaction, flicker fusion, Maddox wing
and attention tests
Diazepam 10, or at0.5 g/L -1.5-+2.5h 12m [424]
Produced additive effects on subjective alertness and measures of perfor-
mance; synergistic effect on smooth pursuit eye movements
Diazepam 5, or at0.5 g/L -15t0o+4h 8m [425]
Produced additive effects on adaptive tracking, smooth pursuit, DSST, and
body sway; did see supra-additive effects in two subjects
Diazepam 10, or 0.8 g/kg +3h 10m [145]
No effect on measures of side effects, tracking skills, choice reaction time,
angle recognition, or free recall
Flunitrazepam 2, or 0.8 g/kg -0.5h 12m [154]
Alcohol did not effect impairment of tracking skills at =1 h, but did enhance
impairment the following morning
Flurazepam 30, or/dx 14d 0.5 g/kg +10h 7f, 33m [426]
No effect on reaction time or mistakes or attention; enhanced effects on
coordination skills
Loprazolam 1, or 0.7 g/kg Oh 8m [143]
No effects on simple reaction time; alleviated lop-impairment of manual
dexterity; both alone impaired tracking, but not together; memory
impaired by lop, improved by EtOH, not effected together
Oxazepam 10,20 or 40, or 0.5 g/kg Oh 6m [423]
Slightly enhanced the effects on coordination and mood
Oxazepam 15, or 3/dx14d 0.5 g/kg Oh 20 [144]
No effect on reaction time, attention or proprioception; enhanced coordina-
tion mistakes at fixed and free speed
Midazolam 0.1/kg, iv 0.7 g/kg +4h 16m [427]
Midazolam did not add to the +5 h or +7 h effects of EtOH
Nitrazepam 10, or/d x 14d 0.5 g/kg +10h 3f, 17m [428]
No effect on reaction times; enhanced choice reaction and coordination
mistakes and impaired attention
Nordiazepam 5,or3/dx14d 0.5 g/kg Oh 20 [144]
No effect on reaction time, attention, or proprioception; enhanced coordina-
tion mistakes at fixed speed, no effect at free speed
Prazepam 20, or 05 g/kg 0Oh 12m [155]
Enhanced impairment in auditory reaction and DSST; reduced reaction to
auditory stimuli and cancellation test and enhanced drowsiness
Temazepam 20,0r3/dx14d 0.5 g/kg Oh 20 [144]

No effect on reaction time or attention; enhanced coordination mistakes at
fixed speed, but not at free speed; enhanced impairment of proprioception

(continued)
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Table 2.16 (continued)
Benzodiazepine ~ Dose (mg) Ethanol dose Ethanol time N Reference
Tofisopam 100, orx3 0.8 g/kg 12m [141]

Enhanced impairment on coordination, reaction, flicker fusion, Maddox wing
and attention tests

Triazolam 0.25, or at0.8-095¢g/L  -05t07.5h 1f, 6m [152]
Enhanced impairment of free recall, postural stability, and hand—eye
coordination

affects all such measures in any one study. In part because the studies were not
designed to detect it, synergistic effects were not noted. Because of the diverse
endpoints in the studies there was no apparent general set of pharmacodynamic
endpoints that ethanol consistently had an effect upon. For example, reaction time
was a common endpoint. Ethanol was reported as enhancing impairment of reaction
time for alprazolam [139], clobazam [140], diazepam [141], and tofisopam [141],
while it had no effect on reaction time with bromazepam [142], loprazolam [143],
oxazepam [144], nordiazepam [144], and temazepam [144]. Few of the studies
compared benzodiazepines under the same conditions. It is therefore difficult to
draw conclusions about some benzodiazepines being more susceptible to the inter-
active effects with ethanol.

The timing of the administration of ethanol was an important factor. When etha-
nol was given 3 h after alprazolam, only minimal effects were found [145]. When
ethanol was given only 45 min after alprazolam, however, it had additive effects on
most of the endpoints measured [139]. Similarly, combining ethanol with diazepam
at the same time leads to enhanced impairment of reaction time [141], while giving
the ethanol 3 h after diazepam did not [145].

Ethanol therefore does appear to enhance the impairing effects of benzodiazepines
in an additive fashion. In the one study that measured driving skills, diazepam and
ethanol were taken together and the stimulated driving of professional drivers was
studied. The combined use of ethanol and diazepam resulted in increased numbers of
collisions and driving off the road instances [146].

Ethanol is known to affect the metabolism of many drugs. In general, acute use of
ethanol is associated with the inhibition of drug metabolism; chronic use induces
metabolism [147, 148]. While induction appears to be predominantly for compounds
metabolized by P450 2E1, studies in primary cultured hepatocytes show ethanol can
also induce P4540 3A4 [149]. Therefore, examination of the effect of ethanol on
benzodiazepine pharmacokinetics should differentiate between studies on acute
exposure in nonalcoholics (Table 2.17) and studies in alcoholics (Table 2.18).

Acute exposure to ethanol was found to inhibit the clearance of a number of
benzodiazepines as seen from increased C, .S 8, AUCs, and/or decreased clear-
ance. Thus is the case for brotizolam [150], chlordiazepoxide [151], clobazam
[140], and triazolam [152]. With some benzodiazepines, however, ethanol did
not have any effect on their pharmacokinetics; these include alprazolam [145],
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Table 2.18 Effect of ethanol on the pharmacokinetics of benzodiazepines in chronic alcoholics

Benzodiazepine Dose Condition N T. C.. t, AUC Cl Reference

Chlordiazepoxide 50, or Acute vs. 7d abst 5 1.87 1.01 152 235 [163]
N-desmethyl 2.60 0.71

Chlordiazepoxide 50, im Acute vs. 7d abst 5 241 194 185 3.35 [163]
N-desmethyl 1.70  1.02

Chlordiazepoxide 25, or (md) 2 vs. 6d abst 6 2.1ss* [164]
N-desmethyl 1.91ss*
Demoxepam 0.15ss*

Diazepam 10, or 1-11d abst 11/14 1.00 0.43* [165]

Diazepam 10, iv 1-3d abst 14/13 0.71* [166]
N-desmethyl 0.65%*

Diazepam 6 1d vs 6d abst 7 0.83 0.67[167]

clotiazepam [153], flunitrazepam [154], and prazepam [155] (Table 2.17). For the
latter studies, either the 3-h interval between alprazolam and ethanol administration,
or the ability of non-P450-dependent pathways to metabolize flunitrazepam may
explain the negative findings. Such is not the case, however, for clotiazepam and
prazepam, which requires P450 for either hydroxylation or N-dealkylation reac-
tions. For these two benzodiazepines the effect was not significant, but could be
considered suggestive of impaired elimination. Diazepam interactions with ethanol
were the subject of numerous studies that showed varying results. An inhibition of
clearance was reported in some studies [156—158], while only a prolongation of the
C, . was found in some studies [151, 159-161]. In general, the former studies
administered ethanol 30—-60 min prior to diazepam, while the latter administered the
two drugs at the same time.

The results from these clinical studies indicate that acute ethanol, taking either
with or shortly before, may interfere with the elimination of many, but not all ben-
zodiazepines. While this would appear to arise from the inhibition of P450-dependent
metabolism of the benzodiazepines, some inconsistencies exist. A single study was
found on the in vitro inhibition of different forms of human liver P450s [162]. At
concentrations close to 0.10 g/100 mL, only P450s 2C19 and 2D6 were partially
inhibited. Cytochrome P450 3A4, which is associated with the metabolism of many
benzodiazepines, was fairly resistant to the inhibitory effects of ethanol for the
marker substrate studied (Fig. 2.10) [162]. Due to the complex nature of the P450
3A4 substrate binding site(s), however, it has become apparent that some substrates
may show different responses to inhibitors.

The study of benzodiazepine pharmacokinetics in chronic alcoholics entering
treatment programs has been used to support the theory that chronic ethanol induces
the metabolism of benzodiazepines [84]. The studies were designed in two ways
(Table 2.18). Either a comparison within the subjects at 1-2 days after initiation of
treatment versus 6—7 days later, or comparison of the subjects to control subjects.
With the former design, administration of oral, intramuscular, or intravenous chlordi-
azepoxide had longer t, s of higher steady-state concentrations at the beginning of the
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Fig. 2.10 The effect of

ethanol on the in vitro 100
metabolism of cDNA-

expressed P450s. Adapted

from data presented by Busby 75
et al. [162]. Note experiments
were designed to test ethanol
as a solvent for addition of
substrates. The two lower
concentrations, 0.1 and 0.3%
(v,v), would equate to 0.0789 25
and 0.237 g/100 mL,
respectively
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study [163, 164]. It was suggested that these results arose from an initial inhibition
of chlordiazepoxide from residual ethanol in the first session with unmasking of an
induced state in the later session [84]. This is supported by studies on diazepam
where abstinent alcoholics were compared to nonalcoholic controls (Table 2.17).
With oral or intravenous administration of diazepam, elimination was greater in the
alcoholics [165, 166]. One study was contradictory. When seven subjects entering a
detoxification ward were given intravenous diazepam on day one and again
4-20 days later, the t, , and clearance were higher in the latter session, but not sig-
nificantly due to large intra-subject variations [167]. An inductive effect of ethanol
pretreatment on the metabolism of diazepam was also found in rats [166]. A ratio-
nale for this inductive effect was found from a report that ethanol induces P450 3A,
as well as 2E, in cultured human hepatocytes [149].

The Interaction Between Benzodiazepines and Other Drugs

With most of the other drugs for which interactions have been described with the
benzodiazepines they are dependent upon whether the benzodiazepine is metabo-
lized by P450. For this reason, in the applicable subsections some time has been
spent to summarize the P450 inhibitory or inductive activity of the class of drugs
being discussed. This will generally take the course of examining the in vitro
potency of the drugs as inhibitors.
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Benzodiazepines and Gastrointestinal Agents
Benzodiazepines, Antacids, and Miscellaneous Gastrointestinal Agents

Benzodiazepines have an acidic pKa, and changes in the pH of the gastrointestinal
tract may influence their rate of absorption. Some of the earliest drug interactions
studies focused on the effect of antacids on the pharmacokinetics of benzodiazepines
(Table 2.19). In 1976, Nair et al. [168] gave 10 mg oral diazepam alone or in combi-
nation with aluminum hydroxide, magnesium trisilicate, or sodium citrate to 200
woman undergoing minor gynecological procedures. Aluminum hydroxide and
sodium citrate were reported to hasten the onset of the soporific effect of diazepam,
with no apparent effect on its pharmacokinetics. Magnesium trisilicate was found to
delay the effect; it also prolonged the T _ and decreased the C__ (Table 2.19). In
contrast to Nair et al. [168] findings with magnesium trisilicate and diazepam, Elliot
et al. [169] found no effect on the pharmacokinetics of temazepam or midazolam
(Table 2.19).

The mixture of aluminum and magnesium hydroxides (Maalox) were found
to prolong the T and decrease the C_  for chlordiazepoxide [170], clora-
zepate [171, 172], and diazepam [173]. The mixture of aluminum hydroxide and
magnesium trisilicate (Gelusil) had a similar effect on diazepam [173]. In one
of the studies on clorazepate and Maalox, this was found associated with reduced
pharmacodynamic effects [172]. For clorazepate, not only is the absorption of
the drug dependent upon pH, but so is its conversion to nordiazepam. Abruzzo
et al. [174] showed that maintenance of the stomach pH at 6 with sodium bicar-
bonate greatly prolonged and reduced the peak of plasma nordiazepam from
clorazepate. After multidose treatment with both clorazepate and Maalox, how-
ever, steady-state concentrations of the metabolite nordiazepam were not
affected [175], which suggests that antacids will have no effect under multi-
dosing schemes.

Aluminum hydroxides are also taken by patients on dialysis to bind dietary
phosphates. Kroboth et al. [176] found this treatment had no effect on the absorp-
tion of temazepam. In another study, however, they found the elimination of triazo-
lam was reduced in dialysis patients taking aluminum hydroxide [177]. The renal
disease enhanced elimination of triazolam, so the net effect of aluminum hydroxide
was to return the pharmacokinetic parameters toward those noted in matched con-
trols [177] (Table 2.19).

Misoprostol is a novel synthetic prostaglandin E1 analog with antisecretory
properties. When misoprostol was given in combination with oral diazepam it did
not have any effect on diazepam pharmacokinetics [178]. Cisapride increases gas-
tric motility. Intravenous cisapride was found to enhance the absorption of oral
diazepam with consequent increased impairment in early (45 min) tests on reaction
time [179].
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Table 2.19 Drug interactions with antacids and miscellaneous gastrointestinal agents

Inhibitor/Benzo Dose N T. Cou t, AUC Cl PhDyn Reference

Antacids

AIOH 40 mL

Diazepam 10, or 20/17 1.00 0.94 + [168]

MgOH/AIOH 30 mLx2, 100 mL (chlor)

Chlordiazepoxide 25, or 10m 2.13 093 1.03 0.97 [170]

Clorazepate 15, or 15m 2.00 0.80* 0.96 0.94 [171]

Clorazepate* 15, or 5f, 5m 1.56*% 0.69* 0.90* + [172]

Diazepam 5, or 9 1.40 0.66* 0.98 [173]

MgOH/AIOH 30 mL, multidose

Clorazepate 7.5, or (md)4f, 6m 0.95ss [175]

Mg trisilicate/AIOH 30 mLx2

Diazepam 5, or 9 1.30 0.74* 0.96 [173]

Mg trisilicate 30 mL

Diazepam 10, or 15/17 150 0.78 + [168]

Midazolam 15, or Sm 0.86 1.13 1.23 1.37 0.86 [169]

Temazepam 20, or If,4m 095 1.04 093 1.00 1.00 [169]

Sodium citrate 9 umol at 0 h

Diazepam 10, or 15/17 1.00 0091 + [168]

Sodium bicarbonate enough to maintain pH 6 for 2 h

Clorazepate 15, or 4m 1.11  0.81 [174]

N-desmethyl 14.0* 0.28* 0.55%

AIOH gel 3,600 mg pretreatment in dialysis patients

Temazepam 30, or 11 1.30 1.00 1.13 1.08* 0 [176]

Triazolam 0.5, or 11 0.93 1.58* 0.99 1.28* 0.74* [177]

Other Gastrointestinal agents

Misoprostol 200 pg, 4/d, oral multidose

Diazepam 10, or/d 6m 1.02 1.01 1.03 0 [178]
(md)

N-desmethyl 1.00  0.89 1.00

Cisapride 8 mg, iv at -8 min

Diazepam 10, or 8 0.72*% 1.18%* 0.92 ++ (early) [179]

Interactions with H -Receptor Antagonists

The H,-receptor antagonists are widely used for treatment of gastrointestinal ulcers.
Cimetidine was the first H,-receptor antagonist and was followed by ranitidine,
famotidine, oxmetidine, nizatidine, and ebrotidine. Among these drugs, cimetidine
is well known to cause drug—drug interactions with a number of drugs due to its
inhibitory effects on several P450s [180, 181]. The other H,-receptor antagonists
are relatively mild inhibitors. Knodell et al. [182] studied the effect of cimetidine
on a number of P450-selective activities and found inhibition was greatest for
2D6>2C19>3A4, 2E1>2C9, 1A2 (Fig. 2.11). Martinez et al. [183] directly com-
pared the in vitro effects of cimetidine, ranitidine, and ebrotidine on a number of
P450-selective activities (Fig. 2.11). In brief, cimetidine was found to have significant
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Fig.2.11 A summary of in vitro experiments on the inhibition of P450-selective substrates in (HLM)
with H,-receptor antagonists. The data on cimetidine (b) is from Knodell et al. [182], where the mark-
ers reactions were: /A2 ethoxyresorufine deethylase, 2C9 tobultamide hydroxylase, 2C19 hexobarbi-
tal hydroxylase, 2D6 bufuralol hydroxylase, 2E aniline hydroxylase, 3A4 an average of responses
of nifedipine oxidase and erythromycin demethylase. The other data are from Martinez et al. [183],
where the marker reactions are: /A2 caffeine N-demethylation to paraxanthine, 2D6 dextrometho-
rphan O-demethylation, and 344 dextromethorphan N-demethylation

inhibitory effects on P450 2D6>1A2 and 3A4. Ranitidine and ebrotidine had some,
but relatively less inhibitory effects on these P450s.

Klotz et al. [184] compared the spectral dissociation constants of the H,-receptor
antagonists with (HLM) and determined the following K values: oxmetidine,
0.2 mM; cimetidine, 0.87 mM; ranitidine, 5.1 mM; famotidine and nizatidine, no
effect up to 4 mM. In another in vitro comparison of the effect of cimetidine
and nizatidine on the 1’-hydroxylation of midazolam in (HLM), Wrighton and Ring
[39] determined Ks of 268 and 2,860 uM, respectively. For comparative purposes,
the K:s of ketoconazole and nifidipine were 0.11 and 22 pM. With the exception of
oxmetidine, for which only a single clinical study was performed, these in vitro
findings will favorably describe the interactions seen between the H,-receptor
antagonists and benzodiazepines that rely upon P450-mediated metabolism for
their elimination.

Coadministration of multiple doses of cimetidine has been found to diminish
the elimination of a number of benzodiazepines (Table 2.20), that include: adina-
zolam [185], alprazolam [186, 187], bromazepam [188], chlordiazepoxide [189],
clobazam [190], clorazepate [191], diazepam [178, 192—-197], flurazepam [198],
midazolam [169, 199], nitrazepam [200], nordiazepam [201], and triazolam
[186, 187, 202]. Single doses of cimetidine seem to have milder effect, but have
been found to diminish the elimination of diazepam [203] and midazolam
[183, 204, 205] in a dose-dependent fashion (Table 2.20). In all studies, but one,
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Table 2.20 Drug interactions with H,-receptor antagonists

Inhibitor/Benzo Dose N T Ciu t, AUC Cl PhDyn Reference
Cimetidine 800-1,000 mg/d in divided doses, multidose
Adinazolam 20/d, or (md) 6f, 6m  1.33 1.39% 1.08 1.45%  0.67* ++ [185]
N-desmethyl 144 1.19 1.08 1.43*
Adinazolam 40/d, or (md) 6f,6m  1.09 1.21* 1.18 1.44%  0.73* ++ [185]
N-desmethyl 1.00 1.25%  0.95 1.27*
Adinazolam 60/d,or (md) 6f, 6m  1.06 1.26* 1.35%  1.36% 0.75% ++ [185]
N-desmethyl 1.25 1.25% 1.00 1.32%
Alprazolam 1, or 9 1.00 1.03 1.34% 0.63* [186]
Alprazolam 0.5,3/d(md) 4f,4m 090 1.85* 1.16 1.73*  0.59* [187]
Bromazepam 6, or 26f,6m 191 1.22 1.26* 0.50* [188]
Chlordiazepoxide 0.6/kg, iv 4f, 4m 2.36%* 0.37* [189]
Clobazam 30, or 9m 1.12 091 L.11*  1.17* [429]
N-desmethyl 0.98 1.03 1.11
Clobazam 30, or 6 0.59 1.16 1.39*  1.59 [190]
N-desmethyl 1.54 1.29% 1.90% 1.57*
N-Desmethylclobazam 30, or 5 1.68 1.04 1.24%  1.37% [190]
Clorazepate 15, or 3 young 1.62% 0.67* [191]
Clorazepate 15, or 5 elderly 1.71% 0.53%* [191]
Clotiazepam 5, or 11 0.97 0.95 [153]
Diazepam 0.1/kg 2f, 4m 1.53%* 0.57% ++ [192]
Diazepam 5, or (md) 6 1.38ss*  2.56%* 0.67* [193]
Diazepam 10, or 3f, 4m 1.33*  1.76* 0.50* 0 [194]
Diazepam 10, iv 8 1.47* 0.76* [195]
Diazepam 5-30,0r (md) 3f, 7m 1.39ss* ++ [196]
N-desmethyl 1.38ss*
Diazepam 10, iv 11m 1.32%  1.20% 0.73* [215]
N-desmethyl 1.19%
Diazepam 0.1/kg, iv 12m 1.39%  1.53* 0.58% [197]
N-desmethyl 0.81*
Diazepam 10, or (md) 6m 1.57* 1.81*% 1.83* [178]
N-desmethyl 1.59%* 1.49*%  1.59%
Flurazepam 30, or 6m 1.43 1.10 1.50*% 1.46 [198]
Lorazepam 2,iv 4f, 4m 0.90 1.21 [206]
Lorazepam 2,iv 8 1.10 0.96 [195]
Lorazepam 2, or 6m 0.81 0.88 1.00 097 [198]
Midazolam 15, or Sm 0.72 2.38* 120  2.02* 0.52% [169]
Midazolam 15, or 1f, 7m 1.07 1.35% [199]
Midazolam 0.07/kg, iv 10m +++ [430]
Nitrazepam 5-10, or 6m 0.81 1.00 1.25% 0.83%* [200]
Nordiazepam 20, or 2f, 3m 1.40%* 0.72% ++ [201]
Oxazepam 50, or 2f, 3m 0.90 087 0 [201]
Oxazepam 45, or 2f, 2m 0.78 1.37 [206]
Oxazepam 30, or 4f, 4m 141 0.95 1.04 1.11%* [198]
Temazepam 20, or If,4m  0.74 0.87 0.84 099 0.85 [169]

(continued)
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Inhibitor/Benzo Dose N T. Ciu t, AUC (1 PhDyn Reference
Temazepam 30, or 9 0.95 0.89 1.15 1.01 [207]
Triazolam 0.5, or 9 1.06 1.20 0.97 1.54%  0.66* [186]
Triazolam 0.5,or(md) 2f,6m 140 1.51* 1.68*%  2.22% 0.45* [187]
Triazolam 0.5, or 4m 1.06 1.51* 1.01 1.54%* [202]
Cimetidine 400 (mid b) 800 mg (mid a,c) oral, 200 (dia a, lor a) 400 iv (dia b, lor b) single dose
Diazepam a 10, or 5/5 1.00 1.26 [203]
Diazepam b 10, or 5/5 0.50 1.34* [203]
Lorazepam a 2.5, 0or 777 1.00 1.12 [203]
Lorazepam b 2.5, 0or 6/7 1.00 1.24 [203]
Midazolam a 0.025/kg/h 8m 1.26s8s%* 0 [204]
Midazolam b 15, or 6 0.81 1.37* 1.61 1.36* +++ [205]
Midazolam ¢ 7.5, or 8m 1.46*% 1.50* 0.68* [183]
Ranitidine 150 mg 2/d, oral multidose
Diazepam 5, or (md) 6 0.74* 1.06 1.33* [208]
Diazepam 0.1/kg, iv 4 1.04 1.04 [208]
Diazepam 10, iv 10m 0.89 0.93 [211]
Diazepam 10, iv 9 1.04 1.04 [212]
Lorazepam 2,iv 10m 0.97 1.09 [211]
Midazolam 15, or Sm 1.53% 1.66* + [209]
Midazolam 15, or 5m 0.93 1.52% 1.00 1.66* 0.59 [169]
Midazolam 10, or 321732f ++ [431]
Midazolam 15, or If, 7m 1.21%  1.23%* [199]
Midazolam 0.07/kg, iv 8/10 0 [430]
Temazepam 20, or 1f, 4m 1.10 0.95 1.20 1.15 0.85 [169]
Temazepam 20, or 20/20 0 [431]
Triazolam 0.25, or 12m 1.00 1.30 0.97 1.27* [210]
Triazolam 0.25, iv 12m 0.79 1.01 0.99 1.01 [210]
Ranitidine 300 mg, oral, single dose
Adinazolam 30, or 12m 0.86 1.03 1.00 0.99 1.01 0 [213]
N-desmethyl 0.75 1.01 1.07 1.02
Midazolam 0.05/kginf  8m 1.08ss [204]
Midazolam 7.5, or 8m 1.29 .32 0.82 [183]
Famotidine 40 mg 2/d, oral multidose
Diazepam 0.1/kg, iv 8m 0.86 1.11 0 [214]
Diazepam 10, iv 11m 096 097 1.01 [215]
N-desmethyl 1.02
Diazepam 10, iv 8 0.86 1.14 [212]
Oxmetidine 800 mg/d, oral multidose
Diazepam 10, iv 8 1.12 0.94 [212]
Nizatidine 300 mg/d, oral multidose
Diazepam 10, or 9 1.07 0.95 [212]
Ebrotidine 400 mg, oral
Midazolam 7.5, or 8m 0.79 1.07 0.85 [183]




68 D.E. Moody

Fig. 2.12 The equilibrium reaction between triazolam and its benzophenone. Formation of the
benzophenone is favored at pH<4. As the benzophenone would not be absorbed as effectively as
triazolam, it was postulated that agents that increase stomach pH would decrease the amount of the
benzophenone and thereby increase the absorption of the benzodiazepine. While this conversion is
useful for the gas chromatographic detection of many benzodiazepines, as explained in the text, it
does not appear to impact drug interactions involving agents that change stomach pH

that monitored pharmacodynamic effects these were mildly diminished also
(Table 2.20). Gough et al. [194] found inhibition of diazepam pharmacokinetics
without any change in the monitored pharmacodynamic measures. Lorazepam
[195, 198, 203, 206], and oxazepam [198, 201, 206], which are exclusively
glucuronidated, and temazepam [169, 207], which can be glucuronidated with-
out further metabolism, were resistant to the effects of cimetidine (Table 2.20).
The outlier in this scheme is clotiazepam, which appears to require P450-
dependent metabolism, but was unaffected by cimetidine. It was also resistant to
inhibitory effects by ethanol [153].

Multidose ranitidine inhibited the elimination of oral diazepam [208], midazo-
lam [169, 199, 209], and triazolam [210], but was ineffective against intravenous
doses of these benzodiazepines [208, 210-212], intravenous lorazepam [211], and
oral temazepam [169]. A single dose of ranitidine had no effect on oral adinazolam
[213], oral midazolam [183], or infused midazolam [204]. Multidose famotidine
[184, 214, 215], oxmetidine [184], and nizatidine [184] had no effect on the phar-
macokinetics of intravenous diazepam. A single dose of ebrotidine had no effect on
oral midazolam [183] (Table 2.20).

Vanderveen et al. [210] found that ranitidine diminished the elimination of oral,
but not intravenous triazolam. They hypothesized that the increase in pH after ran-
itidine was responsible for the diminished elimination of oral triazolam. The basis
of their hypothesis was that at acidic pH triazolam is in equilibrium with its more
poorly absorbed benzophenone (Fig. 2.12). With increased pH, less benzophenone
is formed, and more triazolam is absorbed [210]. The prior findings of Cox et al.
[202], however, seem to dispute this hypothesis. They administered intraduodenal
infusions of triazolam in solutions at pH 2.3, where 47% was the benzophenone,
and pH 6.0, with negligible benzophenone, and found no difference in the pharma-
cokinetics. Ranitidine does appear to inhibit the metabolism of some benzodiaz-
epines. This appears to be limited to first-pass metabolism within either the
gastrointestinal tract or the liver.
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Fig. 2.13 Inhibition of P450-selective pathways in (HLM) by omeprazole and lansoprazole.
Omeprazole-a is from [216], where the pathways for were: 2D6 bufuralol 1'-hydroxylation, 2C19,
2C19, S-mephenytoin 4'-hydroxylation, and 344 midazolam 1'-hydroxylation. Omeprazone-b and
lansoprazole-b are from [217], where the pathways were: 2D6 dextromethorphan O-demethylation,
2C9 tolbutamide 4-methylhydroxylation, 2C79 2C19, S-mephenytoin 4'-hydroxylation, and 3A4
dextromethorphan N-demethylation

Interactions with H*-K* ATPase Inhibitors (Proton Pump Inhibitors)

The H*-K* ATPase, or proton pump, inhibitors suppress gastric acid secretion and
are used to treat gastric ulcer, duodenal ulcer, gastroesophageal reflux, and other
hypersecretory states. Omeprazole has been best characterized as an inhibitor of
P450 2C19, and can cause drug interactions with drugs that are 2C19 substrates. In
vitro, both omeprazole and lansoprazole inhibit 2C19 with Ks tenfold lower than
those for inhibition of other P450s (Fig. 2.13) [216, 217]. Data on the in vitro inhibi-
tion of P450s by pantoprazole was not found. In vivo, only omeprazole is the only
consistent inhibitor of P450 2C19 [218, 219]. This is seen with their effects on diaz-
epam pharmacokinetics (Table 2.21). In four different studies, omeprazole was
found to inhibit elimination of either intravenous or oral diazepam [197, 220-222].
Andersson et al. further demonstrated that omeprazole did not effect diazepam
pharmacokinetics in 2C19 poor metabolizers [221]. Lansoprazole [223] and panto-
prazole [224] had no effect on the pharmacokinetics of diazepam (Table 2.21).

Interactions with Imidazole Antifungal Agents
The imidazole antifungal agents are well known for their ability to inhibit

P450-mediated drug metabolism [225]. Ketoconazole is the prototype, and is an often
used 3A4-selective inhibitor. Most studies comparing the effects of the imidazole
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Table 2.21 Drug interactions with H*-K* ATPase inhibitor antisecretory agents

Inhibitor/Benzo Dose N T . Cow tin AUC (I PhDyn Reference

Omeprazole 20 mg/d (dia b, c), 40 mg/d (dia a, d), oral multidose

Diazepam a 0.1/kg,iv  8m 2.30* 0.45* [220]

Diazepam b 0.1/kg,iv  12m 1.36* 1.39* 0.73* [197]

Diazepam c 0.1/kg,iv 6 2C19em 1.20% 2.34* 0.74% [221]

Diazepam c 0.1/kg,iv. 4 2C19pm 095 1.10 0.90 [221]

Diazepam d 10, or 8m Chi, em 0.95 0.76* [222]
N-desmethyl 1.03  1.24*

Diazepam d 10, or 7m Cau, em 1.34% 0.61%* [222]
N-desmethyl 1.58* 1.41*

Lansoprazole 60 mg, oral/d, multidose

Diazepam 0.1/kg,iv 12m 1.11 1.12 091 [223]

Pantoprazole 240 mg, iv/d, multidose

Diazepam 0.1/kg,iv  7f, Sm 091 099 1.01 [224]

antifungal agents on different P450s have utilized ketoconazole [22-24, 226]. These
demonstrate that ketoconazole can inhibit many P450s, but that its ability to inhibit
3A4 at concentrations of = 1 uM makes it 10-100 times more specific for this P450
gene product (Fig. 2.14a). Studies comparing the inhibitory ability of the other
imidazole antifungal agents are limited. That by Maurice et al. [226], who studied
inhibition of cyclosporin oxidase, suggests a ranking of: clotrimazole, ketocon-
azole >miconazole >>fluconazole > secnidazole > metronidazole (Fig. 2.14b). von
Moltke et al. [41, 227] found a similar ranking, ketoconazole >itraconazole >flu-
conazole for the inhibition of midazolam o- and 4-hydroxylation and for triazo-
lam o~ and 4-hydroxylation (not shown). Jurima-Romet at al. studied another 3A4
substrate, terfenadine, and found ketoconazole, itraconazole, and fluconazole had
almost equivalent K s [228]. When studying the inhibition of 2C9 using tolbutamide
as the substrate, Back et al. found miconazole, with an IC50 of 0.85 uM, was
the most potent inhibitor of 2C9, with a relative ranking of miconazole >clo-
trimazole >ketoconazole, fluconazole>terconazole>metronidazole (Fig. 2.14b).
Tassaneeyakul et al. [229] studied the effect of the azoles on 2E1-mediated 4-nitro-
phenol hydroxylation. While fluconazole, itraconazole, and ketoconazole were
without effect, miconazole, bifonazole, clotrimazole, and econazole inhibited the
activity with Ks of 4,7, 12, and 25 uM (not shown).

In clinical studies on drug interactions between benzodiazepines and the imida-
zole antifungal agents, the responses appear to follow inhibition of P450 3A4 poten-
cies (Table 2.22). Ketoconazole has been found to inhibit the elimination of
alprazolam [230, 231], chlordiazepoxide [232], midazolam [233], and triazolam
[47, 230, 234] (Table 2.22). Fluconazole has been found to inhibit the elimination
of midazolam [235, 236], and triazolam [237], but not bromazepam [238] (Table 2.2).
Itraconazole has been found to inhibit the elimination of alprazolam [239], diaze-
pam [240], midazolam [233, 235, 241], and triazolam [234, 242]. Metronidazole
and had no effect on the elimination of alprazolam [243], diazepam [244], loraze-
pam [243], or midazolam [245]. The same was true for the non-imidazole antifungal
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Fig. 2.14 Inhibition of human liver P450s by imidazole antifungal agents. (a) The inhibition of
different P450s by ketoconazole in (HLM) from Maurice et al. [226] where the marker activities
are: /A2 phenacetin O-deethylase, 246, coumarin 7a-hydroxylase, 2B6 benzphetamine demethy-
lase, 2C19, mephenytoin 4-hydroxylase, 2D6 debrisoquine 4-hydroxylase, 2E/ aniline hydroxy-
lase, and 3A4 cyclosporin oxidase, and in cDNA-expressed P450s from Sai et al. [24]. (b) Inhibition
of P450 3A4 and 2C9 in (HLM) by different imidazoles. The cyclosporin data are from Maurice
et al. [226]; the terfenadine data are from Jurima-Romet et al. [228]; and the tolbutamide data are
from Back et al. [434]

agent, terbinafine, on midazolam [241] and triazolam [246] (Table 2.22). The
increases in AUC for midazolam were 15.9, 10.8, and 3.59 following ketoconazole,
itraconazole, and fluconazole, respectively (Table 2.22). A similar potency was seen
with triazolam of 13.7, 8.15, and 3.65 (Table 2.22).

For studies that followed the pharmacodynamic effects of benzodiazepines, the
imidazole antifungal agents were found to diminish these in all cases (Table 2.22).
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PhDyn Reference

Inhibitor/Benzo  Dose N Toax Cox  tin AUC (1
Ketoconazole 200 mg 2/d, 400 mg 1/d (chlor, mid, tri a), oral multidose
Alprazolam 1, or Tm 1.07 1.10 3.88* 3.98* (0.31*
Alprazolam 1, or 9 0.83 1.08 145*% 1.76% 0.54*
Chlordiazepoxide 0.6/kg,iv. 6m 1.82%  1.54%  0.62%
N-desmethyl 0.64*
Demoxepam 0.70%*
Midazolam 7.5, or 7f,2m 1.84* 4.09* 3.11* 15.9*
Triazolam a 0.25,or 6f 3m 1.67* 3.07* 6.45* 8.15%
Triazolam b 0.125,0or 2f,7m 145 2.27%* 397* 9.16% 0.12*
Triazolam ¢ 0.25,or 7m 1.58 2.08* 6.10* 13.7% 0.09

Fluconazole

Bromazepam
Bromazepam
Midazolam a
Midazolam a
Midazolam b
1-hydroxy
Midazolam ¢
1-hydroxy
Triazolam a
Triazolam b
Triazolam c
Triazolam d

Itraconazole
Alprazolam
Diazepam
N-desmethyl

Midazolam a
Midazolam b
Midazolam ¢
Midazolam d

Triazolam a
Triazolam b
Metronidazole
Alprazolam
Diazepam
Lorazepam
Midazolam
1-hydroxy

Terbinafine
Midazolam
Triazolam

+++  [230]
[231]
[232]
+++  [233]
+++  [234]
+++  [47]
+++  [230]

50 mg/d (tri b), 100 mg/d (bro, tri a,c), 200 mg/d (tri d, mid a) oral multidose
single 400 mg oral (mid c) versus iv (mid b)

0.89
0.86
0.49%

0.39*

0.31%*

1.18
1.23
1.15

0 [238]
0 [238]
++ [235]
++ [235]
++ [236]
++ [236]
+++  [246]
0 [237]
++ [237]
++++  [237]

++ [239]
0 [240]
+++  [233]
+++  [241]
+ [235]
+ [235]
++++  [234]
++ [242]

[243]

[244]

[243]
0 [245]
0 [241]

3, or 12m 1.60 099 1.00 1.09
3,rectal 12m 092 098 1.00 1.09
0.05/kg, iv 5f, Tm 1.52%
7.5, or 5f,7m 1.70 1.74* 2.14* 3.59*
7.5, or 4f,5m 2.00 1.79* 2.23* 3.,08%*
1.24 242*% 1.50%
7.5, or 4f,5Sm 2.00 2.30* 2.23* 341%*
.11 2.57*  1.56*
0.25,0r  10f, 2m 1.11* 1.25% 1.84* 2.46*
0.25,0or 5f,3m 1.15 1.47% 1.29* 1.59*
0.25,or  5f,3m 1.92*% 1.40%* 1.77* 1.99*
0.25,0or  5f,3m 1.54* 2.33* 2.26* 3.65%
200 mg/d,100 mg/d (mid b) oral multidose, 200 mg once at —3 h (tri b)
0.8, or 10m 194 129 257* 1.62%
5, or 5f,5m 0.81 1.06 1.34* 1.34%
0.99 0.97
7.5, or 7f,2m 1.54 3.41* 2.82*% 10.8*
7.5, or 8f,4m 0.80 2.56* 2.08* 5.74*
7.5, 0r 5f,7m 1.80 2.51*% 3.59* 6.64*
0.05/kg  5f,7m 2.41%
(md)
0.25,0or 4f,3m 2.67* 2.80* 6.76* 8.15*
0.25,0r 4f,6m 1.94* 1.76* 3.11* 2.83*
400 mg, or 2/d
1, or 4f,6m 0.79 1.05 094
0.1/kg,iv 3f, 3m 1.00
2,iv 4f, 4m 0.85
15, or 6f,4m 125 0.94 1.10 0.91
1.00 1.00 0.76 0.88
250 mg/d, multidose
7.5, 0r 8f,4m 0.8 082 092 0.75
0.25,0or  10f,2m 0.83* 0.85 0.86 0.81

0 [246]
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Their ability to do this followed the same potency ranking as was their effects on the
pharmacokinetics, ketoconazole >itraconazole > fluconazole. Indeed, multiple doses
of ketoconazole strongly enhanced the pharmacodynamic effects of triazolam and
midazolam; triazolam was also strongly enhanced by itraconazole and fluconazole.
These imidazole antifungals were some of the most potent inhibitors found during
the research for this chapter.

Interactions with Serotonin Selective Reuptake Inhibitors

The serotonin selective reuptake inhibitors (SSRIs) are fairly potent inhibitors of
human liver P450s (Fig. 2.15). They are most active against P450 2D6, where they
have relative potency of paroxetine>flouxetine > sertraline, fluvoxamine > citalo-
pram > venalafaxine, nefazodone, with K s ranging from 0.07 to 33 uM (Fig. 2.15a)
[247-250]. Their inhibitory action, however, is not limited to P450 2D6. P450
3A4-dependent metabolism of alprazolam is inhibited with K s ranging from 10 to
83 uM (fluvoxamine>nefazodone, sertraline>paroxetine>fluoxetine); 2C19
metabolism of mephenytoin with K s ranging from 1.1 to 87; and 2C9 metabolism
of phenytoin with K s ranging from 6 to 66 uM (Fig. 2.15b) [249-251]. Of particular
importance for this class of drugs is that the initial metabolite often has equal inhibi-
tory potency to the parent drug (Fig. 2.15). This is seen with midazolam where the
substrate inhibition constant for a-hydroxylation was 1.4 and 11.5 uM for norfluox-
etine and fluoxetine; those for 4-hydroxylation were 17 and 67 uM [41].

Since benzodiazepines that undergo oxidative metabolism are primarily P450
3A4 (or 2C19) substrates, they are not affected by SSRI comedication to the extent
of some P450 2D6 substrates. Pharmacokinetically significant drug interactions
have, however, been identified (Table 2.23). Fluoxetine was found to inhibit the
elimination of alprazolam [252, 253], and diazepam [254], but was reported as
without effect on clonazepam [253] and triazolam [255].

During one of the studies on alprazolam, Greenblatt et al. [253] demonstrated the
clinical relevance of the inhibition by the metabolite, norfluoxetine. Subjects were
randomly allocated to either the placebo-fluoxetine or fluoxetine-placebo order of
study, with a 14-day washout period between sessions. For subjects that took placebo
first, the inhibition of alprazolam elimination was significant; for those that took
fluoxetine first, it was not. The reason for this was that in subjects that took fluoxetine
first, norfluoxetine plasma concentrations were still quite high [253]. During the
8 days of active treatment with fluoxetine, mean norfluoxetine concentrations rose
from 25 to 80 ng/mL. During the 14-31 days after cessation of treatment they went
from 55 to 45 ng/mL [253]. Further discussion on the effect of long half-life of SSRI
metabolites can be found in the chapter by M. Mozayani in this monograph.

Fluvoxamine was found to inhibit the elimination of diazepam [256] and mida-
zolam [257]. Nefazodone was found to inhibit the elimination of alprazolam and
triazolam [258-260], but not lorazepam [258, 261]. Sertraline had no effect on clon-
azepam [262] or diazepam [263]. While venlafaxine actually enhanced the elimina-
tion of alprazolam [264] and diazepam [265] (Table 2.23).
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Fig. 2.15 Inhibition of human liver P450s by the selective serotonin reuptake inhibitors.
(a) Inhibition of P450 2D6 activities. The data are from Crewe et al. [247] using sparteine
2-dehydrogenation, and Otton et al. [248], Schmider at al. [249], and Brosen et al. [250] using
dextromethorphan O-demethylation. (b) Inhibition of other P450s. The 1A2, 2C19, and 3A4
(except Nefazodone and metabolites) data are from Brosen et al. [250] using paracetamol,
S-mephenytoin, and alprazolam as the respective substrates. The 3A4 inhibition by Nefazodone
and metabolites is from Schmider et al. [249] using dextromethorphan N-demethylation, and the
2C9 data are from Schmider at al. [251] using phenytoin p-hydroxylation
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Table 2.23 Drug interactions with antidepressants

Inhibitor/Benzo Dose N Toox  Coax  tin AUC (1 PhDyn Reference

Fluoxetine 60 mg/d (tria, alp a) or 20 mg 2/d (clon, alp b)

Alprazolama 1,or (md) 20/20 1.33ss*1.27* ++ [252]

Alprazolamb 1, or 6m 071 146 1.17* 1.26* 0.79* [253]

Clonazepam 1, or 6m 0.46* 1.22* 0.93 099 1.01 [253]

Diazepam 10, or 6m 1.50* 1.48* 0.62* 0 [254]
N-desmethyl 0.65*

Triazolam 0.25, or 19 0.71 1.10 1.01 1.02 093 [255]

Fluvoxamine  Titrated up to 150 mg/d, multidose

Diazepam 10, or 4f,4m 133 132 2.31* 2.80* 0.35% [256]
N-desmethyl 3.32% 1.15 1.41*

Midazolam 0.025/kg, iv 10f, 10m 0.67* [257]

Nefazodone 200 mg oral 2/d, multidose

Alprazolam l,or (md) 12/12 1.14  1.60* 2.05* 1.98* +++  [258,259]
1-hydroxy 2.00 1.00
4-hydroxy 2.00 0.64* 0.72*

Lorazepam 2,0or (md) 12/12 0.88 099 091 1.02 0 [258, 261]

Triazolam 0.25, or 12m 220 1.66* 4.59*% 3.90* +++  [258,260]

Sertraline 100 mg 1/d (clon), 50 increased to 200 mg 1/d (dia), or multidose

Clonazepam 1, or (md) 8f, 8m 0.96 1.10 0 [262]
7-amino 0.78% 1.05

Diazepam 10, iv 10/10 0.88 0.92 [263]
N-desmethyl 1.23  1.26 1.13

Venlafaxine 37.5 mg 2/d (alp), or 50 mg 3/d (dia), oral multidose

Alprazolam 2, or If, 15m 0.80 0.94 0.79* 0.71* 1.37* - [264]

Diazepam 10, or 18m 0.86 1.07 0.84* 1.08* — [265]
N-desmethyl 0.88 0.93 091 1.02

Where studied, the effects of the SSRIs on the pharmacodynamics of the
benzodiazepine reflected their effect on its pharmacokinetics (Table 2.23).
Nefazodone had greater inhibitory effect on alprazolam than did fluoxetine, and in
turn enhanced the pharmacokinetics of alprazolam to a greater extent [252, 258,
259]. The pharmacodynamics of lorazepam and clonazepam were not affected by
nefazodone or sertraline, respectively, as was not their pharmacokinetics [258, 261,
262]. The enhanced elimination of alprazolam and diazepam caused by venlafaxine
was associated with diminished pharmacodynamics. An exception was the study on
diazepam and fluoxetine, where a pharmacokinetic interaction was found, but there
was no effect on the pharmacodynamic measures in the study [254] (Table 2.23).

Interactions with Oral Contraceptives
The oral contraceptives are known to interfere with the elimination of a number of

drugs [266]. Oral contraceptives vary in their composition, but in general they con-
tain an estrogen and a progestin. These can be given in combination or in sequence.
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Fig. 2.16 Inhibition of human liver P450s by progestogens. Data are taken from Back et al. [268]
where marker assays were performed in (HLM) after coincubation with the progestogens. The
values shown are the percentage of control after use of the highest concentration of the progesto-
gen. The substrates and concentration of progestogens were: 3A4 (ee) ethinylestradiol, 100 uM;
3A4 (diaz) diazepam hydroxylation, 100 uM; 3A4 (cyc) cyclosporin hydroxylation, 50 uM; 2C19
(diaz) diazepam N-demethylation, 100 uM; and 2C9 (tol) tolbutamide, 25 pM

In most oral contraceptives the estrogen is ethinylestradiol. Ethinylestradiol is a
mechanism-based inhibitor of P450 3A4 [267]. A number of progesterones are used
including, norethindrone, norgestrel, levonorgestrel, ethynodiol diacetate, norethis-
terone, desogestrel, 3-keto-desogestrel, gestodene, and norgestmate. In a study by
Back et al. [268] the progestins studied were found to inhibit a number of P450s
(3A4, 2C19, and 2C9), but with IC s in the 25 t0>100 uM range (Fig. 2.16). In
combination with the inhibition of P450-mediated reactions, oral contraceptives are
also inducers of glucuronidation.

A number of studies compared the pharmacokinetics of benzodiazepines in
woman who did not use oral contraceptives (Table 2.24). Inhibition of the elimina-
tion of benzodiazepines primarily metabolized by P450 has been found for alprazolam
[269], chlordiazepoxide [270, 271], clotiazepam [153], diazepam [272, 273], mida-
zolam [274], nitrazepam [275], and triazolam [269]. No effect was found in another
study on alprazolam [276], for bromazepam [188], with intramuscular midazolam
[277] or in a study that compared unlabeled intravenous midazolam to | N*-labeled
oral midazolam [278]. In contrast, the elimination of benzodiazepines depending
primarily on glucuronidation was enhanced as found for lorazepam [269, 271, 279],
oxazepam [271, 279] and temazeapm [269].
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Table 2.24 Drug interactions with oral contraceptives
Inhibitor/Benzo  Dose N T C tin AUC C(Cl PhDyn Reference

max ‘max

Regular therapeutic doses of low-dose estrogen

Alprazolam 1, or 10/10 0.71 1.18 1.29* 1.35*% 0.79*% + [269, 281]
Alprazolam 1, or 16/23 1.03 1.07 1.02 [276]
Bromazepam 6, or 1177 091 1.14 1.06 0.99 [188]
Chlordiazepoxide 0.6/kg,iv 7/11 1.64 0.66 [270]
Chlordiazepoxide 0.6/kg,iv 6/6 1.77% 0.40%* [271]
Clotiazepam 5, or 6/8 2.27 1.01 [153]
Diazepam 10, iv 5/10 1.83* 0.51%* [272]
Diazepam 10, iv 8/8 1.47* 0.60* [273]
Lorazepam 2,1iv 15/15 0.93 1.20 [279]
Lorazepam 2,1v 7/8 0.43* 3.73* [271]
Glucuronide 6.00* 1.50%*
Lorazepam 2, or 11/9 086 1.06 0.78* 094 1.12 + [269, 281]
Midazolam 7.5,im 8/7 1.17 0.78 1.61 0.84 1.11 [277]
1-hydroxy 0.94 0.88 0.94 0.89
Midazolam 7.5, or of 1.00 1.16 1.10 1.20%* 0 [274]
1-hydroxy 1.00 1.25 1.30 1.43%*
Midazolam 0.05/kg, iv 9f 1.09 093 108 O [278]
"N,-Midazolam 3, or of 0.78 1.06 0.89 .10 092 0 [278]
Nitrazepam 5, or 6/6 1.19 1.17 1.00 0.82 [275]
Oxazepam 30, or 17/14 0.94 1.27 [279]
Oxazepam 45, or 5/6 0.64 2.57* [271]
Temazepam 30, or 10/10 0.89 0.82 0.60* 0.61* 1.62* 0 [269, 281]
Triazolam 0.5, or 10/10 1.50 1.06 1.16 144 147 + [269, 281]
Conjugated estrogens (0.625 mg) + medroxyprogesterone (5 mg)
Midazolam 3, or 10/10 1.20 1.18 0.89 [280]

In a study on conjugated estrogens and medroxyprogesterone at doses used for
estrogen replacement therapy, no or minimal effect was found on the pharmacoki-
netics of midazolam [280] (Table 2.24).

The changes in woman taking oral contraceptives were not dramatic. In studies
on the pharmacodynamic responses no effect was found for midazolam [274, 278]
or temazepam [281]. Interestingly, Kroboth et al. [281] found minimal stimulation
to the benzodiazepine effect in woman taking oral contraceptives along with alpra-
zolam, triazolam, and lorazepam. The finding for lorazepam was contrary to the
pharmacokinetic response. In a subsequent study, Kroboth and McAuley [282]
discuss these findings in light of the ability of a progesterone metabolite3a-, Sa-
tetrahydroprogesterone to bind to the GABA receptor and enhance binding of
benzodiazepines. Pretreatment with progesterone was found to enhance the phar-
macodynamic effects of triazolam. These findings suggest that the progesterones
used in oral contraceptives and estrogen replacement therapy may stimulate the
action of benzodiazepines despite their actions on the pharmacokinetics of the
benzodiazepine.
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Fig. 2.17 The induction of cyclosporin oxidase activity, a marker for P450 3A4, in primary
cultures of human hepatocytes. The data are from Pichard et al. [283], the dashed line shows 100%
control activity

Interactions with Anticonvulsants

The anticonvulsants include many medications that are known to induce P450s,
including P450 3A4. In an in vitro study using primary cultures of human hepato-
cytes, Pichard et al. [283] were able to produce this induction of both P450 3A4
content measured immunochemically and the 3A4-mediated activity, cyclosporin
oxidase, with the anticonvulsants phenobarbital and phenytoin (Fig. 2.17).
Carbamazepine induced 3A4 content, but reduced its activity. This reduction was
not found in (HLM), and was attributed by the authors to cellular toxicity at the
doses used in the induction study [283].

Clinical studies following epileptic patients who use a mixture of anticonvulsants
that include carbamazepine and/or phenytoin when compared to non-medicated con-
trols have shown that anticonvulsant treatment enhances the elimination of clobazam
[284], diazepam [285], and midazolam [286] (Table 2.25). In a study comparing
patients taking non-inducing anticonvulsants, inducing anticonvulsants, and inducing
anticonvulsants that included felbamate, the ratio of N-desmethylclobazam to cloba-
zam were greatest in the latter group, suggesting that inductive properties of felbamate
[287]. The clearance of clorazepate was greater in epileptic patients taking phenytoin
and/or phenobarbital than for literature values for non-medicated subjects [288].

Controlled studies in healthy volunteers with carbamazepine alone have demon-
strated its ability to enhance the elimination of alprazolam [289], clobazepam
[290], and clonazepam [291] (Table 2.25). The effect of carbamazepine on alpra-
zolam is consistent with a case report on decreased alprazolam plasma concentra-
tions and effectiveness in a patient with atypical bipolar disorder once he was
started on carbamazepine treatment [292].
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Table 2.25 Drug interactions with anticonvulsants

Inhibitor/Benzo Dose N Toax Choa tin AUC (1 PhDyn Reference
Anticonvulsants several, but including carbamazepine and/or phenytoin
Clobazam 30, or 6/6 0.43%* [284]
N-desmethyl 2.90%*
Diazepam 10, iv 9/6 0.39* 2.58* [285]
N-desmethyl 0.71%* 1.50%
Midazolam 15, or 6/7 1.00 0.07* 0.42* 0.06* - [286]
Carbamazepine 100 mg 3/d (alp), 200 mg 2/d (clob), 200 mg 1/d (clon), oral multidose
Alprazolam 0.8, or Tm 0.62 1.11 0.45* 2.22% — [289]
Clobazam 20, or (md) 2f, 4m 0.38ss* 0.37* 2.58% [290]
N-desmethyl 1.44%  0.59%
Clonazepam 1,or (md) 2f, 5Sm 0.29ss* 0.70%* [291]
Valproic acid 250 or 500 mg 2/d (lor), 500 mg 3/d (diaz), or multidose
Diazepam 10, iv 6m 0.99 0.69* 1.45% [294]
Lorazepam 2,1iv 8m (Effect in 6 0.60%* [295]
of 8)
Glucuronide 0.42%*
Lorazepam 1, or 16m  1.05 1.08* 1.35% 1.20 0.69* = [296]

Valproic acid was found to increase the clearance of diazepam without any
effect on its t , this was attributed to the ability of valproic acid to displace diaz-
epam from it plasma protein binding sites [293, 294]. Valproic acid also decreases
the elimination of lorazepam, with decreases in clearance and increased t,, [295,
296]. This was shown to be due to inhibition of lorazepam glucuronide formation
[295] (Table 2.25).

In the study on carbamazepine and/or phenytoin on midazolam, the AUC and
C, . of midazolam were greatly reduced, to 5.7 and 7.4% of non-treated controls,
and the pharmacodynamic measures were significantly reduced [286]. When
alprazolam was given along with carbamazepine, only minimal diminution of the
pharmacodynamic effects was observed. The authors attributed this to the sedative
nature of carbamazepine [289], which would be greater in these non-tolerant volun-
teer subjects than in the epileptic patients used for the midazolam study. Sedation
scales were only minimally affected during the study on the interaction between
valproic acid and lorazepam [296].

Interactions with Cardiovascular Agents

Drug interactions of benzodiazepines have been found with a number of cardiovas-
cular agents, particularly the B-adrenoreceptor antagonists and the calcium channel
blockers. Information on the in vitro interactions of these drugs with P450s is essen-
tially limited to the calcium channel blockers (Fig. 2.18). Early studies found only
moderate to weak inhibitory action on P450 3A4 metabolism by calcium channel
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Fig. 2.18 Inhibition of P450s by calcium channel blockers. Data are from Ma et al. [299] using
the results after preincubation of the inhibitor with (HLM) and NADPH prior to addition of sub-
strate. Preincubation decreased the IC, s for all 3A4 inhibition except for mibefradil and nife-
dipine. Preincubation had no effect on inhibition of 2D6 or 2C9. Bars extending above the dashed
line had IC_ s greater than 150 uM (100 uM for verapamil and 2C9)

blockers; the percent inhibition of cyclosporin oxidation using 50 uM nicardipine,
nifedipine, verapamil, and diltiazem was 81, 17, 29, and 20, respectively, when the
inhibitor was added at the start of the reaction [297]. More recently, Sutton et al.
[298] found that the N-desmethyl- and N,N-didesmethyl- metabolites of diltiazem
were much more potent inhibitors of 3A4 activity (respective IC,s of 11 and
0.6 uM) than the parent compound (IC, of 120 uM). When diltiazem was preincu-
bated with microsomes and NADPH prior to addition of substrate its effective
inhibitory potential greatly increased due to metabolite formation. In a subsequent
study, Ma et al. [299] tested the ability of a number of calcium channel blockers to
inhibit 3A4, 2D6, and 2C9 activities (Fig. 2.18). For all, except mibefradil and nife-
dipine, inhibition of 3A4 was enhanced with preincubation in the presence of
NADPH; this did not have any effect on inhibition of 2C9 or 2D6 activities. Whether
the preincubation effect was due to generation of more active metabolites, or some
other mechanism-based or metabolite intermediary complex formation route of
inhibition has not been determined except for diltiazem. Although metabolites of
propranolol are known to bind to microsomes [300] no studies were found on P450
selective inhibition by this or other 3-adrenoreceptor antagonists, even though (as
seen below) they have been found to cause drug interactions.

Propranolol has mixed effects on benzodiazepines in clinical studies (Table 2.26).
It enhanced the elimination of alprazolam [301], it inhibited the elimination of
bromazepam [188] and diazepam [301, 302], and it had no effect on the elimination
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Table 2.26 Drug interactions with cardiovascular agents

Inhibitor/Benzo Dose N T ax Cox  tin AUC (I PhDyn Reference

Propranolol 80 mg, or 2-3/d, multidose

Alprazolam 1, or 6 1.50 0.79*% 0.86 1.38 [301]

Bromazepam 6, or 2f, 5m  0.97 1.19 1.20% 0.79 [188]

Diazepam 5,or(md) 12m 1.31  1.16 1.19 + [302]

Diazepam 5,iv 8 1.20 0.83* [301]

Lorazepam 2,1v 9 1.04 0.98 [301]

Propranolol 80 mg, orat0h

Oxazepam 15, or 2f,4m 091 0.84 0.93 1.09 = [303]

Metoprolol 100 mg, or 2/d, multidose

Bromazepam 6, or 12m 0.98 1.17 092 135 087 0 [304]

Diazepam 5,or (md) 12m 1.15  1.21* 1.25% + [302]

Diazepam 0.1/kg, iv 6m 1.27 0.81 + [305]

Lorazepam 2, or 12m 1.14 093 092 1.01 097 O [304]

Atenolol 25 mg, oral 2/d, multidose

Diazepam 5, or (md) 12m 1.23 1.08 1.06 0 [302]
N-desmethyl 1.00

Labetalol 200 mg, oratO h

Oxazepam 15 mg, or 2f,4m 1.00 091 0.95 090 0 [303]

Diltiazem 60 mg, or plus 0.1 mg/kg/h infusion during anesthesia

Midazolam 0.1/kg, iv 15/15 143  1.15%* [306]

Diltiazem 60 mg, or, 3/d, multidose

Midazolam 15, or of 1.09  2.05*% 1.49* 3.75% ++ [307]

Triazolam 0.25, or 7f,3m  1.50*% 1.86* 2.35% 2.83%* ++ [308]

Triazolam 0.25, or Tm 1.19 1.71* 1.85% 2.28%* ++ [309]

Verapamil 80 mg, or 3/d, multidose

Midazolam 15, or of 0.64 197*% 1.41* 2.92* ++ [307]

Mibefradil 50 mg, or 1/d, multidose

Triazolam 0.25, or 5f,2m  2.00% 1.89* 4.62* 8.36* +++  [310]

Isradipine 5 mg, or, multidose

Triazolam 0.25, or 5f,2m 1.00 094 0.78* 0.77* 0 [310]

of lorazepam [301] or oxazepam [303]. Metoprolol also inhibited the elimination of
bromazepam [304] and diazepam [302, 305] with no effect on lorazepam [304].
Atenolol and labetalol had no effect on the pharmacokinetics of diazepam [302] and
oxazepam [303], respectively. In the above studies, the inhibition of elimination was
only slight to mild, and where studied [302, 303, 305] there were only slight or no
effects on the pharmacodynamics of the benzodiazepines (Table 2.26).

Diltiazem has been shown to inhibit the elimination of intravenous [306] and oral
[307] midazolam and oral triazolam [308, 309]. Verapamil inhibits the elimination
of midazolam [307], and mibefradil the elimination of triazolam [310]. Isradipine
was without effect on triazolam [310]. The inhibitory calcium channel blockers had
significant enhancing effects on the pharmacodynamics of the benzodiazepines
[307-310] (Table 2.26).
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Fig. 2.19 The relative inhibitory potency of macrolide antibiotics toward P450 3A4 activities in
(HLM). The data for cyclosporin (oxidase) are from Marre et al. [316]. These incubations were
performed without preincubation of the inhibitors, which generally results in higher IC,s. The data
for midazolam (c-hydroxylation) and triazolam (o-hydroxylation) are from Greenblatt et al. [317]
and Zhao et al. [314], respectively. Both of these studies preincubated the microsomes with the
macrolide antibiotics prior to addition of substrate

Interactions with Antibiotics

Among the antibiotics, the antitubucular agent rifampin (rifampicin) is well
known for its ability to induce drug metabolism [311], as can also be seen in
in vitro systems (Fig. 2.17). The macrolide antibiotics are well-known inhibitors
of P450 3A4 [312]. The specificity of the macrolide antibiotics is exemplified
by troleandomycin, which is commonly used as a selective inhibitor of 3A4
(Table 2.9). Yamazaki and Shimada [313] have also demonstrated that erythro-
mycin, roxithromycin, and the M1, M2, and M3 metabolites of roxithromycin
inhibit P450 3A4 with no effect on activities selective for 1 A2 or 2C9. In a similar
study Zhao et al. [314] demonstrated that erythromycin, clarithromycin, rokita-
mycin, and the rokitamycin metabolite, LMA7, inhibit 3A4 selective activity
with no effect on 1A2, 2C9, or 2D6 activities. The macrolide antibiotics form
metabolite intermediate complexes with human liver microsomal P450 [313, 315].
This should be taken into consideration when comparing studies on the in vitro
inhibition with these compounds, as lower IC_ or K, values will be obtained when
the inhibitor is preincubated with the microsomes and a source of NADPH prior
to addition of substrate (Fig. 2.19). A number of studies have compared the ability
of the macrolide antibiotics to inhibit P450 3A4 selective activities [314, 316, 317].
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From these studies the relative inhibitory potency of the macrolide antibiotics can
be ranked as josamycin, troleandomycin >rokitamycin > erythromycin, clarithro-
mycin>roxithromycin >>azithromycin, spiramycin, the latter two having no
inhibitory effect at concentrations up to 250 uM (Fig. 2.19). The clinical studies
discussed below also address drug interactions with isoniazid. A recent study
found isoniazid was a mechanism-based inhibitor of P450 1A2, 2A6, 2C19, and
3A4 (respective K s of 56, 60, 10, and 36 uM), with little or no effect on 2D6 and
2E1 [318]. The fluoroquinolone antibiotics that include ciprofloxacin are also
addressed and are known to inhibit P450 1A2 activities both in vivo [319] and
in vitro [320, 321]. Their selectivity for that P450, however, has not been
established.

Generalized antitubercular treatment that included a combination of rifampin,
ethambutol, and isoniazid was found to result in significantly enhanced elimination
of diazepam [322] (Table 2.27). In the same study, ethambutol was found to have no
significant effect on diazepam elimination, while isoniazid actually inhibited the
elimination of diazepam [322]. This strongly suggested that the induction of diazepam
elimination was due to rifampin, which was subsequently confirmed by Ohnhaus
et al. [323]. Isoniazid has also been found to inhibit the elimination of triazolam
[324], while having no effect on oxazepam [324] or clotiazepam [153]. Rifampin
has also been shown to induce the elimination of alprazolam [231], midazolam
[325, 326], nitrazepam [327], and triazolam [328]; it had no or only a slight induc-
tive effect on temazepam [327] (Table 2.27). In the studies on midazolam [325, 326]
and triazolam [328], the induction of drug elimination almost negated any pharma-
codynamic effect of the benzodiazepine (Table 2.27).

Erythromycin has been found to inhibit the elimination of alprazolam [329],
diazepam [330], flunitrazepam [330], midazolam [331-333], and triazolam [317,
334]. It had little or no effect on the pharmacokinetics of temazepam [335]. Olkkola
et al. demonstrated that the effect of erythromycin was more potent for oral than
intravenous midazolam [332]. For oral midazolam, the erythromycin interaction
produced significantly enhanced pharmacodynamic reactions [331-333], while the
interaction of erythromycin with alprazolam [329], diazepam [330], flunitrazepam
[330], and intravenous midazolam [332] had little or no effect on the pharmacody-
namics of the drugs (Table 2.27). Troleandomycin [336] and clarithromycin [317]
inhibit the elimination of triazolam; the interaction with troleandomycin being asso-
ciated with a significant effect on its pharmacodynamics. Roxithromycin had a
small but significant effect on the pharmacokinetics and pharmacodynamics of
midazolam [337]. Azithromycin had no effect on the pharmacokinetics and pharma-
codynamics of midazolam [317, 333] (Table 2.27).

The fluoroquinolone antibiotic ciprofloxacin was found to inhibit the elimination
of 5 mg intravenous diazepam in one study [338], with little or no pharmacody-
namic effect. In another study, ciprofloxacin had little or no effect on the elimination
of 10 mg intravenous diazepam [339] (Table 2.27). Possibly higher doses of diaze-
pam overcome a weak inhibitory action of ciprofloxacin.
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Table 2.27 Drug interactions with antibiotics
Inhibitor/Benzo Dose N T Cox  tn AUC Cl PhDyn Reference

Generalized antitubucular treatment (isoniazid, rifampin, and ethambutol) for at least 2 weeks

max

Diazepam 5-7.5,iv 77 0.25% 4.05* [322]
Ethambutol 25 mg/kg, iv, 1/d, multidose in newly diagnosed tubucular patients
Diazepam 5-7.5,iv  6/6 1.15 0.78 [322]
Isoniazid 90 mg, or 2/d, multidose
Clotiazepam 5, or 11 1.27 1.17 [153]
Diazepam 5-7.5,iv  6f, 3m 1.33* 0.74%* [322]
Oxazepam 30, or 5f,4m 0.74 1.03  1.11 098 1.09 [324]
Triazolam 0.5, or 2f, 4m 1.16 1.20 1.31* 1.46*% 0.58%* [324]
Rifampin 1,200 mg, or 1/d, multidose
Diazepam 10, or 7m 0.76 0.69*% 0.28* 0.27* 3.72% [323]
N-desmethyl 0.42* 3.18r*
3-hydroxy 0.52% 2.68r*
Oxazepam 0.77*% 1.29r*
Rifampin 600 mg, or 1/d, multidose
Alprazolam 1, or 4 0.75 0.64* 0.18*% 0.12* 7.54* [231]
Diazepam 10, or Tm 1.18 0.80 0.30*% 0.23* 4.27* [323]
N-desmethyl 0.51% 1.48r*
3-hydroxy 0.57* 1.88r*
Oxazepam 0.87 1.20r*
Midazolam 15, or 5f, 5m 1.25 0.06* 0.42*% 0.04* — [325]
Midazolam 15, or 5f, 4m 0.67 0.05*% 0.20* 0.02* — [326]
Nitrazepam 5, or 8 0.75 0.96 0.61%* 1.83%* [327]
Temazepam 10, or 8 0.86 0.90 0.86 1.11 [327]
Triazolam 0.5, or 4f,6m 1.00 0.12* 0.46* 0.06* — [328]
Erythromycin 750 mg, or at-1 h
Midazolam 10, or S5m 0.50%* 1.20* ++ [331]
Erythromycin 500 mg (diaz, flun, tem, mid, triaz b) 400 mg (alp), 333 mg (triaz a), or 3/d,
multidose
Alprazolam 0.8, or 12m  2.63* 1.18 2.52* 1.61* 0.40* O [329]
Diazepam 5, or 5f, Im 0.62 121 172 1.07* 0 [330]
N-desmethyl 0.81
Flunitrazepam 1, or 3f, 12m2.00 1.17 1.56* 1.28%* 0 [330]
Midazolam 0.05/kg, iv 4f, 2m 1.77% 0.46* + [332]
Midazolam 15, or 9f, 3m 0.66 2.79% 2.38% 4.42% +++  [332]
Midazolam 15, or 8f, 4m 1.00 2.71% 2.19*% 3.81% +++  [333]
Temazepam 20, or 6f, 4m 0.87 1.13  1.00 0 [335]
Oxazepam 1.05 0.96 1.07
Triazolam a 0.5, or 16m  0.90 1.46* 1.54* 2.06* 0.48* [334]

Triazolam b 0.125,0r 6f, 6m 1.00 1.77% 2.25% 3.80*% 0.35*% +++ [317]

Troleandomycin 1 g, oral 2/d, multidose
Triazolam 0.25,or 7m 1.57* 2.08* 3.58* 3.76* 0.26* +++ [336]

Roxithromycin 300 mg, or 1/d, multidose
Midazolam 15, or 5f, 5m 0.94 1.37  1.29*% 1.47* + [337]

(continued)
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Table 2.27 (continued)

Inhibitor/Benzo Dose N T hax Cow U AUC C(Cl PhDyn Reference
Azithromycin 500 mg, or 3/d (mid), 2/d (triaz), multidose

Midazolam 15, or 8f, 4m 1.00 1.29 1.09 1.26 0 [333]
Triazolam 0.125,or 6f, 6m 1.00 1.14 094 1.02 101 = [317]
Clarithromycin 500 mg, or 2/d, multidose

Triazolam 0.125,0or 6f, 6m 1.22 1.97* 3.07* 5.25% 0.23* ++++ [317]
Ciprofloxacin 500 mg, or 2/d, multidose

Diazepam 10, iv 10m 1.18 1.16 0.91 [339]
Diazepam 5,1iv 6f, 6m 1.94% 1.50* 0.63* 0 [338]

Interactions with Antiretroviral Agents

The antiretroviral agents, particularly the protease inhibitors and non-nucleoside
reverse transcriptase inhibitors, are an emerging group of potent inhibitors, and, in
some cases, inducers of drug-metabolizing enzymes [340-342]. In vitro, the pro-
tease inhibitors are particularly potent inhibitors of P450 3A4; with 2C9 and 2C19
also inhibited by some (Fig. 2.20a). The relative potency for inhibition of 3A4 is
ritonavir>indinavir>saquinavir [343-348] (Fig. 2.20a). Saquinavir has variously
been found equipotent to nelfinavir [345], less potent than nelfinavir [346, 347], and
more potent than nelfinavir [348]. In a single study on amphenavir, it was found to
inhibit 3A4 with a potency similar to ritonavir [347]. A single study comparing the
inhibitory potency of the non-nucleoside reverse transcriptase inhibitors suggests
that their relative ability to inhibit P450 3A4 is delaviridine >efanvirenz >> nevirapine
[349]. P450s 2C9 and 2C19 are also susceptible to inhibition by delaviridine and
efanvirenz (Fig. 2.20b) [349].

The antiretroviral agents are given in combination. Much of what is currently known
about their ability to induce drug metabolism comes from clinical studies on the combi-
nation of two or more of these drugs. From these studies the protease inhibitors, ritoni-
var, nelfinavir, amprenavir, and the non-nucleoside reverse transcriptase inhibitors,
efavirenz and nevirapine, have all shown the potential to induce drug metabolism [340,
342]. They also inhibit the metabolism of some of the other antiretroviral agents.

Studies on the interactions of antiretroviral agents with benzodiazepines are
currently limited to interactions with midazolam, which was used to phenotype
P450 3A4 activity. Triazolam and alprazolam have each been studied once; ritonavir,
after 2 or 3 days of treatment, has been found to inhibit the elimination of triazolam
[350] and alprazolam [351] (Table 2.28). The inhibition of triazolam is quite signifi-
cant with major effects on the pharmacokinetics of this benzodiazepine. The effects
on alprazolam are also significant, but did not have as great an impact on its phar-
macodynamics. The interaction of midazolam with saquinavir has also been studied.
Three- or 5-day treatment with saquinavir causes a significant inhibition of the
elimination of oral midazolam associated with a significant enhancement of its phar-
macokinetics. Saquinavir also inhibited the elimination of intravenous midazolam, but
to a lesser extent [352] (Table 2.28). Many antiretrovirals are given in combination
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Fig. 2.20 The relative inhibitory potency of (a) protease inhibitor and (b) non-nucleoside reverse
transcriptase inhibitor antiretroviral agents toward selective P450 activities in (HLM). The data for
the protease inhibitors is from von Moltke et al. [346], except for the effect of saquinavir on P450
2C9, which is from Eagling et al. [343]. The data for the non-nucleoside reverse transcriptase
inhibitors is from von Moltke et al. [349], except for the effect of nevirapine on P450 2E1, which
is from Erickson et al. [435]

with ritonavir; ritonavir inhibition of P450 3A4 enhancing bioavailability of the
other antiretroviral. Such is the case for lopinavir. When given in combination with
ritonavir both intravenous (hepatic) and oral (combination of hepatic and intestinal)
midazolam clearance was significantly reduced [353] (Table 2.28). The study by
Fellay et al. [354] demonstrates some of the classic effects of antiretrovirals. Here
subjects were grouped based on the main antiretroviral they were taking and pheno-
typed for midazaolam metabolism using a single blood collection and determination
of metabolic ratio (1-hydroxymidazolam/midazolam) before starting treatment and
then after at least 30 days. The inductive effect of efavirenz is evident as are the
inhibitory effects of nelfinavir and ritonavir. The inhibitory effect of ritonavir is
such as to negate induction when given together with efavirenz (Table 2.28).
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Table 2.28 Drug interactions with antiretroviral agents

Inhibitor/
Benzo Dose N T Cuoax tip  AUC Cl  PhDyn Reference
Ritonavir 200 mg, or 2/d, 4 doses (triaz at +1 h after 3rd dose; alpraz at +1 h after 2nd dose)
Triazolam 0.125,0or 6m 1.80*1.87* 13.6* 20.4* 0.04* ++++ [350]
Alprazolam 1.0, or 8 1.50 1.04 2.23* 2.48* 0.41* ++ [351]
Saquinavir 1,200 mg, 3/d, 5d (midaz on d3 and d5)
Midazolam 7.5, or 6f, 6m 1.33 2.35*% 2.53*% 5.18* +++  [352]
a-hydroxy- 1.33 0.62% 0.19%
Midazolam  0.05/kg, iv 6f, 6m 0.90ss 2.31* 2.49* 044 + [352]
a-hydroxy- 1.00 0.57* 0.42%
Lopinavir/Ritonavir 400/100 mg or 2/d, 14 d
Midazolam 0.025 mg/ 8f, 6m 0.23 [353]
kg, iv
7.5mgor 8f, 6m 0.08
Maraviroc 300 mg or
2/d,
10d
Midazolam 7.5 mgor 12 1.02 1.21 1.02 1.18%* [355]
AMDO070 200 mg or
2/d, 8d
Midazolam 5 mgor 3f, 9m 1.20 1.09 1.22 1.21*0.75% [356]
Elvitegravir 125 mg  given with escalating
or 1/d, doses of ritonavir,
10d 20-200 mg
Midazolam 1 mgiv 12 [357]
and 20 mg 1.76* 3.19* 0.30*
ritonavir
and 50 mg 3.29* 4.52% (0.22*
ritonavir
and 100 mg 4.31* 6.81* 0.15*
ritonavir
and 200 mg 4.23* 4,90* 0.20*
ritonavir
Midazolam  0.075 mg or and primary antiretroviral 1-OH-mid/midazolam Reference
Efaviranz, 600 mg or 4/d, at least 30d 4.56* [354]
Nelfinavir 2,500 mg or 2/d, at least 30d 0.08*
Ritonavir 200 mg or 2/d, at least 30d 0.02*

Efaviranz/Ritonavir 600/200 mg 4/d, at least 30d 0.06%*

As newer types of antiretrovirals are introduced, their effect on P450 3A4 has also
been determined. The CCRS antagonist maraviroc [355] and the CXCR4 antagonist
[356] have very modest inductive effects (Table 2.28). When studying the HIV-1
integrase inhibitor, elvitegravir, Mathias et al. [357] determined the proper titration
of ritonavir to give optimal effect. They show that inhibition saturates at 100 mg with
no further effect from increasing the dose to 200 mg (Table 2.28).
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Fig. 2.21 The relative potency of components of grapefruit juice to inhibit P450 3A4 activities.
The data for the flavonoids is for nifedipine oxidation and is from Guengerich and Kim [365]. Data
for the furocoumarins, bergamottin, and 6',7'-dihydroxybergamottin (DHB) are for saquinavir
metabolism and are from Eagling et al. [369], the data for the HPLC fractions containing furocou-
marins designated GF-1-1 and GF-1-4 are K;s for inhibition of testosterone 65-hydroxylation and
are from Fukuda et al. [374]

Interactions with Grapefruit Juice

In a seminal study reported in 1991, Baily et al. [358] demonstrated that grapefruit
juice, but not orange juice, significantly increased the bioavailability of oral felo-
dipine and nifedipine, both P450 3A4 substrates. In combination with studies dem-
onstrating grapefruit juice had no effect on intravenously administered drugs, and
since the AUCs and C__ s were often increased but not t, s, it was concluded that
grapefruit juice had its main impact on bioavailability at the level of the gastrointes-
tinal system. P450 3A4 is also the major P450 in the gastrointestinal system [359,
360], and the drugs affected by grapefruit juice are 3A4 substrates [361, 362]. This
connection was highlighted when it was shown that ingestion of grapefruit juice in
human volunteers was associated with a loss of 3A4 content, but not mRNA [363,
364]. Efforts to determine the components of grapefruit juice responsible for its
inhibitory effects therefore centered on P450 3A4 inhibitors.

A major unique component of grapefruit juice is the flavonoid, naringen. It can
make up to 10% of the dry weight of the juice and is responsible for the bitter taste.
The initial study on inhibition of P450 3A4 found that naringen was essentially
ineffective; the aglycone of naringen, narinengen, however, did inhibit nifedipine
oxidation with an IC of 100 pM [365]. In the same study, it was shown that other
aglycone flavonoids unique to grapefruit, quercetin, kaempferol, apegenin, and
hesperetin, also inhibited nifedipine oxidation with respective approximate IC, s of
80, 90, 300, and 300 uM (Fig. 2.21). Additional studies confirmed the ability of
these flavonoids to inhibit 3A4 specific activities, including nifedipine oxidation
[366], midazolam a-hydroxylation [40, 367], quinidine 3-hydroxylation [367],
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17B-estradiol metabolism [368], and saquinavir metabolism [369]. Two clinical
studies examined the relative inhibitory action of quercetin versus grapefruit juice
on nifedipine pharmacokinetics [370] and naringen versus grapefruit juice on felo-
dipine pharmacokinetics [371]. Neither flavoniods when administered at doses
comparable to those in the grapefruit juice caused any effect on the bioavailability
of the drug [370, 371].

Examination of the inhibitory capacity of HPLC fractions of extracts of grape-
fruit juice pointed to the furanocoumarin components of grapefruit juice as other
inhibitors of P450 3A4 [369, 372-374]. Their inhibitory capacity for 3A4-related
substrates was 1- to 2-orders of magnitude greater than the flavonoids (Fig. 2.21).
Subsequent studies demonstrated that the furanocoumarins were mechanism-based
inhibitors of P450 3A4 [364, 375], which was consistent with the loss of 3A4 con-
tent in enterocytes. With only limited amounts of the furanocoumarins available,
there has not yet been a clinical study to indicate they can substitute for grapefruit
juice in causing drug interactions. Their role in grapefruit juice drug interactions
therefore has not yet been established.

The effect of grapefruit juice may not be limited to 3A4 substrates, one of the
furanocoumarins, bergamottin, was shown to inhibit activities selective for P450s
2A6,2C9,2D6, 2E1, and 3A4 all with IC, s in the 2-6 uM range [376]. In addition,
Fuhr et al. found that grapefruit juice decreases the oral clearance of caffeine, a
P450 1A2 substrate [377]. Grapefruit juice also effects P-glycoprotein-mediated
transport; increasing the basolateral to apical flux [369, 378, 379]. The relative
role the transporter and P450 3A4 have on a drug’s bioavailability may also be
important in determining the active component in the effect of grapefruit juice.
For benzodiazepines undergoing oxidative metabolism, P450 3A4 appears to be
more important.

Coadministration of grapefruit juice was found to increase the AUC of oral,
but not intravenous, midazolam [380, 381], oral triazolam [382], and oral alpra-
zolam [383] (Table 2.29). In normal subjects, the effect was modest, and accom-
panied with no or only minor effects on the pharmacodynamics of the
benzodiazepines [380, 382-384]. In a study performed on subjects with cirrhosis
of the liver, the effect of grapefruit juice was much greater, and a related decrease
inthe C_ _and AUC of the 1-hydroxy-metabolite was found that was not seen in
normal subjects [381]. This suggests that cirrhotics are more dependent upon
intestinal metabolism of midazolam. In a study on other juices, tangerine juice
was found to delay the absorption of midazolam and slightly delay its pharmaco-
dynamic effects [385] (Table 2.29).

Interactions with Miscellaneous Agents

Clinical studies concerning potential drug interactions with benzodiazepines have
been performed with a number of drugs for which either only a single drug in its
class was studied, or there was no explicit connection with an aspect of drug metab-
olism. These studies will be considered in this section.
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Table 2.29 Drug interactions with juices

Inhibitor/Benzo Dose N Toax  Cox G AUC Cl PhDyn Reference

Grapefruit juice  250-400 mL

Midazolam 10, or 13/12 + [384]

Midazolam 5,iv 8 m 1.00 1.04 095 0 [380]
1-hydroxy 0.89 1.19 1.00 1.06

Midazolam 15, or 8m 0.98 1.52* 0.96 ++ [380]
1-hydroxy 2.05% 1.00 1.00 1.30*

Midazolam 15, or 3f,7m* 124 1.16 1.00 2.31* [381]
1-hydroxy 1.73  0.27* 1.06 0.38*

Triazolam 0.25, or 13/12 0 [384]

Triazolam 0.25, or 4f,6m 1.67 1.25*% 1.18 1.47* + [382]

Grapefruit juice 200 mL 3/d, multidose

Alprazolam 0.8, or 6m 0.83 1.08 1.38* 1.18* + [383]

Tangerine juice 100 mL at -0.25 h and 100 mL at O h

Midazolam 15, or 4f, 4m  2.00* 0.82 1.00 0.86 Delay [385]
1-hydroxy 1.25% 0.70* 0.95 0.87

*Subjects had liver cirrhosis

Interactions with Methylxanthines

Intravenous aminophylline, a prodrug of theophylline, was tested as a potential
antagonist of diazepam. It produces a slight, but insignificant decrease in the T
and C_ _ of diazepam, with no effect on the AUC. It did produce a significant
decrease in the pharmacodynamic measures of diazepam [386] (Table 2.30). The
effect of chronic theophylline on alprazolam was compared in subjects with
chronic obstructive pulmonary disease that were or were not taking theophylline.
Following 7 days of 1/d alprazolam the pharmacokinetics were compared in the two
groups; in the group taking theophylline a significant decrease in the steady-state
level and AUC of alprazolam was observed [387] (Table 2.30). Caffeine was
found to have no effect on the pharmacokinetics of diazepam [388] or alprazolam
[231]; but caffeine did slightly diminish the pharmacodynamic measures for diaz-
epam [388] (Table 2.30).

Interactions with Antipyrine

Antipyrine has long been known to be an inducer of drug metabolism in humans.
In an initial study, Ohnhaus et al. [389] demonstrated that a 7-day treatment with
antipyrine significantly decreased the AUC and t,, of oral diazepam. In this study,
the AUC and t,,, of N-desmethyldiazepam were also significantly decreased. In a
follow-up study comparing the effects of antipyrine and rifampin on the elimina-
tion of diazepam, 7-day pretreatment with antipyrine had similar effects on the
parent drug, the AUCs of the N-desmethyl-, 3-hydroxy-, and oxazepam metabo-
lites were not suppressed as much suggesting relative induction of these pathways
[323] (Table 2.30).
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Table 2.30 Drug interactions with miscellaneous agents
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Inhibitor/Benzo  Dose N Tha Conax tn AUC (1 PhDyn Reference
Aminophylline 5.6 mg/kg, iv
Diazepam 0.25/kg,or  8m 0.75 0.86 1.00 - [386]
Theophylline Chronic for obstructive pulmonary disease
Alprazolam 0.5, or, 7d 6/5 0.25ss* 0.32% [387]
Caffeine 6 mg/kg (diaz) or 100 mg (alpr) at O h
Diazepam 0.3/kg, or 3f,3m 1.00 1.00 - [388]
Alprazolam 1, or 9 1.08 1.03 1.22  1.07 0.82 [231]
Antipyrine 600 mg, oral 2/d, multidose
Diazepam 10, or 2f, 5Sm 1.09 0.95 0.49* 1.93%* [389]
N-desmethyl 0.42*% 0.46*
Diazepam 10, or 7 0.82 1.01 0.59*% 0.51 2.02* [323]
N-desmethyl 0.84 1.40r
3-hydroxy 0.82 1.28r
Oxazepam 1.06 0.87r
Disulfiram 500 mg, or 1/d, multidose
Chlordiazepoxide 50, iv 6 1.84* 0.46* [390]
Diazepam 0.143/kg,or 6 0.85 0.97 1.37* 0.59%* [390]
Oxazepam 0.429/kg,or 5 1.00 0.83 1.17 1.02 [390]
Disulfiram Chronic treatment of alcoholics
Alprazolam 2, or 5f,6m 1.19 0.88 092 0.94 [391]
Diflunisal 500 mg, or 2/d, multidose
Oxazepam 30, or 6m 096 0.62* 1.13 0.84 1.48* [432]
Glucuronide 1.20 1.34 1.30*% 1.70* 0.62r*
Glucocorticoid ~ Chronic treatment
Midazolam 0.2/kg, iv 8/10 096 0.64 1.27 [392]
1-hydroxy 0.60* 0.67
Dexamethasone 1.5 mg, or 1/d, multidose
Triazolam 0.5, or 8f,2m 1.00 1.15 1.05 0.82 0 [393]
Paracetamol 1 g/d from —1d to +3d
Diazepam 10, or 1f,2m 1.00 1.01 1.12 0.94 [394]
Probenecid 2 g, or at -2 h (adin) or 500 mg, oral 4/d (lor) or 500 mg 1/d (tem, nit)
multidose
Adinazolam 60, or 16m 0.67 1.37* 1.06 1.13* 0.84* ++ [396]
N-desmethyl 1.92% 1.49* 090 1.77*
Lorazepam 2,1iv 9 2.31% 0.55% [395]
Nitrazepam 5, or 8 1.20 1.08 1.21% 0.75* [327]
Temazepam 10, or 8 1.09 0.93 1.06 0.90 [327]
Modafinil 200 mg/d, 7d; 400 mg/d, 21d
Triazolam 0.125, or 16f 1.43*% 0.56*  0.65*% 0.38%* [398]
Herbal dietary supplements
Garlic oil 500 mg, 3/d, 28d
Midazolam 8, or 6f, 6m 1.00 (1-h 1'-OH/midazolam) [399]

(continued)
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Table 2.30 (continued)

Inhibitor/Benzo  Dose N T Conax [ AUC (I PhDyn Reference
Panax ginseng 500 mg, 3/d, 28d (5% ginseosides)

Midazolam 8, or 6f, 6m 1.00 (1-h 1'-OH/midazolam) [399]
Ginkgo biloba 60 mg, 4/d, 28d (24% flavone glycosides; 6* terpene lactones)

Midazolam 8, or 6f, 6m 1.00 (1-h 1'-OH/midazolam) [399]
Hypericum perforatum (St. John’s wort) 300 mg, 3/d, 28d (0.3% hypericin)

Midazolam 8, or 6f, 6m 1.98*  (1-h 1'-OH/midazolam) [399]

Interactions with Disulfiram

Both disulfiram and certain benzodiazepines are used to treat alcoholism. Chronic
disulfiram treatment was found to diminish the elimination of chlordiazepoxide and
diazepam, but not that of oxazepam in normal subjects (Table 2.30). The clearance
and t, of the three benzodiazepines in chronic alcoholics who had received chronic
disulfiram treatment were similar to those in the disulfiram treated normal subjects
[390]. In a study with 11 chronic alcoholics, alprazolam was given prior to initiation
of disulfiram treatment and again after 2 weeks of disulfiram; no change in the phar-

macokinetics of alprazolam was noted [391] (Table 2.30).

Interaction with Diflunisal

Diflunisal is a salicyclic derived non-steroidal anti-inflammatory agent. Like oxaze-
pam it is primarily eliminated after glucuronidation, and both are highly protein
bound. When oxazepam was given before and after 7 days of 2/d treatment with
diflunisal, the me of oxazepam was decreased and its oral clearance increased.
Significant increases were also found in the t, and AUC, and decrease in the clear-
ance of the oxazepam glucuronide (Table 2.30). The authors conclude the interac-
tion resulted from the displacement of oxazepam from its protein binding sites and
by inhibition of the tubular secretion of the oxazepam glucuronide.

Interactions with Glucocorticoids

The effect of glucocorticoids (primarily predonisolone) on the pharmacokinetics
of midazolam was studied by comparing surgery patients receiving intravenous
midazolam who were on chronic glucocorticoid therapy to those who were not
[392]. There was a decrease in the AUC of midazolam and 1'-hydroxymidazolam
and increase in the clearance of midazolam in the glucocorticoid group, but the
changes did not reach significance (Table 2.30). The t,,, of 1'-hydroxymidazolam
was significantly decreased and the renal clearance of its glucuronide significantly
increased. The authors concluded that these findings were consistent with the induction
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of P450 and/or glucuronidation [392]. Five daily “small” doses of dexamethasone
were found to have no significant effect on the pharmacokinetics or pharmacodynamics
of triazolam in normal volunteers [393] (Table 2.30).

Interaction with Paracetamol

When paracetamol was taken 1 day before and 3 days following a single oral
dose of diazepam, there was no effect on the plasma pharmacokinetics of diaze-
pam (Table 2.30). The authors did detect a significant decrease in the percentage
of diazepam plus metabolites excreted in urine over a 96-h period [394]. The
findings suggest that paracetamol may decrease the glucuronidation of diazepam
metabolites.

Interactions with Probenecid

Probenecid is well known for its ability to inhibit renal tubular secretion of organic
acids. The effect of probenecid on the elimination of benzodiazepines was first stud-
ied with lorazepam. Abernethy et al. [395] gave probenecid 4/d from 12 h before a
single intravenous dose of lorazepam. The t,, of lorazepam was significantly
increased and its clearance significantly decreased (Table 2.30). This result sug-
gested not just inhibition of excretion, but also inhibition of glucuronide formation
[395]. Brockmeyer et al. [327] studied the pharmacokinetics of nitrazepam and
temazepam both before and after 7 days treatment with probenecid. With nitraze-
pam, there was a moderate increase in t , and decrease in clearance (Table 2.30).
With temazepam there was no significant effect on plasma pharmacokinetics
(Table 2.30), but there was reduced urinary content of the temazepam glucuronide
[327]. When adinazolam was given with probenecid [396], there were increases in
the C_ and AUC for both adinazolam and its N-desmethyl metabolite, more so for
the metabolite. This was associated with potentiation of the psychomotor effects of
the benzodiazepine (Table 2.30). The authors suggest that the major effect is on the
elimination of the metabolite [396]. Probenecid does effect the renal elimination of
many benzodiazepines; it may also have an effect on glucuronidation and possibly
P450-mediated reactions.

Interaction with Modafinil

Modafinil is a novel wake-promoting agent used to treat excessive daytime sleepiness.
In (HLM), modafinal inhibited P450 2C19, with no significant effect on the other
P450 activities studied. In cultured human hepatocytes, it induced P450s 1A2, 2B6,
and 3A4/5 [397]. The effect of modafinal on the pharmacokinetics of triazolam (and
ethinyl estradiol) was studied in females taking daily birth control medication con-
taining ethinyl estradiol [398]. In a group of woman given triazolam before and after
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28 days of treatment with modafinal, there was a significant induction of the elimination
of triazolam (Table 2.30).

Interactions with Herbal Dietary Supplements

Gurley and coworkers [399] studied the effect on 28-day use of various herbal
supplements (St. John’s wort, garlic oil, Panax ginseng, Ginkgo biloba) on a P450
phenotyping “cocktail” designed to measure 1A2, 2D6, 2E1, and 3A4 activities.
The ratio of 1'-OH-midazolam to midazolam in 1-h serum samples was used to
monitor P450 3A4. Individuals had the phenotyping cocktail before and after a
28-day period of use of the supplement, each supplement use was separated by a
30-day washout period. St. John’s wort (Hypericum perforatum) was found to
increase the 1'-OH/midazolam almost 98% indicating induction of its metabolism.
None of the other supplements affected the P450 3A4 phenotype ratio (Table 2.30).
St. John’s wort also induced P450 2E1; while garlic oil decreased 2E1 [399].

Conclusions

A number of drugs and some dietary substances are known to interact with the
benzodiazepines. Other CNS depressants including ethanol, opioids, and anesthetics
have an additive effect on the pharmacodynamics of the benzodiazepine that is unre-
lated to the route of benzodiazepine metabolism. When an inhibition of metabolism
is also encountered, the effect may be synergistic. Interactions with other drugs and
dietary substances are generally based upon an interaction at the site of metabolism.
Most often this reflects the involvement of P450 3A4, but in some instances the
involvement of 2C19 in diazepam metabolism, and glucuronidation are also sites of
interaction. A few examples of displacement from protein binding and inhibition of
renal tubular secretion also exist. These metabolic interactions can vary from having
little or no effect on the pharmacodynamics to inhibitions that produce toxic side
effects and inductions that essentially negate the pharmacodynamics of the benzodi-
azepine. These studies, however, have been conducted at “normal” therapeutic doses.
A misadventure with either or both interactant is likely to magnify the end result.

Appendix

Appendix 2.1 Key to drug interaction tables

Interacting drug The route is oral, unless stated otherwise. An indication of the duration
of treatment is given, and when different the benzodiazepines
considered are noted separately in parentheses (e.g., triaz a, triaz b)

Benzodiazepines The benzodiazepine of interest is indented 1/4 in., if a metabolite was
also studied, it is listed directly below with a 1/2-inch indentation
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Dose All doses are in mg. The abbreviations for route of administration are:
or, oral; iv, intravenous; im, intramuscular
N For cross-over studies, only one group of subject numbers is provided;

if gender was specified, females are noted with a “f”’; males with a
“m” (e.g., 8 or 4f, 4m). For comparisons between groups, a *“/”

separates the groups; the one receiving the interactant is listed first
(50/40, refers to a study where 50 subjects received the interactant

and 40 did not)

Pharmacokinetics Are presented as the ratio of the interactant to the control group.
Findings presented as significant by the authors are noted with an
asterisk “*”

T . Time to maximal plasma (serum or blood) concentration

C.. Maximum plasma (serum or blood) concentration. If ratio is followed
by “ss,” this was a steady-state measurement

t, Terminal elimination half-life

AUC Area under the time versus concentration curve. If the AUC for both
the actual time of measurement and one extrapolated to infinity
were presented, the former was used

Cl Clearance for iv administration; apparent oral clearance for oral
administration. If followed by an “r,” this refers to renal clearance

PhDyn A qualitative assessment of the results of pharmacodynamic measures

recorded in the study. This was both an assessment of the degree of
change and the number of measures that changed: 0 — no effect;

— to — — — —, a diminution in the pharmacodynamics ranging from
slight to loss al all effect; + to ++++, an enhancement of the
pharmacodynamics ranging from slight to toxic
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Chapter 3
Antiepileptic Drugs

Nathan L. Kanous II and Barry E. Gidal

Abstract Epilepsy is a chronic neurological disorder characterized by recurrent
seizures. Estimates indicate that approximately 120 in 100,000 people in the USA
seek medical attention each year as the result of experiencing a seizure. While not
every patient that has a seizure has epilepsy, approximately 125,000 new cases of
epilepsy are diagnosed every year. Several types of antiepileptic drugs (AEDs) with
different modes of action are used in clinical practice to treat patients with epilepsy,
depending on the exact underlying cause of the condition. Although these drugs
provide relief for most epileptics, many of the drugs have significant side-effects,
drug interactions and toxicities. This chapter provides an outline of the pharmacoki-
netics and pharmacodynamics of AEDs, as well as their toxicities and drug interac-
tions, and wil provide the reader with a general outline which can be used to assist in
the treatment of clinical patients as well as a guide to assist forensic toxicologists.

Keywords Epilepsy * Etiology

Epidemiology of Epilepsy

Epilepsy is a chronic neurologic disorder characterized by recurrent seizures.
Estimates indicate that approximately 120 in 100,000 people in the USA seek medical
attention each year as the result of experiencing a seizure. While not every patient
that has a seizure has epilepsy, approximately 125,000 new cases of epilepsy are
diagnosed every year [1-3].

The incidence of epilepsy in the general population is highest in newborn and
young children with a second peak occurring in patients older than 65 years. It has
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been suggested that there may be some genetic predisposition to the development of
seizures and epilepsy. While the incidence of epilepsy is higher among patients with
mental retardation and cerebral palsy, neither condition is synonymous with epi-
lepsy [1].

Etiology

Epilepsy is recognized as a syndrome of disturbed electrical activity in the brain
which can be caused by a variety of stimuli. This disturbed electrical activity leads
to the development of seizures. Seizures occur because of the abnormal discharge of
neurons within the central nervous system. Even slight abnormal discharges can
destabilize the electrical homeostasis of neurons, thus increasing the propensity for
other abnormal activity and the propagation of seizure activity [3].

Precipitation of seizures in predisposed patients can occur as the result of a vari-
ety of inciting factors. Hyperventilation, sleep, sleep deprivation, and sensory and
emotional stimuli have all been implicated. Hormonal changes associated with
menses and several prescription drugs and drug classes may also influence the onset
or frequency of seizure activity in patients with epilepsy. In addition, many antiepi-
leptic drugs (AEDs) are known to cause seizures at excessive concentrations [3].

Medications Utilized in the Treatment of Epilepsy

AEDs act within the central nervous system in one of two ways: by reducing patho-
logic electrical discharges or by inhibiting the propagation of aberrant electrical
activity. This may occur through effects on specific ion channels, inhibitory neu-
rotransmitters or excitatory neurotransmitters. While multiple neurophysiological
effects of AEDs have been theorized and hypothesized, it is important to recognize
that the true mechanisms of action of these agents are poorly understood and may
be multifactorial [4].

Testing to determine the serum concentration of AEDs is commonly employed.
The widespread availability of this technology makes the determination of serum
concentrations an attractive method for use in forensic science. For most AEDs
there is poor correlation between maintenance doses and their resulting serum con-
centrations [5]. In addition there is important interindividual variability in both
therapeutic and toxic response to medications [5—7]. Therefore, knowledge of the
pharmacokinetics of AEDs is essential for understanding and interpreting serum
concentrations of AEDs. This includes issues related to all aspects of drug disposi-
tion: absorption, distribution, metabolism, and excretion.

This situation is further complicated by the fact that AEDs are subject to pharma-
cokinetic interactions with one another and many other drugs and foods [5].
Interactions with other drugs may lead to loss of efficacy or toxic effects from either
the AED or the other interacting drug. This can be particularly important with the
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initiation or discontinuation of either drug, and careful attention should be paid to
the time course of initiation or discontinuation of any drug in the interpretation of
the effects of drugs and serum drug concentrations [8].

AEDs are well known for their side effects. Side effects are generally classified as
acute or chronic. Further, these effects may be described as being concentration-
dependant or idiosyncratic. Concentration-dependant effects are usually relatively com-
mon and well characterized. Allergic reactions are typically mild but may be severe in
some cases. Other idiopathic reactions are rare but can be serious and life-threatening
[9]. Knowledge of the mechanism(s) of the toxic effects of AEDs and their relationship
to serum concentration data are also important for the practicing forensic scientist.

Lastly, it is important to recognize that many AEDs are frequently employed for
off-label use. The majority of off-label use involves the treatment of psychiatric
disorders, particularly bipolar affective disorder or manic depressive disorder [10].
Other off-label uses include such things as migraine prophylaxis, attention-deficit
disorder, and neuropathic pain.

Phenytoin and Fosphenytoin

Chemistry

Phenytoin is a hydantoin anticovulsant medication that is structurally related to the
barbiturates. Although similar, the monoacylurea structure of phenytoin makes it a
much weaker organic acid than the barbiturates [11]. This results in very poor aque-
ous solubility of phenytoin.

Parenteral phenytoin must be formulated as a highly alkaline aqueous solution to
maintain adequate solubility. This is accomplished through the use of an aqueous
vehicle consisting of 40% propylene glycol and 10% ethanol in water buffered with
sodium hydroxide to a pH of 12. Parenteral phenytoin is incompatible with dex-
trose-based intravenous solutions. Preparation of intravenous phenytoin in dextrose-
based solutions results in immediate precipitation of the free acid [12].

Oral phenytoin is available in a variety of formulations as the free acid or sodium
salt in both immediate and extended release formulations.

Fosphenytoin is a phenytoin prodrug. This drug was developed and formulated
specifically to improve the solubility of phenytoin for parenteral use. Fosphenytoin
is a disodium phosphate ester of phenytoin. As such, fosphenytoin is freely soluble
in aqueous solution and is rapidly and completely converted to phenytoin in vivo
through the action of serum phosphatase enzymes [13].

Pharmacology

Phenytoin and fosphenytoin are effective at reducing seizure frequency and severity
without causing generalized central nervous system depression. This action is mediated
through effects on voltage-activated Na* channels in neuronal cell membranes [11].
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Depolarization of the neuronal cell membrane triggers the voltage-activated Na*
channel to open, thus facilitating transmission of the action potential down the axon
and, ultimately, from cell to cell. After opening, these voltage-activated Na* chan-
nels will spontaneously close. This is termed inactivation of the Na* channel. This
inactivation is thought to cause the refractory period, a period of time after an action
potential during which another action potential cannot be evoked [11].

These drugs effectively limit repetitive firing of action potentials by prolonging
inactivation, thus slowing the rate of repolarization of neuronal cells. At therapeutic
concentrations, these effects are selective with no effect on spontaneous firing or
responses to gamma-amino butyric acid or glutamate [14]. Thus, they limit the
propagation of the aberrant electrical discharges which characterize epilepsy.

Pharmacokinetics

The pharmacokinetics of phenytoin (and also fosphenytoin) are strongly influenced
by its limited aqueous solubility and saturable enzymatic elimination. The inactiva-
tion of these drugs by cytochrome P450 isozymes predisposes them to the influence
of drug interactions.

Absorption

Due to its broad effectiveness in the management of epilepsy and the nature of epi-
lepsy as a clinical disorder, phenytoin is available in a variety of formulations.
Differences in physicochemical properties of the various formulations results in
significant variability in both the rate and extent of absorption from each
preparation.

Several factors including pK_ and lipid solubility, pH of the dissolution medium,
solubility in the medium, and phenytoin concentration influence the rate and extent
of absorption in the gastrointestinal tract. These factors are commonly altered by the
presence of food or drugs in the gastrointestinal tract and the individual formulation
[12, 13, 15].

Phenytoin is poorly absorbed in the stomach due to the low pH of gastric juice
(approximately 2.0) which renders it insoluble even though it may be present in a
non-ionized form. The duodenum serves as the primary source of absorption with
its higher pH increasing the solubility of the drug. Absorption slows within the
jejunum and ileum and is again poor in the colon [12, 13, 15].

Also due to poor solubility, intramuscular administration of phenytoin results in
drug precipitation and the formation of an insoluble mass. This effect, coupled with
the pain associated with intramuscular injection of a high pH solution mandate that
phenytoin be administered intravenously when a parenteral route is necessary [16].

Due to its improved solubility profile, fosphenytoin can be administered either
intramuscularly or intravenously. Comparison of area under the curve measures for
total or free phenytoin concentrations between fosphenytoin and phenytoin sodium
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are nearly identical, indicating complete bioavailability of fosphenytoin by either
route [13].

In an effort to facilitate simple and rapid utilization of parenteral fosphenytoin
for the more problematic phenytoin, fosphenytoin is packaged and dosed as milli-
gram phenytoin equivalents (mPE) [13]. While this facilitates accurate conversion
between parenteral dosage forms, this conversion is less accurate when converting
oral phenytoin to parenteral mPEs. This is because oral phenytoin is formulated as
a sodium salt. Thus, a 100 mg capsule of phenytoin sodium only delivers 92 mg of
actual phenytoin [13]. This represents an approximately 9% difference in total dose
when oral phenytoin is converted to parenteral fosphenytoin or phenytoin. This may
result in increased serum concentrations of phenytoin after conversion, particularly
in light of the unpredictable nonlinear kinetics of phenytoin metabolism.

Distribution

Phenytoin is approximately 90% protein bound in the plasma, primarily to albumin.
The remaining 10% is unbound or “free” phenytoin and is pharmacologically active
because that which is bound to plasma proteins is unable to cross the blood-brain
barrier. Due to the passive diffusion of phenytoin into the cerebrospinal fluid (CSF),
the concentration of phenytoin in the CSF is considered equivalent to the unbound
plasma concentration [15].

The generally recognized therapeutic range for phenytoin is 10-20 mcg/mL, which
includes both bound and unbound drug. The 10% of phenytoin which remains unbound
corresponds to an equivalent unbound therapeutic range of 1-2 mcg/mL [17].

Protein binding of phenytoin is dependent upon albumin concentration and can
also be influenced by a variety of clinical conditions and situations. Low serum
albumin, renal failure, or concomitant use of other protein-bound drugs may change
the protein binding and serum concentration of phenytoin [17, 18].

Metabolism

Phenytoin is extensively metabolized via the cytochrome P450 system. This occurs
primarily through the 2 C19 and 2 C9 isozymes and accounts for the involvement of
phenytoin in a variety of drug interactions [12]. Of note is the fact that the metabo-
lism of phenytoin involves the intermediate formation of an arene oxide. This arene
oxide intermediate has been implicated as the source of various toxicities and terato-
genicity associated with the use of phenytoin [19].

Phenytoin is also known for its saturable enzyme pharmacokinetics. At low doses
phenytoin exhibits a first-order dose-dependent kinetic profile. As the enzyme sys-
tem becomes saturated, the maximal rate of metabolism is exceeded which leads to
disproportionate increases in serum concentration with relatively small changes in
dosing rate [12]. In most patients, the usual therapeutic range exceeds the concen-
tration at which metabolism is half-maximal which causes phenytoin to exhibit a
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nonlinear profile in the majority of patients. A variety of situations such as concur-
rent illness, medications, pregnancy, age, or genetics may influence the maximal
rate of metabolism and thus may alter the pharmacokinetic profile of phenytoin in a
given patient [20].

Excretion

Approximately 95% of an administered dose is excreted in the urine or feces as
metabolites [12, 20].

Adverse Reactions

With initial therapy, the CNS depressant effects of phenytoin are most prominent
and may cause lethargy, fatigue, incoordination, blurred vision, and drowsiness
(Table 3.1). Slow dose titration can minimize these effects [9].

At high serum concentrations (>20 g/mL), many patients exhibit lateral gaze
nystagmus. Other adverse effects known to occur at excessive plasma concentra-
tions include ataxia, mental status changes, and coma. Further phenytoin has the
ability to precipitate seizures or status epilepticus at extreme concentrations.

Chronic adverse effects include gingival hyperplasia which can occur in up to
50% of patients receiving long-term therapy. Other long-term effects include hirsut-
ism, acne, coarsening of facial features, vitamin D deficiency, osteomalacia, folic
acid deficiency (with resultant macrocytosis), hypothyroidism, and peripheral
neuropathy.

Contraindications and Precautions

Patients with hypersensitivity reactions to any hydantoin AED may react to other
hydantoin AEDs such as phenytoin. In addition, some patients exhibit cross-sensitivity
to other compounds with similar chemical structures such as barbiturates, succinim-
ides, and oxazolidinediones.

Prenatal exposure to hydantoin AEDs may result in the development of cleft pal-
ate, cleft lip, cardiac malformations and of a constellation of physical abnormalities
referred to as the fetal anticovulsant syndrome; prenatal growth deficiency, micro-
cephaly, hypophasia of the fingernails and craniofacial abnormalities [21].

The use of parenteral phenytoin can alter automaticity of cardiac tissue and may
result in the development of ventricular arrhythmias and should only be used with
extreme caution in patients with second- or third-degree AV blockade, bradycardia,
or significant cardiac disease [22].

Due to the risk of myelosuppression, the use of phenytoin in immunosuppressed
patients or patients with blood dyscrasias may increase the risk of infection or exac-
erbation of the hematologic abnormality.
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Table 3.1 Antiepileptic drug side effects
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Acute side effects

AED

Carbamazepine

Ethosuximide

Felbamate

Gabapentin

Lamotrigine

Levetiracetam

Oxcarbazepine

Phenobarbital

Phenytoin

Concentration
dependent
Diplopia
Dizziness
Drowsiness
Nausea
Unsteadiness
Lethargy
Ataxia
Rash
Drowsiness
GI distress
Unsteadiness
Hiccoughs
Anorexia
Nausea
Vomiting
Insomnia
Headache
Dizziness
Fatigue
Somnolence
Ataxia
Diplopia
Dizziness
Unsteadiness
Headache
Sedation
Behavioral disturbance
Sedation
Dizziness
Ataxia
Nausea
Ataxia
Hyperactivity

Headache
Unsteadiness
Sedation

Nausea

Ataxia
Nystagmus
Behavior changes

Dizziness
Headache
Incoordination

Idiosyncratic

Blood dyscrasias
Rash

Blood dyscrasias
Headache

Aplastic anemia

Acute hepatic failure

Rash

Not established

Rash

Blood dyscrasias
Rash

Blood dyscrasias

Rash

Immunologic
reaction

Chronic side effects

Hyponatremia

Behavior changes

Not established

Weight gain

Not established

Not established

Hyponatremia

Behavior changes
Connective tissue
disorders
Intellectual blunting
Metabolic bone disease
Mood change
Sedation
Behavior changes
Cerebellar syndrome
Connective tissue
changes
Skin thickening
Folate deficiency
Gingival hyperplasia

(continued)
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Table 3.1 (continued)
Acute side effects

Primidone

Tiagabine

Topiramate

Sedation
Lethargy

Cognitive impairment
Fatigue
Visual blurring

Behavior changes
Headache

Nausea

Sedation

Unsteadiness

Dizziness

Fatigue

Difficulties
concentrating

Nervousness

Tremor

Blurred vision

Depression

Weakness

Difficulties
concentrating

Psychomotor slowing

Speech or language
problems

Somnolence, fatigue

Dizziness

Blood dyscrasias
Rash

Not established

None established

Hirsutism

Coarsening of facial
features

Acne

Cognitive impairment

Metabolic bone disease

Sedation

Behavior change

Connective tissue
disorders

Cognitive impairment

Sedation

Not established

Kidney stones

Headache

Valproic acid GI upset Acute hepatic failure Polycystic ovary-like

syndrome

Sedation Acute pancreatitis Alopecia
Unsteadiness Weight gain
Tremor Hyperammonemia
Thrombocytopenia

Zonisamide Sedation Rash Kidney stones
Dizziness Oligohydrosis

Cognitive impairment
Nausea

From [99] with permission
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The metabolism of phenytoin may be impaired in patients with active liver dis-
ease or active alcoholism with subsequent toxic effects associated with elevated
serum concentrations [6, 12, 23].

Drug Interactions

Phenytoin is involved in many drug interactions (Tables 3.2 and 3.3). These interac-
tions are well characterized and phenytoin may be the target or cause of interac-
tions. Pharmacokinetic drug interactions affecting absorption, metabolism, or
excretion have the potential to either increase or decrease the plasma concentration
of phenytoin. While food may slightly alter the rate of absorption of phenytoin, it is
well recognized that enteral feedings can dramatically decrease the bioavailability
of phenytoin suspension when administered via a feeding tube [24].

Although phenytoin is highly protein bound, protein-binding interactions are
generally of minimal significance. As phenytoin is displaced from plasma pro-
teins, the free fraction of phenytoin increases. This is followed by an increase in
the clearance of phenytoin, a decrease in total phenytoin concentration, and
subsequent reestablishment of baseline free phenytoin concentration [17]. It is
important that clinicians understand the mechanism of this interaction and do
not react to decreases in total concentration without considering the possibility
that free concentrations remain therapeutic.

Long-term use of phenytoin decreases folic acid absorption [9]. Replacement of
folic acid effectively increases the clearance of phenytoin and thereby decreases
phenytoin concentrations. Supplementation of folic acid, alone or as a vitamin, has
the potential to decrease plasma phenytoin concentrations and subsequently decrease
seizure control [25].

Carbamazepine and Oxcarbazepine

Chemistry

The chemical structure of carbamazepine is tricyclic in nature, with two benzene
rings flanking one azepine ring which contains a double bond. This structure is most
closely related to antipsychotic and antidepressant drugs such as chlorpromazine,
imipramine, and maprotiline. Carbamazepine differs from other heterocyclic AEDs
by being tricyclic, lacking an amide group in the heterocyclic ring, and not possess-
ing a saturated carbon atom in the cyclic structure [26].

Carbamazepine is insoluble in water although easily soluble in many organic
solvents including benzene, chloroform, and dichloromethane. This lipophilicity
strongly influences drug transport across biological membranes.

Oxcarbazepine, a biological prodrug, is a keto analog of carbamazepine. This
change in structure alters the solubility of the compound and renders it only slightly
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Table 3.2 Interactions between antiepileptic drugs
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AED Added drug Effect
Carbamazepine (CBZ) Felbamate Incr. 10, 11 epoxide
Felbamate Decr. CBZ
Phenobarbital Decr. CBZ
Phenytoin Decr. CBZ
Felbamate (FBM) Carbamazepine Decr. FBM
Phenytoin Decr. FBM
Valproic acid Incr. FBM
Gabapentin No known interactions
Lamotrigine (LTG) Carbamazepine Decr. LTG
Phenobarbital Decr. LTG
Phenytoin Decr. LTG
Primidone Decr. LTG
Valproic acid Incr. LTG
Levetiracetam No known interactions
Oxcarbazepine Carbamazepine Decrease MHD
Phenytoin Decrease MHD
Phenobarbital Decrease MHD
Phenobarbital (PB) Felbamate Incr. PB
Phenytoin Incr. or decr. PB
Valproic acid Incr. PB
Phenytoin (PHT) Carbamazepine Decr. PHT
Felbamate Incr. PHT
Methsuximide Incr. PHT
Phenobarbital Incr. or decr PHT
Valproic acid Decr. total PHT
Vigabatrin Decr. PHT
Primidone (PRM) Carbamazepine Decr. PRM
Incr. PB
Phenytoin Decr. PRM
Incr. PB
Valproic acid Incr. PRM
Incr. PB
Tiagabine (TGB) Carbamazepine Decr. TGB
Phenytoin Decr. TGB
Topiramate (TPM) Carbamazepine Decr. TPM
Phenytoin Decr. TPM
Valproic acid Decr. TPM
Valproic acid (VPA) Carbamazepine Decr. VPA
Lamotrigine Decr. VPA
Phenobarbital Decr. VPA
Primidone Decr. VPA
Phenytoin Decr. VPA
Zonisamide Carbamazepine Decrease zonisamide
Phenytoin Decrease zonisamide
Phenobarbital Decrease zonisamide

Incr increased, Decr decreased, MHD 10
From [99] with permission
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soluble in chloroform, dichloromethane, acetone, and methanol while it is practi-
cally insoluble in water ethanol and ether [27].

Pharmacology

Carbamazepine enhances the inactivation of voltage-activated Na* channels by
slowing their recovery. This results in a net decrease in high-frequency repetitive
firing of action potentials. These effects are evident and selective at serum concen-
trations within the therapeutic range [28]. No effect of carbamazepine on exoge-
nously administered GABA or glutamate has been identified. The 10, 11
epoxycarbamazepine metabolite also contributes a similar therapeutic effect [29].

The pharmacologic effect of oxcarbazepine is due to a principal metabolite,
10-hydroxy-oxcarbazepine [27]. The mechanism of action is similar to that of car-
bamazepine but may also include increased potassium conduction and modulation
of high-voltage calcium channels [30, 31].

Pharmacokinetics

It is well known that absorption of carbamazepine varies significantly from one
dosage form to another [32]. Further, the effects of carbamazepine on the cyto-
chrome P450 isozyme system warrants close assessment of the pharmacokinetics of
this drug in clinical use.

Absorption

Carbamazepine tablets are incompletely and erratically absorbed. The time to maxi-
mal serum concentration (t ) is eight or more hours for tablets but 3—5 h for the
suspension [33]. That means that the full effects of a given oral dose of carbam-
azepine tablets may not be recognized until eight or more hours after the dose has
been ingested, while a similar dose of the suspension reaches maximal concentration
in just 3-5 h and may influence the interpretation of serum concentration data. In
addition to delayed absorption of carbamazepine from tablets, it has also been rec-
ognized that tablet formulations can be adversely effected by humidity and moisture
content, thus further delaying or decreasing absorption [34].

Carbamazepine exhibits both zero-order and first-order absorption characteris-
tics. Approximately 35% of an oral dose is absorbed in zero-order fashion (no effect
of dose on absorption) while the remainder of the dose is absorbed according to a
first-order kinetics. At doses greater than 20 mg/kg, an inverse relationship between
dose and absorption begins to occur [35].

Absolute bioavailability of carbamazepine is approximately 75% of the dose
administered. This is similar between all dosage forms.
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Distribution

Carbamazepine is highly protein bound with 75-80% bound to albumin and other
plasma proteins with an apparent volume of distribution of 0.8-2 L/kg. Unbound
concentrations of CBZ vary inversely with the concentration of o, -acid glycopro-
tein [36].

CBZ is readily distributed into cerebrospinal fluid and these concentrations vary
linearly with plasma levels. While there may be wide variability in CBZ concentra-
tion between patients, the ratio of plasma:CSF concentration is relatively constant
between patients [37].

CBZ is also readily distributed into amniotic fluid and breast milk [38]. While
the use of CBZ is not contraindicated among pregnant women, it must be recog-
nized that the newborn may be susceptible to adverse effects associated with expo-
sure to CBZ.

Consistent with its lower lipid solubility, 10, 11 epoxycarbamazepine has a lower
apparent volume of distribution and increased fraction unbound of 48-53% [39].
The commonly accepted therapeutic range for carbamazepine in adults is 4—12 mcg/
mL [40]. To date, no accepted therapeutic range for the use of oxcarbazepine in
treating epilepsy has been established [41]. Clinical trials in patients treated for
neurologic pain have reported serum 10-hydroxy-carbazepine concentrations
between 50 and 100 mcg/mL [42].

Metabolism

Carbamazepine is essentially completely metabolized in humans through both oxi-
dative and conjugative pathways. The primary metabolite, carbamazepine epoxide, is
pharmacologically active and may accumulate in patients using CBZ over long peri-
ods of time [36]. This may potentially lead to the development of toxicity in a patient
who manifests no change in plasma CBZ level after an increase in daily CBZ dose.

A comparison of patients reveals a lower ratio of CBZ epoxide to CBZ among
patients receiving monotherapy when compared to those receiving multiple AEDs
[43].

Autoinduction

After initial dosing, CBZ induces its own metabolism significantly leading to
increased clearance, decreased serum half-life, and a subsequent decline in plasma
concentration over time. Studies have shown that while the elimination half-life of
CBZ in single-dose studies varied from 20 to 65 h, the half-life was decreased by
approximately 50% after multiple dosing for 10-20 days [44, 45].

There is a time dependence of CBZ kinetics secondary to this phenomenon of
autoinduction. As the autoinduction progresses, changes in daily dose are required
to maintain adequate plasma concentrations. Autoinduction is expected to be com-
plete within 20-30 days and is dependent upon CBZ dose [44, 45].
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Excretion

Approximately 72% of a given dose of CBZ is eliminated as metabolites in the
urine. The remaining 28% is eliminated in the feces.

Adverse Reactions

The most common side effects of carbamazepine include dizziness, drowsiness,
ataxia, dyskinesia, diplopia, and headache. These effects are typically dose-related
and may resolve with continued administration only to recur with significant
increases in plasma concentration [9].

Idiopathic reactions to carbamazepine include blood dyscrasias and hypersensi-
tivity reactions. Aplastic anemia, agranulocytosis, and pancytopenia have been
reported to occur rarely with the use of CBZ and more often when CBZ is used in
combination with other medications. Leukopenia is reported to occur in nearly 10%
of patients. While somewhat common, there appears to be no association between
the presence of leukopenia and an increased incidence of infection. This has been
hypothesized to occur as a result of WBC redistribution [9].

Hypersensitivity manifests most commonly as the development of an eczema-
tous rash which can progress in some patients to Stevens—Johnson syndrome [46].

Dilutional hyponatremia and the syndrome of inappropriate antidiuretic hormone
have been reported. The incidence of this phenomenon may increase with the age of
the patient and appears somewhat dose-related although low-dose therapy does not
preclude the development of hyponatremia [47].

Contraindications and Precautions

Some patients with a history of hypersensitivity to tricyclic antidepressants may be
sensitive to carbamazepine and should only be treated with carbamazepine when the
risk of benefit outweighs the risk of hypersensitivity.

The use of CBZ in patients with absence seizures has been associated with wors-
ening of seizures while using CBZ and should be avoided. Similarly, CBZ is con-
sidered ineffective for the treatment of Lennox—Gastaut syndrome [11].

Congenital abnormalities have been reported to occur in infants of mothers who
take CBZ. Current evidence indicates a higher risk of malformations with combina-
tion therapy which may result in higher plasma CBZ concentrations [48].

Drug Interactions
Carbamazepine’s metabolic fate and its influence on the cytochrome p450 system

make carbamazepine the subject of many significant drug interactions [5].
Interestingly, valproic acid can effectively increase the plasma concentration of the
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10, 11 epoxide metabolite without changing the concentration of carbamazepine.
Erythromycin inhibits the metabolism of CBZ resulting in clinically significant
increases in plasma CBZ concentration. CBZ can induce the metabolism of many
other drugs potentially leading to loss of therapeutic effect. Several examples
include valproic acid, theophylline, warfarin, and ethosuximide.

Lamotrigine

Chemistry

Lamotrigine is a phenyltriazine AED unrelated to other currently available AEDs.
As a tertiary amine, lamotrigine is only very slightly soluble in water and slightly
soluble in 0.1 M HCI [49].

Pharmacology

Lamotrigine effectively inhibits the reactivation of voltage-activated Na* channels,
similar to phenytoin and carbamazepine. Further, this action appears greater during
repetitive activation, such as may occur during an epileptic seizure (double check
that). However, unlike carbamazepine and phenytoin, lamotrigine also competi-
tively blocks high-voltage Ca* flux which may be due to blocking presynaptic-type
Ca* channels. Lamotrigine is also effective at inhibiting the release of glutamate and
GABA from neurons, although this effect is much more pronounced for glutamate
than for GABA [49].

Pharmacokinetics

The pharmacokinetics of lamotrigine are unique when compared to other AEDs in
that while it is not a subject of drug interactions related to oxidative metabolism
through the cytochrome P-450 system, it is subject to interaction with drugs that
may alter its glucuronide conjugation.

Absorption

Lamotrigine is readily and completely absorbed from the gastrointestinal system.
The bioavailability is 98%. Plasma concentrations peak 1-3 h after oral administra-
tion, and absorption appears to be linearly related to dose up to approximately
700 mg. Food does not alter the absorption of lamotrigine and systemic absorption
can occur with rectal administration although to a more limited extent than with oral
dosing [50].
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Distribution

Lamotrigine is approximately 56% bound to plasma proteins which remains con-
stant throughout the range of concentrations from 1 to 10 g/mL. The apparent vol-
ume of distribution is 0.9-1.2 L/kg and is independent of dose administered.
Although lamotrigine serum concentrations can be determined, no therapeutic range
has been established for this drug and it is advised that treatment decisions be guided
by therapeutic response without concern for serum concentration [51].

Metabolism

Lamotrigine undergoes hepatic metabolism by uridine diphosphate (UDP)-
glucuronosyl-transferase (UGT 1A4). Metabolism can occur at either heterocy-
clic nitrogen atom to form one of two glucuronide conjugates. These glucuronide
conjugates are pharmacologically inactive [51].

The half-life of lamotrigine is approximately 24-29 h in healthy volunteers.
While some evidence suggests that lamotrigine may undergo autoinduction, the
relatively slow onset of autoinduction and the slow, tapered dosing schedule make
this autoinduction clinically insignificant.

Excretion

Single-dose studies indicate that approximately 70% of a given dose is eliminated
in the urine, almost entirely as glucuronide conjugates. Less than 10% of an admin-
istered dose is renally eliminated as unchanged drug [51].

Adverse Reactions

Lamotrigine can cause a number of CNS side effects including drowsiness, ataxia,
diplopia, and headache. These effects occur significantly less frequently when com-
pared to other AEDs [52].

A hallmark side effect of lamotrigine is the development of a rash. While several types
of rash have been reported, the most common is a generalized erythematous morbilliform
rash that is typically mild to moderate in severity. Case reports of the development of
Stevens—Johnson syndrome have been reported. Rash appears to occur more frequently
in patients receiving concomitant valproic acid and with rapid dose escalation [53].

Contraindications and Precautions

Dermatologic reactions to lamotrigine appear to be more frequent in children when
compared to adults. Safety and efficacy in patients up to the age of 16 years has not
been proven. As noted previously the development of rash is more common among
patients receiving valproic acid.
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Significant interindividual differences in pharmacokinetics of lamotrigine
have been observed in patients with renal dysfunction and careful consideration
should be given that the benefits outweigh the risks of treatment in this patient
population [51].

Drug Interactions

As lamotrigine is not metabolized by the cytochrome p450 system, it is not involved
in precipitating drug interactions. Lamotrigine clearance is increased by phenytoin
and carbamazepine. Valproic acid decreases lamotrigine clearance and increases
its half-life. Conversely, the addition of lamotrigine to valproic acid can decrease
valproic acid concentrations by as much as 25% [51].

Valproate

Chemistry

Valproate is a short-chain branched fatty acid with low water solubility. Clinically,
this compound is available as a sodium salt (valproate sodium, Depakene®) with
high water solubility and also as a complex of valproic acid and sodium valproate
(divalproate, Depakote®). This complex rapidly dissociates in the gastrointestinal
tract to two molecules of valproate.

Pharmacology

Similar to phenytoin and carbamazepine, valproic acid prolongs the recovery of
voltage-activated Na* channels. This effectively reduces propagation of rapid firing
action potentials. Some evidence exists to suggest that valproic acid blocks calcium
currents in T-type calcium channels similar to that seen with ethosuximide [54].

Valproic acid has no direct modulatory effect on GABAergic neurotransmission.
However, valproic acid may alter CNS GABA concentrations via two mechanisms.
First, valproic acid may stimulate glutamic acid decarboxylase, thus increasing
GABA synthesis.

Second, valproic acid may inhibit the action of GABA transaminase and succinic
semialdehyde dehydrogenase, therefore decreasing the degradation of GABA in the
CNS. In either case, the net result is an increase in the concentration of GABA in
the CNS [54].

Pharmacokinetics

Valproic acid is a widely used AED and is available in multiple formulations for oral
and parenteral administration. Oral formulations include capsules, tablets, and syrup
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with immediate release characteristics, enteric-coated tablets of sodium valproate or
divalproex sodium, enteric-coated sprinkles of divalproex sodium Knowledge of the
differences in pharmacokinetics between formulations is important.

Absorption

Oral valproic acid is essentially 100% bioavailable. However, due to difficulties
associated with gastric irritation, enteric-coated and delayed release formulations
have been developed to improve tolerability [54]. Multiple oral formulations of val-
proic acid are available: immediate release capsules, tablets, and syrup; enteric-
coated tablets; and sprinkles of divalproex sodium. The rate of absorption of valproic
acid differs among the various formulations [54].

Immediate release formulations are rapidly absorbed with peak concentrations
reached within 2 h. Enteric-coated tablets delay absorption but remains rapid once
the tablet reaches the small intestine. The time of onset for absorption of delayed
release formulations is dependent upon the state of gastric emptying with peak
plasma concentrations occurring between 3 and 8 h after oral administration. In
patients taking delayed release VPA, true trough concentrations may not occur until
after administration of a morning dose. No difference in bioavailability has been
noted between immediate or delayed release formulations [54].

Distribution

VPA is highly bound to plasma proteins with an apparent volume of distribution of
0.13-0.19 L/kg for adults and 0.2-0.3 L/kg in children. Protein binding is saturable
and therapeutic concentrations and the free fraction of VPA increases with increasing
total concentration. This effect can be quite dramatic with a threefold increase in total
concentration leading to a near tenfold increase in the concentration of free VPA [5].

Serum concentrations of valproic acid are expected to be above 50 mcg/mL to
achieve therapeutic response. However, some controversy exists as to what the max-
imum concentration of the therapeutic range is. The most commonly cited maximal
concentration of valproic acid is 100 mcg/mL [5]. While some reports have linked
the emergence of adverse effects to concentrations greater than 80 mcg/mL, higher
concentrations may be required and tolerated in the management of difficult-
to-control patients.

Metabolism

VPA is metabolized extensively by the liver with a glucuronide conjugate and a
3-0x0-VPA metabolite accounting for over 70% of an administered dose. One metab-
olite, a 4-ene-VPA causes marked hepatotoxicity in rats and may be responsible for
reports of hepatotoxicity in humans although this has not been entirely substantiated.
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It should also be noted that higher concentrations of the 4-ene-VPA may be present
in patients taking enzyme-inducing drugs such as phenobarbital [54].

Excretion

The majority of VPA (70-80%) is excreted in the urine as metabolites. In addition,
portions of VPA are excreted in bile (7%) and through the lung (2-18%) [5].

Adverse Reactions

The most common side effects encountered with the use of valproic acid are mild
and gastrointestinal in nature: nausea, vomiting, gastrointestinal distress, and
anorexia. CNS-related side effects such as drowsiness, ataxia, and tremor appear to
be dose-related. Any of these dose-related side effects may recur with changes in
plasma concentration. Hair loss is occasionally seen early in therapy but generally
resolves with continued use [5, 9].

The most serious idiosyncratic effect of valproic acid is hepatotoxicity. Risk fac-
tors for death due to hepatotoxicity include age <2 years, mental retardation and use
of multiple AEDs. These events also occurred early in therapy [55]. Hyperammonemia
is a very common finding among patients using valproic acid but is not considered
to be a consequence of hepatic damage [9, 55]. Pancreatitis is very rare.

Thrombocytopenia and other blood dyscrasias have been commonly reported to
occur in patients receiving valproic acid but rarely lead to drug discontinuation.
Bleeding can occur in some patients as a result [56].

Excessive weight gain is a common side effect associated with chronic use of
valproic acid [9].

Contraindications and Precautions

Valproate crosses the placenta and observational studies have revealed that first trimes-
ter use of valproate is associated with an increased risk of neural tube defects. Careful
consideration of the use of this medication during pregnancy is warranted [57].

Pediatric use of valproic acid is associated with an increased risk of hepatotoxic-
ity. Risk factors include age <2 years, multiple AED use, and mental retardation. In
addition, valproic acid should not be used in patients with current hepatic disease
[9, 55].

Valproic acid does alter platelet aggregation [9]. Caution should be exercised
when using valproic acid with other drugs that may affect platelet aggregation
and by patients with a history of thrombocytopenia and other risk factors for
bleeding.

The use of valproic acid in combination with lamotrigine significantly increases
the risk of dermatologic reactions to lamotrigine and caution is warranted [52].
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Drug Interactions

Because valproic acid is extensively metabolized, alterations in liver enzyme func-
tion can change the clearance of valproic acid. Common enzyme-inducing drugs
such as phenytoin, carbamazepine, primidone, and phenobarbital increase valproic
acid metabolism. Highly protein-bound drugs such as aspirin and phenytoin have a
propensity to displace valproic acid from binding sites and may change plasma VPA
concentrations [5].

Valproic acid inhibits the metabolism of phenobarbital resulting in a significant
decrease in phenobarbital clearance and subsequent toxic effects. As mentioned
previously, valproic acid has the potential to increase the concentration of the 10, 11
epoxide metabolite of CBZ without altering the concentration of CBZ [5].

Ethosuximide

Ethosuximide is indicated for the treatment of absence seizures. In this capacity, it
is considered the drug of first choice. Combination therapy with valproic acid is
indicated in patients with difficult to control absence seizures despite monotherapy
with ethosuximide.

Chemistry

Ethosuximide is a monocyclic AED which contains a five-member ring structure
with two carbonyl oxygen atoms flanking a ring nitrogen. This compound is consid-
ered soluble in ethanol or ether, freely soluble in water or chloroform, and only very
slightly soluble in hexane [58]. While containing a chiral center, ethosuximide is
utilized clinically as a racemic mixture of the two compounds.

Pharmacology

Ethosuximide exhibits antiseizure activity by reducing low threshold Ca** currents in
the thalamic region. There is no effect on recovery of voltage-activated Na* channels
and thus no change in sustained repetitive firing. Ethosuximide has no influence on the
action or concentration of GABA in the CNS. As a result of this unique mechanism of
action, the use of ethosuximide is limited to the treatment of absence seizures [59].

Pharmacokinetics
Absorption

Absorption of ethosuximide is rapid and nearly complete (90-95%) and does not
appear to be effected by long-term administration. Peak concentrations are reached
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within 1-4 h after oral administration [5, 59]. While the rate of absorption of oral syrup
may be faster than that of oral tablets, the formulations are considered bioequivalent.

Distribution

Ethosuximide distributes widely and homogeneously throughout the body. Based
on this phenomenon, several studies have concluded that saliva concentrations of
ethosuximide can be evaluated in lieu of plasma concentrations for therapeutic
monitoring [59, 60].

The apparent volume of distribution is 0.62—-0.65 L/kg in adults and 0.69 L/kg in
children. Protein binding of ethosuximide is very low, ranging from 0% to 10% in
humans [60].

Serum concentrations of ethosuximide can be useful in monitoring therapy. The
generally accepted therapeutic range is 40—100 mcg/mL [5, 59].

Metabolism

Ethosuximide is extensively metabolized via hepatic oxidation with 80-90% of an
administered dose transformed to inactive metabolites. Biotransformation is cata-
lyzed through the action of CYP3A in a first-order fashion. Ethosuximide does not
induce hepatic microsomal enzymes or the uridine diphosphate glucuronosyl trans-
ferase (UDPGT) system [5, 59].

Excretion

Approximately 10-20% of an administered dose of ethosuximide is renally elim-
inated with nonrenal routes accounting for the majority of elimination. The
apparent half-life of the parent compound is 30-60 h in adults and 30-40 h in
children [58].

Adverse Reactions

Adverse reactions from use of ethosuximide are relatively benign when compared
to other AEDs. Most of these effects are dose-related, predictable, and resolve with
a decrease in dose. Nausea and vomiting occur in up to 40% of patients taking etho-
suximide. CNS side effects such as drowsiness, dizziness, fatigue, lethargy, and
hiccups are also relatively common. Various behavioral changes have been reported
but not well correlated with ethosuximide use [9, 59].

Episodes of psychosis have been reported to occur in young adults with a history of
mental disorders who are treated with ethosuximide. These psychotic reactions typi-
cally occur after the onset of seizure control and resolve after discontinuation of the
drug and recurrence of seizures. This phenomenon is called forced normalization [61].
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Dermatologic adverse effects are the most common idiosyncratic reactions
and range from mild dermatitis and rash to erythema multiforme and Stevens—
Johnson syndrome [62]. Other rare effects include systemic lupus erythematosus,
a lupus-like syndrome, and various blood dyscrasias [63].

Contraindications and Precautions

Although teratogenic effects in humans have not been documented with the use of
ethosuximide, caution is warranted as birth defects have been associated with the
use of other AEDs.

Patients with active hepatic or renal disease may be at increased risk of side
effects due to altered pharmacokinetics of ethosuximide.

Drug Interactions

Few drug interactions have been reported with ethosuximide. CBZ may induce the
metabolism of ethosuximide resulting in loss of seizure control. When ethosuxim-
ide metabolism reaches saturation, valproic acid may interfere by inhibiting the
metabolism of ethosuximide and prolonging its half-life [5].

Gabapentin

Chemistry

The chemical structure of gabapentin is that of GABA covalently bound to a cyclo-
hexane ring. The inclusion of a lipophilic cyclohexane ring was employed to facili-
tate transfer of the GABA moiety into the central nervous system. Gabapentin is
freely soluble in water [64].

Pharmacology

Despite the fact that gabapentin was synthesized to serve as a GABA agonist in
the CNS, this compound does not mimic the effects of GABA in experimental
models [65]. Gabapentin appears to stimulate non-vesicular release of GABA
through an unknown mechanism. Although it binds to a protein similar to the
L-type voltage-sensitive Ca*™ channels, gabapentin has no effect on calcium
currents in root ganglion cells. Further, gabapentin does not effectively reduce
sustained repetitive firing of action potentials as is seen with some other
AEDs.
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Pharmacokinetics
Absorption

Gabapentin is primarily absorbed in the small intestine. The L-amino acid carrier
protein is responsible for absorption from the gut and distribution into the CNS.
As aresult of a saturable carrier-mediated absorption mechanism, bioavailability of
gabapentin is dose-dependent [66].

Oral bioavailability is reported as being 60%. In one multi-dose study of 1,600 mg
three times daily, bioavailability was reduced to approximately 35%. Maximal
plasma concentrations are reached within 2-3 h of oral administration [66].

Distribution

Gabapentin is not appreciably bound to plasma proteins and exhibits an apparent
volume of distribution of 0.65-1.04 L/kg. CSF concentrations of gabapentin range
from 10% to 20% of plasma concentrations and distribution is limited by active
transport through the L-amino acid carrier protein [66]. Optimal concentrations for
therapeutic response to gabapentin have not been established.

Metabolism

Gabapentin is not metabolized nor has it been found to interfere with the metabo-
lism of other AEDs.

Excretion

Gabapentin is excreted exclusively in the urine. The reported half-life of gabapentin
is 57 h but this may be significantly prolonged in patients with renal dysfunction
[67]. Renal elimination of gabapentin is closely related to creatinine clearance and
glomerular filtration rate. For this reason, dosage adjustments may be necessary for
patients with renal disease.

Adverse Reactions

CNS side effects of gabapentin are the most common, tend to occur with initiation
of therapy, and subside with continued use. The most common of these effects are
somnolence, dizziness, and fatigue. Ataxia has also been reported. Other rare CNS
effects include nystagmus, tremor, and diplopia [68].

Neuropsychiatric reactions including emotional lability, hostility, and thought dis-
orders have been reported and may be more common among children and mentally
retarded patients [66]. Weight gain is becoming more widely recognized as a
long-term side effect of gabapentin use.
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Contraindications and Precautions

Elderly patients or patients with impaired renal function should be monitored closely
for the development of side effects secondary to reduced clearance and accumula-
tion of gabapentin.

Drug Interactions

As previously mentioned, gabapentin is not appreciably metabolized by the
cytochrome p450 system, nor does it alter the function of those enzymes.
Cimetidine can decrease the renal clearance of gabapentin by 10%, and aluminum-
based antacids can decrease the bioavailability of gabapentin by as much as
20% [66].

Topiramate

Chemistry

Topiramate is chemically unique from the more traditional AEDs in that it is a
sulfamate-substituted monosaccharide. Topiramate is freely soluble in acetone,
chloroform, dimenthylsulfoxide, and ethanol. It is most soluble in aqueous environ-
ments with an alkaline pH [69].

Pharmacology

Topiramate appears to have several mechanisms by which it exerts its antiseizure effects.
First, topiramate reduces currents through voltage-gated Na* channels and may act on
the inactivated state of these channels similar to phenytoin thus reducing the frequency
of repetitive firing action potentials. In addition, topiramate increases postsynaptic
GABA  currents while also enhancing CI~ channel activity. Further, topiramate decreases
the activity of AMPA-kainate subtypes of glutamate receptors. Lastly, topiramate has
been shown to function as a weak carbonic anhydrase inhibitor [70, 71].

Pharmacokinetics
Absorption
Topiramate is readily absorbed with an estimated bioavailability of 80%. Food may

delay absorption but does not alter bioavailability. Time to peak concentration
ranges from 1.5 to 4 h after an oral dose [72].



3 Aantiepileptic Drugs 141
Distribution

Topiramate is minimally bound to plasma proteins but does bind to erythrocytes.
This unique phenomenon may lead to nonlinear changes in serum concentration
until red cell binding sites have become saturated. The apparent volume of distribu-
tion is 0/6-0.8 L/kg [72].

Topiramate dosage adjustments should be based upon therapeutic response as no
defined therapeutic range has been established.

Metabolism

Topiramate metabolism accounts for the disposition of <50% of an administered
dose. Hepatic metabolism involves several pathways including hydroxylation,
hydrolysis, and glucuronidation. Administration of enzyme-inducing drugs such as
carbamazepine can increase the apparent hepatic clearance of topiramate by
50-100% with a corresponding decrease in the fraction excreted in the urine [73].

Excretion

Greater than 50% of an administered does of topiramate is eliminated unchanged in
the urine. The elimination half-life ranges from 15 to 24 h. Clearance of topiramate
may be reduced in patients with renal failure [70].

Adverse Reactions

Primary side effects of topiramate are usually either related to the CNS or carbonic
anhydrase inhibition. CNS side effects are common and patients may become toler-
ant to them with continued use. These include fatigue, somnolence, dizziness,
ataxia, confusion, psychomotor retardation, and difficulty concentrating. Visual dis-
turbances such as diplopia and blurred vision and acute closed-angle glaucoma have
also been reported [74].

Side effects related to carbonic anhydrase inhibition include paresthesias and
nephrolithiasis. Paresthesias are generally mild and transient. Renal stones were
reported to occur in 1.5% of patients in premarketing studies but have been less
frequent in postmarketing analyses [70].

Two unique side effects have been attributed to topiramate. In contrast to other
AEDs, long-term use of topiramate is associated with a decrease in body weight
from 1 to 6 kg. This weight loss typically begins within the first 3 months of therapy
and peaks between 12 and 18 months of use. Higher degrees of weight loss tend to
occur in patients with higher pretreatment weight [70].
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Lastly, some users of topiramate report difficulty with word-finding while talk-
ing. This has been attributed to the effects on psychomotor function and is not a
specific effect on language or speech [74].

No significant metabolic, hematologic, or hepatic effects have been attributed to
the use of topiramate.

Contraindications and Precautions

Topiramate has demonstrated various teratogenic effects in animal models.
Postmarketing surveillance has identified select cases of hypospadias in infants born
to women taking topiramate alone or in combination with other AEDs during preg-
nancy. Topiramate is classified in the FDA Pregnancy Category C [69].

Patients with impaired renal function may be at risk of toxicity due to accumulation
of topiramate and should be monitored appropriately.

Drug Interactions

Topiramate does not appear to alter the metabolism or elimination of other AEDs.
CBZ induces the metabolism of topiramate thus necessitating adjustment of the
dosage of topiramate when used concomitantly. Other potent enzyme-inducing
drugs such as phenytoin or phenobarbital may exhibit similar effects. It should also
be noted that dose adjustments would be necessary upon discontinuation of an
enzyme-inducing drug while continuing the topiramate [75].

Tiagabine

Chemistry

Tiagabine is a nipecotic acid derivative synthesized by linking nipecotic acid to a
lipophilic anchor compound. The addition of this anchor compound facilitates
transfer of the nipecotic acid moiety across the blood—brain barrier. Tiagabine is
sparingly soluble in water and practically insoluble in most organic solvents.
However, it does remain soluble in ethanol [76].

Pharmacology

Tiagabine reduces GABA uptake into presynaptic neurons by inhibiting the GABA
transport protein, GAT-1. Inhibiting the re-uptake of GABA results in increased
extracellular concentrations of GABA and a prolongation of the inhibitory effect of
GABA on neurons [77].
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Pharmacokinetics
Absorption

Tiagabine is readily absorbed with oral bioavailability approaching 90%.
Absorption is linear with maximum plasma concentrations occurring between 45
and 90 min after administration in the fasting state and after a mean of 2.6 h when
taken with food. While food may delay the absorption of tiagabine, the extent of
absorption is unaffected. It is recommended by the manufacturer that tiagabine be
administered with food to avoid side effects associated with high plasma concen-
trations [78, 79].

Distribution

Tiagabine is highly bound to plasma proteins (96%) and is widely distributed
throughout the body. The apparent volume of distribution is 1 L/kg [78, 79].

While no therapeutic range for tiagabine has been established, because of the
risk of drug interactions the manufacturer suggests that monitoring concentrations
of tiagabine before and after the addition or discontinuation of interacting drugs
may be useful [76].

Metabolism

Tiagabine is extensively metabolized in the liver via the CYP3A isozyme system
with less than 2% of an administered dose excreted unchanged. The half-life of
tiagabine ranges from 5 to 8 h in patients receiving monotherapy but may be reduced
to 2-3 h in patients taking enzyme-inducing medications [80].

Excretion

Approximately 25% of an administered dose of tiagabine is eliminated in the urine
with 40—-65% of a dose eliminated in the feces within 3—5 days. This extended elim-
ination may be due to enterohepatic recycling of tiagabine metabolites [80].

Adverse Reactions

Side effects that occur more commonly with tiagabine than placebo include dizzi-
ness, asthenia, nervousness, tremor, diarrhea, and depression. These side effects are
usually mild and transient [81].

More severe side effects such as ataxia, confusion, and itching or rash have been
reported although rarely and should resolve upon discontinuation of tiagabine [81].
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Contraindications and Precautions

Animal teratogenicity studies demonstrate increased risks of embryo-fetal develop-
ment abnormalities but no evidence of teratogenicity in humans has been seen.
Tiagabine is classified as FDA Pregnancy Category C.

Drug Interactions

Many drugs are known to inhibit or induce the 3A isozyme family of the cyto-
chrome system. The use of drugs which alter metabolism through these isozymes
should be expected to alter the metabolism of tiagabine. Plasma concentrations of
tiagabine will decrease with the addition of enzyme-inducing drugs such as carbam-
azepine and phenytoin while concentrations will increase with the addition of
enzyme-inhibiting drugs such as cimetidine [77].

Although tiagabine is highly protein bound, plasma concentrations are low
enough that significant displacement interactions do not occur.

Felbamate

Chemistry

Felbamate is a dicarbamate AED with a chemical structure similar to that of mepro-
bamate. While meprobamate incorporates an aliphatic chain at the 2-carbon posi-
tion, felbamate includes a phenyl group at that position. Felbamate is a lipophilic
compound that is only very slightly soluble in water and increasingly soluble in
ethanol, methanol, and dimethyl sulfoxide [82].

Pharmacology

Felbamate has a dual mechanism of action, inhibiting excitatory neurotransmission
and potentiating inhibitory effects. Felbamate inhibits NMDA-evoked responses in rat
hippocampal neurons. In addition, felbamate potentiates the effects of GABA in the
same cell line [83]. By decreasing the spread of seizures to other neurons and increas-
ing the seizure threshold, felbamate exhibits broad effects on various seizure types.

Pharmacokinetics
Absorption

Felbamate is readily absorbed from the gastrointestinal tract. Neither the rate nor
the extent of absorption are altered by the presence of food. Greater than 90% of an
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orally administered dose of felbamate or its metabolites can be recovered in the
urine or feces [82].

Distribution

Felbamate is approximately 20-25% bound to plasma proteins and this is indepen-
dent of total concentration. It readily crosses the blood-brain barrier with CSF con-
centrations nearly equal to plasma concentrations in animal models. No significant
displacement of other compounds from protein-binding sites occurs with the use of
felbamate [84]. The apparent volume of distribution of felbamate is 0.7-1 L/kg.

While no therapeutic range has been defined for felbamate, it is suggested that
concentrations of phenytoin, carbamazepine be monitored when used concurrently
with felbamate [85].

Metabolism

Approximately 50% of an administered dose of felbamate is metabolized in the
liver by hydroxylation and conjugation. One metabolite, atropaldehyde, has
been implicated in the development of aplastic anemia associated with the use of
felbamate. Atropaldehyde has been shown to alkylate proteins which produces
antigens which can generate a dangerous immune response in some individuals.
Variations in the metabolism of felbamate as well as detoxification of atropalde-
hyde make it very difficult to predict which patients may be subject to this dan-
gerous effect [82].

Excretion

Urinary excretion of unchanged felbamate accounts for the disposition of 30-50% of
an administered dose. This fraction can decrease to 9-22% in patients with renal
dysfunction. The apparent half-life of felbamate has been reported to be between 16
and 22 h. This half-life may increase in patients with decreasing renal function [85].

Adverse Reactions

Gastrointestinal upset, headache, anorexia, and weight loss have been reported to
occur commonly among patients using felbamate. While most adverse effects will
subside over time, anorexia and insomnia are more likely to persist with contin-
ued use.

Less common side effects such as diplopia, dizziness, and ataxia have been
reported. However, these side effects occur more commonly with polytherapy than
monotherapy and may be related to the other medications used, particularly carbam-
azepine [86].
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Postmarketing surveillance identified an increased risk of the development of
aplastic anemia and hepatic failure among users of felbamate. Emerging risk factors
for the development of these reactions are history of cytopenia, AED allergy or
significant toxicity, viral infection, and/or immunologic problems [82].

Contraindications and Precautions

Cross-sensitivity between felbamate and other carbamate drugs has been demon-
strated. Caution is advised when treating a patient with carbamate hypersensitivity
with felbamate.

Two known animal carcinogens, ethyl carbamate (urethane) and methyl carbam-
ate, are found in felbamate tablets as a consequence of the manufacturing process.
Quantities of these substances have been shown to be inadequate to stimulate tumor
development in rats and mice. The implications of this in humans remains unknown
[82, 87].

Teratogenicity studies in rats and mice revealed decreased rat pup weight and
increased mortality during lactation but no effects on fetal development were identi-
fied. Felbamate is classified as FDA Pregnancy Category C.

Patients suffering from blood dyscrasias characterized by abnormalities in blood
counts, platelet count, or serum iron concentrations should not receive felbamate
without close evaluation of the risks and benefits of its use. Similarly, patients with
a history of or current bone marrow suppression should not receive felbamate. This
would also apply to patients receiving chemotherapy with agents known to cause
bone marrow suppression [82, 88].

Due to the synthesis of atropaldehyde during felbamate metabolism and subse-
quent potential for immunologic response, patients with hepatic disease may be at
increased risk for exacerbation of their condition [82].

Caution should be exercised when patients with a history of myelosuppression or
hematologic toxicity to any medication are prescribed felbamate as these patients
may be at increased risk of felbamate-induced hematologic toxicity.

Drug Interactions

Felbamate has been reported to inhibit the metabolism of both phenytoin and valp-
roic acid. As felbamate increases the metabolism of carbamazepine serum concen-
trations decrease while epoxide metabolite concentrations increase. Doses of
phenytoin, CBZ, and valproic acid should be decreased by approximately 30%
when felbamate is co-administered [86, 89].

Enzyme inducers like phenytoin and CBZ can increase the metabolism of fel-
bamate. Felbamate has also been shown to decrease the metabolism of phenobarbital
and warfarin [86, 89].
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Vigabatrin

Chemistry

Vigabatrin, gamma-vinyl GABA, is a structural analogue of GABA. Vigabatrin is a
racemic mixture of R(—) and S(+) isomers in equal proportions with no evident optical
rotational activity. While this compound is highly soluble in water, it is only slightly
soluble in ethanol or methanol and remains insoluble in hexane or toluene [90].

Pharmacology

Vigabatrin has been shown to effectively increase CNS concentrations of GABA in
both animal models and humans with epilepsy in a dose-dependent fashion.
Increased concentrations of other markers of GABA concentration (homocarnosine)
are also been reported to occur in patients taking vigabatrin. The proposed mecha-
nism by which vigabatrin facilitates these increases is through the inhibition of
GABA transaminase, the primary enzyme involved in GABA metabolism. This
inhibition occurs in an irreversible manner [90]. Therefore, despite a relatively short
half-life, vigabatrin can be administered on a once-daily basis.

Pharmacokinetics

Absorption

Vigabatrin is readily absorbed from the gastrointestinal tract. Peak concentrations occur
within 2 h of oral administration. Oral bioavailability is reported to be approximately
60%. Food has no effect on either the rate or extent of absorption of vigabatrin [91].
Distribution

Vigabatrin has an apparent volume of distribution of 0.8 L/kg. There is virtually no
binding to plasma proteins. CSF concentrations of vigabatrin are approximately
10% of concentrations in plasma samples. Uniquely, vigabatrin distributes into red
blood cells with subsequent red blood cell concentrations approximating 30-80% of
plasma concentrations [90, 91].

Metabolism

No human metabolites of vigabatrin have been identified and no therapeutic range
has been established [90, 91].
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Excretion

The manufacturer reports that up to 82% of an orally administered dose is recovered
unchanged in the urine. The terminal half-life of vigabatrin is approximately 7 h
which can be significantly prolonged in patients with renal dysfunction. Although it
has been suggested that doses of vigabatrin be reduced in patients with renal dys-
function, no guidelines in this regard have been published [90, 91].

Adverse Reactions

Vigabatrin is well tolerated with sedation and fatigue being the primary adverse
effects associated with its use. It has been shown to have no effect on cognitive
abilities [90, 92].

Psychiatric and behavioral effects of vigabatrin have been reported. Agitation,
irritability, depression, or psychosis has been reported in up to 5% of patients taking
the drug with no prior history of psychosis [90].

The development of visual field defects has occurred in patients taking vigaba-
trin. These visual field defects are commonly asymptomatic and appear to be
irreversible. The time course of the onset, relationship with dose, influence of
other AEDs, and progression of visual field deficits are unknown. It is suggested
that patients treated with vigabatrin undergo visual field testing regularly during
therapy [90].

Contraindications and Precautions

No evidence of carcinogenicity has been demonstrated in animal studies. Serious
fetal neurotoxicity has been shown to occur in animal studies and vigabatrin is NOT
recommended to be used during pregnancy [90]. Vigabatrin is classified as FDA
Pregnancy Category D.

Vigabatrin should be used with caution in patients with aggressive tendencies or
evidence of psychosis as these patients may be at higher risk for these types of epi-
sodes while using vigabatrin [90, 92].

Due to the risk of accumulation, patients with impaired renal function or a crea-
tinine clearance <60 mL/min should be monitored closely for the development of
adverse effects [92].

Drug Interactions
Few clinically significant drug interactions have been identified with vigabatrin.

Vigabatrin use can increase serum concentrations of phenytoin by as much as 30%
although the mechanism of this interaction is unknown [92].
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Levetiracetam

Chemistry

Levetiracetam is a unique AED which is chemically unrelated to any of the other
currently available AEDs. This single S-enantiomer pyrrolidine compound is very
soluble in water and decreasingly less soluble in chloroform or methanol, ethanol,
acetonitrile, and practically insoluble in n-hexane [93].

Pharmacology

The mechanism of action of levetiracetam is distinct and unrelated to the effects of
other AEDs. No evidence supports any effect on voltage-gated Na* channels or on
GABA or benzodiazepine receptors. Levetiracetam has been shown to bind in a
stereospecific, saturable, and reversible manner to unknown binding sites in the
CNS. These binding sites do appear to be confined to synaptic membranes in the
CNS and not the peripheral nervous system. Phenylenetetrazole and piracetam can
effectively displace levetiracetam from these binding sites while there is no effect
on binding caused by other antiepileptic drugs, picrotoxin, or bicucculline.
Midazolam, a benzodiazepine receptor antagonist has no discernible effect on bind-
ing of levetiracetam to synaptic membranes [94].

Pharmacokinetics
Absorption

Levetiracetam is readily and completely absorbed after oral administration. Peak
concentrations occur within 20-120 min of administration. Clinical studies have
shown that although food does not decrease the extent of absorption, it can cause a
delay in time to peak concentration by up to 1.5 h and decrease the peak concentra-
tion by as much as 20% [94].

Distribution

The apparent volume of distribution of levetiracetam is 0.7 L/kg. This drug and its
metabolites are <10% bound to plasma proteins and protein displacement drug
interactions are unlikely to occur. There has been no therapeutic range established
for levetiracetam [93, 94].
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Metabolism

Levetiracetam is minimally metabolized in humans via a hydrolysis reaction. This
metabolism does not involve hepatic microsomal enzymes and therefore is unlikely
to be involved in metabolic drug interactions [95].

Excretion

Renal excretion of parent drug accounts for 66% of the disposition of an orally
administered dose of levetiracetam with an additional 25% of administered
dose eliminated renally as metabolites. The elimination half-life is 6-8 h and
may be prolonged as much as 2.5 h in elderly subjects due to changes in renal
function. In addition, half-life is prolonged in patients with documented renal
disease [95].

Adverse Reactions

Common adverse effects of levetiracetam include somnolence, dizziness, asthenia,
and fatigue. Somnolence has been reported in up to 45% of patients receiving the
drug. Coordination difficulties including ataxia, abnormal gait, and incoordination
are also more common with levetiracetam than placebo. Behavioral symptoms have
also been reported and include reactions such as psychosis, agitation, anxiety, hos-
tility, emotional lability, depression, and others. These adverse effects typically
appear early in therapy and may resolve with dose reduction [93].

Little information is available regarding idiosyncratic reactions on hematologic
and hepatic systems.

Contraindications and Precautions

Animal studies show that levetiracetam can cause developmental abnormalities at
doses near that used in humans [93]. Levetiracetam is classified as FDA Pregnancy
Category C.

Levetiracetam dose should be reduced in patients with evidence of renal function
impairment.

Drug Interactions

Pharmacokinetic studies of levetiracetam indicate that no clinically significant inter-
actions of this sort occur. Levetiracetam neither induces nor inhibits cytochrome
p450 isozymes nor does it alter UDP-glucuronidation [95].
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Zonisamide

Chemistry

Zonisamide is a unique AED with a sulfonamide structure. This compound is only
moderately soluble in water and 0.1 N HCI [96].

Pharmacology

Zonisamide exhibits antiseizure effects similar to other AEDs. It has been shown to
inhibit T-type calcium currents as well as prolonging the inactivation of voltage-
gated Na* channels, thus inhibiting sustained repetitive firing of neurons. These
mechanisms are similar to those of phenytoin and carbamazepine. In addition,
Zonisamide may have some minimal carbonic anhydrase inhibitory activity [94,
96].

Pharmacokinetics
Absorption

Peak serum concentrations occur within 2—-6 h of administration of an oral dose of
zonisamide. Food may prolong the time to peak concentration (4—6 h) but has no
effect on the extent of absorption [94, 96].

Distribution

Studies indicate that zonisamide is 40-50% protein-bound. In addition, zonisamide
is extensively bound to erythrocytes with erythrocyte concentrations eight times
higher than serum concentrations. This binding to erythrocytes is saturable and may
result in disproportionate increases in serum concentration with a given change in
dose at higher doses. The volume of distribution is reported to be 1.4 L/kg. No
therapeutic range has been established [94, 97].

Metabolism

The primary route of metabolism of zonisamide is reduction to 2-sulfamoylacetyl
phenol (SMAP) by the CYP3A4 isozyme system. A minor metabolic route involves
hydroxylation and acetylation to 5-N-acetylzonisamide. Zonisamide does not induce
its own metabolism [94, 97].
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Excretion

Renal elimination is the primary route for clearance of zonisamide. Thirty-five per-
cent of an administered dose is recovered unchanged while the remaining 65% is
eliminated in the urine as metabolites. The terminal half-life of zonisamide is 63 h
which may be prolonged in patients with renal or hepatic dysfunction [94, 97].

Adverse Reactions

Adpverse effects most common with the use of zonisamide include somnolence, diz-
ziness, ataxia, anorexia, headache, nausea, and anger/irritability. Other CNS effects
include psychomotor slowing, difficulty concentrating, and word finding difficulties
[94, 98].

Severe reactions including Stevens—Johnson syndrome, toxic epidermal necro-
sis, hepatic failure, aplastic anemia, agranulocytosis, and other blood dyscrasias
have been reported in patients taking sulfonamides and should be considered poten-
tial side effects of zonisamide [94, 98].

Oligohydrosis and hyperthermia have been reported to occur in 13 pediatric
patients during the first 11 years of marketing of zonisamide in Japan. Although
zonisamide is not approved for pediatric use in the USA, it is important to recognize
that oligohydrosis and hyperthermia are potential adverse effects associated with
the use of zonisamide [98].

Contraindications and Precautions

Studies in rats and mice have shown teratogenic effects when zonisamide is admin-
istered during organogenesis in pregnancy. Embryolethality has been demonstrated
during the treatment of cynomolgus monkeys. Strong caution is advised against the
use of zonisamide during pregnancy. Zonisamide is categorized as FDA Pregnancy
Category C [96].

Oligohydrosis and hyperthermia were reported to occur in Japanese children
treated with zonisamide but has not occurred in Caucasians.

Decreases in clearance will occur in patients with impaired renal function and
zonisamide should only be used under close supervision in patients with a glomeru-
lar filtration rate of <50 mL/min. In addition, metabolism of zonisamide may be
decreased in patients with hepatic dysfunction.

Drug Interactions
Although zonisamide is metabolized via the CYP3A4 isozyme system, it has not

been shown to alter the pharmacokinetics of other drugs metabolized through that
isozyme. In contrast, carbamazepine, phenytoin, fosphenytoin, and phenobarbital
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have been shown to increase the clearance of zonisamide. The clinical impact of
these interactions are unknown as no therapeutic level for zonisamide has been
determined [94, 97].
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Chapter 4
Opioids and Opiates

Seyed Adel Moallem, Kia Balali-Mood, and Mahdi Balali-Mood

Abstract The term “opioid” applies to any substance, whether endogenous or
synthetic, that produces morphine-like effects. Opiates are restricted to synthetic
morphine-like drugs with non-peptidic structure. Opium is an extract of the juice of
the poppy Papaver somniferum, which has been used socially and medicinally as
early as 400 to 300 Bc. In the early 1800s, morphine was isolated, and in the 1900s,
its chemical structure was determined. Opium contains many alkaloids related to
morphine. Many semisynthetic and fully synthetic compounds have been made and
studied. The main groups of drugs include morphine analogues such as oxymorphone,
codeine, oxycodone, hydrocodone, heroin (diamorphine), and nalorphine, and the
synthetic derivatives such as meperidine, fentanyl, methadone, propoxyphene, butor-
phanol, pentazocine, diphenoxylate, and loperamide (Herz, A., Opioids Handbook
of Experimental Pharmacology, Vol. 104, Berlin, Springer Verlag, 1993).

Keywords Opioids  Opiates ¢ Drug interaction ® Pharmacology * Toxicology

Pharmacokinetics

Some of the pharmacokinetic parameters for opioids are summarized in Table 4.1
[1, 2]. Most opioids are readily absorbed from the gastrointestinal tract; they are
also absorbed from the nasal mucosa, the lungs, rectum, and vagina and after sub-
cutaneous or intramuscular injection. With most opioids and due to significant but
variable first-pass effect, the effect of a given dose is more after parenteral than after
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Table 4.1 Pharmacokinetic parameters and receptor subtype activities of some opioids
Duration Addiction/

Dose of analgesia abuse Opioid

Generic name  Brand name (mg) Administration  (h) potential  receptor
p & x
Buprenorphine Buprenex 0.3 M, IV, SC 4-8 Low P -
Butorphanol Stadol 2 IM, IV, Nasal 34 Low P +++
Spray
Codeine 30-60  Oral, SC 34 Medium + +
Fentanyl Sublimaze 0.1 M, 1V, 1-2 High +++
Transdermal
Hydro- Dilaudid 1.5 Oral, SC 4-5 High +++ +
morphone
Mepridine Demerol 50-100 Oral, IM 1-3 High ++
Methadone Dolphine 10 Oral, SC 3-5 High +++
Morphine Statex, 10 Oral, IM, IV, SC 4-5 High +++ +
Kadian

Naloxone Narcan 0.4 M, IV - - - - =
Oxycodone Percodan 5 Oral 3-5 Medium + +
Oxymorphone  Numorphan 1-2 M, IV, SC 3-5 High +++ +
Pentazocine Talwin 25-50 Oral, IM 34 Low P ++
Propoxyphene  Darvon 60-120 Oral 2-4 Low ++
Tramadol Ultram 50-100 Oral, IM 1-6 Low +

Data compiled from various sources
+ agonist, — antagonist, P partial agonist

oral administration. The enzyme activity responsible for opioids metabolism in the
liver varies considerably in different individuals. Thus, the effective oral dose in a
particular patient may be difficult to predict.

All opioids bind to plasma proteins with varying affinity. However, the drugs
rapidly leave the blood and localize in highest concentrations in tissues that are
highly perfused. Brain concentrations of opioids are usually relatively low in com-
parison to most other organs. In neonates, the blood—brain barrier for opioids is
effectively lacking. Because of this, easy transport of opioids through the placenta,
and the low conjugating capacity in neonates, opioids used in obstetrics analgesia
have a much longer duration of action and can easily cause respiratory depression
in neonates [3].

Hepatic metabolism is the main mode of inactivation, usually by conjugation
with glucuronide. Esters (e.g., heroin) are rapidly hydrolyzed by common tissue
esterases. Heroin is hydrolyzed to monoacetylmorphine and finally to morphine,
which is then conjugated with glucuronic acid. These metabolites were originally
thought to be inactive, but is now believed that morphine-6-glucuronide is more
active as analgesic than morphine. Accumulation of these active metabolites may
occur in patients with renal failure and may lead to prolonged and more profound
analgesia even though central nervous system entry is limited [2, 4].

Some opioids are also N-demethylated by CYP3A and O-demethylated by
CYP2D6 in the liver but these are minor pathways of metabolism. Codeine, oxy-
codone, and hydrocodone are converted to metabolites of increased activity by
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CYP2D6. Genetic variability of CYP2D6 and other CYP isozymes may have
clinical consequences in patients taking these compounds. Accumulation of a
demethylated metabolite of meperidine, normeperidine, may occur in patients
with decreased renal function or those receiving multiple high doses of the drug.
In sufficiently high concentrations, the metabolite may cause seizures, especially
in children. However, these are exceptions, and opioid metabolism usually results
in compounds with little or no pharmacologic activity [2]. Minor metabolic path-
ways in human subjects have been shown to exist for the conversion of codeine to
hydrocodone, and recently, the metabolic conversion of morphine to hydromor-
phone has also been reported [5].

Hepatic oxidative metabolism, mainly N-dealkylation by CYP3 A4, is the primary
route of degradation of the phenylpiperidine opioids (e.g., fentanyl) and eventually
leaves only small quantities of the parent compound unchanged for excretion [2].

Pharmacodynamics

Morphine and most other opioids elicit a mixture of stimulatory and inhibitory
effects, with the major sites of action being the brain and the gastrointestinal tract.
Areas of the brain receiving input from the ascending spinal pain-transmitting path-
ways are rich in opioids receptors.

Opioid Receptors

Three major classes of opioid receptors have been identified in various nervous
system sites and in other tissues. They are mu (p), delta (8), and kappa (k). The
newly discovered N/OFQ receptor, initially called the opioid-receptor-like 1 (ORL-
1) receptor or “orphan” opioid receptor, has added a new dimension to the study of
opioids. Each major opioid receptor has a unique anatomical distribution in brain,
spinal cord, and the periphery. These distinctive patterns of localization suggest
specific possible functions. There is little agreement regarding the exact classifica-
tion of opioid receptor subtypes. Pharmacological studies have suggested the exis-
tence of multiple subtypes of each receptor. Behavioral and pharmacological studies
suggested the presence of p, p,, and p, subtypes. p, has only been found in mac-
rophages, and its clinical effects has not been reported. The p, site is proposed to be
a very high affinity receptor with little discrimination between u and 6 ligands. The
data supporting the existing of 5-opioid receptor subtypes are derived mainly from
behavioral studies. In the case of K receptor, numerous reports indicate the presence
at least one additional subtype [3].

Opioids show different activities at these receptors (Table 4.1). Most of the clini-
cally used opioids are relatively selective for p receptors. It is crucial to note that
opioids that are relatively selective at standard doses will interact with additional
receptor subtypes when given at sufficiently high doses, leading to possible changes
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Table 4.2 Classification of opioid receptors and their effects

Functional effects T8 1, S K
Analgesia
Supraspinal ++ - + +
Spinal ++ - ++ +
Respiratory depression +++ ++ +
Reduced GI motility ++ ++ + ++
Pupil constriction + ++ — +
Euphoria +++ ++ _ _
Sedation ++ - - ++
Physical dependence +++ ++ - -

in their pharmacological profile. Classification of opioid receptor subtypes and
actions is shown in Table 4.2 [2, 3]. Opioid receptors have been cloned and belong
to the G protein—coupled family of receptor proteins [3].

Endorphins

Opioid alkaloids (e.g., morphine) produce analgesia through actions at regions
in the brain that contain peptides which have opioid-like pharmacologic proper-
ties. The general term currently used for these endogenous substances is endog-
enous opioid peptides, which replaces the other term endorphin. There are three
families of endogenous opioid peptides. The best-characterized of the opioid
peptides possessing analgesic activity are the pentapeptides methionine-enkeph-
alin (met-enkephalin) and leucine-enkephalin (leu-enkephalin), which were the
first opioid peptides to be isolated and purified. Leu- and met-enkephalins have
slightly higher affinity for the & than for the p opioid receptor. Two recently dis-
covered peptides, endomorphin I and endomorphin II, have very high p receptor
selectivity [2, 3].

These endogenous peptides are derived by proteolysis from much larger precur-
sor proteins. The principal precursor proteins are prepro-opiomelanocortin (POMC),
preproenkephalin (proenkephalin A), and preprodynorphin (proenkephalin B).
POMC contains the met-enkephalin sequence, -endorphin, and several nonopioid
peptides, including ACTH, [B-lipotropin, and melanocyte-stimulating hormone.
Preproenkephalin contains six copies of met-enkephalin and one copy of leu-
enkephalin. Preprodynorphin yields several active opioid peptides that contain the
leu-enkephalin sequence. These are dynorphin A, dynorphin B, and alpha and beta
neoendorphins [2, 3].

The endogenous opioid precursor molecules are present at brain sites that have been
implicated in pain modulation. Evidence suggests that they can be released during
stress such as pain or the anticipation of pain. The precursor peptides are also found in
the adrenal medulla and neural plexuses of the gut. Recent studies indicate that several
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phenanthrene opioids (morphine, codeine) may also be found as endogenous
substances at very low (picomolar) concentrations in mammalian tissues; their role at
such sites has not been established [2, 3].

Mechanism of Action

Activation of opioids receptors has a number of cellular consequences, including
inhibition of adenyl cyclase activity, leading to a reduction in intracellular cAMP
concentration. This fall in neuronal cAMP is believed to account mostly for the
analgesic effect of opioids.

Opioids vary not only in their receptor specificity, but also in their efficacy at
different types of receptors. Some agents act as agonists on one type of receptor and
antagonists or partial agonists at another, producing a very complicated pharmaco-
logical picture. Most opioids are pure agonists, pentazocine and nalorphine are
partial agonists, and naloxone and naltrexone act as antagonists (Table 4.1).

The opioids have two well-established direct actions on neurons. They either
close a voltage-gated Ca®* channel on presynaptic nerve terminals and thereby
reduce transmitter release, or they hyperpolarize and thus inhibit postsynaptic neu-
rons by opening K* channels [2, 3]. The presynaptic action (depressed transmitter
release) has been demonstrated for release of a large number of neurotransmitters,
including acetylcholine, norepinephrine, glutamate, serotonin, and substance P [2].

All three major receptors are present in high concentrations in the dorsal horn of
the spinal cord. Receptors are present on both spinal cord pain transmission neu-
rons and on the primary afferents that relay the pain message to them. Opioid ago-
nists inhibit the release of excitatory transmitters from these primary afferents, and
they directly inhibit the dorsal horn pain transmission neuron. Thus, opioids exert
a powerful analgesic effect directly upon the spinal cord. This spinal action has
been exploited clinically by direct application of opioid agonists to the spinal cord,
which provides a regional analgesic effect while minimizing the unwanted respira-
tory depression, nausea and vomiting, and sedation that may occur from the
supraspinal actions of systematically administered drugs [2]. Different combina-
tions of opioid receptors are found in supraspinal regions implicated in pain trans-
mission and modulation. Of particular importance are opioid-binding sites in
pain-modulating descending pathways, including the rostral ventral medulla, the
locus ceruleus, and the midbrain periaqueductal gray area. At these sites as at
others, opioids directly inhibit neurons, yet neurons that send processes to the
spinal cord and inhibit pain transmission neurons are activated by the drugs. In
addition, part of the pain-relieving action of exogenous opioids involves the release
of endogenous opioid peptides [2].

Clinical use of opioid analgesics consists primarily in balancing the analgesia
against adverse side effects. Their depressive effect on neuronal activity, increase in
pain threshold, and sedation is often accompanied by euphoria. A summary of
opioid pharmacological effects is shown in Table 4.3 [1, 2].
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Table 4.3 Pharmacodynamic properties of opioids

Central nervous system effects

Suppression of pain; analgesia

Drowsiness and decreased mental alertness; sedation

Respiratory function depression (at the same dose that produce analgesia)
Euphoria

Psychotomimetic effects (nightmares, hallucinations)

Increased intracranial pressure

Suppression of cough; codeine is used primarily as antitussive

Miosis, mediated by parasympathetic pathways

Nausea and vomiting, by activating the brain stem chemoreceptor trigger zone
Antimuscarinic effects by Meperedine

Peripheral effects

Hypotension, if cardiovascular system is stressed

Bradycardia

Decreased peristalsis; constipation

Decreased gastric acid secretion

Inhibition of fluid and electrolyte accumulation in intestinal lumen
Increased tone of intestinal smooth muscle

Increased tone of sphincter of Oddi; increased biliary pressure
Increased tone of detrusor muscle and vesical sphincter

Decreased uterine tone

Stimulation of the release of antidiuretic, prolactin, and somatotrophin hormones
Inhibition of luteinizing hormone release

Skin flushing and warming; sweating; itching

Immune system modulation

Opioid Use and Abuse

Introduction: The Size of the Problem

Man has used drugs for recreational purposes as long as history itself. Arabic trad-
ers smoked opium in the third century BC. In the last 30 years, the number of
people using recreational drugs, particularly opioids, appears to have increased. In
2007, an estimated 19.9 million Americans aged 12 or older were current (past
month) illicit drug users. In 2006, there have been 1.8 million annual admissions
to treatment for abuse of alcohol and drugs in USA, of which 324,000 cases were
related to opiates (primarily heroin). In 2003, there were 237,000 admissions for
injection drug use (13% of all admissions). Opiates accounted for 77% of admis-
sions for injection drug use, followed by stimulants (16%) and cocaine (6%).
Admissions for injected opiates rose 23% between 1992 and 2003. Injection drug
users tended to use drugs for many years before entering the substance abuse
treatment system. Heroin treatment admission rates between 1993 and 1999
increased by 200% or more in 6 States and by 100-199% in another 11 States. The
West and Northeast had the highest heroin treatment admission rates between
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1993 and 1999 [6]. As an example of 1 state in USA, a report indicated that the
total unintentional drug overdose death rate in New Mexico increased from 5.6
per 100,000 in 1990 to 15.5 per 100,000 in 2005. Deaths caused by heroin, pre-
scription opioids, cocaine, and alcohol/drug combinations together ranged from
89 % to 98% of the total. Heroin caused the most deaths during 1990-2005, with
a notable rate increase in prescription opioid overdose death during 1998-2005
(58%). During 1990-2005, the 196% increase in single drug category overdose
death was driven by prescription opioids alone and heroin alone; the 148% increase
in multi-drug category overdose death was driven by heroin/alcohol and heroin/
cocaine [7]. Use and abuse of prescription narcotic analgesics have increased dra-
matically in the United States since 1990. The effect of this pharmacoepidemic
has been most pronounced in rural states which experienced the nation’s largest
increase in drug overdose mortality rates during 1999-2004. Concurrent with the
increase in legitimate sales of opioids, diversion of these drugs to nonmedical uses
has also increased. The National Survey on Drug Use and Health discovered that
an annual average of 4.8% of persons 12 years or older consumed a prescription
pain reliever for nonmedical reasons in the previous year during 2002-2005 [8].
Rates of emergency department visits for opioid analgesic overdoses have also
increased [9]. Unintentional drug poisoning deaths increased 68% during 1999—
2004 [10]; the majority of this increase has been attributed to deaths associated
with opioid analgesics [11].

There are numerous medical consequences to recreational drug use. Follow-up
studies of heroin addicts indicate an annual mortality of 4%. Thus, physicians
should consider substance abuse in any unexplained illness. Recent evidence sug-
gests that more than 40% of young people in the UK have tried illicit drugs at some
time [12]. It is estimated that 9.5% of total mortality in Australians aged 15-39 years
can be attributed to regular use of illicit opiates. Australian mortality data for 1992
indicate that approximately 401 male deaths and 161 female deaths occurred as a
result of opiate use. This represents some 15,429 and 6,261 person-years of life lost
to age 70, for males and females, respectively [13]. In the UK in 1991, 44 heroin
deaths out of 113,620 yields a mortality of 1 in 2,582 and 74 methadone deaths of
9,880 gives a mortality of 1 in 134. Thus, methadone would appear to be 19 times
more fatal than heroin, similar to previous findings in New York. Yet methadone is
a manufactured pharmaceutical product, whereas heroin is usually adulterated from
the street [14]. Although methadone has been used as a maintenance therapy for
opiate addicts, several reports on the fatal methadone overdose have been published
[15, 16]. Serious side effects of some opioids such as hydrocodone have been
reported. This powerful and potentially addictive painkiller used by millions of
Americans is causing rapid hearing loss and even deafness [17]. In another report,
sublingual buprenorphine caused 20 fatalities in France over a 6 month period in 5
urban areas. Buprenorphine and its metabolites were found in postmortem fluids
and viscera [18]. In several European countries and in Canada, clinical trials are
being conducted in which heroin-addicted patients are treated with pharmaceuti-
cally prepared heroin in order to reduce the destructive behavior that is so often
associated with this drug [19-21].
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Fentanyl is an extremely potent narcotic analgesic that is becoming more popular
as a drug of abuse. Because of the unique way in which the drug is packaged and
delivered, unusual methods of abuse including digestion [22, 23], chewing [24], and
rectal insertion [25] have been reported [26]. More recently, fentanyl-related deaths
have created havoc with public health and safety, especially in the United States.
With this increasingly apparent role as a drug of abuse in cases of overdose and
death, the drug has acquired the reputation of “killer fentanyl” [27-29].

Tramadol is one of the opioids that is extensively used and is considered a safe
drug devoid of many serious adverse effects of traditional opioids. However,
recently, toxicity and an abuse potential of tramadol have been reported. In a study
that examined fatal unintentional tramadol intoxications among Swedish forensic
autopsy cases between 1995 and 2005, it was found that fatal intoxications with
tramadol may occur unintentionally and that subjects with a history of substance
abuse may be at certain risk [30].

In summary, the size of the problem is increasing at alarming levels and becoming
critical to the medical and patient communities. This has led authorities to intensify
their efforts to warn physicians, other health professionals, and the public [31]. The
health authorities in each country and the International organizations such as WHO
should put more efforts in controlling substances of abuse, particularly opiates.

Pathophysiology of Opiate Use

The physiologic effects of opioids are actually the result of interaction between the
individual agent and multiple receptors. These interactions exert their primary
effects on the CNS and the respiratory system; however, other organs particularly
the cardiovascular system and the gastrointestinal system may also be affected [3].

Central Nervous System

The CNS effects include analgesia, via altered pain tolerance, sedation, euphoria,
and dysphoria. Morphine-like drugs produce analgesia, drowsiness, changes in
mood, and mental clouding. A significant feature of the analgesia is that it occurs
without loss of consciousness, although drowsiness commonly occurs. Nausea and
vomiting are secondary to stimulating the chemoreceptor trigger zone in the medulla.
As the dose is increased, the subjective analgesic and toxic effects, including respi-
ratory depression, become more pronounced. Morphine does not possess anticon-
vulsant activity and usually does not cause slurred speech [32].

Respiratory System

Opioids depress respiration by a number of mechanisms and neuronal sites of
action. It is therefore not surprising that there has been such difficulty in combating
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opioid-induced respiratory depression. Both hypoxic and hypercapnic responses
are strongly affected by opioids and appear to be strongly mediated in the brainstem
[33]. Respiratory depression occurs by direct effect on the medullary/respiratory
center. The diminished sensitivity at this region results in an elevation of pCO, with
resultant cerebral vasodilatation, increased cerebral perfusion pressure, and
increased intracranial pressure. Hypoxic stimulation of the chemoreceptors still
may be effective when opioids have decreased the responsiveness to CO,, and the
inhalation of O, may thus produce apnea [3]. In human beings, death from mor-
phine poisoning is nearly always due to respiratory arrest. Therapeutic doses of
morphine depress all phases of respiratory activity (rate, minute volume, and tidal
exchange) and may also produce irregular and periodic breathing. The diminished
respiratory volume is due primarily to a slower rate of breathing [34]. Toxic doses
may pronounce the above effects, and the respiratory rate may fall even to less than
3 or 4 breaths per minute. Although respiratory effects can be documented readily
with standard doses of morphine, respiratory depression occurs occasionally in the
absence of underlying pulmonary dysfunction [35]. The combination of opiates
with other medications such as general anesthetics, alcohol, or sedative — hypnotics
may present a greater risk of respiratory depression due to the synergic effects of
these drugs on the respiratory center.

Morphine and related opioids also depress the cough reflex at least in part by a
direct effect on a cough center in the medulla. There is no positive relationship
between depression of respiration and depression of coughing. Effective antitussive
agents such as dextrometorphan do not depress respiration. Suppression of cough
by such agents appears to involve the medulla that is less sensitive to naloxone than
to the other opioid analgesics [3].

Cardiovascular System

Cardiovascular effects are trivial at therapeutic doses. However, peripheral vaso-
dilation resulting in orthostatic hypertension may occur. Histamine release may
contribute to the hemodynamic changes as well as dermal pruritus. Transient bra-
dycardia and hypotension secondary to occasional vasovagal episodes may accom-
pany nausea and vomiting. In supine patients, therapeutic doses of morphine-like
opioids have no major effect on blood pressure and cardiac rate and rhythm. Such
doses do produce peripheral vasodilation, reduced peripheral resistance, and inhi-
bition of baroreceptor reflexes. When supine patients assume the head-up position,
orthostatic hypotension and fainting may occur. The peripheral, arteriolar, and
venous dilatation produced by morphine involves several mechanisms. It provokes
release of histamine, which sometimes plays a central role in hypotension.
However, vasodilation is usually only partially blocked by H, antagonists, but is
effectively reversed by naloxone. Morphine also attenuates the reflex vasocon-
striction caused by increased pCO, [3]. Myocardial damage and rhabdomyolysis
associated with prolonged hypoxic coma, following opiate overdose, has been
reported [36].
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Gastrointestinal System

Gastrointestinal effects result in gastric motility. Increased antral and proximal
duodenal muscle tone results in delayed gastric emptying. This may also contribute
to the observed nausea and vomiting. Increased segmental tone and decreased lon-
gitudinal peristaltic contractions in the small intestine and colon may result in the
common side effect of constipation. Spasm of the Oddi sphincter may also occur
with certain narcotics, resulting in symptoms which are characteristics of biliary
colic. Morphine and other 1 agonists usually decrease the secretion of HCI, although
stimulation is sometimes evident. It also diminishes biliary, pancreatic, and intesti-
nal secretions [37]. Morphine delays ingestion of food in the small intestine. The
upper part of the small intestine particularly the duodenum is more affected than the
ileum. In a recent population-based survey of adults in the USA who use opioids to
manage pain unrelated to cancer, 57% of participants reported having had constipa-
tion that they associated with opioid treatment and less reported nausea, abdominal
pain, and gas [38]. Recently, the Food and Drug Administration has approved meth-
ylnaltrexone bromide for opioid-induced constipation [39, 40]. Currently,
Alvimopan, a peripherally acting mu-opioid receptor (PAM-OR) antagonist, is
being investigated for the treatment of opioid-induced bowel dysfunction [41].

Immune System

Due to opioids’ widespread and expanding use, the immunological effects of opi-
oids are receiving considerable attention because of concerns that opioid-induced
changes in the immune system may affect the outcome of surgery or of variety of
disease processes, including bacterial and viral infections and cancer [42]. The
potent opioid fentanyl also exerts a relevant immunosuppression, while the partial
agonist buprenorphine appears to have a more favorable immune profile [43, 44].
The impact of the opioid-mediated immune effects could be particularly dangerous
in selective vulnerable populations, such as the elderly or immunocompromised
patients.

Tolerance and Physical Dependence

Tolerance and dependence are physiological responses observed in all patients and
are not predictors of abuse. For example, cancer pain often requires prolonged
treatment with high doses of opioids leading to tolerance and dependence, although
abuse in this setting is very unusual. Neither the presence of tolerance and depen-
dence nor the fear that it may develop should interfere with the appropriate use of
opioids. Opiate dependence is initially psychological and thus can be discontinued
in the early stage without subjecting to withdrawal syndrome. Suppression of
withdrawal syndrome at a later stage with initial physical dependence may require
only minimal doses of an opiate. Clinically, the dose can be decreased by 50%
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every several days and eventually stopped, without severe signs and symptoms of
withdrawal. However, decreases in dosage may lead to reduction of the degree of
pain control. Blockade of glutamate actions by noncompetitive and competitive
NMDA (N-Methyl D Aspartate) antagonist receptors inhibits morphine tolerance
[45]. Although the role of the NMDA receptor in the development and expression
of opiate tolerance, dependence, and withdrawal is well established in adults, but
different mechanisms may exist in infants [46].

Nitric oxide production has also been implicated in morphine tolerance, as inhi-
bition of nitric oxide synthesis also blocks morphine tolerance [47]. These studies
indicate that several important aspects of tolerance and dependence are involved.
Firstly, the selective actions of drugs on tolerance and dependence demonstrate that
analgesia can be dissociated from theses two unwanted actions. Secondly, the rever-
sal of preexisting tolerance by NMDA antagonists and nitric oxide synthetase inhib-
itors indicates that tolerance is a balance between activation of processes and
reversal of those processes.

The clinical importance of these observations is speculative, but they suggest that
in the future, tolerance and dependence in the clinical management of pain can be
minimized.

Clinical Presentations of Opioid Overdose

Opioid overdose may occur in children as accidental or in adults as intentional and
rarely as a criminal act. The body packers, who present with the leakage of drugs
from the packets that are being transported with the gastrointestinal tract, may also
be encountered. Opium body packing is a health problem in Iran [48]. Overdoses in
addicts generally occur in two ways. The first is the user who unknowingly uses a
more potent grade of opioid. The second is the uninitiated or abstaining user who
had administered a dose beyond his or her perceived tolerance. In both ways, exces-
sive opioid effects are observed and excessive respiratory depression may result.
The patient is typically found or presents in an obtuse state with worrying degrees
of respiratory depression. Diagnosis is usually aided by the presence of miosis, loss
of consciousness, respiratory depression and track mark (scaring from prior IV
administration) or evidence of skin popping (scaring from prior subcutaneous
administration). Positive rapid response to the administration of naloxone is usually
confirmatory.

Pediatric patients often present with overdose resulting from access to pain med-
ication or methadone from a family member or other individual in the household.
Interpretation of clinical manifestations in this situation is very important as the
available history maybe very limited or nonexistent, particularly in cases in which
illicit drugs are involved.

The suicidal patient may present with a mixed picture, resulting from poly-
substance ingestion, frequently accompanied by the co-ingestion of alcohol.
History may be more helpful than in the prior scenarios. The patient is frequently
accompanied by family members or friends, who confirm the use of medication by
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the patient, or may simply have found pill bottles. Toxic doses of opioids may be
difficult to assess in this situation, as tolerance, underlying medical conditions, and
the other substances abused play a role in the severity of poisoning. Patients with
mild overdose present with slight depression in mental status, miosis, and minimal
respiratory depression. Severe overdoses result in the triad of coma, miosis, and
respiratory depression. Effects on respiration usually begin with a decrease in respi-
ratory rate while the tidal volume is maintained. In more severe overdoses, respira-
tory arrest may occur. Hypoxia due to respiratory depression is the main cause of
most deaths of opioid drugs.

Certain opiates, particularly heroin, can cause a fulminant but rapidly reversible
pulmonary edema. Noncardiogenic pulmonary edema (NCPE) has been described
as the most frequent complication of heroin overdose that is observed in up to 48%
of the patients [49]. In contrast, a later study reported NCPE was diagnosed in only
2.4% of patients presenting to the emergency departments [50]. The wide range
may be reflective of numerous factors including changes in heroin purity and meth-
ods of administration. Pneumonia, the next leading complication of heroin overdose
(up to 30%), may also play a role in this discrepancy [51].

The etiology of heroin-induced NCPE in heroin overdose remains unclear but
may include a hypersensitivity reaction, an acute hypoxemia-induced capillary vaso-
constriction resulting in increased hydrostatic pressure or capillary injury, secondary
to the drug or adultery [52]. NCPE is characterized by tachypnea, tachycardia,
hypoxia, and rales on lungs auscultation. Pulmonary capillary wedged pressure is
typically normal. Laboratory abnormalities include respiratory acidosis and hypoxia.
Radiographic evaluation usually demonstrates bilateral patchy infiltrates. Onset of
intoxication may occur from minutes to several hours after heroin use. Prior review
indicates that onset maybe delayed as much as 24 h after heroin administration [53],
whereas a further study reported a much earlier onset [49]. Methadone and other opi-
ates have also been linked to NCPE, although its occurrence is uncommon [54, 55].

Other complications from opioid overdose include seizures most often attributed
to propoxifen [56, 57], or meperidine overdose [58]. Heroin also appears to be a
potential causative agent [59]. The mechanism for opioid-induced seizures is not
totally clear. However, two distinct causes have been postulated based on therapy
with opioid antagonists. Although seizures from heroin, morphine, and propoxifen
overdoses have been treated successfully with naloxone, animal studies indicate that
naloxone will lower seizure threshold in meperidine overdoses. The toxic metabo-
lite normeperidine has been implicated in cases involving meperidine [60, 61].

Cardiac conduction disturbances have also been reported and are primarily attrib-
uted to propoxifen and its metabolites [62, 63].

Diagnosis of Opioid Overdose

Diagnosis of opioid overdose should be based initially on history and clinical pre-
sentation. Additional laboratory analyses are useful particularly in the IV drug users
who may have additional underlying conditions or complications. Drug screens of
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mixed utility depend on the information being obtained, clinical manifestations, and
the time after exposure. The results may guide the physician in clinical management
of the patient. In patients with specific signs such as miosis, CNS, and respiratory
depression, particularly in severe poisoning with coma and respiratory insufficiency,
IV administration of naloxone is a good diagnostic tool.

Situations involving poly-substance usage maybe less straightforward, but clini-
cal judgment and supportive measures are usually employed before receiving results
of a drug screen. However, in complicated cases, opioid screens as well as other
CNS depressants screening could be beneficial. Screening techniques must be able
to detect parent compounds and their active metabolites in serum or urine. Urine
drug screens can provide a qualitative method to detect many opioids, including
propoxyphene, codeine, methadone, meperidine, and morphine. Screens for fenta-
nyl and its derivatives are usually negative. Quantitative results on opiates from
serum are not helpful in the routine management of overdoses. The serum drug
screen may be helpful in detecting the presence of agents other than opiates, such as
acetaminophen, that may require its specific antidote (N-acetyl cysteine) therapy.

Management of Opioid Overdose

Management of opioid overdoses focuses on stabilization of respiration. Initial
assessment and establishment of effective ventilation and oxygenation followed by
insuring adequate homodynamic support are followed. Initial support with a bag-
valve-mask (BMV) is appropriate along with 100% oxygen supplementation. Oral
or nasal airway placement may be required and in fact is vital in comatose patients.
However, caution is advised with their use, to prevent vomiting and or aspiration.
Suction apparatus should be available for immediate use at the patient’s bedside.
Ventilatory support can usually be provided with a BMV device while awaiting the
reversal of respiratory depression by an opioid antagonist.

Endotracheal intubation is indicated in severely compromised patients in whom
there is a real risk in aspiration or in patients who do not respond satisfactorily to
opioid antagonists. Treatment of NCPE will require 100% oxygen therapy with
positive end expiratory pressure (PEEP), if necessary to reverse hypoxia. Diuretics
and digoxin have no role in treatment of NCPE. The options for opioid antagonists
include naloxone, and the longer-acting antagonist nalmefene [64, 65]. These pure
opiate antagonists with great affinity to p receptors should be titrated according to
the severity of poisoning.

Naloxone remains the drug of choice as the initial reversal agent in suspected
opioid overdose, given its short half-life and ability to titrate for the effect. The need
for immediate results (usually in the form of increased ventilation) is balanced by
the potential unpleasant effects inducing withdrawal symptoms in the chronic
abuser. In the patient who presents with respiratory arrest, precipitation of some
acute withdrawal symptoms may be unavoidable. To minimize this risk, naloxone
should be given in small increments, titrated to the response. Naloxone can be
administered IV, IM, SC, endotracheally, or intralingually [66—68].
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Naloxone dose is based on the severity of poisoning. It generally ranges from 0.4
to 2.0 mg IV in the adult patient. For respiratory depression or arrest, 2 mg IV is
suggested initially (provided that the patient was not dependent to opiate), to be
repeated 2—-5 min (or sooner if the patient is indeed in respiratory arrest) up to 10 mg.
If no response is observed after 10 mg of he naloxone, it is unlikely that opioids by
themselves are playing a significant role in the patient’s clinical status. Certain
opiate overdoses such as codeine, propoxifen, pentazocine, methadone, and diphe-
noxylate may require repetitive or continuous administration. In cases of leaked
opium body packing, repetitive or continuous naloxone administration is needed.

Nalmefene may provide an alternative to naloxone infusion, given its longer
half-life (4—8 h) compared to (1 h) with naloxone. Initial dose of 0.5-mg nalmefene
IV reverses respiratory depression in the adult patients. A repeat dose of 1.0 mg can
be given 2—5 min later if necessary.

The current recommendation for pediatric dosing of naloxone is 0.1 mg/kg given
IV [69]. Continuous IV injection of naloxone (0.4-0.5 mg/h for 2.5-4 days) in 2
patients (aged 3 days to 1 year) was also applied [70].

Decontamination is generally reserved for opioid agents taken orally. Opiates
cause decreased gastric emptying and pylorospasm. This decrease in gastrointesti-
nal motility suggests that there may be some benefit to gastrointestinal emptying
several hours after ingestion. Gastric aspiration and lavage is affected in debulking
large amounts of ingestant; it may also be beneficial with smaller amounts of inges-
tant due to delayed gastric motility in the obtuse patient. Endotracheal intubation
should be performed prior to the placement of orogastric or nasogastric tubes, to
protect against aspiration in comatose patients. Activated charcoal and cathartics
(Magnesium citrate or sorbitol) should be administered after gastric emptying if
bowel sounds are present. The initial dose of activated charcoal is 1.0 g/kg (50 g in
an adult) by mouth or per nasogastric tube. Repetitive dosing of activated charcoal
may be beneficial in patients who ingested large amounts of opiate or in an opium
body packer with a ruptured pack.

Muscle rigidity, while possible after all narcotics, appears to be more common
after administration of bolus doses of fentanyl or its congeners. Rigidity can be
treated with depolarizing or non-depolarizing neuromuscular blocking agents while
controlling the patient’s ventilation [3].

Since the half-life of naloxone is short but the half-life of most opioids are long,
the patients must not be discharged after recovery unless no signs of intoxication
particularly CNS depression are found 24 h after cessation of naloxone therapy.

Drug Interactions

Opiates and opioids have wide range of pharmacological and toxicological interac-
tions with many classes of drugs. The pharmacological interactions can be divided
into pharmacokinetics and pharmacodynamics.
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Pharmacokinetic Interactions

Food

Oral morphine in sustain-released form (Oramoph SR) and morphine sulfate in a
continuous preparation (MST continus) taken by 24 healthy male volunteers in a 4
way crossover study revealed significant higher C_ , T, and AUCo-24 following
high-fat breakfast than the fasting subjects [71]. In a randomized crossover study
in 22 normal male and female subjects, it was revealed that oxycodon in sustain-
released form had no significant interactions with food intake. However, both bio-
availability and C_ were significantly altered by high-fat meal after taking
immediate-release form of oxycodon [72]. It was shown that food has no effect on
the pharmacokinetics of morphine following doses of immediate-release solution
and the modified release preparations. However, the lack of bioequivalence between
some of the formulations suggests that care should be taken by physicians in
changes of modified release formulations [73]. Morphine sulfate and dextrometor-
phan combination (MorphiDex) in a single-dose double-blind study in patients
suffered from post-operation pain, food reduced C__, but not the extent of absorp-
tion [74]. In another study with a newly sustained-release form of tramadol in 24
healthy volunteers, food had no significant effects on the pharmacokinetics of the
drug [75].

Drug Absorption and Bioavailability
Morphine and Metoclopramide

Metoclopramide increases the rate of absorption of oral morphine and exacerbates
its sedative effects. A 10-mg dose of metoclorpramide markedly increased the extent
and speed of sedation due to a 20-mg oral dose of morphine over a period of 3—4 h
in 20 patients undergoing surgery. Peak serum morphine concentrations and the
total absorption remained unaltered. Metoclopramide increases the rate of gastric
emptying so that the rate of morphine absorption from the small intestine is
increased. An alternative idea is that both drugs act additively on opiate receptors to
increase sedation [76].

Codeine and Salicylate-Containing Herbs

Some authors have suggested that since salicylate-containing herbs can selectively
precipitate some alkaloids, high doses of these herbs may impair the absorption of
codeine [77].
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Morphine and Tricyclic Antidepressants

The bioavailability and the degree of analgesia of oral morphine are increased by
the concurrent use of clomipramine, desipramine, and possibly amitriptyline.
Clomipramine or amitriptyline in daily doses of 20-50 mg increased the AUC of
oral morphine by amounts ranging from 28% to 111% in 24 patients being treated
for cancer pain. The half-life of morphine was also prolonged [78]. A previous
study [79] found that desipramine but not amitryptamine increased and prolonged
morphine analgesia, and a latter study by the same group [80] confirmed the value
of desipramine. The reasons are not understood. The increased analgesia may be
due to not only the increase of serum/morphine concentrations but possibly also to
some alterations in the morphine receptors. Acute administration of clomipramine
potentiates morphine analgesia in mice whereas chronic administration attenuates
them [81].

Morphine and Trovafloxacine

Coadministration of trovafloxacine and morphine in 19 healthy volunteers reduced
the bioavailability and C__ of trovafloxacine but the effects were not significant
[82].

Codeine and Ibuprofen

Relative bioavailabilities of ibuprofen and codeine in 24 healthy volunteers revealed
no significant interactions [83].

Methadone and Anti-HIV Drugs

Interaction between methadone and some HIV-related medications is known to
occur, yet their characteristics cannot reliably be predicted based on current under-
standings of metabolic enzyme induction and inhibition, or through in vitro studies
[84]. Nevertheless, it has been shown that methadone elevates Zidovudine’s serum
concentration, increasing the risk of side effects [85]. In 17 study subjects using
drugs for HIV and stable methadone therapy, methadone reduced the AUC of
didanosine by 63%, suggesting larger doses of didanosine are required for these
patients [86].

Methadone and Anticonvulsants

Classic anticonvulsant drugs, such as phenytoin, carbamazepine, and phenobarbi-
tal, produce dramatic decreases in methadone levels, which may precipitate a
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withdrawal syndrome; valproic acid and the new anticonvulsant drugs do not
have these effects [87, 88].

Metabolism

The reported opioid interactions on drug metabolism are mostly in vitro or in exper-
imental studies. The interactions may occur by induction or inhibition of drug
metabolism.

Morphine and Alcohol

The respiratory depressant effect of morphine is significantly increased by alcohol.
The use of morphine in patients who are intoxicated with alcohol is especially
dangerous, and even small doses can be fatal when there is a high concentration in
the blood [37]. Loss of tolerance, concomitant use of alcohol, and other CNS
depressants, particularly morphine and its derivatives, clearly play a major role in
fatality. However, age, gender, and other risk factors do not account for the strong
age and gender patterns observed among victims of overdose. There is evidence that
systemic diseases, particularly pulmonary and hepatic disorders, may be more
prevalent in opiate users who are at greater risk of overdose. There is no effective
role for opiate mediation in ethanol intake as well as any ethanol sweet-fluid intake
interactions [89]. Both ethanol and opioids are metabolized in part by the hepatic
Mixed Enzyme Oxidative System. When both drugs are used together, slower
disposal rates and possibly higher toxicity may arise. Ethanol may affect some
opiate receptors and possibly change the brain tissue’s endogenous opiate peptide
levels in some loci. Mixed alcohol and opiate abusers did poorly in standard alco-
hol abstinence treatment compared to matched alcoholics without opiate abuse
histories [90].

Morphine and Rifampin

Rifampin significantly reduced the peak plasma morphine concentration and Area
Under Curve (AUC) and the analgesic effect of morphine in 10 healthy volunteers
on a double-blind placebo-controlled study. It has been found that Rifampin was
found to reduce morphine’s analgesic effects, probably due to the induction of its
metabolism [91].

Morphine and Cimetidine

Respiratory depression, potentially fatal, occurred in patients receiving cimetidine
with morphine or opium and methadone [92]. Decreased metabolism of morphine
is the probable mechanism.
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Methadone and Antidepressants

Important pharmacokinetic interactions may occur between methadone and
antidepressant drugs. Desipramine plasma levels are increased by methadone.
Furthermore, fluvoxamine (and fluoxetine to a less extent) may cause an impor-
tant increase in serum methadone concentrations [93]. In patients unable to
maintain effective methadone blood level throughout the dosing interval, flu-
voxamine can help increase the methadone blood level and alleviate opiate with-
drawal symptoms [94]. The inhibition of different clusters of the cytochrome
P450 system is involved in these interactions.

Codeine and Quinidine

Patients who lack CYP2D6 or whose CYP2D6 is inhibited by quinidine will
not benefit from codeine [95]. Quinidine-induced inhibition of codeine
O-demethylation is ethnically dependent with the reduction being greater in
Caucasians [96].

Methadone and Ciprofloxacine

Recent reports suggest a significant drug interaction between ciprofloxacin and
methadone. Ciprofloxacine may inhibit cytochrome P450 3A4 up to 65%, thus ele-
vating methadone levels significantly [97].

Propoxyphene and Carbamazepine

Since propoxyphene inhibits hepatic metabolism of carbamazepine, decreased
clearance of carbamazepine may result in its increased serum concentration and
toxicity [98].

Hydrocodone and Smoking

Nicotine is reported to have analgesic properties. Patients with chronic pain who
smoke could, therefore, be expected to require less analgesia than nonsmokers
because of the possible synergism of the two substances. However, contrary to this
hypothesis, smokers had higher end of study pain scores and required more hydro-
codone than nonsmokers but had significantly lower serum levels of hydrocodone
than nonsmokers. The results of this study suggest that cigarette smoking adversely
affects serum hydrocodone levels [99].
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Elimination
Morphine and Oral Contraceptives

Clearance of morphine is approximately doubled by the concurrent use of oral
contraceptives. The clearance of intravenous morphine (1 mg) was increased by
75%, oral morphine (10 mg) by 120% in 6 young women taking an oral contracep-
tive [100]. This implies that the dosage of morphine will need to be virtually dou-
bled to achieve the same degree of analgesia. Urinary morphine concentration will
then be greater in patients taking oral contraceptives.

Meperidine and Phenytoin

Meperidine systemic clearance rose from 1,017 + 225 mL/min to 1,280 + 130 mL/
min during phenytoin dosing (p<0.01) [101].

Morphine and 5-Fluro Uracil

The plasma clearance rate of 5-Fluoro Uracil (5FU) in mice is significantly reduced
by concomitant use of morphine. The effects of morphine are due to reduced hepatic
elimination of SFU rather than to a decrease in its renal excretion [102].

Morphine and Gentamicin

Morphine administration has been shown to reduce glomerular filtration of gen-
tamicin. This causes a reduction in gentamicin plasma clearance which results in a
significant rise in gentamicin plasma levels [103].

Methadone and Urinary Acidifiers

Several studies have shown that patients with a high clearance rate of methadone
also have a low urine pH (1-3). In a study, the administration of ammonium chlo-
ride and sodium carbonate over 3 days each resulted in a mean methadone elimina-
tion half-life of 19.5 h, compared with 42.1 h following sodium carbonate [104].

Fentanyl (or Alfentanil) and Propofol

Although clinically the hypnotic effect of propofol is enhanced by analgesic
concentrations of p-agonist opioids (e.g., fentanyl), the bispectral index does not
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show this increased hypnotic effect [105]. It was shown that hemodynamic changes
induced by propofol may have an important influence on the pharmacokinetics of
alfentanil [106].

Pharmacodynamic Interaction

Sedatives-Hypnotics-Antipsychotics
Morphine and Barbiturates

Secobarbital increases the respiratory depressant effects of morphine, whereas diaz-
epam appears not to interact in this way. In 30 normal subjects, it was found that
quinalbarbitone and morphine depressed ventilation when given alone. However, a
combination of quinalbarbitone and morphine resulted in a much greater and more
prolonged depression. Other respiratory depressant drugs such as narcotics, opiate,
analgesics can also have additive effects [107]. In one study, it was found that fen-
tanyl and alfentanil pretreatment have also reduced the dose of thiopental required
for anesthesia induction [108].

Morphine and Phenothiazines

Phenothiazines potentiate the depressant effects of morphine on the CNS, particu-
larly with respect to respiration. Also, the simultaneous administration of morphine
and phenothiazines can result in significant hypotension [37].

Morphine and Benzodiazepines

The depressant effects of morphine on respiration are significantly greater if the
patient is simultaneously taking benzodiazepines [37]. Alprazolam mediated anal-
gesic effects, most probably via a p opiate mechanism of action [109].

Methadone and Psychoactive Agents

Psychoactive medication is frequently used in methadone maintenance treatment
programs (MMP) to treat comorbid mental disorders (depression, anxiety, schizo-
phrenia) in opiate addicts. Thus, several pharmacological interactions are possible.
This problem becomes more relevant with the introduction of new CNS-drugs like
SSRI, atypical antipsychotics, or new anticonvulsants. For instance, sertaline increases
the plasma methadone concentration significantly in depressed patients on methadone
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[110]. The most common interactions seen in practice are pharmacodynamic in
nature, most often due to the cumulative effects of different drugs on the central
nervous system (e.g., neuroleptics or benzodiazepine interactions). Several lines of
evidence suggest that benzodiazepines and methadone may have synergistic interac-
tions and that opiate sedation or respiratory depression could be increased. This is a
serious problem, given the widespread use of benzodiazepines among MMP patients.
Experimental but not clinical data support methadone and lithium interactions.
Accordingly, caution is advised in the clinical use of methadone when other CNS-
drugs are administered.

Meperidine and Phenothiazines

Although uncontrolled observations have supported concurrent administration of
these agents to minimize narcotic dosage and control nausea and vomiting, serious
side effects may outweigh the benefits. In a study, meperidine and chlorpromazine
compared to meperidine and placebo resulted in significantly increased lethargy and
hypotension [111].

CNS Stimulants

Dexamphetamine and methylphenidate increase the analgesic effects of morphine
and reduce some of its side effects such as respiratory depression and sedation. It
seems there would be advantages in using two drugs in combination. b-amphet-
amine potentiates the effects of di-acetyl morphine (heroin). Opiate abusers use
amphetamines to increase the effects obtained from poor-quality heroin [112].

Hallucinating Agents
Opioids and Cannabinoids

Cannabinoids and opioids share the same pharmacological properties and to a lesser
extent in drug reinforcement. Braida and co-workers demonstrated that cannabi-
noids produce a reward response in conditioned place preference tests and intercon-
nection of opioid and cannabinoid systems [113]. Functional interaction between
opiate and cannabinoid system exists at immune level that differs from the interac-
tion present in the CNS [114]. SR141716A, a CB1 receptor antagonist, significantly
reduced the intensity of naloxone-induced opiate withdrawal in tolerant rats.
SR141716A could be of some interest in ameliorating opiate withdrawal syndrome
[115]. Maternal exposure to delta-p tetra-hydro-cannabinol (THC) has the potential
effects of motivational properties in female adult rats, as measured by an intravenous
opiate self-administration paradigm [116].
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Opioids and Cocaine

Enadolin, a selective and high efficacy k agonist, and butorphanol, a mixed agonist
with intermediate efficacy at both p and « receptors, failed to modify cocaine self-
administration in humans [117].

Naloxone and Lysergic Acid Diethylamine (LSD)

Naloxone attenuated hallucinogenic effects of LSD and may subserve the develop-
ment of tolerance to morphine-like drugs [118].

Endocrine Drugs

Thyrotropin-releasing hormone (TRH) and related compounds appear to (a) antago-
nize hypothermia, respiratory depression, locomotor depression, and catalepsy but
not the analgesia induced by opiates; (b) inhibit the development of tolerance to the
analgesic effects but not to the hypothermic effects of opiate; (c) inhibit the develop-
ment of physical dependence of opiates as evidenced by the inhibition of develop-
ment of certain withdrawal syndromes and; (d) suppress the abstinence syndrome in
opiate dependent rodents.

TRH does not interact with the opiate receptors in the brain. Potential therapeutic
application of TRH and its synthetic analogues can be used in counteracting some
of the undesirable effects of opiates [119]. Possible common modes of action of
ACTH opiate agonist and antagonists that are dependent on time of the day and
stress intensity have been reviewed [120].

Muscle Relaxants

Patients recovering from relaxant anesthesia are especially vulnerable to the respi-
ratory depressant effects of morphine. Respiratory acidosis, secondary to acute
hypercapnia, can result in reactivation of the long-acting relaxant on the completion
of anesthesia, resulting in further depression of respiration. The combination of
muscle relaxant and morphine could result in a rapidly progressing respiratory crisis
[37]. Morphine and GABA , agonists (e.g., baclofen) shared the same mechanism of
action and thus in combination with morphine tends to induce higher analgesic
response in mice [121].

Adrenergic Drugs
Agmatin (an endogenous polyamine metabolite formed by the carboxylation of

L-arginine) potentiates antinociception of morphine via an alpha-2 adrenergic
receptor—-mediated mechanism. This combination may be an effective therapeutic
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strategy for the medical treatment of pain [122]. Yohimbine (an alpha-2 antagonist)
tends to limit opiate antinociception and the additive potential of p and delta opioid
agonists [123].

Clonidine (4 and 10 pg/kg) in cats had a differential degree of inhibition in the
order of analgesia, much greater than hypotension, greater than bradycardia.
Naloxone (0.4 and 1.0 mg/kg) failed essentially to antagonize these effects, suggest-
ing the lack of involvement of the opiate receptors of endogenous opioids in these
processes. Furthermore, pain suppression of clonidine appeared to be independent
of vasodepression and cardioinhibition [124]. Clonidine did not affect the pain when
administered with IV placebo. When administered with pentazocine, clonidine
caused a statistically significant increase in pentazocine analgesia [125]. Clonidine
induced dose- and time-dependent suprasensitivity to norepinephrine, similar to
that produced by morphine. Thus, clonidine and morphine possess comparable
properties on the antagonism of chronic morphine tolerance; and this maybe the
therapeutic basis for clonidine’s clinical application in the treatment of opiate
addicts [126].

Heroin and Alcohol

There have been numerous reports of the enhancement of acute toxicity and fatal
outcome of overdose of heroin by ethanol. Losses of tolerance and concomitant use
of alcohol and other CNS depressants clearly play a major role in fatality; however,
such risk factors do not account for the strong age and gender patterns observed
consistently among victims of overdose. There is evidence that systemic disease
may be more prevalent in users at greatest risk of overdose. It is suggested that pul-
monary and hepatic dysfunction resulting from such disease may increase suscepti-
bility to both fatal and nonfatal overdose [127]. In one study, at all ranges of free
morphine concentrations, there was a greater percentage of heroin deaths when
ethanol was present [128]. Toxicological evidence of infrequent heroin use was
more common in decedents with blood ethanol concentration greater than 1 pg/mL
than in those with lower concentrations [129]. The evidence is consistent with the
hypothesis that heroin users who drink alcohol may require less heroin to overdose
than those who do not drink (all other factors being equal) because of a pharmaco-
logical interaction [130].

Genotoxic Damage and Immunosuppression

Opiate addicts have higher chromosome damage and sister chromatid exchange fre-
quencies. Opiates diminish DNA repair and reduce immunoresponsiveness as mea-
sured by T cell E-rosetting and other assays. These interactions of opiates with T
lymphocytes may regulate metabolism and could thereby be responsible for the
sensitivity of cells from opiate addicts to both genotoxic damage and immunological
effects [131].

More drug interactions of some opioids are presented in Table 4.4.
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Postmortem Examinations

The diagnosis of death due to opiates or opioids is based on the followings:

. Examination of the scene where the body is found.
. Investigation of the circumstances.

. History obtained from friends and relations.

. Autopsy examination.

. Toxicological evidence.

1 S R S

Before attributing death due to narcotism purely on the basis of circumstantial
evidence, it is essential to exclude other natural or unnatural causes of death such as
spontaneous intracranial hemorrhage, occult subdural hemorrhage, or evidence of
non-narcotic drugs.

Postmortem Appearances

The appearances could be divided into external and internal.

1. External: The smell of opium may be present. The face is deeply cyanosed, almost
black. The finger nails are blue. The veins are engorged and distended in the
neck. The postmortem lividity is intense, almost black, and is better seen in a
fair-skinned body. The pupils may be contracted or dilated. There is froth at the
mouth and nose, but neither so fine nor as copious as in drowning.

2. Internal: The stomach may show the presence of small, soft, brownish lumps of
opium and the smell of drug may be perceived. It disappears with the onset of
putrefaction. The internal organs especially the trachea, bronchi, lungs, and brain
exhibit a marked degree of venous congestion. In addition, the trachea and bron-
chi are covered with froth and the lungs are edematous. The blood is usually dark
and fluid.

Associated with edema of the lungs, the intense lividity of the face almost
approaching to blackness should make one suspicious of opium poisoning as the
cause of death. Such intense lividity is seldom seen in any other condition [132].

At autopsy of an individual who has died of an overdose of heroin, the lungs are
heavy and show congestion, though the classic pulmonary edema mentioned in
some of the other textbook is not always present. Microscopic examination of the
lungs commonly reveals foreign-body granulomas with talc crystals and cotton
fibers. Samples of the venous blood, urine, stomach and contents, liver, and in some
circumstances, additional samples such as bile, cerebrospinal fluid and vitreous
humor, kidney, and brain may be taken. When the drug has been injected, an ellipse
of skin around the injection mark extending down through the subcutaneous tissue
to the muscle should be excised, along with control area of skin from another non-
injected site [133].
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Toxicological Analyses

Various analytical methods for the estimation of morphine and its derivatives have
been reported. The most reliable methods are gas chromatography—mass spectrom-
etry and radioimmunoassay. Blood and urine as well as the other samples such as
gastric contents and the organ tissue extracts may be analyzed. In order to identify
a certain opiate or opioid, a highly specific method should be used to determine the
parent drug as well as the metabolites. For instance, if both morphine and mono-
acetylmorphine are detected in the blood, then, the individual took heroin.

Plasma concentrations of some opiates such as methadone correlated well with
the intake doses. Plasma methadone concentration appears to increase by 263 ng/mL
for every milligram of methadone consumed per kilogram of body weight [134].

Interpretation of the Results

Interpretation of the results of toxicological analyses is very important both in clinical
and forensic toxicology. History of drug use and abuse, overdose, clinical and post-
mortem findings should be considered for the evaluation and interpretation of the
results.

As with all deaths from toxic substances, the interpretation of analytical results
may present considerable difficulties. There might be a long delay between the
intake of a drug and death, during which time the blood, urine, and even tissue levels
may decline, or even disappear. Many drugs break down rapidly in the body, and
their metabolites may be the only recognizable products of their administration. In
some cases, data on lethal blood levels may be imperfectly known and great varia-
tions in personal susceptibility may make the range of concentrations found in a
series of deaths so wide as to be rather unhelpful.

If a person dies rapidly after the first episode of taking a normal dose of a drug,
because of some ill-understood personal idiosyncrasy, the quantitative analysis may
not assist.

Where habituation and tolerance has developed, drug users may have concentra-
tions in their body fluids and tissues far higher than lethal levels published for non-
dependent. In general, the great usefulness of toxicological analysis is both
qualitative and quantitative. The qualitative tests will show what drugs have been
taken in the recent past; the length of time that drugs or their metabolites persist in
different fluids and tissues varies widely.

The quantitative analysis can be useful, especially when the results reveal high
levels — into the toxic or lethal ranges. These ranges are usually obtained anecdot-
ally from surveys of large number of deaths but, as stated, can differ in terms of
minimum and maximum values from different laboratories. Interaction of other
drugs and alcohol or both, delayed death, and abnormal sensitivity are other prob-
lems that should be considered. Thus, the analysis is not the final arbiter of the cause
of death, although it is a highly important component of the whole range of investi-
gations [133].
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Chapter 5
Tricyclic Antidepressant Drug Interactions

Jeffrey P. Walterscheid and Terry J. Danielson

Abstract Depression is a common ailment in modern society, and drug intervention
will continue to be a major mechanism in its control. Although selective serotonin
reuptake inhibitors (SSRIs) have largely replaced TCAs in managing anxiety and
dysphoria, TCAs still offer a cost-effective treatment for chronic pain therapy.
Durable clinical responses are seen in those unresponsive to SSRI treatment, and
many thousands of people have benefited from this class of drugs. However, their
use does carry a risk of severe drug interactions and toxicities. This work provides
a detailed background of the biological functions of TCAs, their clinical uses, tox-
icities, drug interactions, and tolerances based on pharmacogenetics. Some of the
interactions may appear small in comparison to a broad range of therapeutic con-
centrations, but effects in a single patient can be dramatic. Therefore, this chapter
should provide a basis for understanding and interpreting the toxic interactions of
tricyclic antidepressants.

Keywords Tricyclic antidepressants * Metabolism  Interactions * Pharmacogenetics

Introduction

Depression is a mood disorder characterized as a range of feelings from extraordi-
nary sadness, despair, and lethargy to intense anxiety, stress, and irritability. Apart
from psychotherapy and environmental changes, drug therapy is the cornerstone of
symptom management. Treatment of this disability typically involves the use of
drugs such as monoamine oxidase inhibitors (MAOIs), tricyclic antidepressants
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(TCAs), selective serotonin reuptake inhibitors (SSRIs), benzodiazepines, and
psychostimulants. These drugs have multiple pharmacological and toxicological
properties capable of producing severe side effects alone or in combination with
other therapeutic agents.

The use of tricyclic antidepressants began during the 1950s, giving rise to the
field of psychopharmacology. The first phenothiazine analog was an antihistaminic
derivative that came to be known as chlorpromazine [1]. Its efficacy spurred the
development of other derivatives, and led to the discovery of imipramine [2].
Initially, imipramine was evaluated as a treatment for psychotic disorders, but it
actually exacerbated psychosis [3-5]. However, its antidepressant qualities were
unsurpassed by other current antidepressants.

For many years, prior to the development of SSRIs, TCAs and MAOIs were the
main drugs of choice having established their clinical efficacy among well-managed
patients who were unresponsive to other therapies. In recent years, SSRIs have
become a popular choice in the management of depressive illness because of the
comparative infrequency and mildness of side effects during their use. However,
some practitioners still prefer TCAs because of their lower cost, familiarity with
pharmacological actions, and contextually beneficial side effects in managing
chronic pain syndromes [6—8].

The most commonly prescribed tricyclic antidepressants include amitriptyline,
desipramine, imipramine, nortriptyline, doxepin, and clomipramine. TCAs have a
narrow therapeutic window, which increases their likelihood for toxicity. Recent
surveys suggest that approximately 80% of fatal antidepressant intoxications involve
TCAs [9-15]. Regardless of presentation, overdose by tricyclic antidepressants rep-
resents a serious medical crisis further magnified by the fact that the majority of
self-poisonings occur while at home alone, without the benefit of supportive inter-
vention [10, 13]. Even with the increased use of less toxic SSRIs, TCAs are fre-
quently encountered in emergency rooms and postmortem toxicology.

Mechanism of Action

It is generally thought that tricyclic antidepressants work by inhibiting the neuronal
reuptake of norepinephrine and serotonin neurotransmitters. Tricyclics are also
competitive antagonists for muscarinic and histamine H1 receptors, while the dop-
amine system is nearly spared of their action [16]. Symptoms such as sedation,
blurred vision, dry mouth, and urinary retention appear to be related to the antihis-
tamine and antimuscarinic actions [17-19]. Hypotension is also closely related to
antimuscarinic properties with changes in cardiac output due to alpha-adrenergic
antagonism [17]. Despite their rapid absorption, depressive symptoms generally do
not respond until at least 2—4 weeks of compliant therapy.

The chemical structures of five common TCAs, plus cyclobenzaprine and car-
bamazepine, are shown in Fig. 5.1. The latter compounds emphasize structural fea-
tures that are important in retaining pharmacological activity. The C-5 double bond
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Fig. 5.1 Structural comparisons of the most common TCAs

in amitriptyline introduces a plane of symmetry which passes through C-5 and the
C-10, C-11 bond of the molecule. Analogs or metabolites of amitriptyline become
isomers through the introduction of C-10 hydroxylations, giving rise to cis or Z and
trans or E with respect to the geometry of the ethylamino aliphatic chain.
Subsequently, this type of isomerism exists with amitriptyline, nortriptyline, and
doxepin, but is absent for all others because of unrestricted bond rotation. This dis-
tinction is important since E and Z isomers do contribute to treatment efficacy and
can predict clinical outcome [20].

Other changes in the dibenzocycloheptane ring and side chain can dramatically
alter the pharmacological properties of a TCA analog. Useful antidepressant activity
is lost after dehydrogenation of the C-10, C-11 ethyl bridge. This alteration differen-
tiates the identity between cyclobenzaprine and amitriptyline, where cycloben-
zaprine is clinically more useful as a centrally acting muscle relaxant. In comparison,
carbamazepine contains the C-10, C-11 unsaturation, but modifications at the C-5
side chain abolish both antidepressant and anticholinergic activities [21].

Pharmacokinetics

Absorption and Distribution

Tricyclic antidepressants are rapidly absorbed in the gastrointestinal tract and
undergo first-pass metabolism in the liver. They are rather lipophilic and highly
protein-bound, leading to large volumes of distribution (Table 5.1):
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Table 5.1 Pharmacokinetic properties of tricyclic antidepressants. TCAs tend to have a relatively
long half-life, large volume of distribution, strongly bound to plasma proteins, and high pKa due
to basic nitrogen functional groups

Drug T,, (h) Vd (L/kg) Fb PK,
Amitriptyline 8-51 6-10 0.94 9.4
Nortriptyline 15-90 20-57 0.95 9.7
Protriptyline 54-92 15-31 0.92 8.2
Imipramine 6-20 20-40 0.80-0.95 9.5
Desipramine 12-54 22-59 0.70-0.90 9.5
Trimipramine 16-39 17-48 0.95 1.7
Amoxapine 8-33 - 0.90 -

Doxepin 8-25 9-33 0.76 8.0
Clomipramine 12-36 17 0.96 9.5
Cyclobenzaprine 24-72 - 0.97 8.5

Data compiled from Baselt [22]

Metabolism

TCAs are extensively metabolized by at least five CYP450 isoforms into N-desmethyl
and 2- or 10-hydroxylated derivatives. These enzymes are the well-known CYP1A2,
CYP2C9, CYP2C19, CYP2D6, and CYP3A4 subtypes [23-31]. Ghahramani et al.
studied amitriptyline metabolism in human liver microsomes over a concentration
range from 1 to 500 pM (250-12,500 ng/mL) and showed that the N-demethylation
of amitriptyline primarily involved CYP3A4, CYP2C9, and CYP2D6 [24].
However, studies with imipramine at more clinically relevant levels near 500 ng/mL
showed that CYP2C19 was the major participant in generating desipramine.
CYP2D6, with a minor contribution from CYP2C19, was the major catalyst of
2-hydroxylation [26].

Figure 5.2 illustrates the common metabolic transformations encountered by
imipramine and amitriptyline. Similar reactions are observed with each of the other
TCAs [32]. As a group, TCAs are subjected to N-demethylation and hydroxylation
reactions to become mono-N-desmethyl homologues. These demethylated homo-
logues accumulate in plasma and tissues, yet retain potent pharmacological proper-
ties of the parent drug. In fact, the mono-N-demethylated metabolites of amitriptyline
and imipramine are known as nortriptyline and desipramine, which are marketed in
their own right as antidepressant drugs [32].

Hydroxylation followed by conjugation represents the principal metabolic route
for elimination of TCAs. In addition, the 10-hydroxy metabolites of TCAs and their
desalkyl homologues appear to contribute to treatment efficacy. For example, clini-
cians have observed a perceptible antidepressant response among patients treated
with E-10-hydroxynortriptyline [33], but a superior clinical outcome was measured
inpatientsfavoringhigherplasmalevelsofamitriptylineand Z-10-hydroxymetabolites
in comparison to patients favoring formation of nortriptyline and E-10-hydroxy
metabolites [20].



5 Tricyclic Antidepressant Drug Interactions 197

O N
H/N/\J

10-hydroxydesipramine

OH

H/N/\JN

desipramine

SO

imipramine

2-hydroxyimipramine
N! /! bo

H
O. O. / / Z-10-hydroxynortriptyline
O O
\N / HN / OH
/ /

amitriptyline nortriptyline O.
HN J Q

/ [E-10-hydroxynortriptyline

Fig. 5.2 Imipramine, amitriptyline, and their active metabolites

Elimination

Less than 1% of a typical TCA dose is recovered in the urine as unchanged drug
[34-37]. However, TCAs have long elimination half-lives that often exceed 24 h, up
to 51 h in the case of amitriptyline [38]. In an overdose, altered pharmacokinetics
may prolong elimination and increase toxic effects, likely due to the anticholinergic
effects of delayed gastric emptying. Additionally, the acidosis that results from
respiratory depression and hypotension reduces protein binding, which can result in
higher serum levels of active free drug. There is little evidence that hydroxylated
metabolites accumulate in blood or tissue, so their overall contribution to toxicity
may be minor. Although hydroxylated TCA metabolites appear to possess toxic
properties, they are eliminated from the body more rapidly than the non-hydroxylated
TCA [39].
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Toxicity

Tricyclic antidepressants differ in their relative effects on serotonin, norepinephrine,
and acetylcholine. Many of the observed side effects are related to antimuscarinic
activity, which manifests as dry mouth, blurred vision, constipation, urinary reten-
tion, hyperthermia, orthostatic hypotension, and tachycardia. The most serious
adverse effects of TCAs are due to central nervous system impairment, seizures, and
cardiovascular instability [40]. Suppressed mental status is generally caused by
antihistamine and anticholinergic activities, while life-threatening cardiovascular
complications result from fast sodium channel blockade. Profound hypotension can
also occur, which is primarily attributed to vasodilatation caused by alpha-adrenergic
antagonism [41]. Other studies also indicate that central nervous system symptoms
can occur as the sole manifestation of TCA overdose [42]. In a small number of
cases, involvement of other organs has also been observed [43].

Antidepressant treatment efficacy is greatest when the combined serum levels of
amitriptyline and its metabolite nortriptyline range between 100 and 200 ng/mL
[44]. Other studies suggest that levels of imipramine near 180 ng/mL [45] or in a
range between 200 and 300 ng/mL were consistent with a good clinical response
[46, 47]. In contrast, combined levels of parent TCAs plus their major active metab-
olites at concentrations greater than 500 ng/mL have been associated with clinical
signs of overdose and toxicity [41]. Furthermore, combined levels approaching
1,000 ng/mL have been associated with severe toxicity [48—51]. These findings sug-
gest there is only a three- to four-fold difference between therapeutic and toxic
amounts in blood.

There are many factors that influence the treatment and outcome of a TCA over-
dose. From treating symptoms to managing emerging conditions, the following
studies are indicated in a TCA overdose with emphasis on the latter three in a post-
mortem examination:

* Arterial blood gas (ABG): TCA toxicity usually results in mixed acidosis due to
respiratory depression and hypotension, which results in increased lactate pro-
duction. Acidemia decreases protein binding and increases plasma levels of
free drug. Therefore, treatment with sodium bicarbonate is part of the primary
therapy [52].

* Electrocardiography (ECG): The most common ECG finding in TCA intoxica-
tion is sinus tachycardia. Other ECG changes include prolongation of the PR,
QRS, and QT intervals, atrioventricular blocks, ventricular extrasystole, and
Brugada pattern ST elevations evident of calcium channel blockade [53].

* Renal function: TCA metabolites are renally eliminated after hepatic metabolism.
Elevated creatinine and urea nitrogen levels indicate impaired renal function.
Since many of these metabolites retain pharmacological activity, reduced excre-
tion may prolong or exacerbate intoxication.

* Electrolytes: Hypokalemia frequently occurs because of increased catecholamine
receptor stimulation secondary to norepinephrine reuptake inhibition.
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e Urine drug screen (UDS): It is always a good idea to check serum acetamino-
phen levels along with other potential co-ingestants such as ethanol, aspirin, and
other prescribed or illicit drugs that can explain the clinical presentation.

* TCA level: TCA levels are not likely to be helpful in the immediate treatment of
an overdose, since levels do not necessarily correlate with toxic effects. This can
be attributed to the large volume of distribution TCAs, where tissue levels are
often much higher than serum levels of free drug. In addition, quetiapine has
been shown to cause false-positive readings by immunoassay [54].

Central Nervous System Toxicity

One of the hallmarks of TCA toxicity is altered mental status. These symptoms can
range from confusion, agitation, delirium, and hallucinations, to drowsiness,
seizures, and coma following a serious TCA overdose. The culmination of hypoven-
tilation and coma can lead to respiratory arrest without intervention. Comas usually
resolve within 24 h, but only with airway support provided by endotracheal intuba-
tion. In the event that a coma does not reverse itself within that time frame, other
etiologies should be investigated to rule out head trauma or the ingestion of other
toxins.

Seizures can be associated with increased mortality and have been witnessed to
occur immediately before cardiac arrest. Seizures secondary to TCA toxicity are
generally self-limiting, but should be treated to counteract the acidosis produced by
vigorous muscle contractions and hypoxia from impaired ventilation. Myoclonic
jerking may precede or mimic seizure activity. Myoclonus is a relatively benign
muscle contraction of the extremities that can be mistaken for seizure activity. One
of the distinguishing factors about myoclonus is that the patient rarely loses
consciousness.

Cardiotoxicity

Although their use as antidepressants may be declining, TCAs are increasingly
being applied as alternative analgesics in a variety of pain management settings
[55-60]. Dosages in these applications are less than doses required for antidepres-
sant actions and generally do not result in significant cardiac effects [61]. However,
a TCA overdose is a serious condition that is becoming progressively more com-
mon. Serious arrhythmias and intracardiac blocks have been reported on therapeutic
doses [62, 63].

As mentioned earlier, sodium bicarbonate therapy is a key treatment for TCA-
induced conduction disturbances, ventricular arrhythmias, and hypotension.
Restoration of physiological pH appears to uncouple TCA toxicity from myocardial
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sodium channels, and the increased extracellular sodium concentration improves
the gradient across the channel [64]. Supportive measures are all that is generally
needed for mild poisoning. Moderate and severe overdoses will require respiratory
support, anticonvulsants, physostigmine, beta-blockers, cardioversion, or even pac-
ing may be necessary [65].

Tricyclic antidepressant toxicity is often characterized by a prolonged QT inter-
val (cardiac depolarization-repolarization) associated with sodium/potassium ion
channel blockade [66—68]. Other substances acting on these channels might be
expected to enhance this aspect of TCA toxicity [63, 69]. QT prolongation is a rela-
tively common consequence of therapy with psychotropic drugs, and single or com-
bined use may have a deleterious effect on cardiac conductance [63, 70, 71]. Many
of these drugs can occur simultaneously in fatal poisonings, possibly at concentra-
tions not generally regarded as lethal.

There is a close association between a prolonged QT interval, the development
of more severe arrhythmias, and sudden cardiac death. For example, introduction of
dromperidol resulted in torsades de pointes in a patient previously treated with
cyclobenzaprine and fluoxetine who was already displaying a prolonged QT inter-
val [72]. In a second case, QTc prolongation developed in a patient being treated
with levofloxacin, imipramine, and fluoxetine [73].

It is generally considered that widening of the QRS complex is associated with
the development of seizures and arrhythmias, whereas patients with a QRS of less
than 100 ms are unlikely to develop seizures and arrhythmias. A recent meta-analysis
of prognostic indicators to predict seizures, arrhythmias, and death in TCA over-
dose found that the sensitivity and specificity of serum TCA concentration to predict
ventricular arrhythmias were 0.78 (95% confidence interval [CI], 0.56-0.9) and
0.57 (95% CI, 0.46-0.67), respectively. The sensitivity and specificity of cyclic anti-
depressant concentration to predict death were 0.76 (95% CI, 0.49-0.91) and 0.6
(95% CI, 0.47-0.72), respectively [74]. In the context of TCA poisoning, QRS wid-
ening is not an accurate indicator of these risks [75].

The potential role of hydroxylated TCA metabolites in cardiac toxicity has also
been studied in animals. In these experiments, 2-hydroxyimipramine produced a
significantly greater incidence of life-threatening arrhythmias than imipramine
itself [76]. In comparison, E-10-hydroxynortriptyline produced fewer cardiac
arrhythmias than nortriptyline or Z-10-hydroxynortriptyline [77].

Discontinuation Syndrome

Those who receive selective serotonin reuptake inhibitor antidepressants (SSRIs)
and dual-action antidepressants (DAAs) for their symptoms of depression are at risk
for a well-documented withdrawal syndrome if they abruptly stop their medication
[78]. This withdrawal syndrome may produce significant effects that may impair a
person’s ability to drive, putting at risk both the driver and others on the road [79].
In a situation of the antidepressant withdrawal syndrome, the impairment is due to
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the absence of drugs in the patient, producing the paradox of a potentially impaired
driver because of an absence of the influence of a drug.

The withdrawal syndrome from tricyclic antidepressants is primarily a cholin-
ergic syndrome with symptoms such as nausea, vomiting, anorexia, diarrhea, rhin-
orrhea (runny nose), diaphoresis (excessive sweating), myalgias (muscle pain),
increased anxiety, agitation, and sleep disturbances [80]. In contrast, the withdrawal
syndrome from the SSRIs and DAAs is primarily a serotonergic syndrome, with
symptoms such as dizziness, lethargy, impaired concentration, electric-like shock
sensations, impaired coordination, blurred vision, and sleep disturbances.

There are a number of symptoms of the withdrawal syndrome that could poten-
tially cause a patient to operate a motor vehicle in a manner that might be inter-
preted as operating under the influence of alcohol or drugs. These symptoms include
visual disturbances, dizziness/vertigo, impaired coordination, tremors, confusion,
impaired concentration, and nystagmus that cause difficulty with tracking and
memory impairment [81]. These clinical effects might produce an altered driving
pattern, including weaving, variable speed, and erratic lane changes, which might
be interpreted as driving while intoxicated.

Drug Interactions

Tricyclic antidepressants are highly metabolized by several cytochrome P450
hepatic enzymes. As mentioned before in the section on metabolism, the two prin-
cipal enzymes involved in TCA modifications are CYP2D6 and CYP2C19. Drugs
that inhibit these enzymes may decrease TCA metabolism, thus prolonging parent
concentrations and their accompanying toxicities. TCAs also magnify the effects of
alcohol, barbiturates, and other CNS depressants. The observed toxicity can also be
enhanced by any other drugs that contribute to antimuscarinic properties and their
unpleasant clinical side effects.

Anticoagulants

Although there are no known interactions between common anticoagulants such as
argatroban, ticlopidine, prasugrel, clopidogrel, warfarin, and TCAs [82], the potential
for interactions does exist. One example of this possibility is ticlopidine, which is a
potent inhibitor of CYP2D6 and CYP2C19 [83-86]. As of yet, there is no evidence of
an interaction between a ticlopidine and a TCA. However, known interactions between
ticlopidine and the anticonvulsant phenytoin may serve as examples. Phenytoin is
metabolized predominantly by CYP2C9 and CYP2C19 isoforms. When combined
with ticlopidine, phenytoin concentrations were seen to reach dangerously elevated lev-
els. In addition, since inhibition by ticlopidine may be mechanism based, which perma-
nently inactivates the metabolizing enzyme, inhibition may be long term [84, 85].
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Antibiotics, Antifungals, Antivirals

In vivo studies have shown that terbinafine is an inhibitor of the CYP450 2D6
isozyme. Coadministration of terbinafine with drugs that are primarily metabolized
by the CYP450 2D6 isozyme (e.g., TCAs, selective serotonin reuptake inhibitors,
beta-blockers, and monoamine oxidase inhibitors Type B) should be done with
careful monitoring and may require dose reductions. In a study to assess the effects
of terbinafine on desipramine in healthy volunteers characterized as normal metabo-
lizers, the administration of terbinafine resulted in a twofold increase in C . and a
fivefold increase in AUC. In this study, these effects were shown to persist at the last
observation at 4 weeks after discontinuation of terbinafine [87].

Fluconazole is known to cause long QT syndrome and has interactions with ami-
triptyline [88-91]. Quinoline antibiotics such as ciprofloxacin, ofloxacin, moxiflox-
acin, gemifloxacin, levofloxacin, and norfloxacin are inhibitors of CYP1A2 and
CYP2D6, which moderately contribute to TCA metabolism. Therefore, it is possi-
ble to witness a clinically significant rise in TCA levels when used in combination.

Antiviral therapy for the management of herpes zoster outbreaks usually relies
on chronic application of acyclovir, valacyclovir, or famciclovir. These compounds
do not seem to interfere with tricyclic antidepressants, and are safe to use in combi-
nation. In addition, TCAs offer some collateral benefits by alleviating the pain asso-
ciated with postherpetic neuralgia [92, 93].

Anfticonvulsants

The incidence of other prescription drug effects on the metabolism of amitriptyline
and nortriptyline has been assessed through the analysis of drug levels on several
thousands of patients [94]. These studies revealed that patients also treated with
carbamazepine have a 60% reduction in the amounts of parent and demethylated
TCA in comparison to patients treated with TCA alone [95-97]. These effects by
carbamazepine on TCA metabolism appear to be mediated through induction of
CYP1A2 and CYP3A4 enzymes [31, 98]. By most standards, the blood concentra-
tions of parent TCA plus demethylated metabolites in these patients might be seen
as subtherapeutic, although the clinical response may be increased.

These contradictory observations of lowered levels and increased clinical effi-
cacy appear related to changes in the amount of drug available for pharmacological
action. Under normal circumstances, greater than 95% of a TCA is bound to plasma
protein and the pharmacological response is related to the smaller 5% unbound frac-
tion. Some evidence suggests that carbamazepine acts to reduce binding of the TCA
to plasma protein and thereby increases the amount of free drug available for phar-
macological effect. Attempts to adjust the TCA dosage to obtain amounts in blood
within a “therapeutic window” may not be necessary or even prudent.

Other compounds, such as gabapentin and pregabalin, are safe choices since
they do not have overlapping receptor targets or interfering metabolism pathways.
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The coadministration of these agents with a TCA is encouraged, particularly in
treating the neuropathic pain associated with cancer chemotherapy. In this manner,
pain management can be addressed while limiting the TCA dose and its unpleasant
anticholinergic effects [99].

As mentioned before, phenytoin is contraindicated in combination with TCAs
since they interfere with CYP2C19-catalyzed phenytoin hydroxylation. Likewise,
phenytoin interferes with CYP2C19 hydroxylation of TCAs, which promotes a lon-
ger serum half-life. As proven by in vitro studies with human liver microsomes
expressing chosen P450 enzymes, amitriptyline and imipramine strongly and com-
petitively inhibit this reaction, while nortriptyline and desipramine give the least
effect [100]. Since phenytoin also blocks sodium channels and may exacerbate or
cause dysrhythmias in a patient with TCA poisoning, it is not recommended for
seizure control.

Alcohol

Amitriptyline and ethanol have clinically important interactions, since ethanol
blocks the antidepressant action of tricyclic antidepressants but increases their seda-
tive effects. Ethanol can double the amount of unbound amitriptyline, yet simulta-
neously reduce hepatic clearance [101]. These pharmacodynamic interactions
increase the toxicity of the combination and enhance the deleterious effects on
motor skills. This often manifests as increased mean postural sway and reduced
short-term memory. Ethanol has also been shown to increase the cardiotoxic effects
of imipramine and amitriptyline [102].

Opiates

Clinical depression is more common among methadone maintenance patients than
in the general population [103]. Amitriptyline is frequently encountered in these
patients either as a therapeutic agent or as a recreational drug of abuse [104].
Levomethadyl acetate has been associated with a prolonged QT interval and tor-
sades de pointes [105], where methadone appears to inhibit the cardiac potassium
channel IKr [106, 107]. In these patients, exposure to a tricyclic antidepressant has
been associated with an increased risk of an accidental overdose death [108].
Therefore, practitioners suggest that routine cardiac monitoring is necessary in
methadone maintenance programs.

Neuroleptics

Recent studies support the common belief that cardiovascular mortality is greater
among psychiatric patients receiving neuroleptics than in the general population
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[109, 110]. Other evidence suggests that the risk cardiotoxicity may be greater with
thioridazine than other neuroleptics [111] and that cardiac effects such as delayed
ventricular repolarization are dose related and due predominantly to unmetabolized
thioridazine [112].

In a rodent model, treatment with imipramine or amitriptyline increased the
blood plasma levels of thioridazine and its metabolites 20- and 30-fold, respectively
[113]. These authors noted that the TCA/thioridazine concentration ratio was impor-
tant in determining the final result of the TCA/neuroleptic interaction. This is con-
sistent with the observations in psychiatric patients that the effect of thioridazine or
amitriptyline metabolism varied with the antidepressant/neuroleptic dose ratio.
When the ratio favored amitriptyline, thioridazine metabolism was inhibited. When
the ratio favored thioridazine, amitriptyline metabolism was inhibited.

SSRIs, SNRIs

Crewe et al. reported that several of the SSRI antidepressant drugs inhibited
CYP2D6-catalyzed metabolism [114]. They observed that paroxetine had the great-
est inhibitory effect while fluvoxamine contributed the least. Fluoxetine and sertra-
line had intermediate activities. They also observed that N-desmethylfluoxetine was
a potent inhibitor, while metabolites of paroxetine caused negligible inhibition [115,
116]. Since N-desmethylfluoxetine is a potent inhibitor of CYP2D6 activity and
persists in blood, inhibition of TCA hydroxylation in clinical settings may be more
significant after fluoxetine than any other SSRI.

Combined treatments with a TCA and fluoxetine have also been examined in
refractory depression. In patients treated with 50 mg/day amitriptyline and 20 mg/
day fluoxetine for extended periods, the steady-state concentration of amitriptyline
in blood was increased approximately two-fold and that of nortriptyline nine-fold,
relative to patients treated with amitriptyline alone [117]. By comparison, 20 mg/
day paroxetine increased amitriptyline and imipramine by only 50% and doubled
the concentrations of nortriptyline and desipramine [118]. However, fatalities have
been associated with combined fluoxetine/amitriptyline and paroxetine/imipramine
combination therapies [119, 120].

The effects of the SSRI on the pharmacokinetics of the demethylated TCAs
desipramine and nortriptyline have also been examined in clinical settings. For
example, 20 mg/day fluoxetine or 50 mg/day sertraline was coadministered with
50 mg/day desipramine [121]. After 3 weeks of combined treatment, fluoxetine
increased the levels of desipramine by four-fold while sertraline increased levels
by only 31%. Inhibitory effects of paroxetine and sertraline on desipramine phar-
macokinetics have also been compared [122]. Each of these reports again sup-
ports the original assignment of relative inhibitory actions decreasing in the
order: fluoxetine > paroxetine > sertraline. Citalopram and venlafaxine either do
not appear to inhibit CYP450 metabolism or have only very modest clinical
impacts [123, 124].



5 Tricyclic Antidepressant Drug Interactions 205

The results of these mixed antidepressant studies are consistent with the pres-
ence of demethylation and hydroxylation metabolic pathways, which are utilized in
TCA metabolism. Olesen and Linnet have estimated that 90% of nortriptyline
metabolism is dependent on CYP2D6 hydroxylation activity [28]. Subsequently, a
higher affinity SSRI explains how these drug interactions inhibit TCA hydroxyla-
tions as the rate-determining step in the overall elimination process. Therefore, inhi-
bition of TCA hydroxylation by SSRI results in accumulation of the parent TCA and
its N-desmethylated metabolite.

The interaction between TCAs and the predominant demethylating enzyme,
CYP2C19, is less studied because highly potent and selective inhibitors are cur-
rently unavailable. However, the SSRI drug fluvoxamine is a potent inhibitor of
CYPI1A2 and also a moderately potent inhibitor of CYP2C19 [28]. Since desipra-
mine metabolism by CYP1A2 is slight, fluvoxamine may act as a relatively specific
inhibitor of metabolism by the CYP2C19 enzyme.

Genetic Polymorphism and TCA Metabolism

A review of the literature suggests that individuals vary in their abilities to metabo-
lize TCAs due to genetic variations. This phenomenon can result in the amounts of
active antidepressant in blood to vary beyond the concentration ranges associated
with the clinical antidepressant responses, without metabolic inhibition of coadmin-
istered drugs. Individuals with differences in the distribution of CYP2C19 and
CYP2D6 also play important roles in determining their ability to metabolize TCAs
and their susceptibility in accumulating toxic concentrations [125, 126]. This unam-
biguous demonstration of the involvement of a CYP450 enzyme in the metabolism
of TCAs sparked a new path in understanding drug interactions and the contribution
of genetic differences in responses to TCAs.

These revelations raised the question: Are genetic polymorphisms and CYP450
interactions with other drugs significant factors in the toxicology of TCAs? Patient
phenotype has been seen to play an important role in determining the pharmacoki-
netic interactions between TCAs and other drugs that interfere with CYP450-
catalyzed metabolism. The interaction between TCAs and SSRIs is greatest in
individuals from the “ultra-rapid metabolizer” (UM) and ‘“‘extensive metabolizer”
(EM) phenotypes where the CYP2D6 gene may be duplicated or multi-duplicated
[127, 128], while TCA metabolism by patients from the “intermediate metabolizer”
(IM) or “poor metabolizer” (PM) phenotypes is largely unaffected [129]. The lack
of an inhibitory effect in PM subjects is due to a lack of CYP2D6 enzyme activity,
which illustrates that TCAs are metabolized through alternative routes in these
subjects.

A clinical application has been proposed for the interaction between the TCA
and SSRI [130]. Clinical experience has shown that patients in the CYP2D6 UM
phenotype may require larger doses of a TCA to maintain therapeutically useful
concentrations in plasma. In clinical trials, treatment with 10 mg/day paroxetine
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produced an apparent conversion from UM to EM status, where four out of five
subjects achieved therapeutic levels of nortriptyline. After a higher dose of parox-
etine of 20 mg/day, two subjects converted to PM status. This conversion to PM
status illustrates the variability in responses to inhibitors such as paroxetine and
further supports the implementation of therapeutic drug monitoring.

The “thioridazine effect” on TCA metabolism exhibited a complex dose depen-
dency and was greatest after low doses of TCA and high doses of the neuroleptic.
Treatments with thioridazine have been shown to convert CYP2D6 EM phenotype
patients to the PM phenotype [131, 132]. In one instance, coadministration of thior-
idazine in a pediatric patient was seen to push blood concentrations of imipramine
into a toxic range [133].

The frequency of PM follows strong ethnic lines [134, 135]. In a group of unre-
lated German volunteers, Sachse et al. reported three main alleles, CYP2D6*1
(EM), CYP2D6*2 (IM), and CYP2D6*4 (PM). Frequencies of these alleles were
0.36, 0.32, and 0.21, respectively [136]. Approximately 7% of the population were
in the PM genotype, while 0.5% had multiple copies of the CYP2D6*1 allele (UM).
In other studies, 5.5% of Dutch volunteers were poor metabolizers [137], while only
1-2% of subjects tested in Turkey and East and South Africa were of the PM phe-
notype [138, 139]. Less than 1% of a group of 216 black Tanzanians were PM but
9% exhibited allele duplication consistent with UM status [140]. Asian populations
also have a low CYP2D6 PM frequency but, because of a high incidence of defec-
tive alleles of intermediate efficiency, the CYP2D6 metabolic capability of the
Asian EM phenotype is somewhat lower than in other parts of the world.

These observations suggest a Northern European bias toward the CYP2D6 PM
phenotype which may explain the metabolism of TCAs in some patients. For exam-
ple, 8% of a group of Swedish Caucasians were found to have reduced abilities to
hydroxylate the CYP2D6-sensitive drugs debrisoquine and desipramine [141]. In
the Danish population, there is a reported instance of a PM phenotype Danish
woman who developed toxic serum levels after successive treatments with 100 mg/
day of nortriptyline. After adjusting the dosage to 25 mg/day, the woman’s depres-
sion disappeared without any notable side effects [126].

The effects of CYP2D6 and CYP2C19 phenotype on TCA metabolism have
been examined in several clinical studies involving Chinese or Japanese subjects
because of the higher frequency of the CYP2D6*10 and CYP2C19 PM phenotypes
in the Asian population. The CP2D6*10 (IM) allele occurs in approximately 34%
of the Asian population, which encodes for an enzyme with reduced metabolic
activity. In one study, the pharmacokinetics of nortriptyline and 10-hydroxynortrip-
tyline were compared among subjects homozygous for CYP2D6*1 and CYP2D6*10
or heterozygous for these two alleles as CYP2D6*1*10 [142]. The study showed
that the CYP2D6*10 homozygous subjects had impaired nortriptyline metabolism,
resulting in a prolonged plasma half-life. Two additional studies examined the
impact of CYP2D6 genotype on nortriptyline and desipramine metabolism, which
showed a two-fold reduction in the rate of hydroxylation in those with one or two
defective alleles [143, 144].

Examination of the effects of CYP2C19 PM status on the metabolism of the
TCA is less common. In three studies, subjects homozygous for defective
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CYP2C19 alleles had approximately double the plasma concentrations of imip-
ramine or clomipramine as did the members of the homozygous EM phenotype
[145, 146].

Postmortem TCA Evaluations

It is clear that individual patients are more or less responsive to the beneficial and
toxic effects of TCAs. Amounts of TCA in plasma from living patients can cover a
rather broad range greater than the clinical to toxic range in any individual patient.
In postmortem cases, amounts of a TCA in blood occur in a broad range and are
often several times higher than normally seen in living or even severely intoxicated
people [147-149].

Pounder and Jones studied this phenomenon of postmortem redistribution and
observed diffusion of drugs along a concentration gradient out of solid organs and
into the blood [150]. The highest levels were seen in pulmonary arteries and veins,
while concentrations were at their lowest in peripheral vessels. They reported that
amounts of doxepin or clomipramine in postmortem blood collected from different
sites ranged from 3.6 to 12.5 mg/L and from 4.0 to 21.5 mg/L, respectively.

The consequence of postmortem redistribution is that reference data is rendered
less useful unless a record of the site of collection is available. It is therefore com-
mon practice to assay the TCA in blood collected from different peripheral vascular
sites, the stomach contents, and the liver, in order to receive enough data for a cor-
rect interpretation. Sudden cardiac deaths due to simultaneous exposure to a TCA
and a second cardiotoxic agent are not easily recognized because the drug levels
may be below the accepted lethal levels. Nevertheless, this scenario is entirely pos-
sible and should be considered in cases where the drugs are present and other causes
cannot be identified.

Conclusion

In recent years, less toxic SSRIs have largely replaced TCAs in managing anxiety
and depression. Tricyclic antidepressant drug intervention is still widely used in
controlling depression and as a cost-effective treatment for chronic pain therapy.
Durable clinical responses are seen in those unresponsive to SSRI treatment, and
many thousands of people have benefited from this class of drugs. However, their
use does carry a risk of severe drug interactions and toxicities. This work examined
a detailed background of the biological functions of TCAs, their clinical uses, tox-
icities, drug interactions, and tolerances based on pharmacogenetics. Some of the
interactions may appear small in comparison to a broad range of therapeutic con-
centrations, but effects in a single patient can be dramatic. Therefore, this chapter
provides a basis for understanding and interpreting the toxic interactions of tricyclic
antidepressants.
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Chapter 6
Selective Serotonin Reuptake Inhibitors

Mojdeh Mozayani

Abstract Antidepressant drugs have been referred to by the labels first-, second-, and
third-generation. These terms are nonspecific, although generally the selective serotonin
reuptake inhibitors (SSRIs) fall into the second-generation group. The tricyclics (TCAs
like amitriptyline, clomipramine, imipramine, and doxepin) are considered to be
first-generation, while some of the newer drugs that have mixed modes of action are
considered to be third-generation antidepressants (e.g., amoxapine, mirtazapine, bupro-
pion, nefazodone, venlafaxine). This chapter will deal only with the second-generation
antidepressants, i.e., citalopram, fluoxetine, fluvoxamine, sertraline, and paroxetine.

Selective serotonin reuptake inhibitors (SSRIs) are one of the newer classes of
antidepressants. Since their introduction in the United States, they have been greatly
used and accepted in the psychiatric field to treat a number of conditions including
major depressive disorder (MDD), obsessive-compulsive disorder (OCD), panic
disorder (PD), generalized anxiety disorder, posttraumatic stress disorder (PTSD),
and social anxiety disorder (SAD) [1] due to their efficacy and the reduced occurrence
of undesirable side effects [2—4].

SSRIs act by inhibiting neuronal uptake of serotonin (SHT). Selective serotonin
reuptake inhibitors are generally shown to be as effective and overall better tolerated
than tricyclic antidepressants (TCAs) in treatment of depression [3, 4]. SSRIs are also
used in treating other psychiatric disorders such as panic disorder [5, 6], obsessive-
compulsive disorder, and social anxiety disorder [7-9].

Depression is among the most common illnesses in the United States [10].
However, it is underdiagnosed and undertreated in this country [11]. In recent years,
there has been a significant increase in number of patients who received outpatient
treatment for depression [12]. Selective serotonin reuptake inhibitors are widely
used in the treatment of psychiatric disorders [7-9, 13]; therefore, understanding
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drug interactions involving this class of agents is very important. In this chapter,
SSRIs’ mechanism of action, pharmacokinetics, drug and herbal interactions, and
adverse reactions are described.

Keywords SSRI ¢ Selective serotonin reuptake inhibitors ¢ Serotonin syndrome
* Drug interactions

Mechanism of Action

Selective serotonin reuptake inhibitors, as indicated by their name, block the CNS
neuronal uptake of serotonin (SHT), which is related to their antidepressant action
[14]. SSRIs selectively inhibit the reuptake of serotonin; however, they also have a
different degree of effect on blocking the reuptake of norepinephrine and dopamine
[14, 15]. Paroxetine is the most potent SSRI available [1]. However, it has less
selectivity for the serotonin site than fluvoxamine or sertraline [15].Citalopram is
the most selective SSRI in the market [15]. Sertraline is both the second most potent
and second most selective SSRI [15].

PharmacoKkinetics

In order to better understand the drug interactions involving SSRIs, it is essential to
understand their pharmacokinetic properties.

Absorption

SSRIs are in general well absorbed from the gastrointestinal tract, but they undergo
hepatic first-pass metabolism to a varying degree. This reduces the amount of intact
drug that reaches the systemic circulation [15].

Fluoxetine, fluvoxamine, paroxetine, sertraline, and citalopram are well absorbed
[16—-19]. Food does not alter their absorption significantly [20]. All SSRIs with the
exception of citalopram undergo extensive hepatic first-pass metabolism [16—19].

Distribution

SSRIs have a relatively large volume of distribution (V,) due to their lipophilic prop-
erties. Their large V, indicates extensive accumulation in tissues [16]. Fluoxetine,
paroxetine, and sertraline are highly protein bound, especially to alpha-1 acid
glycoprotein. Citalopram and fluvoxamine do not bind as extensively to plasma
proteins [16]. Fluoxetine’s V, is about 2045 L/kg. It reaches steady state in about
1-22 months [16]. Fluvoxamine’s steady state is reached within 10 days. Its V, is
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5 L/kg [21]. Paroxetine’s V, is 20 L/kg. It reaches its steady state between 7 and
14 days [19, 22]. Sertraline’s time to reach steady state ranges between 5 and 7 days.
Its V, is 20 L/kg [15, 23]. Citalopram reaches steady state in 6-15 days [24, 25].
Its volume of distribution is 12—15 L/kg [24, 26].

Metabolism and Elimination

Metabolism is the main route of elimination for all selective serotonin reuptake
inhibitors [15]. SSRIs are mainly hepatically metabolized and renally excreted [25].
Fluoxetine is metabolized extensively by CYP2DG6 to its active metabolite (norfluox-
etine) and other metabolites [27]. It is reported that half-lives (z,) of fluoxetine and
its metabolite norfluoxetine range from 1 to 5 days for fluoxetine and 7-20 days for
its active metabolite [28, 29]. Fluvoxamine is metabolized by CYP1A2 and CYP2D6
[30]. Its metabolites are inactive [18]. Fluvoxamine’s 7, is between 8 and 28 h [21].
Paroxetine is also metabolized to clinically inactive metabolites by CYP2D6 [31, 32].
Its 1, is variable depending on the subject, dosage, and duration of administration [17].
Its terminal half-life is about 1 day [17, 19]. Metabolism is also the main route of
elimination for sertraline. Its main active metabolite, desmethylsertraline, is obtained
by demethylation of sertraline by CYP3A4 [33]. This metabolite has a half-life three
times longer than sertraline (60-100 h) [23, 34]. Sertraline has a longer #, in elderly
and female volunteers (32.1-36.7 h) than young male volunteers (22.4 h) [23].
Citalopram is metabolized by CYP2C19 and CYP3A4 to several metabolites, including
two pharmacologically active metabolites: desmethylcitalopram and didesmethylci-
talopram [26, 35]. The half-life for citalopram ranges from 35 to 58.5 h depending on
the study [24, 25]. Although its active metabolites have half-lives that are two to
three times longer, their activity is not clinically important due to their low potency
[15, 24]. Refer to Table 6.1 for a summary of metabolites.

Cytochrome P-450 System

Selective serotonin reuptake inhibitors are extensively metabolized as discussed
previously. Cytochrome P-450 isoenzymes play a major role in their metabolism
and hence their interactions with other drugs [16, 36]. In order to better understand
the drug interactions involving SSRIs, it is essential to understand this system [37].
Cytochrome P-450 is comprised of many enzymes, but most drugs are metabolized
by only three enzymes in this system: CYP1A2, CYP2D6, and CYP3A4. SSRIs’
inhibitory effects on these enzymes play a major role in most of their drug interac-
tions [38]. Fluoxetine, its metabolite norfluoxetine, and paroxetine are potent inhibi-
tors of CYP2D6 enzymes, and therefore inhibit the metabolism of many tricyclic
antidepressants and antipsychotic drugs [38—40]. Fluoxetine and fluvoxamine also
inhibit CYP2C19 to a lesser extent [29, 40]. Fluvoxamine is a strong inhibitor of
CYP1A2 and has a high propensity to interact with other drugs [18, 38—40].
Sertraline has a moderate inhibitory effect on CYP2D6 [39]. Citalopram does not
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Table 6.1 SSRIs and their active metabolites

SSRIs Active metabolites Clinically significant
Fluoxetine Norfluoxetine Yes

Fluvoxamine - -

Paroxetine - -

Sertraline Desmethylsertraline No

Citalopram Desmethylcitalopram, Didesmethylcitalopram No

Table 6.2 SSRIs and CYP450 enzymes

SSRIs Metabolized by CYP450 enzyme inhibited
Fluoxetine CYP2D6 CYP2C19, CYP2D6*
Norfluoxetine - CYP2D6?

Fluvoxamine CYP1A2, CYP2D6 CYP2C19, CYP1A2%, CYP3A4
Paroxetine CYP2D6 CYP2D6?, CYP2C19?

Sertraline CYP3A4 CYP2D6P

Citalopram CYP2C19, CYP3A4 CYP2D6¢

Desmethylcitalopram - CYP2D6P

Degree of inhibition: “Potent, "Moderate, “Weak

seem to have many pharmacokinetic drug interactions, since it is a weak inhibitor of
CYP2D6 [40, 41]. Table 6.2 summarizes the actions of these enzymes.

Drug-Drug Interactions

Drug interactions are classified into two major groups: pharmacodynamic interactions
and pharmacokinetic interactions. Pharmacodynamic interactions are described as a
change in the pharmacologic effect of the target drug produced by the activity of
another drug at the same receptor or a different site with the same activity. In other
words, mechanism of action of one drug amplifies or diminishes the mechanism of
action of another drug [42]. Pharmacokinetic interactions involve any alteration in
absorption, distribution, metabolism, or elimination of the target drug caused by
coadministration of another medication.

Pharmacodynamic Interactions

Serotonin syndrome is a major pharmacodynamic interaction that occurs when
SSRIs are administered concomitantly with other drugs including monoamine oxidase
inhibitors [43], lithium, other SSRIs, dextromethorphan, meperidine, I-tryptophan,
sumatriptan, risperidone, methylphenidate, and methylenedioxymethamphetamine
(MDMA, or Ecstasy) [42, 44-49]. Serotonin syndrome has been suggested to occur
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in some elderly patients taking SSRIs and opioid analgesics [50]. In the case of
dextromethorphan, recent research has suggested that extremely high serum levels
of dextromethorphan coupled with therapeutic levels of the SSRI are required to
induce serotonin syndrome [51]. A patient on an established regimen of paroxetine
who underwent surgery in which fentanyl was used during anesthesia developed
serotonin toxicity [52]. Serotonin syndrome has also been reported with fentanyl in
combination with citalopram [53]. However, other mechanisms such as defects in
monoamine metabolism, hepatic and pulmonary insufficiency may also contribute
in developing this condition [54].

Serotonin syndrome is described as serotonergic hyperstimulation. Any drug or
drug combination that increases serotonin neurotransmission can cause serotonin
syndrome [42]. Serotonin syndrome is an acute condition that is characterized by
changes in mental status, restlessness, dyskinesia, clonus and myoclonus, autonomic
dysfunction such as mydriasis, hyperthermia, shivering, diaphoresis, and diarrhea
[42, 44, 55, 56].

Neuroleptic malignant syndrome is described as an idiosyncratic response of
patients to mostly neuroleptic agents with a high ability to block D2 receptors [42].
Serotonin syndrome and neuroleptic malignant syndrome are very similar in signs
and symptoms. It is difficult to differentiate between these two syndromes, but in
general, patients with neuroleptic malignant syndrome present with higher fever
and more muscle rigidity. On the other hand, patients with serotonin syndrome have
more gastrointestinal dysfunction and myoclonus [57]. Symptoms in neuroleptic
malignant syndrome appear more gradual and resolve more slowly [55]. Both
syndromes are treated by discontinuing the offending agent and supportive care
[55, 57]. Caution is advised if initiating drug therapy in these two syndromes. Some
patients with serotonin syndrome may require drug therapy with antiserotonergic
agents such as cyproheptadine, methysergide, and propranolol [42]. These agents
may not be effective in treating neuroleptic malignant syndrome. Dopamine agonists
that are used to treat this syndrome may exacerbate serotonin syndrome [55].

Serotonin syndrome is usually mild and resolves quickly when the serotonergic
drugs are discontinued and supportive care is provided. However, there have been
numerous cases of fatalities due to this syndrome caused mostly by intentional drug
overdose or combining different serotonergic drugs [58-62].

When taken in conjunction with nonsteroidal anti-inflammatory drugs (NSAIDs),
SSRIs can increase the chance of upper gastrointestinal hemorrhage [63—67].

Rhabdomyolysis has been reported from the combination of SSRIs and irinotecan
[68].

Pharmacokinetic Interactions

Oral absorption can be affected by the presence of certain drugs that can change
gastrointestinal motility or pH. Food can also change a drug’s absorption. In the
case of SSRIs, interactions involving absorption are not clinically significant [69].
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Table 6.3 CYP450 enzymes and some common drugs

Enzyme Examples of metabolized drugs

CYP1A2 TCAs (amitriptyline, imipramine), clozapine, propranolol, theophylline,
R-warfarin

CYP2C19 Citalopram, imipramine, barbiturates, propranolol

CYP2D6 Antiarrhythmics (propafenone, flecainide), B-blockers (propranolol, metoprolol,

timolol), opiates, SSRIs (fluoxetine, paroxetine), TCAs, venlafaxine
CYP3A3/4 Acetaminophen, codeine, dextromethorphan
CYP2C9/10 Phenytoin, S-warfarin, tolbutamide

Drug distribution is influenced by such factors as blood flow, the drug’s lipophilicity,
and its protein-binding ability. Only the unbound drug (free fraction) is able to act
on areceptor site. Although SSRIs are highly protein bound, their interaction involving
protein binding is clinically minor [69].

Interactions involving metabolism and the enzymes which facilitate this process
are the most studied. There is also individual variability in metabolizing drugs. For
example, it is a well-established fact that there are individuals who do not synthesize
the enzyme CYP2D6, leading to poor metabolism of the drugs metabolized by this
enzyme. As indicated in Table 6.2, SSRIs inhibit some of the most important
CYP450 enzymes involved in other drugs’ metabolism, thus leading to increased
levels of those drugs. There are a great number of drugs that are metabolized by
these enzymes. A few examples are given in Table 6.3 [70].

On the other hand, since SSRIs are also metabolized by these same enzymes,
their metabolism can be affected by inhibitors and inducers of these enzymes. Drugs
such as sulfonylureas, barbiturates, phenytoin, carbamazepine, rifampin, and primidone
are CYP enzyme inducers which cause an increase in metabolism of the drugs
whose main route of metabolism is by CYP450 system enzymes, including SSRIs.
Enzyme inhibitors such as cimetidine, erythromycin, isoniazid, verapamil, and
propoxyphene can lead to an increase in plasma levels of affected drugs. Table 6.4
summarizes a number of drug—drug interactions mediated by metabolic enzymes.
It should be emphasized that this table does not include all the drug interactions
involving SSRIs. However, it indicates the importance of understanding pharma-
cokinetic drug interactions involving this class of drugs.

Drug-Natural Product Interaction

There are not many clinical trials on the interaction of SSRIs’ with herbal products.
It is suggested that if a natural product has an effect on CYP450 isoenzymes, it
potentially can interact with drugs metabolized by these enzymes. However, this is
not a reliable predictor for drug—natural product interaction [90]. Some examples of
known drug—natural product interaction are described below.

Fluvoxamine significantly increases melatonin (sleep aid) levels by reducing
its metabolism due to inhibition of CYP1A2 and CYP2C9 [90]. Ayahuasca is an
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Table 6.4 SSRIs’ drug-drug interactions

Precipitant drug Object drug Effect
Paroxetine Codeine Loss of efficacy [70]
Paroxetine Risperidone Increased plasma levels [71]
Fluoxetine Phentermine Increased plasma levels [72]
Fluoxetine, norfluoxetine, Phenytoin Increased plasma levels [73, 74]
fluvoxamine, paroxetine,
sertraline
Fluvoxamine Methadone Increased plasma levels [75]
Sertraline Alprazolam No effect [76, 77]
Fluoxetine, fluvoxamine, Benzodiazepines  Increased plasma levels [70]
paroxetine
SSRIs TCAs Increased plasma levels [78]
Rifampin Sertraline Decreased plasma levels [79]
Fluoxetine, paroxetine, Propafenone Increased plasma levels [80]
fluvoxamine
Fluoxetine, fluvoxamine Warfarin Increased risk of bleeding [81]
Citalopram Carbamazepine No effect [82]
Fluoxetine, fluvoxamine Carbamazepine Increased plasma levels [14]
Fluoxetine Methadone Increased/decreased plasma levels [75, 83]
Paroxetine Lithium No effect [84, 85]
Paroxetine Metoprolol Increased plasma levels [86]
Risperidone Fluoxetine Increased plasma levels [87]
Citalopram Propafenone Increased plasma levels [88]
Paroxetine Tamoxifen Reduced plasma levels [89]

Amazonian psychoactive beverage that contains potent monoamine oxidase inhibiting
alkaloids (harmala alkaloids). It may induce serotonin syndrome if given with SSRIs
[91]. St John’s wort (Hypericum perforatum) is used to treat mild to moderate depres-
sion. It may cause mild serotonin syndrome when given with SSRIs [92].

Adverse Reactions

Selective serotonin reuptake inhibitors are generally well tolerated [93, 94]. However,
they are associated with a few adverse effects. The most commonly reported adverse
reactions to SSRIs are nausea, anorexia, diarrhea, insomnia, nervousness, headache,
anxiety, dry mouth, constipation, hypotension, and fatigue [95, 96]. Cases of hypona-
tremia caused by SSRIs have also been reported, particularly in the elderly and in
females [14, 97-99]. Mydriasis has been reported with paroxetine, sertraline, and
citalopram [96, 100]. SSRIs are also implicated in extrapyramidal side effects and
akathisia [101]. Although SSRIs are relatively safe in large doses, they have been
associated with seizures in overdose situations [102]. Abnormal bleeding poses a
slight risk in patients taking SSRIs [64, 103—106]. Serotonin syndrome has also been
reported in individuals who are taking only therapeutic doses of paroxetine [107].
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Conclusions

Selective serotonin reuptake inhibitors have become the first line of therapy in
treatment of depression. They are also used in other areas of psychiatry such as
obsessive-compulsive disorder (OCD) and panic disorder. In general, SSRIs are
considered to be well tolerated and safe. Therapeutic drug monitoring (TDM) is not
commonly performed with SSRIs since there is no clear relationship between drug
plasma concentrations and clinical response [108]. However, TDM may be useful in
patients with poor compliance. It is also suggested that TDM of SSRIs can be a factor
in overall cost reduction [109]. SSRIs are involved in many drug—drug interactions
due to their interactions with CYP enzymes. Therefore, when dealing with SSRIs,
it is essential for the clinician to have a thorough knowledge of the drugs’ interaction
with CYP enzymes and its metabolism. Although these interactions are usually
undesirable, but there have been instances in which clinicians have taken advantage
of them to successfully treat resistant cases [110].
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