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ABSTRACT

This thesis represents the results of an investigation of the involvement of the
cytochrome P450 (CYP) enzymes in the metabolism of two related
antidepressants, trazodone and nefazodone. Several converging lines of in vitro
experimentation were used to identify the enzymes involved in the metabolism of
NEF to its active metabolites hydroxy-nefazodone (OH-NEF), triazoledione (TD),
and m-chlorophenylpiperazine (mCPP). The metabolism of trazodone to the
active metabolite mCPP was also investigated, as was the metabolism of mCPP
to its major metabolite hydroxy-mCPP (OH-mCPP). The identification of the
major enzymes involved in a particular metabolic pathway was accomplished in
vitro using human liver microsomes and cells expressing human CYP enzymes.
Novel analytical methods were developed for the detection of trazodone, NEF,
and their metabolites using high pressure liquid chromatography (HPLC) and gas
chromatography (GC). The major findings of the present thesis were that
CYP3A4 is an important enzyme in the metabolism of NEF to OH-NEF and
mCPP, and of OH-NEF to TD and mCPP. Furthermore, CYP3A4 was found to
be important in the metabolism of trazodone to mCPP, and CYP2D6 was found
to be important for the metabolism of mCPP to OH-mCPP. These findings have
important implications for predicting metabolic drug-drug interactions involving

trazodone and nefazodone.
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Chapter 1

Introduction



1.1 INTRODUCTION

The work described in this thesis centers around the identification of the
cytochrome P450 (CYP) enzymes involved in the metabolism of two
structurally and functionally related antidepressants, trazodone and
nefazodone, and their common metabolite m-chlorophenylpiperazine (mCPP)
(see Figure 1.1). Knowing which enzymes are involved in a drug's
metabolism will help to identify the factors that may alter the drug's
metabolism, and therefore will aid in the optimization of drug therapy and the
prevention of adverse outcomes. Many factors, including age, sex, dietary
components, and exposure to environmental compounds such as tobacco
smoke, can potentially affect an individual's metabolism of a drug
(Guengerich, 1992). In particular, metabolic drug-drug interactions can occur
when drugs which inhibit or induce metabolic enzymes are taken
concurrently, interfering with the therapeutic efficacy of a drug, with
consequences ranging from lack of therapeutic effect to serious and life-
threatening conditions (Coutts, 1994). The issue of drug interactions is
particularly relevant in psychiatry, where combination drug therapy is
standard practice in the treatment of some illnesses, and is often an

unavoidable consequence of chronic drug therapy (Rosenbaum, 1995).
The cytochromes P450 are a family of oxidative enzymes involved in
steroidogenesis and the metabolism of xenobiotics. Interindividual
differences in drug metabolism can result from genetically determined

differences in endogenous enzyme activities, or from enzyme induction or



inhibition by other compounds. I[f the particular isoforms that are primarily
involved in a drug’s metabolism can be identified, then potential interactions
can be predicted and avoided. It is also important to take into account the
formation and degradation of metabolites, which may contribute to the
therapeutic effects or side effects of the parent compound, as well as having
their own effects on the CYP enzymes.

In vitro studies of drug metabolism using human-derived materials
have provided a way to study human drug metabolism and predict
interactions before they occur (Guengerich, 1996). Although many factors
will influence pharmacokinetics and biotransformation in vivo, data obtained
from in vitro studies provide a useful starting point from which to predict
interactions. Postmarketing databases and isolated case reports have
traditionally been the source of information that certain drug combinations are
potentially dangerous (Rosenbaum, 1995). Clearly, this is neither a safe nor
efficient way to deal with the issue. Furthermore, it is difficult to know with
any certainty whether a drug-drug interaction actually occurred when
examining data from retrospeclive case reports in which a variety of
environmental and individual factors could have been involved (Rosenbaum,
1995). Therefore, in vitro drug metabolism studies are a necessary first step
towards an understanding of the pharmacokinetics of a drug in vivo.

The work presented in this thesis aims to identify the CYP isoforms
involved in the metabolism of two novel antidepressants, trazodone and

nefazodone, and their respective active metabolites. This was accomplished



using a combination of several in vitro methods employing human liver
microsomes and microsomes prepared from a cell line genetically engineered
to express the human cDNA for single specific CYP enzymes.

Trazodone is a novel antidepressant that is often prescribed to offset
antidepressant-induced insomnia, and therefore has a high potential for drug-
drug interactions. Indeed, many drug interactions with trazodone have been
noted clinically (e.g. Aranow et al., 1989; Metz & Shader, 1990; Nierenberg et
al., 1992; Reeves & Bullen, 1995; George & Godleski, 1996; Maes et al.,
1997). However, the specific metabolic pathways and enzymes responsible
for these interactions are not known, since detailed in vitro analyses have not
been conducted previously. Trazodone has several identified metabolites
(Figure 1.2), but of particular interest is m-chlorophenylpiperazine (mCPP), a
psychopharmacologically active 5-HT agonist with prominent behavioral and
physiological effects (Conn & Sanders-Bush, 1987). This metabolite could
have clinically significant consequences if it reaches higher than normal
plasma concentrations, since it has been shown to have anxiogenic and
psychotomimetic effects in humans (Kahn et al., 1988; Krystal et al., 1993;

Gemmine et al., 1994; Cowen et al., 1995).
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FIGURE 1.1 Chemical Structures of nefazodone (top), trazodone (middle),

and m-chlorophenylpiperazine (mCPP) (bottom).
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Nefazodone is structurally and functionally similar to trazodone, and
shares the common metabolite mCPP (Ellingrod & Perry, 1995) [Figure 1.3].
In addition to mCPP, NEF also has two other active metabolites, hydroxy-
nefazodone (OH-NEF), and a triazoledione (TD) metabolite (see Figure 1.3).
Although preliminary reports suggest that NEF inhibits CYP3A4 in vitro (von
Moitke et al., 1996a; 1996b), its metabolism by the CYP enzymes has not
been studied in detail.

In the present work, four different in vitro methods were used to
identify the enzymes invoived in the metabolism of trazodone, nefazodone,
and their metabolites. First, each drug was incubated separately with
microsomes from 16 different human livers, each of which had been
previously characterized for its activity of seven different CYP isoforms
(CYP1A2, CYP2A6, CYP2C19, CYP2D6, CYP2E1. CYP3A4, and CYP4A11).
The rate of metabolite formation from the substrate drugs was then correlated
with the endogenous activity of each isoform across the 16 livers. A
significant correlation between a specific enzyme activity and metabolite
formation is an indication that the same enzyme is responsible for both
reactions (Guengerich, 1996).

The correlational data was further validated using microsomes
prepared from a cell line engineered to express the cDNA for a single human
CYP. The drugs under investigation were incubated individually with

microsomes expressing the cDNA for CYP1A1, CYP1A2, CYP2CS8,



CYP2C9,,, CYP2C9., CYP2C19, CYP2D6, CYP2E1, and CYP3A4. The
incubation media were then assayed for metabolite production. This type of
experiment provides a qualitative indication of the involvement of a particular
isoform in a specific metabolic pathway (Guengerich, 1996).

A third line of evidence came from studies using chemical inhibitors for
specific CYP isoforms. The drug substrates were incubated with human liver
microsomes and varying concentrations of inhibitors specific for a single
isoform. If metabolite formation decreased in the presence of increasing
concentrations of a specific inhibitor, then the inhibited isoform would be
implicated in that particular metabolic pathway.

Finally, potential drug interactions were investigated in vitro by co-
incubating the drug substrates with potentially co-administered drugs at
physiologically relevant concentrations.

In order to use the in vitro methods, sensitive and specific assays for
the detection of the drugs and their metabolites were also required.
Therefore, assays were developed for the detection of trazodone,
nefazodone, and their respective metabolites in the incubation medium using
gas chromatography with nitrogen-phosphorus detection (GC-NPD) for
mCPP detection, and high performance liquid chromatography with ultraviolet
detection (HPLC-UV) for nefazodone and its metabolites. A GC assay with
electron capture detection (GC-ECD) was also developed for the detection

and quantification of fluvoxamine (FVX), a selective serotonin reuptake



inhibitor (SSRI), was also developed in initial studies on the effects of this
drug on metabolism of nefazodone and trazodone.

Thus, the main objective of the present work was to identify the
specific human CYP enzymes involved in the metabolism of trazodone,
nefazodone and their active metabolites. The rationale behind such an
investigation was to facilitate the prediction and prevention of adverse drug
interactions, and to increase knowledge regarding the metabolism of these
drugs. The methods used to achieve this objective were the in vitro
incubations of the drug substrates with human liver microsomes or
microsomes prepared from cells expressing human cDNA for specific CYP
isoforms. Studies with specific enzyme inhibitors helped to further implicate
specific isoforms in drug metabolism, and to predict the clinical relevance of
potential drug interactions. Assays were developed for the in vitro detection
of these drugs and their metabolites, and were extended to tissues for
possible future in vivo animal studies. This work adds to the growing
literature investigating in vitro drug metabolism, and characterizes previously
unknown metabolic pathways for trazodone and nefazodone. These studies
will aid in the prevention of adverse drug interactions and in the optimization

of drug therapy.
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1.2 LITERATURE REVIEW
1.2.1 Drug Metabolism
1.21.1 General Principles

Drug metabolism is the process by which a drug is chemically modified
by the body, with one of the main purposes being to convert it to more water-
soluble and easily excreted compounds (Meyer, 1996). Since most
xenobiotics are lipophilic, metabolic pathways have evoived to convert them
to more hydrophilic substances which can be excreted in the urine (Friedberg
& Wolf, 1996). This process is generally carried out in the liver in two
phases. In Phase 1, a new chemical group is inserted into the molecule,
most often by oxidation, reduction, or hydrolysis (Friedberg & Wolf, 1996;
Meyer, 1996). This provides a reactive site where, in Phase 2, an
endogenous molecule such as glucuronic acid, sulphate, glycine, acetate or a
methy! group is added to the drug molecule to facilitate renal excretion
(Meyer, 1996).

Oxidation is a major route of xenobiotic metabolism, and there are
several enzyme systems involved in oxidative reactions, one of which is the
CYP system. Examples of some other oxidative enzymes are monoamine
oxidases, diamine oxidase, xanthine oxidase, alcohol dehydrogenase, and
aldehyde oxidase (Meyer, 1996). The majority of xenobiotic oxidations, are
however, carried out by the CYP enzymes, which are important in

pharmacokinetic drug interactions, and which are the subject of this thesis.

11



1.2.1.2 The Cytochrome P450 enzymes
1.2.1.2.1 Classification and nomenclature

The CYP enzymes play an essential role in the metabolism of many
diverse endogenous, environmental, and synthetic chemicals, and have been
identified in at least 85 eukaryote and 20 prokaryote species, to date (Neison
et al., 1996).

Most of the CYPs have been cloned and sequenced, allowing
classification on the basis of their amino acid sequence homology. Individual
genes and gene products are named using the root symbol “CYP”,
representing cytochrome P450, followed by an Arabic number denoting the
family, a letter identifying the subfamily, and an Arabic number representing
the individual gene within the subfamily (Nelson et al., 1996). Families
contain at least 40% sequence homology, and subfamilies at least 55%
(Coon et al., 1992; Nelson et al., 1996).

It is thought that the xenobiotic-metabolizing P450s probably evolved
from the steroidogenic P450s to help animals degrade dietary chemicals and
plant toxins (Gonzalez, 1992). Currently, 14 CYP gene families have been
identified in all mammals. The human CYPs can be divided into two main
groups, those that are involved in the synthesis of steroids and bile acids,
and those that primarily metabolize xenobiotics (Gonzalez, 1992). Families
1, 2, 3, and 4 are primarily involved in xenobiotic metabolism, whereas
families 5, 7, 8, 24, 27, and 51 are involved in the biosynthesis and

metabolism of eicosanoids, vitamins and bile acids, and families 11, 17, 19,
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and 21 in the biosynthesis of steroid hormones from cholesterol (Nelson et

al., 1996).

1.2.1.2.2 Structure, Function and Mechanism of Action

The CYP enzymes are hemoproteins made up of 2 parts, a heme
moiety containing a porphyrin ring with iron, and a protein component (Smith
et al., 1996). The heme moiety is identical between enzymes, and forms the
catalytic center. The protein component differentiates the isoforms, with
different amino acid sequences altering the topography of the active site
(Smith et al., 1996). The enzyme active site binds the drug substrate and
confers specificity on the enzyme for catalyzing specific types of reactions.
One of the advantages of the CYP system in metabolizing xenobiotics is the
broad range of substrates that it can metabolize (Korzekwa & Jones, 1993).
This is due in part to the large number of CYP enzymes, each of which has
its own range of preferred substrates. As well, several different forms of
CYP may be involved in the metabolism of a single drug, each acting at a
different site on the drug molecule.

Most of the CYP enzymes are located in the liver, aithough they are
also located extra-hepatically in the small intestine, kidneys, lungs, brain and
nasal tissue (Guengerich, 1995). Xenobiotic-metabolizing CYP enzymes in
the liver are found in the endoplasmic reticulum (ER), whereas the steroid-
synthesizing enzymes are located in the mitochondria (Friedberg & Wolf,

1996). In the ER, the CYP enzymes mainly catalyze oxidations, which
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require three components: the CYP enzyme, which acts as the substrate and
oxygen binding site; the NADPH-cytochrome P450 reductase, which acts as
the electron carrier and transfers an electron from NADPH to the CYP
enzyme; and a phospholipid component which facilitates electron transfer.
This system also requires NADPH and molecular oxygen (Coon et al., 1992).

Together, these components form a multicomponent electron transfer
system which can oxidize numerous compounds. The general mechanism
involves the initial binding of the substrate to the ferric form of the CYP
enzyme (Hollenberg, 1992; Friedberg & Wolf, 1996). An electron is then
transferred from NADPH via NADPH-P450 reductase to the iron of the ferric
P450 to give the ferrous P450 substrate complex, which then binds molecular
oxygen. A second electron is then added, and the oxygen-oxygen bond is
cleaved with one atom of oxygen being released and forming water. The
other atom of oxygen remains associated with the heme iron as an activated
oxygen, which is then inserted into the substrate, releasing ferric P450 for

another catalytic cycle (Hollenberg, 1992). The overall reaction is:

RH + O, + NADPH + H* - ROH + H,0 + NADP*

Through this general reaction mechanism, the CYPs are able to

catalyze a wide variety of different reactions. Some examples of these are

aromatic and aliphatic hydroxylations, epoxidations, N-, O-, and S-
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dealkylations, oxidative deaminations, and N-oxidations. Thus, very different
chemical end-points can be achieved all starting with a single hydroxylation
step producing a reactive intermediate. In this way the CYPs can act on a
wide range of substrates to produce many different metabolites (Hollenberg,

1992).

1.2.1.2.3 Factors Affecting Drug Metabolism

The same dose of a drug can result in large interindividual variations in
drug levels and response which presents a challenge for physicians and
pharmacists in the optimization of treatment. Many environmental and
genetic factors can affect drug levels, putting effective and safe
pharmacotherapy in jeopardy. Knowledge of what these factors are, and how

they affect drug metabolism, can increase therapeutic efficacy and safety.

1.2.1.2.3.1 Inhibition

The CYP enzymes can have their activity reduced through the process
of inhibition, which can be competitive or non-competitive, and reversible or
irreversible. The structure of the CYP enzyme allows for two different binding
modes, a productive binding to the hydrophobic substrate binding site
(substrate binding), as well as an inhibitory binding to the haem iron (ligand
binding) (Testa, 1990). The simplest case of enzyme inhibition is by the
interaction of two substrates competing for the same enzyme active site

(Testa, 1990). Thus, two substrates can compete for the substrate binding
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site, resulting in a mutual inhibition of metabolism, or a ligand can bind to the
ligand binding site, inhibiting the enzyme, without itself being a substrate.
This is an important point with respect to the study of drug interactions in that
it illustrates that an inhibitor of an enzyme is not necessarily a substrate for
that enzyme. An example is quinidine, which is a potent inhibitor of CYP2DS,
but is a substrate of CYP3A4 (Muralidharan et al., 1991). In addition, a drug
may be both a substrate and an inhibitor of an enzyme. For example, the
antidepressant fluoxetine (FLU) is a substrate and an inhibitor of CYP2D6
(Preskorn, 1996). Therefore, FLU will also inhibit its own metabolism, leading
to nonlinear pharmacokinetics. The degree to which a particular drug inhibits
an enzyme will depend upon the affinity of the drug for the enzyme as well as
its concentration at the enzyme (Riesenman, 1995).

In summary, substrates will act as competitive inhibitors of the
enzymes that metabolize them, but may also inhibit the activity of other
enzymes without themselves being substrates (noncompetitive inhibition)

(Testa, 1990).

1.2.1.2.3.2 Induction

Enzyme activity can also be induced. Often an inducer is also a
substrate for the CYP enzyme that it induces, thereby regulating its own
metabolism (Okey, 1990; Denison & Whitlock, 1995). However, since most
of the inducible CYPs have a wide number of possible substrates, the

metabolism of many other compounds may be stimulated as well (Okey,
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1990). In addition, some inducers will induce several different forms of CYP,
as well as phase 2 conjugating enzymes (Okey, 1990; Denison & Whitlock,
1995).

Not all CYP isoforms are inducible. For example, there is no evidence
that CYP2D6 is inducible (Okey, 1990). However, many enzymes are
induced by a wide range of commonly encountered drugs, foods, and
environmental compounds. For example, some commonly encountered
inducers of CYP1A2 are caffeine (Berthou et al., 1995), barbecued meats
and cruciferous vegetables (Wrighton et al., 1996), tobacco smoke, and oral
contraceptive steroids (Bock et al., 1994).

Induction is usually the result of an increase in the rate of gene
transcription for a specific CYP isoform (Okey, 1990). There are several
methods by which xenobiotics can induce CYP gene transcription, depending
on the nature of the inducer (Denison & Whitlock, 1995). The exact
mechanisms of enzyme induction are complex and poorly understood

(Denison & Whitlock, 1995).

1.2.1.2.3.3 Genetics

Interindividual variations in drug plasma levels can also occur due to
genetically determined differences in enzyme activities (Eichelbaum, 1984;
Coutts, 1994). Inborn genetic errors can lead to alterations in the functional
activity of an enzyme ranging from a complete lack of enzyme, to enzyme

overexpression (Eichelbaum, 1984; Lennard et al., 1990; Kroemer &
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Eichelbaum, 1995). These genotypic alterations can result in phenotypic
differences in drug metabolism. When a trait under monogenic control occurs
in the population in at least two genotypes (and their corresponding
phenotypes) with a frequency of at least one percent, it is known as a
polymorphism (Kroemer & Eichelbaum, 1995). Polymorphisms have been
characterized for N-acetyltransferase, S-methyltransferase, and enzymes
involved in O-methylation (Gibaldi, 1992a). More recently, polymorphic
oxidations involving the CYP enzymes have also been characterized for
CYP2D6 and CYP2C19 (Kivisto & Kroemer, 1997).

Individuals can be phenotyped for their metabolic status by assessing
their ability to metabolize a probe drug (Coutts, 1994). The general
procedure is to administer a probe drug, collect a urine sample, and
determine the ratio of parent drug to a specific metabolite, the formation of
which is known to be catalyzed by the CYP isoform of interest. This ratio is
known as the metabolic ratio (MR), and poor metabolizers (PMs) will have
much lower metabolite levels, and therefore higher MRs than extensive
metabolizers (EMs). Phenotyping is relatively easy to perform, and can be
used to achieve appropriate drug levels and avoid severe toxic reactions.
However, it is important that the patient has received a sufficient drug
washout period so that no competing drugs or metabolites will interfere with
the phenotyping process. This is particularly important for a drug such as
FLU which strongly inhibits CYP2D6, as does its major metabolite

norfluoxetine (NFLU). FLU administration can essentially switch an individual
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to the PM phenotype during drug therapy, an event known as phenocopying
(Preskorn, 1996). NFLU has a half life of 7-14 days, which could have an
effect on phenotyping during the washout period. Possible ethical issues in
administering probe drugs, and in withdrawing current medications must be
taken into account when considering phenotyping.

An individual's metabolic status can also be determined by genotyping,
which does not require administration of a probe drug, and is unaffected by
environmental influences. DNA from peripheral lymphocytes can be isolated,
and a restriction fragment length polymorphism can be followed by muitiple
polymerase chain reaction (PCR) assays to assign the individual's genotype
(Kroemer & Eichelbaum, 1995).

The most intensively studied and well-known polymorphism is that of
CYP2D6. It was originally known as the debrisoquin or sparteine oxidation
polymorphism for its role in the metabolism of these prototype drugs (Brosen,
1990). There is considerable ethnic variation in the prevalence of this
polymorphism, with 5-10% of the Caucasian population being deficient in this
enzyme (Gonzalez, 1990), but less than 1% of Orientals (Lennard, 1990).
This polymorphism is caused by a mutation on the CYP2D6 gene, which is
located on chromosome 22, and which may result in the absence of CYP2D6
in the livers of PMs (Brosen, 1990).

The other major polymorphism is of CYP2C19, and is detected
clinically by the use of mephenytoin or omeprazole as the probe drugs

(Flockhart, 1995). It displays ethnic variations, with approximately 20% of
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Orientals, but only 2-6% of Caucasians deficient (Goldstein & de Morais,
1994: Flockhart, 1995). There are two known mutant alleles of CYP2C19
which can be determined by a PCR-based method (Flockhart, 1995). Known
substrates for CYP2C19 include diazepam, propranolol, imipramine,
clomipramine and amitriptyline, and it is inhibited by FLU, FVX , omeprazole
and fluconazole (Flockhart, 1995; Bertz & Granneman, 1997).

Therefore, genetic factors can affect the metabolism of a variety of
drugs to a significant degree, and must be considered when prescribing drug

therapy, or investigating unexpected drug effects.

1.21.3 Consequences of altered enzyme levels

As can be seen from the preceding discussion, a multitude of factors
can contribute to interindividual variations in drug levels, and must be taken
into consideration in the course of any drug therapy. Of course, the clinical
consequences of altered drug metabolism will also depend upon the
pharmacological effects of the drug in question, its therapeutic window, and
the importance of the affected enzymes in the drug’s overall metabolism
(Coutts, 1994). However, there are several possible situations to consider.

When there is more enzyme present than expected, as in the case of
induced enzymes, substrates may be metabolized more quickly, resuiting in
lower than expected plasma drug levels. This can lead to reduced
therapeutic effect, and possible accumulation of toxic metabolites. On the

other hand, active metabolites which contribute to a drug’s effectiveness may
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also be metabolized more quickly, decreasing the effectiveness of a drug.
Finally, if an inducing agent is suddenly removed, any concurrently
administered medications may have their rate of metabolism reduced, with
possible toxic consequences.

If enzyme activity is for some reason lower than would normally be
expected, as in the case of enzyme inhibition or genetically poor
metabolizers, drug metabolism will proceed at a slower than expected rate. A
substrate or metabolite may build up to toxic plasma levels, resulting in an
increase in adverse side effects, and possible drug discontinuation, when a
dosage adjustment is all that is required. Another possible adverse outcome
of decreased enzyme activity is seen in the case of drugs that require
metabolic activation to intermediates for pharmacological effectiveness. For
example, codeine must be converted to morphine via CYP2D6 for its
analgesic effect, and may lack therapeutic effectiveness if CYP2D6 activity is
less than expected (Desmeules et al., 1991). Similarly, terfenadine is
marketed as an antihistamine, but must be metabolized by CYP3A4 to its
active metabolite fexofenadine, which possesses the antihistaminic properties
(Stachulski & Lennard, 1997). Serious cardiotoxic interactions can result if
terfenadine is co-administered with inhibitors of CYP3A4, which prevent its

metabolism.
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Therefore, the importance of knowing which specific CYP enzymes are
involved in a drug’s metabolism is readily apparent. Potentially interacting
factors can be identified and controlled ahead of time, so that therapeutic

drug levels can be achieved and maintained.

1214 Important CYPs in human drug metabolism

The major CYP isoforms involved in drug metabolism are CYP1AZ2,
CYP2D6, CYP3A, CYP2C and CYP2E1 (Bertz & Granneman, 1997). Many
reviews of the major characteristics, substrates, inducers, and inhibitors of
the specific CYP enzymes have been written (e.g. Bertz & Granneman, 1997;
Guengerich, 1995; Meyer, 1996; Wrighton et al., 1996). The following is not
meant to be such a review, but rather a brief overview of the major
characteristics of the two CYP enzymes of importance to the work presented

in this thesis, namely CYP3A4 and CYP2D6.

1.2.1.4.1 CYP3A4

The CYP3A subfamily is the most abundant of the CYPs, and makes
up about 60% of all human liver CYPs (Guengerich, 1990). CYP3A3 and
CYP3A4 are so closely related that they cannot be distinguished by
immunochemcial methods or by measures of catalytic activity, and there is
question as to whether CYP3A3 actually exists, or is just a cloning artifact
(Wilkinson, 1996). CYP3A4 is known to be involved in the metabolism of

50% of all drugs which have had their metabolism characterized (Guengerich,
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1996). In addition to its abundance in the liver, CYP3A4 is also located extra-
hepatically in the intestine, and therefore can begin to metabolize drugs
before they reach the hepatic enzymes (Riesenman, 1995; Wilkinson, 1996).
This extra-hepatic localization contributes to the marked inter-individual
variability in the metabolizing ability of CYP3A4 (Wilkinson, 1996).

CYP3A4 has a very broad substrate specificity due in part to a large
and flexible binding site, and is therefore involved in a wide variety of
metabolic reactions (Guengerich, 1995). It is involved in the metabolism of
endogenous substrates such as testosterone and other steroid hormones
(Wrighton & Stevens 1992). It is also involved in the metabolism of
xenobiotics from virtually every drug class, including antifungals, antibiotics,
antihistamines, anticonvulsants, antidepressants, antipsychotics, and
antiarrhythmics (Nemeroff et al., 1996; Wilkinson, 1996). Although CYP3A4
is known to be involved in a wide variety of metabolic reactions, some very
general features of its preferred substrates are that they are lipophilic,
neutral, or basic molecules with the site of oxidation often being basic
nitrogen (N-dealkylations) or allylic positions (Smith et al., 1996). CYP3A4 is
particularly known for catalyzing metabolic N-dealkylations (Coutts et al.,
1994).

The 3A family is highly susceptible to induction and inhibition by many
compounds, which again may contribute to its marked inter-individual
variation in activity, and increased likelihood for drug-drug interactions

(Watkins et al., 1985; Wilkinson, 1996). Common inducers are macrolide
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antibiotics, rifampicin, glucocorticoids, barbiturates, and carbamazepine
(Pichard et al., 1990; Shen, 1995; Wilkinson, 1996). CYP3A4 is strongly
inhibited by certain macrolide antibiotics, imidazole antifungals, calcium-
channel antagonists, and corticosteroids (Wrighton & Stevens, 1992; Shen,
1995; Wiikinson, 1996), and is weakly inhibited by naringenin, found in
grapefruit juice (Guengerich & Kim, 1990). Therefore, there is a wide variety
of substrates and inducers of CYP3A4, leading to many opportunities for
drug-drug interactions, and illustrating the importance of knowing if a new

drug is a substrate for CYP3A4.

1.2.1.4.2 CYP2D6

CYP2D6 is an extremely well-studied CYP enzyme, in part because it
displays polymorphism, and in part because it is involved in the metabolism
of such a wide array of xenobiotics, with substrates in virtually every drug
class, including common over-the-counter medications such as
dextromethorphan (e.g. Ereshefsky et al., 1995; Guengerich, 1995; Bertz &
Granneman, 1997). In psychiatry, CYP2D6 is involved in the metabolism of
antipsychotics such as haloperidol, perphenazine and thioridazine
(Guengerich, 1995), as well as most tricyclic antidepressants (TCAs) and
SSRIs (Ereshefsky et al., 1995). CYP2D6 can also be inhibited by many
drugs (Otton et al., 1984), often with enough potency to temporarily change
the individual to the PM phenotype (Guengerich, 1995). Preferred substrates

of CYP2D6 are usually lipophilic compounds that have a basic N which
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becomes protonated at physiological pH, and is approximately 0.5 to 0.7 nm
from the site of oxidation (Coutts, 1994; Smith et al., 1996). Substrates aiso
possess a planar, often aromatic ring system, which helps orientate the
substrate at the CYP2D6 active site (Coutts, 1994). These structural
requirements influence the types of reactions that CYP2D6 can catalyze.
CYP2D6 has been implicated in a wide array of hydroxylation reactions,
especially aromatic ring hydroxylations of the TCAs (Coutts et al., 1994).
However, CYP2D6 is also involved in many N-dealkylation reactions (Coutts
et al., 1994), which emphasizes that the reactions catalyzed by a specific
enzyme cannot easily be predicted based on structure or type of reaction

catalyzed, and require in vitro experimentation for confirmation.

1.21.5 Drug metabolism in psychiatry

The issues of drug metabolism are particularly relevant to psychiatry
for several reasons. First, polypharmacotherapy is frequently encountered,
which introduces the risk for drug interactions. Second, differences in
metabolism can lead to very different clinical outcomes, due to the different
pharmacological properties and the presence of active metabolites of many
psychiatric drugs. Third, optimization of drug and dose is critical in
psychiatry, where clinical efficacy may take weeks to show up, and the
consequences of lack of therapeutic effect can be devastating.

Combination drug therapy is increasingly common in psychiatry

(Corruble & Puech, 1993; Rosenbaum, 1995; Carson, 1996; Laird, 1996).
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Indeed, there are many situations in which polypharmacotherapy is indicated
(Corruble & Puech, 1993; Dufresne, 1996). Since there is a high prevalence
of co-morbidity of psychiatric illnesses, it is common for patients to be
prescribed more than one medication concurrently to treat multiple conditions
(Rosenbaum, 1995). Multiple drugs may also be required to treat residual
symptoms not alleviated by the primary drug, especially in cases of complex
disorders such as schizophrenia or obsessive-compulsive disorder (Carson,
1996). In addition, drugs may be co-prescribed to alleviate unwanted side
effects of the primary drug (Laird, 1996). An example of this is the
prescribing of antidepressants with sedatives, to treat antidepressant-induced
insomnia (Corruble & Puech, 1993). Augmentation strategies are also
employed to enhance the therapeutic efficacy of a given medication, such as
lithium augmentation of antidepressants, the combination of TCAs and
SSRIs, and more recently, the combination of SSRIs with drugs selective for
5-HT,, receptors (Artigas et al., 1996; Blier et al, 1997). Due to the chronic
nature of most psychiatric illnesses, it is also likely that drug treatment for an
intercurrent medical condition will occur at some point during drug therapy,
necessitating polypharmacotherapy, since estimates of the comorbidity of
physical illness in patients with psychiatric illness range from 40 to 60%
(Honig et al., 1992). Finally, drug interactions may also be encountered
during drug switch-overs from one therapy to another, particularly with drugs

with long half-lives and active metabolites (Rosenbaum, 1995).
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Drug metabolism is also relevant to psychiatry in that differences in
metabolism can lead to important differences in therapeutic outcome. For
example, the benzodiazepines are chosen for different therapeutic uses
depending upon their pharmacokinetic parameters such as biological half-life
or route of metabolism (i.e. oxidation vs. conjugation) (Teboul & Chouinard,
1991). The TCAs are mainly metabolized by CYP-mediated hydroxylation or
demethylation (Potter & Manji, 1990). These metabolites can accumulate at
levels equal to, or greater than, those of the parent compounds, and may
contribute to the therapeutic efficacy or side effect profile of the compound
(Caccia & Garattini, 1992). For example, the secondary amine TCAs have
more noradrenaline reuptake inhibiting potency than do their tertiary amine
parents, which are more potent 5-HT reuptake inhibitors (Potter & Manji,
1990). The tertiary amines are also much more potent blockers of histaminic,
muscarinic, and a-adrenergic receptors (Potter & Manji, 1990). Blockade of
these receptors can lead to intolerable side effects, and treatment
discontinuation. This is particularly true in elderly populations, in which these
side effects can have very serious complications (Skerritt et al., 1997). Thus,
it can be appreciated that any factor which alters the metabolism of these
drugs can substantially aiter the mechanism of action, side effect profile, and

the therapeutic outcome.
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Finally, knowledge of the factors affecting the metabolism of a given
drug are important in the optimization of drug dose. Optimization of dose is
probably one of the most important steps to improving the risk-benefit ratio of
currently available antidepressant agents (Corruble & Puech, 1993). Wide
inter-individual differences in drug metabolism can lead to higher than
expected plasma drug levels and toxic side effects on the one hand, and
lower than expected subtherapeutic doses on the other (Coutts, 1994). These
variations may lead to a lengthy drug substitution procedure, when all that is
required is a dosage adjustment (Coutts, 1994). Antidepressant medications
take at least 1 to 2 weeks to cause mood-elevating effects, but a trial of a
given medication can only be said to be adequate if the patient has received
an adequate dosage for at least 6 weeks (Richelson, 1994). Therefore, a
knowledge of the factors which will affect a drug’s metabolism will help in
prescribing the correct dosage, and will help to expedite the treatment

process.

1.21.6 Pharmacokinetic and pharmacodynamic drug interactions

The prevalence of polypharmacotherapy in psychiatry leads to
increased risks of drug interactions, which can be either pharmacodynamic or
pharmacokinetic. Pharmacokinetic interactions generally involve alterations
in the absorption, distribution, metabolism, or excretion of the parent drugs

and their metabolites (Carson, 1996). A pharmacokinetic interaction will
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result in a change in the concentration of a drug at its site of action, which will
present clinically the same result as would changing the dose of the drug
(Preskorn, 1996). This change can be either a lowering of one drug's
concentration, resulting in a loss of efficacy, or the elevation of a
concentration to toxic levels (Laird, 1996). Such an interaction may be
difficult to detect clinically in that it may be interpreted as either a lack of
response or as a super-sensitive response, and the drug may be abandoned
unnecessarily instead of simply adjusting the dose.

The other type of interaction is a pharmacodynamic interaction, which
presents itself as a more qualitative change. In this type of interaction, the
mechanism of action of one drug increases or decreases the effects
produced by the mechanism of action of another drug (Preskorn, 1996). For
example, the serotonin syndrome is a serious interaction that can occur when
an SSRI and a monoamine oxidase inhibitor (MAOQI) are taken together, and
results from the combined indirect serotonin agonism caused by the inhibition
of serotonin degradation by the MAOI, and the reduced serotonin uptake
produced by the SSRI (Preskorn, 1996). Together, these drugs cause a
dysregulation of the serotonin system, which results in symptoms which
include hyperthermia, diaphoresis, gastrointestinal distress, myoclonus, and
mental confusion (Preskorn, 1996).

Thus, pharmacodynamic interactions occur when the mechanisms of
action of co-administered drugs combine to have an unexpected result, and

are more of a qualitative change. Pharmacokinetic interactions resuit in a
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quantitative change in drug response, as would be expected from either
increasing or decreasing the drug dose. Pharmacokinetic interactions occur
at the level of drug metabolism, and thus are of interest with respect to the
CYP enzymes, and this thesis.

Historically, pharmacokinetic interactions have been difficult to predict,
and could only be avoided after they had already been noted to occur
clinically (Carson, 1996). Now, however, advances in molecular biology and
pharmacogenetics have allowed for a better understanding of the
mechanisms of drug interactions at the level of the CYP enzymes, and a
more systematic way to study, classify and predict drug interactions. The
CYP enzymes involved in a drug’s metabolism can be identified through in

vitro assays, and thus interactions in vivo can be predicted.

1.21.7 Methods for Studying Drug Interactions

It was originally hoped that an individual's ability to metabolize drugs
could be characterized by the administration of a probe drug which would
then allow predictions of how other drugs would be handled by that individual
(Eichelbaum, 1984). However, since multiple forms of CYP exist, and may
be involved to varying extents in the metabolism of any particular drug, such
simplistic models were not useful. Rather, predicting an individual's
metabolic response to a particular drug involves a complex interplay of

factors. Foremost, the isoforms involved in a drug’s metabolism must be
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determined. Only then can specific individual factors which will affect drug

metabolism such as genetic and environmental influences be identified.

1.21.71 In vitro

Important information about drug metabolism can now be garnered
from in vitro experiments, and used to predict metabolic drug interactions in
vivo (Guengerich, 1996). This information can be used early in the drug
development process to make inferences about first pass metabolism,
individual differences in clearance, and likelihood of drug interactions (Bertz &
Granneman, 1997). Since large differences exist between species in CYP
expression and specificities, animal models are useful only in certain
situations (Guengerich, 1996). Due to the difficulty, expense, and ethical
issues involved in working with human subjects, methods were developed to
study human metabolism in vitro. Although in vitro work will never completely
model all the aspects of human drug metabolism, important insights can be
gained from such models.

Several in vitro methods have been developed and validated, and are
routinely used to study drug metabolism (Tucker, 1992; Birkett et al., 1993;
Remmel & Burchell, 1993; Wrighton et al., 1993; Guengerich, 1996). These
models can be roughly divided into two groups; complex and simple
metabolism systems. Complex metabolism systems try to model more
aspects of human drug metabolism, and use human hepatocytes, liver slices,

and hepatoma cell cultures (Skett et al.,, 1990; Tucker 1992; Friedberg &
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Wolf, 1996). One of the major problems with complex models is the difficulty
and expense of obtaining and preserving suitable human liver samples in the
quantities necessary for metabolism experiments (Skett et al., 1995).

The other group of models, simple drug metabolism systems, aims to
study defined steps in the drug metabolism process, and employs
heterologous expression systems, enzymes purified from tissue, and human
liver microsomes (Friedberg & Wolf, 1996; Guengerich, 1996). These simple
models are useful in characterizing specific metabolic pathways in order to
predict metabolic drug-drug interactions and individual differences in
metabolism (Skett et al., 1995; Friedberg & Wolf, 1996). Simple models are
relatively inexpensive and easy to use, while providing valid and reliable
models of human drug metabolism, and therefore are much more commonly
found in the literature.

Originally, purified enzymes were prepared and used as simple models
(Friedberg & Wolf, 1996). However, there were difficulties with this process
and the reliability of the data (Brosen, 1990; Birkett et al., 1993, Friedberg &
Wolf, 1996). For example, the purification process itself is difficult, and
involves several successive chromatographic steps to separate the specific
enzymes, which may result in non-homogenous purification and batch-wise
variations (Freidberg & Wolf, 1996). Furthermore, purification is sometimes
impossible due to the close similarities in amino acid sequences of related
isoforms (Birkett et al., 1993). Advances in molecular biology made it

possible to isolate mMRNA from human sources, generate cDNA libraries, and
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introduce the cDNA into recipient cells on an expression vector (Friedberg &
Wolf, 1996). Microsome products prepared from metabolically competent
derivatives of such cell lines are now available commercially, and provide
stable, reliable systems in which to study drug metabolism. Using singly-
expressed enzymes in recombinant protein expression systems, questions
regarding the capability of a particular enzyme to catalyze a given reaction
can be answered (Guengerich, 1996).

Human liver microsomes are also widely used to study drug
metabolism in vitro. Microsomes are readily available commercially, and can
be obtained aiready characterized for their catalytic activities for a number of
different CYP enzymes.

Using simple models of drug metabolism, several types of experiments
are used to identify and characterize the enzymes involved in a particular
metabolic pathway. The most common of these are correlations with marker
reactions, activity in a recombinant P450 vector system, and attenuation by
selective chemical inhibitors or antibodies (Guengerich, 1996), which will
each be described in more detail below.

The identity of the specific high affinity enzyme involved in a particular
catalytic pathway can be established by correlating product formation with
activity levels of specific isoforms in a panel of human livers (Brosen, 1990).
In such experiments, the substrate is incubated individually with liver
microsomes from a panel of human livers which have been characterized for

their activity at a number of different CYP isoforms. Product formation is
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correlated with these activity levels, and significant correlations strongly
suggest that the same enzyme is involved in both biotransformations
(Wrighton et al., 1993; Ring et al., 1996).

The correlational experiments can be corroborated using the cDNA-
expressed CYPs in heterologous systems (Wrighton et al., 1993; Ring et al.,
1996). If a drug is incubated with microsomes prepared from cells expressing
only a single isoform, and metabolite formation is seen, then this isoform may
play a role in the metabolism of the drug in vivo. These recombinant enzyme
systems can be used to address questions of the catalytic specificity of an
enzyme, and whether it is capable of catalyzing a particular reaction
(Guengerich, 1996). Heterologous expression systems also allow the
analysis of the role of a specific enzyme without the interference of other drug
metabolizing enzymes (Friedberg & Wolf, 1996).

Specific inhibitors of individual enzymes are also used to study the
contributions of various isoforms to overall drug metabolism (Birkett et al,,
1993; Wrighton et al., 1993; Guengerich, 1996). The specificity and potency
of a number of chemical inhibitors has been established to provide guidelines
for accurate testing (Newton et al., 1995; Bourrie et al., 1996). Inhibitory
antibodies can also be used, although there are questions regarding
specificity (Brosen, 1990) and inhibitory capacity (Schmider et al., 1996a).
The extent of inhibition by a selective inhibitor gives an indication of the

contribution of that isoform to that metabolic pathway (Birkett et al, 1993).
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Assessing the competitive inhibition of isoform-selective substrates in
the presence of the drug under investigation is also useful to get an idea of
the relative potency with which the new drug binds to various isoforms.
However, these studies do not differentiate between substrates and
inhibitors, provide no information as to which particular metabolic pathway is
involved, and are generally only used before assays for the new drug and its
metabolites are developed (Birkett et al, 1993).

Although in vitro systems cannot account for all of the factors which
determine drug metabolism in vivo, important information regarding the
specific enzymes involved in a drug’s metabolism can be achieved using in
vitro models, This information can be used to predict the major genetic and
environmental factors which may influence a drug’s metabolism in vivo, and

can help to explain unexpected therapeutic outcomes.

1.2.1.7.2 In vivo

In vivo approaches to studying metabolic reactions involve the same
principles as in vitro approaches, but tend to be more difficult, time
consuming, and potentially problematic than are in vitro assays. One
approach is to compare the rate of a particular metabolic reaction with the
rate of a marker reaction (Guengerich, 1995). However, the validation of
marker reactions in vivo is difficult, due to all of the potential influences on

metabolism that are present in vivo.
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Another method is to use chemical or antibody inhibitors, or enzyme
inducers in vivo to observe their effects on a given metabolic pathway (Coutts
et al., 1994). There are several inhibitors and inducers that can be used
safely in vivo (Guengerich, 1995). Ethical issues must be considered, as well
as the specificity of the inhibitors and inducers, and potential confounding
variables such as individual differences in metabolism due to genetic and
environmental factors.

Finally, individuals who have been phenotyped for their metabolic
status can be studied (Coutts et al., 1994). Allele-specific PCR assays may
be used to identify mutant alleles in PMs, and metabolism of novel
compounds can be studied in these individuals to assess the role of a specific

enzyme in a given metabolic pathway (Kroemer & Eichelbaum, 1995).

1.2.1.7.3 Clinical relevance

In vitro work affords the opportunity to study drug metabolism in a well-
controlled environment at a minimum of time and expense. In addition,
manipulations that might not be ethical in human subjects are possible.
However, there are still important differences between the in vitro and in vivo
situations, which have brought into question the clinical relevance of in vitro
findings with respect to drug-drug interactions in vivo.

The main criticism of in vitro-in vivo comparisons is that the plasma
concentration of drug is often lower than the K; values obtained in vitro, and

therefore enzyme inhibition would occur to a clinically insignificant extent
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(Ring et al., 1995). However, these criticisms are not supported by
experimental findings. This is because in vivo interactions occur in the liver,
where the drug concentration can be much higher than the plasma levels due
to the partitioning of lipophilic drugs between the plasma and the liver tissue
(von Moltke et al., 1995; Greenblatt et al., 1996; Preskorn, 1996). Therefore,
any model predicting in vivo interactions based on in vitro data must take into
account not only the K, but also the partitioning of the inhibitor between liver
and plasma (von Moltke et al., 1995). There is currently no clearly
established or validated model for in vitro-in vivo scaling; however, there are
many models in the literature with which accurate predictions of
pharmacokinetic interactions have been made (von Moltke et al., 1995;
Preskorn, 1996; von Moltke et al., 1996a; Bertz & Granneman, 1997,

lwatsubo et al., 1997).

1.2.2 Antidepressant Drug Development
1.2.2.1 History

The first antidepressant drugs were discovered by chance when
iproniazid was being used as an antitubercular agent in the early 1950s, and
it was discovered that it elevated mood in some patients (Pinder & Wieringa,
1993; Charney et al.,, 1995; Potter et al. 1995). Since the antidepressant
mechanism of action was unknown, and since iproniazid was a monoamine
oxidase inhibitor (MAOIl), other compounds that inhibited MAO were

synthesized for use as antidepressants. Although effective as
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antidepressants in some patients, MAOIs did have some undesirable side
effects due to their non-specific actions. In addition to anti-cholinergic, anti-
histaminic and anti-adrenergic effects, their nonspecific inhibition of MAO
resulted in potentially life-threatening interactions with tyramine-containing
foods. Tyramine is normally metabolized by MAO, but in the presence of
MAOIs its metabolism is impaired. The excess tyramine is taken up into
noradrenergic neurons where it displaces noradrenaline (NA) from storage
vesicles, causing an increase in NA release and possible hypertensive crisis.
People on MAOI therapy were therefore placed on tyramine-restricted diets,
which had the potential for serious safety and compliance issues. Reversible
inhibitors of MAO-A (RIMAs), were developed to try to improve upon the
original MAOIs (Pinder & Wieringa, 1993). However, the safety and
tolerability of these drugs has still not been fully determined (Berlin &
Lecrubier, 1996).

The other class of early antidepressants was the tricyclic
antidepressants (TCAs). Iminodibenzyl, the core of the tricyclic molecule,
was synthesized in 1889, but was not in clinical use until 1948, when
derivatives of iminodibenzyl were synthesized to be screened as possible
antihistamines, sedatives, analgesics, and antiparkinson drugs (Potter et al.,
1995). Imipramine, the first TCA, came out of this effort (Charney et al.,
1995, Potter et al, 1995). In 1952, reports of the effectiveness of
chlorpromazine (CPZ) on psychosis were described. Since imipramine is

structurally related to CPZ, with the replacement of the sulfur with an ethylene
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linkage, imipramine was tried in 1958 to quiet psychotic patients, but was
found to be relatively ineffective. However, it did seem to produce an
improvement in a subset of patients who were identified as depressed (Potter
et al., 1995). The primary biochemical effect of imipramine was subsequently
determined to be the ability to inhibit the reuptake of NA and 5-HT (Charney
et al., 1995).

The TCAs and MAOIs were effective drugs in a subset of patients, but
were still not the ideal in that they took at least 2 weeks for clinical efficacy,
were only effective in 60-75% of patients, and carried with them a wide range
of side effects due to their actions at histaminic, muscarinic and a-adrenergic
receptors. This resulted in bothersome side effects such as dry mouth,
blurred vision, drowsiness and sedation, as well as more serious effects such
as cardiovascular irregularities and seizures (Corruble & Puech, 1993). It
was discovered that the antidepressant effects of the MAOIs and TCAs were
not due to action at histaminic, muscarinic or a-adrenergic receptors, but
rather seemed to depend on their ability to enhance monoaminergic
transmission (Charney et al., 1995). Therefore, the search began for drugs
that would selectively enhance the function of one of the monoamine

systems, without direct effects on other neurotransmitter receptors.
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1222 Rational drug design (RDD) and the 5-HT system

Rational drug design (RDD) is the process of designing drugs that
have specific actions on specific neural sites based on a knowledge of the
underlying mechanisms of disease, while avoiding actions at sites not
associated with the disease process (Preskorn, 1996). The goals of RDD for
antidepressants are to try to enhance treatment efficacy, that is, to get a
clinical response in a greater number of patients, to speed up the onset of
clinical response, and to reduce side effects (Pinder & Wieringa, 1993). With
the ability to design drugs for very specific receptor subtypes came the next
generation of antidepressant drugs.

The 5-HT system has been a major focus in theories of depression
and in its treatment, as evidence from several lines of investigation have
implicated this system in depression. Low levels of brain 5-HT and
cerebrospinal fluid (CSF) 5-hydroxyindole-3-acetic acid (5-HIAA) have been
reported in subgroups of depressed patients, as have alterations in pre- and
post-synaptic 5-HT receptors, and alterations in peripheral markers of central
5-HT function such as platelet 5-HT uptake, platelet *H-imipramine binding,
platelet 5-HT, receptor density, and whole blood 5-HT content (Risch &
Nemeroff, 1992). Furthermore, dietary depletion of tryptophan, the amino
acid precursor to 5-HT, can cause a lowering of mood in certain susceptible
individuals such as females, and males with a family history of depression
(Benkelfat et al., 1994; Young et al., 1996), and a relapse into depression in

recovered depressed patients (Young, 1993). Finally, most treatments for
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depression involve augmentation of 5-HT function (Blier & de Montigny, 1994;
1997). In addition, the 5-HT system is involved in the regulation of many
psychological and physiological functions that may be dysregulated in
depression, such as mood, anxiety, arousal, eating, sleeping, aggression,
cognitions, and impulse control (Dubovsky, 1994; Dubovsky & Thomas,
1995).

Since the 5-HT system had been so strongly implicated in depression,
it became a target for rational drug design. A very successful group of
rationally designed drugs was the selective serotonin reuptake inhibitors
(SSRIs) (Preskorn, 1996). The SSRIs have the common mechanism of
action of selectively inhibiting the reuptake of 5-HT in the synaptic cleft. This
uptake inhibition is thought to result in excess 5-HT in the synaptic cleft,
which initially causes a decrease in the firing rate of 5-HT neurons due to
inhibitory autoreceptor activation. However, it is theorized that prolonged
treatment results in autoreceptor desensitization, and a subsequent return to
normal firing rates accompanied by an increase in 5-HT transmission (Blier &
de Montigny, 1994). The drugs in this class, namely fluoxetine (FLU),
paroxetine (PRX), sertraline (SERT), citalopram (CIT), and fluvoxamine
(FVX), are all structurally unique and have unique pharmacokinetic profiles.
They have reduced side effects as compared to the TCAs and MAOIs, since
they do not interact significantly with histaminic, muscarinic, or adrenergic
receptors (Preskorn, 1997). The SSRIis have been shown to be at least as

effective as the TCAs and MAOIs in the treatment of depression (Pinder &
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Wieringa, 1993). However, they are not without their own side effects, most
commonly gastrointestinal distress, anxiety, and sexual dysfunction (Asberg
& Martensson, 1993). These side effects can interfere with the quality of life
of the depressed patient, and can result in treatment discontinuation. In
addition, the SSRIs are still only effective in 60-70% of depressed patients,
and take approximately 2 weeks for therapeutic efficacy. Therefore, there is
still room for improvement in the rational design of antidepressant drugs.
Since depression is such a complex disorder, with many different
possible etiologies and manifestations, it is to be expected that certain drugs
will work in some patients and not in others. It has been stated that for major
depressive episodes, no matter which antidepressant is used, approximately
one-third of patients will recover, one-third will show partial improvement, and
the remaining third will fail to respond (Corruble & Puech, 1993). Therefore, it
is necessary to search for other drugs which act through different
mechanisms of action, to perhaps target different subgroups of depression.
The diverse actions 5-HT are mediated by a variety of receptor
subtypes at many different neuronal and brain locations, using several
different intracellular signaling mechanisms (Dubovsky, 1994; Dubovsky &
Thomas, 1995). At present, there are at least seven identified families of 5-
HT receptors, many of which have been further divided into subfamilies
(Roth, 1994). With respect to depression and antidepressant drugs, the most
important 5-HT receptor families are 5-HT, and 5-HT, (Berendsen, 1995).

Within the 5-HT, family, 5-HT,, receptors are thought to play an important
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role in the etiology and treatment of depression and anxiety disorders
(Asberg & Martensson, 1993; Benkelfat, 1993; Schreiber & De Vry, 1993).
They are located both pre- and post-synaptically, and mediate the inhibitory
actions of 5-HT through two independent G-protein linked effector systems,
one of which leads to the activation of basal cyclic adenosine-
monophosphate (cAMP) and inhibition of stimulated cAMP, and the other
leads to the opening of a potassium channel and cellular hyperpolarization
(Lesch et al., 1992; Dubovsky, 1994). The 5-HT, family of receptors is made
up of the 5-HT,,, 5-HT,s, and 5-HT,; receptors. The 5-HT,, receptor is the
classical 5-HT receptor, and is often referred to as simply the 5-HT, receptor.
The 5-HT, receptor was formerly classified as a member of the 5-HT, family,
but was reclassified as a 5-HT, receptor since it has 69% sequence
homology with other 5-HT, receptors, binds many of the same ligands, and
shares the same second messenger systems as the 5-HT, receptors
(Dubovsky & Thomas, 1995). Activation of the 5-HT, receptors can resuit in
increased cellular excitability through a G-protein mediated closing of a
potassium channel, or in a decreased cellular excitability through
phosphotidylinositol-mediated protein kinase C activation and subsequent
potassium channel opening (Leysen & Schotte, 1992; Dubovsky, 1994).
Thus, the effects of 5-HT stimulation are complex, and depend on the state of
the receptor at the time of activation, and on which signaling mechanism

predominates at the time of activation (Dubovsky, 1994). In addition, the
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influences of other 5-HT receptors and neurotransmitters will affect the net

result of 5-HT receptor activation.

1223 5-HT, receptors as targets for rational drug design

It has been proposed that depression is the result of a disturbed
balance in the regulation of 5-HT receptors, particularly 5-HT,,, 5-HT,,, and
5-HT,. receptors, and that the function of serotonergic antidepressant
treatment is to restore this balance (Berendsen, 1995). Functional
interactions between 5-HT receptors exist, with 5-HT,, and 5-HT, exerting
mutually inhibitory effects (Darmani et al., 1990; Leysen & Schotte, 1992;
Barrett & VVanover, 1993; Schreiber & De Vry, 1993). It is hypothesized that
these receptors may be either super- or sub-sensitive, and that the type of
depression which emerges is a result of the particular imbalance. Therefore,
for certain subtypes of depression, a 5-HT, receptor antagonist may be more
useful. Indeed, antidepressants with 5-HT, antagonistic effects have been
shown to be particularly efficacious in depression associated with anxiety,
and psychotic depression (Dubovsky, 1994). In support of this theory is
evidence that 5-HT,, activation results in an anxiolytic or sedative effect,
whereas the activation of 5-HT,, and 5-HT,; receptors is anxiogenic and has
mild psychotogenic properties (Deakin, 1988; Benkelfat, 1993). In addition,
many effective antipsychotic medications are also 5-HT, antagonists

(Dubovsky, 1994; Roth, 1994).



The 5-HT, receptor is also a target for antidepressant drug therapy
because many antidepressants, given chronically, lead to 5-HT, receptor
down-regulation, which may mediate antidepressant efficacy (Deakin, 1988;
Baker & Greenshaw, 1989; Berendsen, 1995). Indeed, many antidepressant
and antipsychotic agents have 5-HT, antagonistic effects (Glennon, 1990).
An endogenous dysregulation of 5-HT, receptors in depression has been
suggested by findings that platelet 5-HT, receptor densities are higher in
depressed patients than in controls (Sheline et al., 1995), and that 5-HT,
binding is increased in frontal cortex of depressed suicides (Arora & Meltzer,
1989). The search for novel targets of antidepressant action led to the
development of trazodone, a 5-HT, antagonist. The success of trazodone
was utilized in the development of nefazodone, which was rationally designed
to preserve trazodone's antidepressant efficacy without its sedating side

effects.

1.2.3 Trazodone
1.2.3.1 Introduction

Trazodone is pharmacologically and structurally unique among
antidepressants in that it is a phenylpiperazine-derivative (Figure 1.2) which
inhibits 5-HT reuptake and potently blocks 5-HT, receptors (Fuller et al.,
1984; Marek et al., 1992), although it has a ten-fold higher affinity for 5-HT
than for 5-HT,. receptors (Jenck et al., 1994). Given chronically, it leads to 5-

HT, receptor down-regulation (Marek et al., 1992) and receptor subsensitivity
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(Georgotas et al., 1982). It is superior to placebo and is as effective as
amitriptyline, imipramine, fluoxetine, and mianserin in the treatment of major
depression (Marek et al., 1992; Workman & Short, 1993; Haria et al., 1994).
it is particularly effective in the treatment of anxiety associated with
depression (Marek et al., 1992). Trazodone has a favorable side effect
profile compared to the TCAs and SSRIs, lacks anticholinergic and
cardiotoxic effects, and is relatively safe in overdose (Feighner & Boyer,
1988; Haria et al., 1994). The most common side effects are dizziness,
somnolence, and nausea (Feighner & Boyer, 1988; Cunningham et al.,
1994). Trazodone also has hypnotic effects, which provide a beneficial effect
on sleep (Georgotas et al., 1982; Gershon, 1990). In fact, trazodone is often
prescribed for antidepressant-associated insomnia (Jacobsen, 1990;

Nierenberg et al., 1994).

1.23.2 Pharmacokinetics

Trazodone is highly lipophilic and is well absorbed 1-2 hours post-
administration (Nilsen & Dale, 1992; Haria et al., 1994, Golden et al., 1995),
with bioavailability ranging from 63-91% (Haria et al., 1994). The elimination
half-life is biphasic, with the first component approximately 3-6 hours and the
second approximately 5-9 hours (Nilsen & Dale, 1992; Golden et al., 1995).
Trazodone has linear kinetics (Nilsen et al., 1993; Haria et al., 1994) and is
extensively metabolized, with less than 1% excreted unchanged in urine

(Caccia et al., 1981; Nilsen & Dale, 1992; Haria et al., 1994). It is 89-95%

46



bound to plasma proteins (Golden et al., 1995). Large individual variations in

the metabolism of trazodone are seen (Ishida et al., 1995).

1.2.3.3 Metabolism

Trazodone undergoes extensive hepatic metabolism, mainly through
hepatic hydroxylation, oxidation, and N-oxidation (Baiocchi et al., 1974; Haria
et al., 1994; Golden et al., 1995). Trazodone is hydroxylated to a dihydrodiol
metabolite [Figure 1.2] (Baiocchi et al., 1974). It is also hydroxylated in the
para position on the m-chlorophenyl ring in rats (Yamato et al., 1974b) and
humans (Baiocchi et al.,1974) [Figure 1.2). N-Dealkylation at the piperazinyl
nitrogen results in the formation of oxotriazolepyridinpropionic acid (TPA) and
mCPP [Figure 1.2] (Melzacka et al., 1979; Yamato et al., 1974a). The
piperazinyl nitrogen also undergoes N-oxidation (Baiocchi et al., 1974)
[Figure 1.2]. Following an oral dose of trazodone, 20% is excreted in the
urine as TPA and its conjugates, 9% as the dihydrodiol metabolite (Haria et
al., 1994), and less than 1% is present as free or unconjugated mCPP

(Caccia et al., 1982).

1.2.3.4 Drug-Drug Interactions

The specific CYP enzymes that are involved in the metabolism of
trazodone are presently unknown, but drug interaction studies and case
reports have helped to suggest which ones may be involved. Several

interactions with FLU have been reported. Plasma concentrations of
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trazodone were increased by 31% in one case report, although FLU levels
were not measured (Aranow et al., 1989). Another investigation found both
trazodone and mCPP levels were elevated following the addition of 20
mg/day FLU (Maes et al., 1997). Excessive sedation following trazodone and
FLU coadministration has also been reported (Metz & Shader, 1990;
Nierenberg et al., 1992), which may be the result of increased trazodone
plasma concentrations resulting from a pharmacokinetic interaction. In
addition, serotonin syndrome has been reported following trazodone and FLU
coadministration (George & Godleski, 1996), as well as following trazodone
and PRX coadministration (Reeves & Bullen, 1995). This interaction may be
due to a pharmacodynamic interaction since trazodone, FLU, and PRX all
potentiate the 5-HT system. However, the interactions may also be due to
pharmacokinetic interactions resulting from competition for CYP enzymes,
and the resultant higher blood levels of trazodone, FLU or PRX precipitating
the 5-HT syndrome. FLU and PRX strongly inhibit CYP2D6 (Brosen, 1993;
Preskorn & Magnus, 1994; Jeppesen et al., 1996), and FLU also inhibits
CYP3A4 (Greenblatt et al., 1992; Preskorn & Magnus, 1994), so the
interaction could be through either or both of these pathways.

Thioridazine, a CYP2D6 inhibitor, increases plasma concentrations of
both trazodone and mCPP, implicating CYP2D6 in the metabolism of both
(Yasui et al.,, 1995). Smoking is known to induce CYP1A2 (Bock et al.,
1994), and smokers have significantly lower plasma concentrations of

trazodone, and higher mCPP/trazodone ratios (Ishida et al., 1995),
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suggesting that CYP1A2 may be involved in trazodone metabolism.
Carbamazepine, an inducer and substrate of CYP3A4 (Bertilsson & Tomson,
1986: Johnson et al., 1992; Kerr et al., 1994), decreases trazodone and
mCPP plasma concentrations (Otani et al., 1996), suggesting that CYP3A4
may be involved in the metabolism of trazodone and mCPP.

In summary, there is some in vivo evidence implicating CYP2D6,
CYP1A2, and CYP3A4 in the metabolism of trazodone. However, the
specific metabolic pathways involved are not known, and definitive in vitro
studies are required. Specifically, the enzymes involved in the formation of
the active metabolite mCPP are of interest, since this metabolite has been
shown to have psychopharmacological effects on its own (Kahn et al., 1988;
Krystal et al., 1993; Cowen et al., 1995), and may contribute to the

antidepressant efficacy of trazodone (Maes et al., 1997).

1.24 m-Chlorophenylpiperazine
1.24.1 Introduction

m-Chlorophenylpiperazine (mCPP) is a pharmacologically active
metabolite of the antidepressants trazodone, nefazodone and etoperidone,
and of the minor tranquilizer mepiprazole (Melzacka et al., 1979; Caccia et
al., 1981; Fong et al., 1982; Mayol et al,, 1994b). It is primarily a 5-HT
antagonist and 5-HT,c agonist (Conn & Sanders-Bush, 1987; Kahn &

Wetzler, 1991; Fiorella et al., 1995), although it also binds to 5-HT,,, 5-HTp,
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and a,-adrenergic receptors equipotently in human cortex (Hamik &
Peroutka, 1989). In animals and humans, mCPP causes a dose-dependent
elevation of adrenocorticotropic hormone (ACTH), cortisol, and prolactin
(Kahn et al., 1990a; Kahn & Wetzler, 1991; Cowen et al., 1995), measures
for which it is often used as a probe of 5-HT receptor function (Kahn &
Wetzler, 1991). Behaviorally, mCPP decreases food intake in both animals
(Samanin et al., 1979; Kahn & Wetzler, 1991) and humans (Walsh et al,,
1994: Cowen et al., 1995). It also increases measures of anxiety in animals
(Gibson et al., 1994) and humans (Kahn et al., 1988; Krystal et al., 1993;
Cowen et al., 1995). In addition, mCPP worsens the core symptoms of many
psychiatric disorders such as the positive symptoms of schizophrenia (Krystal
et al., 1993) and panic symptoms in patients with panic disorder (Kahn et al.,
1988; Germine et al., 1994). These behavioral effects have been noted to
occur at blood levels of mCPP which are seen at therapeutic doses of
trazodone (Ishida et al., 1995). Although under normal circumstances the 5-
HT,. antagonistic activity of trazodone may counteract these effects of
mCPP, conditions under which mCPP levels are increased may lead to the
presentation of side effects. It has been suggested that the 5-HT,¢ agonistic
effects of mMCPP may be responsible for some of trazodone’s side effects
such as trazodone-related priapism (Jenck et al., 1994). In addition, since
many antidepressants are antagonists at 5-HT,c receptors, it has been

proposed that elevated mCPP levels could counteract the therapeutic effects
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of these drugs (Jenck et al., 1994). However, mCPP has also been
suggested to be involved in the therapeutic effects of trazodone, since
fluoxetine-induced increases in plasma mCPP concentrations have been
found to be related to clinical response (Maes et al, 1997). The
hypothesized mechanism for this effect of mCPP is an augmentation of
trazodone’s ability to inhibit 5-HT reuptake, desensitization of 5-HT,c
receptors, and indirect antagonism of 5-HT,, receptors via partial agonistic
effects at 5-HT,, and 5-HT,. receptors (Maes et al, 1997). Despite
uncertainty regarding its precise mechanism of action, mCPP does have
significant effects on the 5-HT system, which make the pathways leading to

the formation and metabolism of this metabolite of interest.

1242 Pharmacokinetics

In the rat, mCPP is rapidly hydroxylated in the phenyl ring to p-OH-
mCPP and is excreted in urine as both glucuronide and sulfate conjugates
with no detectable free mCPP or p-OH-mCPP seen (Yamato et al., 1974b;
Melzacka et al., 1979; Mayol et al., 1994a). Following trazodone or NEF
administration, mCPP reaches peak plasma concentrations within 2-4 hours,
and amounts to approximately 1- 20% of parent drug plasma concentration
(Caccia et al.,, 1982; Kaul et al, 1995; Preskorn et al., 1995; Yasui et al.,
1995; Barbhaiya et al.,, 1995a, 1996d; Otani et al., 1996). mCPP exhibits

linear pharmacokinetics, has an elimination half life of 4-14 hours, and
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reaches higher concentrations in the brain than in plasma in rats (Caccia et

al., 1981).

1243 Metabolism and drug interactions

mCPP clearance is decreased in poor metabolizers of
dextromethorphan, who are genetically deficient in CYP2D6, which suggests
that CYP2D6 may play a role in the hydroxylation of mCPP (Buch et al,,
1993; Barbhaiya et al., 1996b). Co-administration of NEF and propranolol
results in an increase in the area under the time concentration curve (AUC) of
mCPP, likely as a resuit of propranolol's inhibition of CYP2D6 (Ellingrod &
Perry, 1995). Similarly, inhibition of CYP2D6 is thought to be responsible for
increased mCPP levels when FLU and NEF (Marino et al., 1996), or FLU and
trazodone (Maes et al., 1997) are co-administered. However, the role of
other CYP enzymes such as CYP3A4 cannot be ruled out, and although
these observed clinical interactions indicate CYP enzymes which may be

involved in the metabolism, they do not provide definitive evidence.
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1.2.5 Nefazodone
1.2.5.1 introduction

Nefazodone (NEF) is a phenylpiperazine-derivative antidepressant
drug which is similar in structure to trazodone (Ellingrod & Perry, 1995)
(Figure 1.3). It was designed to incorporate the beneficial effects of
trazodone with a reduced side effect profile by decreasing the affinity for the
a,-adrenergic receptor (Taylor et al., 1986). Like trazodone, NEF's most
potent action is 5-HT, antagonism (D'Amico et al., 1990; Eison et al., 1990).
Trazodone and NEF are equipotent in their ability to block 5-HT, receptors,
and both cause 5-HT, down-regulation in rat cerebral cortex following chronic
administration (Taylor et al., 1986). NEF also possesses 5-HT uptake
inhibiting capabilities (D’Amico et al., 1990; Preskorn et al., 1995), as well as
norepinephrine uptake inhibition (Taylor et al., 1986). NEF also is a 5-HT ¢
antagonist. Although NEF has o,-adrenergic antagonistic properties, it is not
as strong an antagonist as is trazodone (Eison et al., 1990), and therefore is
not as sedating (Taylor et al.,, 1995). NEF has no significant affinity for o.,-
adrenergic, B-adrenergic, histaminergic, dopaminergic, or cholinergic
receptors (Taylor et al.,, 1995). It is as effective as IMI, FLU, and PRX in
placebo-controlled clinical trials in the treatment of all types of depression
(Montgomery, 1996), and appears to have a particular therapeutic advantage
in treating anxiety and agitation associated with depression (Fawcett et al.,

1995; Malik, 1996; Montgomery , 1996; Nutt, 1996). NEF is well tolerated
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and has very few side effects (Robinson et al., 1996; Marcus, 1996), probably

due to its relative lack of affinity for receptors other than 5-HT.

1.2.5.2 Pharmacokinetics

NEF is rapidly and completely absorbed following oral administration
(Malik, 1996), and is subject to extensive first pass metabolism (Mayol et al.,
1994b; Barbhaiya et al., 1995a, 1996¢). Peak plasma levels of NEF occur in
a median time of 1.2 hours, and its metabolites in 1.7 hours (Ellingrod &
Perry, 1995). Because of extensive metabolism by N-dealkylation, only trace
amounts of NEF and its metabolites are found in urine (Mayol et al., 1994b;
Barbhaiya et al., 1995a). The plasma half life of NEF is 2-4 hours (Malik,
1996), and steady state is achieved in 3-4 days (Malik, 1996). NEF is 99%
protein bound, and has an oral bioavailability of 15-23% (Golden et al., 1995).
NEF exhibits non-linear pharmacokinetics, and there are very large individual
differences in plasma levels of NEF and its metabolites (Ferry et al., 1994;
Kaul et al, 1995; Barbhaiya et al., 1995a, 1996d). Non-linear
pharmacokinetics may be due to saturation of the metabolic pathways or the
inhibition of metabolism by NEF or its metabolites (Kaul et al., 1995). Plasma
levels of NEF are higher in the elderly than in the young, possibly due to

decreased CYP content with age (Barbhaiya et al., 1996a).
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1.2.5.3 Metabolism

NEF has three pharmacologically active metabolites that have been
quantified in clinical phamacokinetic studies, namely hydroxynefazodone
(OH-NEF), triazoledione (TD), and mCPP (Figure 1.3). OH-NEF is present
in the plasma at levels approximately one third of those of NEF (Barbhaiya et
al., 1995a; Preskorn et al., 1995), but is considered to have similar clinical
efficacy to NEF (Ellingrod & Perry, 1995). It has the same pharmacological
profile as NEF in that it is a 5-HT,, and 5-HT,. antagonist, and it inhibits 5-HT
uptake and a-adrenergic receptors (Taylor et al., 1995). The elimination half
life of OH-NEF is 3-4 hours, and it has nonlinear pharmacokinetics and a time
course which parallels that of NEF (Ferry et al., 1994). The similarities in the
neuropharmacological profiles of NEF and OH-NEF suggests that OH-NEF
probably contributes to the clinical efficacy of NEF (Preskorn et al., 1995).

Another of NEF's major metabolites is triazoledione (TD). It inhibits
the 5-HT,, receptor more selectively, but with only 15-30% of the potency of
NEF (Mayol et al., 1994b; Taylor et al., 1995). As well, TD does not block the
uptake of 5-HT (Ellingrod & Perry, 1995). However, TD does reach plasma
levels that are approximately 10 times those of NEF (Preskorn et al., 1995;
Barbhaiya et al., 1996d), and therefore probably contributes to NEF's
efficacy. In addition, the long half life of TD (18-30 h) helps to stabilize the

drug levels.

55



The third of NEF's main metabolites is mCPP, which is a major
metabolite of trazodone, but which is only a minor metabolite of NEF. mCPP
is formed directly from N-dealkylation of the piperazinyl nitrogen of NEF or
OH-NEF (Mayol et al., 1994b). Although mCPP is a 5-HT,. agonist and 5-
HT,, antagonist (Conn & Sanders-Bush, 1987; Fiorella et al., 1995), it is not
likely to have any clinically significant effects with NEF treatment since mCPP
accumulates at levels only one-tenth to one one-hundredth those of NEF,
and has a half life of only 4-9 h (Kaul et al, 1995; Preskorn et al., 1995;
Barbhaiya et al., 1995a, 1996d). NEF and OH-NEF are antagonists at the 5-
HT,. receptor, and thus probably oppose the effects of mCPP under normal
circumstances (Preskorn et al., 1995); however, if mCPP levels were
increased due to altered rates of metabolism, it is possible that adverse

effects could resuit.

1.2.54 Drug-drug interactions

NEF has been reported to be a strong in vitro inhibitor of CYP3A4
(Ellingrod & Perry, 1995; Marcus, 1996; von Moltke et al., 1996a; 1996b), and
a very weak in vitro inhibitor of CYP1A2 (von Moltke et al., 1996¢) and
CYP2D6 (Schmider et al., 1996b). Its potency for CYP3A4 inhibition is
approximately one tenth that of ketoconazole, but is at least three times more
potent than the SSRIs (von Moltke et al., 1996). This inhibiting potency is

equivalent to the ability of FLU to inhibit CYP2D6, which is clinically
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significant (Preskorn et al., 1995). OH-NEF and the inactive metabolite p-
OH-NEF are also potent in vitro inhibitors of CYP3A4, as measured by the
ability to inhibit the formation of 4-OH-alprazolam (von Moltke et al., 1996). In
addition, ketoconazole and antibodies against rat CYP3A1 (analog of human
CYP3A4) inhibit the formation of all metabolites of NEF in vitro, suggesting
that NEF is also a substrate for CYP3A4 (von Moltke et al., 1996).

In vivo, NEF has been shown to have pharmacokinetic interactions
with triazolam and alprazolam, increasing plasma concentrations and
clearance times of both benzodiazepines without any effect on NEF or its
metabolites (Greene et al., 1995a; Barbhaiya et al.,, 1995¢; Kroboth et al.,
1995). This interaction is clinically significant in that the psychomotor,
sedative and memory effects of triazolam and alprazolam are greater in the
presence of NEF than in its absence (Kroboth et al., 1995). This interaction
appears to be a result of CYP3A4 inhibition by NEF since both alprazolam
and triazolam are CYP3A4 substrates. However, plasma levels of
lorazepam, a benzodiazepine which is metabolized by glucuronic acid
conjugation rather than hydroxylation, were not affected by NEF
coadministration (Greene et al., 1995b). Carbamazepine (CBZ), a substrate
for, and inducer of CYP3A4 activity (Johnson et al., 1992; Kerr et al., 1994),
shows elevated plasma levels when co-administered with NEF (Ashton et al.,
1996). However, CBZ is also a substrate for CYP2C8 and CYP1A2, which
may also play a role in the observed interaction (Johnson et al., 1992). NEF

has also been reported to interact with cyclosporine (Helms-Smith et al.,
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1996), another CYP3A4 substrate (Bertz & Granneman, 1997). These
findings suggest the potential for interactions with other substrates or
inhibitors of CYP3A4, and co-prescription with the CYP3A4 substrates
terfenadine and astemizole has been contraindicated (Ellingrod & Perry,
1995; Robinson et al., 1996).

The clearance of NEF and OH-NEF is similar in extensive and poor
metabolizers of dextromethorphan, and therefore these pathways appear to
be independent of CYP2D6 (Buch et al., 1993; Barbhaiya et al., 1996b).
However, mCPP clearance is slowed in PMs of dextromethorphan, which
indicates the potential for interactions with CYP2D6 inhibitors and substrates
via this pathway. Similarly, FLU co-administraton does not alter
pharmacokinetics of NEF or OH-NEF, but does increase levels of mCPP and
TD (Marino et al., 1996). Therefore, interactions of NEF with CYP2D6
substrates or inhibitors is possible through these pathways.

Co-administration of NEF with propranolol results in a decrease in the
peak plasma levels (C,,,) and area under the time concentration curve (AUC)
of propranolol, but an increase in the AUC of mCPP, likely as a result of
propranolol’s inhibition of CYP2D6 (Ellingrod & Perry, 1995). NEF increases
digoxin levels (Dockens et al, 1996), and modestly increases the AUC of
haloperidol (36%) (Barbhaiya et al., 1996e), but the enzymes responsible for
these interactions have not been determined. Cimetidine, a nonspecific
inhibitor of CYP enzymes (Bertz & Granneman, 1997), has no effect on levels

of NEF (Barbhaiya et al., 1995b).
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NEF has no effect on theophylline pharmacokinetics (Dockens et al.,
1995), or the clearance of R-warfarin (both CYP1A2-mediated) (Salazar et
al., 1995). Similarly, there is no difference in NEF pharmacokinetics between
smokers and non-smokers (Kaul et al., 1995), indicating that NEF is probably
not a strong inhibitor or substrate of CYP1A2. NEF causes only a slight
decrease in peak plasma levels (C,,) of S-warfarin (Salazar et al., 1995),
and does not interact with phenytoin (Robinson et al., 1996), both of which
are CYP2C9 substrates (Bertz & Granneman, 1997).

In summary, caution should be exercised in the coadministration of
NEF with other CYP3A4 substrates and inhibitors, since NEF appears to be
both an inhibitor of, and substrate for, CYP3A4. Interactions with substrates
or inhibitors of CYP2D6 are also possible due to interactions with mCPP
metabolism. However, detailed in vitro analyses of the metabolism of NEF
and its metabolites have not been published, and would be helpful to clarify

and characterize these metabolic pathways.
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1.2.6 Relevant Analytical Techniques
1.2.6.1 Chromatography

Chromatography refers to a group of processes used to achieve the
separation of a mixture of solutes by differential distribution between two
phases, a mobile phase and a stationary phase (Tabor, 1989). These
methods are generally classified according to the physical state of the mobile
phase, which is either gas or liquid, and which carries the mixture of solutes
over the stationary phase. These methods can be subdivided on the basis of
solute interactions with the stationary phase, with the most common ones
being adsorption and partition, and less common ones being ion exchange
and gelfiltration (Tabor, 1989). Adsorption is the mechanism of solute
interactions in liquid-solid (LS) and gas-solid (GS) chromatography, and
refers to differences in attraction of the solute molecules to the stationary
versus the mobile phase. In partition chromatography, the separation is
achieved by differences in the distribution of solute molecules between two
liquid phases [liquid-liquid (LL)], or a gas and a liquid phase [gas-liquid (GL)].
The goal of chromatography is to achieve a separation of a mixture of
components, and the physicochemical basis of the separation is a distribution
equilibrium between two immiscible phases. Polarity is a major determining
factor in chromatography, and affects the interaction of a molecule with both

stationary and mobile phases.
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1.2.6.1.1 Gas Chromatography
1.2.6.1.1.1 Principles

Gas chromatography utilizes a gas mobile phase and either a liquid or
solid stationary phase to separate the components of a sample based on the
differential partitioning of the sample molecules between the two phases in
vapour form (Coutts et al., 1985). The components will partition between the
stationary and mobile phases depending in part upon their polarity, with polar
solutes being retained longer on polar stationary phases than on nonpolar
phases. There are several components to the basic gas chromatographic
system, which can be manipulated to affect the separation of components,
and which will be discussed in detail below. In gas chromatography, an inert
carrier gas carries the volatilized solute molecules through the gas
chromatographic column, where the components are separated, to a
detector, where solute molecules produce a signal which is amplified,
recorded, and displayed graphically as a number of peaks corresponding to
the individual sample components. The retention time is the time between
the injection of the sample into the chromatographic system, and the apex of
the peak corresponding to a specific component on the graphic output. In
addition to the polarity of the sample, mobile phase and stationary phase,
many other factors will affect the retention of a compound, such as
temperature, carrier-gas flow rate, and column length and diameter.
Retention times are characteristic of a given component under a controlled

set of conditions, and can be used as a qualitative means of identification.
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The size of the peak, in terms of area or height, is proportional to the size of
the signal arriving at the detector, and is a means of quantification. For
structural determination a mass spectrometer may be coupled to the system

(see section 1.2.6.2).

1.2.6.1.1.2 Instrumentation

A gas chromatograph consists of the following basic parts: a carrier
gas supply with flow control; a heated injection port; a chromatographic
column located in an oven with temperature control; a detector; an integrator;
and a data recorder.

The carrier gas is an inert gas such as nitrogen, helium, or argon. The
type of gas used depends on the type of detector used, and may influence
the efficiency, resolution, and retention time of the analysis. Nitrogen can be
used for flame ionization, electron capture, or thermal conductivity detectors.
Helium may be used with flame ionization, electron capture, or thermal
conductivity detectors, and nitrogen admixed with argon-methane is used
with the electron capture detector. Precise control of the flow rate of the
carrier gas is required to ensure reproducible retention times.

The sample to be introduced may be a solid, liquid, or gas. Solids may
be dissolved in a suitable solvent and injected in liquid form. Liquids are
injected into the carrier gas stream with a microliter syringe through a self-
sealing septum. Gases may be introduced by gas-tight syringes or by gas-

sampling valves. The injection port is kept at a high temperature to vaporize
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the sample components so that they may be swept onto the column by the
carrier gas. The sample components are adsorbed onto the stationary phase
at the head of the column, and are gradually desorbed by fresh carrier gas
(Tabor, 1989). Efficiency of separation is affected by the sample volume,
which should be kept as small as possible (1-10 pl) while still providing
sufficient sample for adequate detection.

Since the column is where the separation of the sample mixture takes
place, there are many different types of columns available to achieve different
goals of separation. Columns are generally evaluated on their efficiency
(ability to produce narrow peaks) and their resolution (ability to separate two
adjacent peaks). Longer columns can achieve better resolution and
efficiency, but require high carrier-gas pressures which can lead to problems
at the injector with gas leaks (Poklis, 1989). An increase in column diameter
increases sample capacity, but decreases separation efficiency. There is
also a wide variety of column materials available such as stainless steel,
glass, fused silica, borosilicate, nickel, copper, aluminum, and nylon (Coutts
et al., 1985). The choice of material depends mostly upon the substances to
be analyzed. Two general types of columns have been used; packed
columns and capillary columns. Packed columns are 1-2 m long, have
internal diameters (ID) of 2-4 mm, and are packed with solid support coated
with stationary phase. Capillary columns are very long tubes (10-150 m) of

very small internal diameter (0.02-0.05 cm), and are made of glass or fused
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silica (Baker et al., 1982). A liquid phase can be deposited directly on the
inner glass of the column, known as wall-coated open tubular (WCOT)
columns, or onto a thin layer of solid support material, known as support-
coated open tubular (SCOT) columns (Poklis, 1989). The present
experiments employed WCOT columns, which permit analysis of larger
sample volumes, and thus detection of lower analyte concentrations.

The stationary phases in gas chromatography can be either solid [gas-
solid chromatography (GSC)] or liquid [gas liquid chromatography (GLC)]. In
GSC the column is packed with an adsorptive solid material on which sample
components are partitioned by adsorption on the surface of the solid. The
most common solid phases are made from diatomaceous earth, with each
one possessing individual properties which make it appropriate for a
particular application (Poklis, 1989). In GLC, the stationary phase is a thin
film of liquid held on an inert support (or the walls of the tubing in WCOT).
The support materials used in GLC are often the same ones used as
stationary phases in GSC. The support must be inert, and therefore acid
washing is often required to remove active sites caused by mineral impurities,
and silanization of active silanol and siloxane groups may also be required
(Poklis, 1989). A wide range of liquid phases are available with differing
solution properties and different affinities for various analytes, which provides
great versatility.

The oven contains the column, and must be able to maintain constant

and reproducible temperatures. The chromatography can be conducted
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under isothermal conditions, in which the oven temperature remains constant
throughout the run. However, this can result in poor separations and long
running times. Greater control and efficiency can be achieved by using
temperature programming. At initial lower temperatures, low boiling point
components and components with low affinity for the stationary phase are
separated and elute first. The temperature can then be set to increase to
elute higher boiling point and higher stationary-phase affinity components.

The column effluent containing the individual separated components
enters the detector and generates a signal proportional to the amount of
sample present. Several types of detectors, such as thermal conductivity
(TCD), flame ionization (FID), electron capture (ECD), and nitrogen-
phosphorus (NPD), are available for detecting different properties of the
sample. The mass spectrometer (MS) can also be used as a detector (see
section 1.2.6.2). The two types of detectors used in the present
investigations were ECD and NPD, and will be discussed in more detail
below.

The ECD is the most sensitive detector, but can only detect
compounds with the ability to capture electrons, such as halogenated
compounds. The detector has a radioactive source such as tritium (*H) or
8Ni, which ionizes the carrier gas as it enters the detector, and an electrode,
which collects the ions and electrons to produce a small standing current. As
components with electron-capturing properties enter the detector, they

capture electrons from the standing current, diminishing the signal. This
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change is amplified by the integrator, and recorded as a peak on the chart
paper.

As its name suggests, the NPD is used to detect compounds which
contain nitrogen or phosphorus. [t consists of an electrically heated chamber
in which the eluant from the GC column is mixed with hydrogen and air in the
presence of a small alkali salt pellet (often cesium or rubidium salt). When
the mixture is ignited, a low-temperature plasma is formed which emits a
current that is amplified. [f the GC eluant contains a nitrogen- or phosphorus-
containing compound, the current produced by the plasma is greatly
enhanced (Coutts et al., 1985). The NPD is selective and highly sensitive for

nitrogen and phosphorus-containing compounds.

1.2.6.1.1.3 Derivatizations

Derivatization is a process of chemically altering the properties of a
compound to make it more suitable for analysis by gas chromatography. It
usually involves the replacement of the active H in polar groups (-NH, -OH, -
SH) via acylation, alkylation, silylation or condensation (Knapp, 1979).
Reasons for derivatization include the need to form a more volatile derivative
so that the required vaporization can occur, to decrease the polarity of the
compound to minimize “tailing” and the adsorption of the compound on the
column, to increase the stability of thermally reactive structures, to increase

the extraction efficiency from aqueous solutions, or to introduce a functional
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group that will be sensitive to the detector being employed (Baker et al.,

1982; Poklis, 1989).

1.2.6.1.2 High Performance Liquid Chromatography (HPLC)
1.2.6.1.2.1 Principles

HPLC is a type of liquid chromatography in which a mixture of
compounds is separated into its components by flowing a liquid mobile phase
under pressure through a column, and over a stationary phase consisting of
small particles which may be coated with another liquid. Separation is
achieved via the differential equilibration of the analytes between the mobile

and stationary phases (Tabor, 1989).

1.2.6.1.2.2 Instrumentation

The basic HPLC system consists of a solvent reservoir which contains
the mobile phase, a pump which is used to drive the mobile phase from the
reservoir through the injector, the column, and the detector where the
separated components create a signal which is amplified and recorded as a
peak on a chromatogram.

Different types of solvent delivery systems are available, such as
pneumatic amplifiers, syringe, diaphragm, and the small displacement
reciprocating pump, which is the most common. This type of pump uses two
or more pump heads operating out of phase to ensure a constant delivery of

solvent, and was the type of pump used in the current experiments.
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There are two types of injector systems, the syringe and fixed-loop.
The fixed-loop system is more common, and was employed in the current
experiments. In this system, the sample is loaded into an external loop of
stainless steel tubing. The valve is then rotated so that the sample in the
external loop is flushed onto the column by the mobile phase. Returning the
valve to the original position allows loading of the next sample (Bowers,
1989).

The column is where the separation takes place, and is typically made
of stainless steel with an internal diameter of 2.1 - 4.6 mm, and a length of 50
-1500 cm (Bowers, 1989). A guard column may be located between the
injector and the analytical column, and is packed with the same material as
the analytical column to trap any particulate matter and to protect the
analytical column. A precolumn may also be used, and is packed with silica
and located between the pump and the injection valve to saturate the mobile
phase with silicate to prevent dissolution of the packing material of the
analytical column. There are relatively few stationary phases in HPLC, as
compared to GC, and the power and versatility of HPLC comes from the
ability to alter the solvent strength, pH, and composition of the mobile phase.
The most common type of HPLC is the bonded-reversed phase HPLC wbich
utilizes a non-polar, bonded stationary phase such as octadecyisilane (ODS
or C-18) and a polar mobile phase such as acetonitrile. In this type of
system, more polar molecules will elute first, and less polar molecules will be

retained on the column and elute later.
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As in GC, there are several types of detectors available for HPLC
analysis, including ultraviolet-visible absorbance detector (UV-Vis),
fluorescence detectors, electrochemical detectors, and MS as a detector. A
UV-Vis detector, which was used in the current work, consists of a tungsten-
halide or mercury-arc lamp which emits light, and a photometer, which
monitors wavelengths at either a fixed, variable, or array of wavelengths.
Molecules with functional groups that absorb UV-Vis radiation, such as those

with aromatic rings, can be detected.

1.2.6.2 Mass Spectrometry

Mass spectrometry (MS) is a technique used in chemical structure
elucidation that provides highly specific and reproducible spectra of ionic
fragments formed by bombarding a volatilized compound with high energy
electrons. The production of the mass spectrum involves first ionizing the
sample, then filtering the fragments according to mass, and finally detecting
the fragments and producing a plot of the relative abundance of the ions
versus their mass to charge (m/z) ratios (Poklis, 1989).

Three different modes of ionization are used in MS, namely electron
impact (El), chemical ionization (Cl), and negative chemical ionization (NCI).
In El, the mode used in the present thesis, the sample molecules are
bombarded with a beam of high energy electrons, which fragments them into
positive, negative, and neutral fragments. The charged fragments are then

separated according to mass by accelerating them out of the ion source and
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toward an ion collector. Electrical signals are produced by the ions striking
the collector, and these are amplified and recorded to produce the mass

spectrum.

1.2.7 Thesis Objectives and Rationale

Understanding the role of the CYP enzymes in drug metabolism is a
critical issue in medicine, and particularly in psychiatry where
pharmacotherapy has the additional challenges of a muititude of complex
disorders with poorly understood etiologies. Coupled with this is the
challenge of dealing with side effects that range from bothersome to life-
threatening in a patient population that may already be in an unstable
emotional state. A slight change in dose can mean the difference between
successful drug therapy and relief from psychiatric symptoms, or therapeutic
failure and possible exacerbation of symptoms. Therefore, with an
understanding of the enzymes involved in a drug’s metabolism, one can
predict potential sources of metabolic variation, prescribe the appropriate
dose, and prevent adverse interactions (Glue & Banfield, 1996).

The main objective of the present work was to identify the CYP
enzymes involved in the metabolism of trazodone to its active metabolite,
mCPP, as well as the enzymes involved in the metabolism of mCPP fo its
main metabolite, OH-mCPP, and the enzymes involved in the metabolism of
NEF and OH-NEF to their main metabolites. The drug-drug interactions issue

is a particularly salient one for trazodone and nefazodone, since they are
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both often intentionally combined with other drugs to optimize treatment
therapy, and since they both possess an active metabolite with pronounced
physiological and psychological effects.  Furthermore, achieving and
maintaining therapeutic drug concentrations is critical, and therefore, it is
important to know which enzymes metabolize a drug, so that factors which
may alter enzyme activity, and thus alter metabolism, may be predicted.

In meeting the objectives of the present thesis, assays were developed
for the rapid and sensitive detection of trazodone, nefazodone, and their
respective metabolites in in vitro metabolic systems, so that the major CYP
enzymes involved in the drugs’ metabolism could be identified using several
convergent lines of evidence. The in vitro methods employed will add to and
further validate the growing body of work demonstrating that human drug
metabolism can be studied in vitro, and that this work is clinically relevant. It
is hoped that this information can be used in the prediction and prevention of
metabolic drug interactions with trazodone, nefazodone, and mCPP, and will
be used to optimize their use clinically. In the course of investigating the
effects of fluvoxamine (FVX) on the metabolism of trazodone, it became
apparent that the GC procedure developed for mCPP was also readily
applicable to FVX. This assay was thus modified for FVX and is incorporated

in this thesis.
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1.3 MATERIALS
1.3.1 Chemicals
Chemical
acetonitrile
ammonium acetate

ammonium hydroxide

p-chlorophenylethylamine-HCI

m-chlorophenylpiperazine

p-OH-m-chlorophenylpiperazine

ethyl acetate

fluoxetine HCI

fluvoxamine maleate

glacial acetic acid

glucose 6-phosphate

glucose 6-phosphate dehydrogenase
magnesium chloride

nefazodone

OH-nefazodone

Supplier
British Drug Houses

(BDH) (Toronto, ON)

Fisher Scientific
(Edmonton, AB)

Fisher Scientific
(Nepean, ON)

Sigma (St. Louis, MO),
HCI salt prepared by
Dr. RT Coutts,
University of Alberta
Sigma

Bristol-Myers Squibb
(Wallingford, CT)

BDH
Lilly Research
Laboratories

Indianapolis, IN, USA

Solvay Duphar
(Hanover, Germany)

BDH

Sigma

Sigma

Sigma

Bristol-Meyers Squibb

Bristol-Meyers Squibb



B-nicotinamide adenine dinucleotide phosphate

norfluoxetine

paroxetine HCI

pentafluorobenzoyl! chloride
potassium bicarbonate
potassium carbonate
potassium phosphate dibasic

potassium phosphate monobasic

toluene, glass-distilled

trazodone HCI

triazoledione

1.3.2 Microsomal Products

1.3.2.1 Human liver microsomes

Sigma

Lilly Research
Laboratories

Dr. M Bourin,
University of Nantes

Aldrich(Milwaukee, WI)
Fisher Scientific

Fisher Scientific
J.T.Baker

J.T.Baker (Phillipsburg,
N.J.)

BDH

Research Biochemicals
International, Natick,
MA)

Bristol-Meyers Squibb

Human liver microsomes were obtained from the International Institute

for the Advancement of Medicine (Exton, PA), and had been characterized by

this company for protein content and specific enzyme activities. The protein

content was determined by the manufacturer using the Pierce protein assay,

and the following enzyme activities were also determined: CYP1A2 activity by

the rate of phenacetin O-deethylation (pmol/mg/min), CYP2A6 activity by the
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rate of coumarin 7-hydroxylation (nmol/mg/min), CYP2C19 activity by the rate
of mephenytoin 4-hydroxylation (pmol/mg/min), CYP2D6 activity by the rate
of dextromethorphan O-demethylation (pmol/mg/min), CYP2E1 activity by the
rate of chlorzoxazone 6-hydroxylation (pmol/mg/min), CYP3A4 activity by the
rate of fractional production of [“C] 6-hydroxy-testosterone (nmol/mg/min),
and 4A11 activity by the rate of fractional production of ['“C] omega-hydroxy-
lauric acid (nmol/mg/min). The microsomes were stored at -80° C, and were

thawed in a hot water bath as needed.

1.3.2.2 Microsomes from cDNA-expressed human cell lines
Microsomes were prepared from metabolically competent cell lines
expressing cDNA for human CYP1A2, CYP2C8, CYP2C9,,, CYP2C9Y,,
CYP2C19, CYP2D6 or CYP3A4 were purchased from the Gentest Company
(Woburn, MA). The human cDNAs were isolated from human tissue cDNA
libraries, and were introduced into the AHH/TK+/- cell line on
extrachromosomal plasmid vectors conferring resistance to either I-histidinol
or hygromycin B. The microsomes were characterized for protein and CYP
content by the manufacturer. Upon arrival, the microsomes were thawed,

aliquoted, and stored at -80° C until used.
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133 Instrumentation and Apparatus
1.3.3.1 Gas Chromatography
1.3.3.1.1 Nitrogen-Phosphorus Detection

Analysis of mCPP metabolism from trazodone was conducted on a
Hewlett-Packard (HP) model 5890 gas chromatograph equipped with an NPD
and linked to an HP 3392A integrator. A 15 m fused silica capillary column
coated with a 0.25 um film thickness of 5% phenyimethylpolysiloxane
(internal diameter of 0.25 mm) was used. The carrier gas was helium at a
flow rate of 3.5 ml/min, and the make-up gas was helium at a flow rate of 30
mi/min. Hydrogen and air were used at flow rates of 4 mi/min and 80 ml/min,
respectively. The oven temperature was set at 105° C for an initial time of 0.5
minutes, and was then set to increase at a rate of 12° C/min to a final
temperature of 295°C. The injection port temperature was set at 270° C, and
the detector temperature was 325°C. All injections were in the splitless mode

with a purge off time of 0.5 minutes.

1.3.3.1.2 Electron-Capture Detection

Analysis of FVX in brain tissue was conducted using a Hewlett
Packard (HP) Model 5890 gas chromatograph equipped with a ®*Ni ECD and
linked to a HP 3392A integrator/printer. A fused silica capillary column (25 m
x 0.32 mm) coated with 1.05 pum film thickness of 5% phenylmethylsilicone

was employed. The carrier gas was pure helium at a flow rate of 3 mi/min.
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The make-up gas was argon-methane (95:5) at a flow rate of 35 ml/min. The
oven temperature was set at an initial temperature of 105°C for 0.5 min. The
temperature was then increased by 10°/min to 255°, followed by a 1°/min
increase to 270°C. Injection port and detector temperatures were 270°C and
325°C, respectively. All injections were carried out using the splitless mode

of injection with a purge off time of 0.5 min.

1.3.3.2 High Performance Liquid Chromatography

A high performance liquid chromatographic (HPLC) system with a
Waters model 510 pump linked to a Waters Intelligent Sample Processor
model 710B was used. Detection was performed using a Waters Lambda
Max Model 481 variable-wavelength UV detector linked to a Hewlett Packard
model 3392A integrator.

The HPLC mobile phase consisted of acetonitrile and ammonium
acetate buffer (100: 98: 2 ml (v/v) acetonitrile: distilled H,0: 1M ammonium
acetate) adjusted to pH 5.4 with acetic acid. The flow-rate was 1.5 mi/min. A
Phenomenex Hypersil CN (250 x 4.6 mm |.D., 5 um particle size) column was
used and was coupled to a guard column which was packed with the same
material as the analytical column. Detection was performed using UV

absorbance at 254 nm.
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1.3.3.3 Mass Spectrometry

Combined GC-MS was used to confirm the chemical structures of the
derivatives of mCPP and FVX formed in the GC assays described in this
thesis. The GC-MS system utilized an HP 5840 A GC inlet coupled to an HP
5895 A MS with dual electron impact/ chemical impact sources and an HP
7920 data system. The system also included an HP2648 A graphics
terminal, and HP 9876 A printer, PH7920 disc drive (software) and HP 21 MX
series E computer (hardware). Operating conditions were as follows: ion
source temperature, 200°C; interface temperature, 275°C; column pressure,
34.5 kPa; accelerating voltage, 2200 eV; ionization voltage, 70 eV; scan
speed, 100 amu/sec; and dwell time, 200 msec. The columns and oven

conditions were as described in sections 1.3.3.1.1 and 1.3.3.1.2).

1.3.34 Shaker-mixer

An lka Vibrex VXR vortex mixer (Janke & Kunkel, Staufen, Germany)

was used.

1.3.3.5 Hot water bath

All microsomal incubations were carried out in a Fisher Isotemp Hot

Water Bath.
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1.3.3.6 Centrifuges

Centrifugation of microsomal incubations was carried out in a
Beckman Microfuge (Palo Alto, CA, USA). A Sorvall GLC-2B general
laboratory centrifuge (DuPont, Wilmington, DE, USA) was used for low
speed-small volume centrifugations required for sample extraction and
derivatization. Higher speed and/or large volume centrifugations of tissues
were carried out in a Damon-1EC B-20 (Needham Heights, MA, USA)
refrigerated high-speed centrifuge or a Beckman model J-21B refrigerated

preparative centrifuge (Palo Alto, CA, USA).

1.3.3.7 Savant evaporator

A Savant Speed Vac SC 110 (Fisher Scientific) was used to evaporate

samples.

1.3.3.8 Tissue homogenizer
A TRI-R S63C (TRI-R Instruments, Rockville Center, NY, USA)
variable speed laboratory motor with a Teflon pestle was used with a glass

grinding tube for homogenizing tissue samples.
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1.3.3.9 Glassware Cleaning

All glassware was rinsed with tap water and washed in a dishwasher
(Miele Electronic 6715) with Sparkleen™ (Fisher Scientific Co.). Test tubes
were sonicated (uitra-sonic cleaner, Mettler Electronics) in a 2-5% solution of
Decon 75 concentrate (BDH Chemicals) before washing in the dishwasher.
All glassware was then air-dried in a mechanical convection oven (Model 28,

Precision Scientific Group, Chicago, USA).

1.4 GENERAL EXPERIMENTAL METHODS
1.4.1 Potassium phosphate buffer (pH 7.4)

A 0.1 M stock solution of potassium phosphate buffer was prepared by
adding 0.1 M potassium phosphate monobasic to 0.1 M potassium

phosphate dibasic until a pH value of 7.4 was attained.

1.4.2 NADPH-generating system

An NADPH-generating system was prepared fresh daily and,
according to manufacturer's specifications (Gentest Co., Woburn, MA),
consisted of 1 mg/ml B-nicotinamide adenine dinucleotide phosphate, 1
mg/ml  D-glucose-6-phosphate, 04 Umi D-glucose-6-phosphate
dehydrogenase, and 0.66 mg/mi MgCl, in 0.1 M potassium phosphate buffer.

These are final concentrations in 100 pul of final incubation volume, achieved
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by adding 25 ul of NADPH-generating system to the incubation at four times

the final concentration.

1.4.3 Microsomal incubation conditions

The incubations for the drug metabolism studies were carried out in
1.5 ml polypropylene microcentrifuge tubes (Fisher, Ottawa, ON). In general,
the incubation mixtures consisted of 25 pl of the NADPH-generating system,
10 pl of microsomal enzyme preparation (either human liver microsomes or
microsomes from cDNA expressed cells, see relevant chapters for protein
content for individual incubations), 50 ul of drug substrate in buffer, and
enough 0.1 M potassium phosphate buffer to bring the final volume to 100 pl.
Some incubations also contained inhibitors in a volume of 10 pl, in which
case the volume of buffer was adjusted so that the final incubation volume
remained 100 pl.

The tubes were incubated at 37°C in a hot water bath for the time
periods indicated in the individual sections. Following the incubation period,
the tubes were placed on ice and the reaction was terminated by the addition
of either 100 pl ice-cold 25% potassium carbonate (trazodone metabolism) or
50 pl ice-cold acetonitrile (nefazodone metabolism). The tubes were left on
ice for 10 min to precipitate the proteins, and were then centrifuged for 5 min
in a Beckman Microfuge. The supernatant was then removed for

chromatographic analysis.
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1.4.4 Correlation with human liver microsome enzyme activities

Drug substrates were incubated with microsomes prepared from a
panel of 16 different human livers which had been previously characterized
for their catalytic activities for CYP1A2 (phenacetin O-deethylation), CYP2A6
(coumarin 7-hydroxylation), CYP2C19 (mephenytoin 4-hydroxylation),
CYP2D6 (dextromethorphan O-demethylation), CYP2E1 (chlorzoxazone 6-
hydroxylation), CYP3A4 (B-hydroxylation of ['“C]-testosterone), and CYP4A11
(omega-hydroxylation of ["“C]-lauric acid). The rate of metabolite formation
was correlated with the activities of the specific enzymes for each of the 16

livers.

1.4.5 Metabolism with single cDNA-expressed human CYP enzymes

The drug substrates were incubated with 10 pl of microsomal product
(approximately 10 mg microsomal protein/ml incubation volume) prepared
from cells expressing human cDNA for one of the following enzymes:

CYP1A2, CYP2C8, CYP2C9,,, CYP2C9,,, CYP2C19, CYP2D6, or CYP3A4.

1.4.6 Inhibition studies

To assess the effects of specific isoform inhibitors on metabolite
formation, varying concentrations of inhibitors were pre-incubated in a volume

of 10 pl with either human liver microsomes or microsomes from cells
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expressing specific human enzymes, and the NADPH-generating system at
37°C for 10 min. Following pre-incubation, the drug substrate was added and

incubation continued for a further 10 min.
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Chapter 2

Trazodone is metabolized to m-chlorophenylpiperazine (mCPP)

by CYP3A4 from human sources

A version of this chapter has been accepted for publication, Rotzinger et al.,

Drug Metab Dispos, 1998)
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2.1 INTRODUCTION

Adverse pharmacokinetic drug interactions can occur when drugs which
are substrates or inhibitors of the same cytochrome P450 (CYP) enzymes are
co-administered, potentially altering the expected rate of metabolism of both
compounds. The clinical consequences can range from a lack of therapeutic
efficacy to severe toxicity, and, in extreme cases, fatality. Therefore, it is
important to identify the major enzymes involved in the metabolism of a drug so
that such interactions can be predicted and avoided.

Trazodone is a phenylpiperazine-derivative antidepressant drug (Figure
2.1), which is thought to act through combined 5-HT, antagonism and 5-HT
reuptake blockade (Haria et al., 1994). it is often co-prescribed with other
antidepressants as a sleep-inducing agent because of its sedative side effects
(Fabre, 1990; Jacobsen, 1990; Nierenberg, 1994), or as an augmentation
strategy (Maes et al., 1997). This co-prescription introduces the potential for
metabolic drug interactions.

Trazodone is extensively metabolized in the liver by hydroxylation,
dealkylation, and N-oxidation (Baiocchi et al., 1974; Yamato, 1974a). The active
metabolite mCPP is formed by N-dealkylation at the piperazinyl nitrogen
(Yamato et al., 1974b, Melzacka et al., 1979). The metabolite mCPP is of
interest because it has 5-HT,. agonistic and 5-HT,, antagonistic properties
(Conn and Sanders-Bush, 1987; Fiorella et al., 1995), as well as behavioral
effects which are consistent with 5-HT agonistic properties such as worsening of

psychoses in humans, and anxiogenesis and anorexia in animals and humans
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(Kahn and Wetzler, 1991). It has also been suggested by some that mCPP may
contribute to the antidepressant efficacy of trazodone (Maes, 1997). Therefore,
a drug interaction which alters the production of mCPP could have clinically
significant effects.

Current information available on the metabolism of trazodone by the CYP
enzymes comes mainly from drug interaction studies, which provide only
suggestive evidence of the enzymes involved, and do not examine specific
metabolic pathways, whether it is the parent compound or a metabolite causing
the interaction, or whether the interaction is competitive or non-competitive. For
example, thioridazine, a CYP2D6 inhibitor, increases plasma concentrations of
both trazodone and mCPP, suggesting that both are substrates for CYP2D6, but
providing no information as to which metabolic pathways are involved (Yasui et
al., 1995). Plasma levels of trazodone, but not mCPP, are lower in smokers than
in non-smokers, suggesting a possible role of the smoking-inducible CYP1AZ2 in
trazodone, but not mCPP, metabolism (Ishida et al., 1995). Carbamazepine, a
CYP3A4 inducer and substrate, decreases plasma concentrations of both
trazodone and mCPP, but mCPP to a lesser extent (Otani et al., 1996). Clinical
interactions between trazodone and fluoxetine (FLU) have been reported in the
form of adverse side effects such as headaches, dizziness and excessive
sedation (Metz and Shader, 1990; Nierenberg et al., 1992), as well as increased
plasma levels of trazodone (Aranow et al., 1989; Maes et al, 1997) and mCPP
(Maes et al., 1997). However, the causes of the interactions cannot easily be

determined since both FLU and its main metabolite norfluoxetine (NFLU) are
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inhibitors of both CYP2D6 and CYP3A4 (Crewe et al., 1992; Greenblatt et al.,
1996).

A detailed in vitro investigation was thus necessary to identify the
individual enzymes involved in the various interactions of trazodone. In
particular, the pathway leading to the formation of mCPP from trazodone was of
interest given the psychopharmacological effects of this metabolite. Several in
vitro methods are routinely used to identify the CYP enzymes invoived in the
oxidation of a compound (e.g. Guengerich, 1996; lwatsubo et al., 1997). The
current experiments were designed to directly identify the major CYP enzymes
involved in the metabolism of trazodone to mCPP using human liver microsomal

preparations and cDNA-expressed human CYP enzymes.

2.2 MATERIALS AND METHODS
2.2.1 Development of a GC-NPD method for the detection of mCPP in
microsomal incubation medium
2.2.1.1 Sample preparation
Following the microsomal incubation period in the hot water bath, the
samples were placed on ice and basified with 100 pl of a 25% potassium
carbonate solution to terminate the reaction. To the basified incubation mixture,
300 pl of double distilled H,O (ddH,0) and 1000 ng of the internal standard p-
chlorophenylethylamine (p-CPEA, in 100 pl ddH,0) were added. The incubation

mixtures were then transferred to screw cap culture tubes (160 mm x 15 mm),
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and mCPP was extracted and derivatized by shaking the tubes for 15 min on
an lka Vibrex VXR vortex mixer with 2 ml of a solution of toluene and
pentafluorobenzoy! chloride (PFBC) in a ratio of 1000:1. The tubes were then
centrifuged at 1000 g for 5 min in a benchtop centrifuge. The organic phase was
pipetted to 100 mm x 13 mm screw cap culture tubes and taken to dryness ina
Savant evaporator. The residue was reconstituted in 150 pl of toluene for GC
analysis.

Calibration standards of 20, 10, 5, 2.5, and 1.25 uM mCPP were prepared
and run in parallel with the assay; each tube contained the same amount of

internal standard (1000 ng) as the extracts of the incubation mixtures.

2.2.1.2 Instrumental analysis

A 1 ul aliquot of the solution in toluene was injected on a Hewlett-Packard
(HP) model 5890 gas chromatograph equipped with a nitrogen-phosphorus
detector and linked to an HP 3392A integrator. A 15 m fused silica capillary
column (internal diameter of 0.25 mm) coated with a 0.25 pm film thickness of
5% phenylmethylpolysiloxane was used. The carrier gas was helium at a flow
rate of 3.5 mi/min, and the make-up gas was helium at a flow rate of 30 ml/min.
Hydrogen and air were used at flow rates of 4 mi/min and 80 ml/min,
respectively. The oven temperature was set at 105° C for an initial time of 0.5
min, and was then set to increase at a rate of 12° C/min to a final temperature of

295° C. The injection port temperature was set at 270° C, and the detector
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temperature was 325° C. All injections were in the splitess mode with a purge

off time of 0.5 min.

2.2.2 Incubation Conditions

The drug metabolism experiments were carried out as described in
General Methods in an incubation medium consisting of 25 ul of NADPH
generating system, 10 p! of microsomal enzyme preparation (1.5 mg microsomal
protein/ml incubation mixture for human microsomes; 1.0 mg microsomal
protein/ml incubation mixture for cells expressing human CYP enzymes), 50 pl of
trazodone solution (100 pM) in 0.1 M potassium phosphate buffer, and 15 pl
0.1M potassium phosphate buffer (pH 7.4). The tubes were incubated for 10 min
at 37° C in a water bath. The incubation time was chosen based on experiments
showing that the formation of mMCPP was linear for the first 20 min of incubation
time. Following the incubation pericd, the tubes were placed on ice and 100 pl
of ice-cold 25% potassium carbonate solution was added to terminate

metabolism.

2.2.3 Time Course for mCPP production from trazodone
The time course for the production of mCPP from trazodone was
assessed by incubating 100 uM trazodone for 5, 10, 20, 30 or 60 min with either

human liver microsomes or cells expressing human CYP3A4.
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2.2.4 Determination of the kinetic constants for mCPP formation from
trazodone

The kinetic constants of K, and V., were estimated for the formation of
mCPP from trazodone by incubating varying concentrations of trazodone (450,
300, 200, 133, 88.89, 59.26, 39.51, 26.34, 17.56, 11.71, 7.80, 5.20, 3.47, 2.31,
and 0 pM) with human liver microsomes under the conditions described above.
The data were analyzed by iterative nonlinear least squares regression analysis
(GraphPad Prism), fitting the data to the equation:

V= (Vuax - S) / (Ky +S)

where v is the reaction velocity corresponding to S, the substrate concentration
(trazodone), V.., is the maximal velocity, and K, is the substrate concentration at

which the reaction velocity equals 50% of V,,,.

2.2.5 Correlation with human liver microsome enzyme activities

Trazodone (100 pM final concentration) was incubated with the NADPH-
generating system and microsomes prepared from a panel of 16 human livers
characterized for their catalytic activity for CYP1A2 (phenacetin O-deethylation),
CYP2A6 (coumarin 7-hydroxylation), CYP2C19 (mephenytoin 4-hydroxylation),
CYP2D6 (dextromethorphan O-demethylation), CYP2E1 (chlorzoxazone 6-

hydroxylation), CYP3A4 (6-hydroxylation of ["“Cl-testosterone, and CYP4A11
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(omega-hydroxylation of [*“C]-lauric acid). The rate of formation of mCPP was
then correlated with the activities of the specific enzymes for each of the 16

human livers (GraphPad Prism).

2.2.6 Incubations with single expressed enzymes

Trazodone (100 uM final concentration, added in a volume of 50 pul) was
incubated in NADPH-generating system (25 pl), potassium phosphate buffer (15
pl), and 10 ul of a microsomal preparation (1 mg microsomal protein/ml
incubation mixture) expressing one of the enzymes CYP1A1, CYP1A2, CYP2CS8,
CYP2C9,,, CYP2C9,, CYP2C19, CYP2D6, or CYP3A4, for 30 min. These

incubations were repeated in four separate experiments.

2.2.7 Inhibition with ketoconazole

The CYP3A4 inhibitor ketoconazole (final concentrations in 100 pl of 6.4,
3.2, 1.6, 0.8, 0.4, 0.2, 0.0 pM, added in 10 pl of buffer) was pre-incubated for 10
min with 25 pl of the NADPH-generating system, 5 ul of potassium phosphate
buffer, and 10 pl of either human liver microsomes (1.5 mg microsomal
protein/m! incubation mixture) or microsomes prepared from cells expressing
human CYP3A4 (1mg microsomal protein/ml incubation mixture). Trazodone
(100 uM final concentration, added in a volume of 50 pl) was then added and the
incubation was continued for a further 10 min. As a control, quinidine, a specific

inhibitor of CYP2D6, was also incubated as described for ketoconazole, using
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concentrations of 6.0, 3.0, 1.5, 0.75, 0.375, and 0 pM. The inhibitions were

repeated in three separate experiments.

2.2.8 Interactions with SSRIs

Microsomes prepared from cells expressing human cDNA for CYP3A4 (10
ul, 10 mg protein/ml incubation) were pre-incubated for 10 min with the NADPH-
generating system (25 pl), and a solution of one of either fluvoxamine (FVX),
paroxetine (PRX), FLU, or NFLU in potassium phosphate buffer (100 uM final
concentration in 100 pl, added in a volume of 15 pl). Following pre-incubation,
trazodone was added (100 pM final concentration in 100 ul, added in a volume
of 50 pl), and the incubation was continued for a further 10 min. The data were
analyzed by one-way analysis of variance (ANOVA) with drug group as the
between factors variable. Post hoc analyses comparing the individual drug
groups to the control group were carried out using Dunnett's Muitiple

Comparison Test.

2.3 RESULTS
2.3.1 mCPP levels in microsomal incubation mixtures

The assay procedures described for the detection of mCPP in the
microsomal medium resulted in the formation of a derivative of mCPP with
excellent chromatographic properties (Figure 2.2). The structure of the

derivative was confirmed using combined GC-mass spectrometry in the electron-
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impact mode, and the proposed mass fragmentation pathways are shown in
Figure 2.3.

The chromatographic peak height ratios of derivatized mCPP to
derivatized internal standard for the calibration standards were subjected to
regression analysis, and consistently yielded a linear relationship with r? > 0.99.
The limit of detection for the assay was < 140 pg on column, and was defined as
the concentration of mCPP which was detectable at 3 times the signal-to-noise
ratio. Within-assay reproducibility was assessed in five samples spiked with 250
ng of mCPP and 1000 ng of the internal standard p-CPEA, and carried through
the procedure in parallel. The peak height ratios of derivatized mCPP to
derivatized p-CPEA for the five samples had a coefficient of variation of 9.61%.
Between assay reproducibility was assessed by comparing peak-height ratios for
standards of known concentration across 5 separate assays. The coefficient of
variation between assays was 9.94% (n=5).

Recovery of mCPP during extraction was assessed by comparing
recovery of mCPP from five samples taken through the extraction procedure to
five samples in which mCPP was added directly to the toluene:PFBC mixture.

The mean recovery of mCPP from the extracted samples was 93%.

2.3.2 Time course
The time course of the formation of mMCPP from trazodone in human liver
microsomes and cells expressing CYP3A4 is shown in Figure 2.4. The

production of mCPP is approximately linear untii 20 min, at which time

109



production appears to level off. Therefore, an incubation time of 10 min was

chosen for subsequent analyses.

2.3.3 Kinetic analyses

Incubations of various concentrations of trazodone with human liver
microsomes resulted in a concentration-dependent formation of mCPP, as
shown in Figure 2.5. The apparent K, was 311.3 + 32.19 pM, and apparent V.,

4.95 + 0.29 nmol/min/mg protein.

2.3.4 Correlation with human liver microsome enzyme activities

The rate of formation of mCPP showed significant correlation (r=0.81,
p<0.0001) with CYP3A4 activity (Figure 2.6). Correlations with all other CYP
enzymes failed to reach significance (CYP1A2, r=0.27, p=0.32; CYP2A6, r=0.47,
p=0.07; CYP2C19, r=0.16, p=0.55; CYP2D6, r=0.41, p=0.11; CYP2E1, r=0.40,

p=0.13; CYP4A11, r=0.33, p=0.21).

2.3.5 Metabolism with single cDNA-expressed human CYP enzymes
Trazodone incubations with microsomes expressing only CYP3A4
resulted in mCPP production (0.3903 +/- 0.0631 nmol/min/mg protein, n=4),
whereas incubations with microsomes expressing only CYP1A1, CYP1A2,
CYP2C8, CYP2C9,, CYP2C9., CYP2C19, or CYP2D6 did not result in

detectable mCPP formation.
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2.3.6 Inhibition with ketoconazole

The CYP3A4 inhibitor ketoconazole resulted in a concentration-dependent
inhibition of mMCPP production in both human liver microsomes and microsomes
expressing human CYP3A4, whereas incubations with quinidine did not inhibit

mCPP formation (Figure 2.7).

2.3.7 Interactions with SSRIs

Interactions with each of the SSRIs FVX, FLU, and NFLU, resulted in
statistically significant decreases in mCPP production, whereas incubations with
PRX did not (Figure 2.8, and Table 2.1). The overall ANOVA revealed significant
differences between the groups (F=17.36, df=4, p=0.0002). Post hoc analysis
revealed that mCPP production was significantly decreased in the incubations

with FVX, FLU, and NFLU (p<0.01), but not with PRX (p>0.05).
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FIGURE 2.1 The chemical structures of trazodone (top) and mCPP (bottom).
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FIGURE 2.2 Typical gas chromatographs from derivatized incubation media of
trazodone incubated with cells expressing human CYP3A4. A) Chromatograph
from incubation medium spiked with 1000 ng of internal standard p-
chlorophenylethylamine [p-CPEA; retention time (RT) 8.81 min; peak 1]. B)
Chromatograph from medium spiked with 0.325 nmole mCPP (RT 11.52 min,
peak 2) and 1000 ng p-CPEA (peak 1). C) Chromatograph from medium
containing trazodone and CYP3A4 showing a peak for derivatized mCPP (peak

2) and derivatized p-CPEA (peak 1).
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Inhibitor Mean mCPP S.EM Percent of Control
(nmol/min/mg)

Control 0.386 0.033 100

PRX 0.360 0.042 93.00

FLU 0.212 0.022 54.93

FVX 0.202 0.008 52.44

NFLU 0.113 0.02 29.25

TABLE 2.1 Mean mCPP production from trazodone following incubations with

SSRIs (100 uM). Resuits are from three separate experiments.
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24 DISCUSSION

The present experiments showed that mCPP production from trazodone is
correlated with CYP3A4 activity in human liver microsomes, is formed from
incubations with cells expressing CYP3A4 only, and is diminished in the
presence of an inhibitor of CYP3A4. Furthermore, the SSRIs FLU, NFLU and
FVX, which all inhibit CYP3A4 (Richelson, 1997), inhibited the formation of
mCPP from trazodone in the presence of cells expressing only CYP3A4. Taken
together, these results indicate strongly that trazodone is a substrate of CYP3A4,
and that the metabolite mCPP is formed through this pathway. Therefore, there
is the potential for drug-drug interactions with this drug and other substrates,
inhibitors or inducers of CYP3A4.

The inhibition studies with the SSRIs revealed a rank order of potency of
inhibition of mMCPP production with PRX being the weakest inhibitor, followed by
FLU, FVX, and NFLU. This is in slight contrast to other studies which have
reported rank order CYP3A4 inhibition potencies with FLU being the weakest,
followed by PRX, NFLU, and FVX (Richelson, 1997). However, the present
studies were carried out in cells expressing only CYP3A4, which may account for
some variability, as might the use of trazodone as the substrate.

Plasma levels of trazodone show wide inter-individual differences, and
typically range from about 0.38 - 5.8 pM (Vatassery et al., 1997). However, it is
not the plasma concentration which is relevant, but rather the concentration at

the enzyme site, or the hepatic concentration, which is of importance with
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respect to drug interactions (Harvey and Preskorn, 1995; Preskorn, 1996; von
Moltke et al., 1996). Lipophilic drugs partition extensively into the liver, and
liver/water partition ratios are typically used to estimate liver drug concentrations
(Greenblatt et al., 1996). The hepatic extraction ratio for trazodone is not
currently known, but if it is assumed to have a patrtition ratio similar to the SSRis,
which are also highly lipophilic, and have hepatic extraction ratios of 12-26
(Harvey and Preskorn, 1995; Schmider et al., 1996), then hepatic concentrations
of trazodone can be expected to range from 60 - 100 uM, at a plasma
concentration of 5 uM. Therefore, the concentration of trazodone used in the
present experiments can be considered to be clinically relevant.

The clinical significance of potential drug interactions with trazodone
depends upon several factors. First, trazodone may affect the metabolism of
other CYP3A4 substrates through competitive inhibition of CYP3A4. The
consequences of this interaction will depend upon the relative affinities and
concentrations of trazodone and the competing drug at the enzyme, as well as
the therapeutic index of both drugs. Although trazodone is relatively safe on its
own, it does have potentially bothersome or dangerous side effects such as
excessive sedation, which could become a problem at higher plasma
concentrations (Haria et al., 1994). The therapeutic index of the interacting drug
is also important, as clinically significant interactions with a CYP3A4 substrate
with a narrow therapeutic index could result, as has occurred with terfenadine

(Wilkinson, 1996). Another important consideration with respect to drug
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interactions is the effects of co-administered drugs on the ability to maintain
therapeutic plasma concentrations. Clinical antidepressant response is
significantly correlated with steady-state plasma trazodone concentrations, and a
threshold concentration of 650 ng/ml is considered necessary for antidepressant
response (Monteleone et al., 1989). Therefore, any factor which resuits in a
lowering of plasma trazodone levels may interfere with the clinical efficacy of the
drug. Since CYP3A4 levels vary widely among individuals (Wilkinson, 1996),
and since CYP3A4 is inhibited and induced by many commonly encountered
drugs and environmental compounds (von Moltke et al., 1985; Wilkinson, 1996),
it is important to be aware that trazodone is a substrate of CYP3A4, and thus is
subject to many factors which may alter its plasma concentration. This is
particularly true since therapeutic concentrations of trazodone are typically below
the K., of trazodone, and thus are subject to first-order kinetics, and are highly
sensitive to changes in the concentration of enzyme or substrate (lwatsubo et
al., 1997). The high K, value found in the present experiments for trazodone
transformation is consistent with the linear pharmacokinetics of trazodone and
mCPP seen clinically (Nilsen et al., 1993).

The present experiments are a direct examination of trazodone
metabolism to mCPP by the CYP enzymes, and provide evidence that CYP3A4
is a major enzyme responsible for this biotransformation. This finding indicates
that the potential for drug-drug interactions exists with trazodone and other

substrates or inhibitors of CYP3A4.
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Chapter 3

Human CYP2D6 and the metabolism of m-chlorophenylpiperazine

(mCPP)

A version of this chapter is currently in press (Rotzinger et al., Biol Psychiatry,

1998)
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3.1 INTRODUCTION

The present experiments were designed to study the metabolism of
mCPP, the pharmacologically active metabolite of the antidepressants
trazodone, nefazodone (NEF) and etoperidone, and of the minor tranquilizer
mepiprazole (Melzacka et al., 1979; Fong et al., 1982; Caccia et al., 1981; Mayol
et al., 1994b). This metabolite is a 5-HT,, antagonist and 5-HT,c agonist (Conn
& Sanders-Bush, 1987; Fiorella et al., 1995) which causes a dose-dependent
elevation of adrenocorticotropic hormone (ACTH), cortisol, and prolactin (Kahn &
Wetzler, 1991; Cowen et al., 1995). mCPP also decreases food intake and
increases measures of anxiety in both animals (Samanin et al., 1979; Gibson et
al., 1994; Kahn & Wetzler, 1991) and humans (Krystal et al., 1993; Walsh et al.,
1994: Cowen et al., 1995). In addition, it can worsen the core symptoms of
many psychiatric disorders such as the positive symptoms of schizophrenia
(Krystal et al., 1993) and panic symptoms in patients with panic disorder (Kahn
et al., 1988; Germine et al., 1994).

These behavioral effects have been noted to occur at plasma levels of
mCPP of 10 to 40 ng/ml (Murphy et al., 1989; Kahn et al., 1990; Kalus et al.,
1992), levels which are readily achieved clinically following therapeutic doses of
trazodone (Ishida et al., 1995; Otani et al., 1997) and NEF (Kaul et al., 1995;
Barbhaiya et al., 1996b, 1996¢). Although trazodone and NEF both possess 5-
HT,c antagonistic activity (Marek et al., 1992; Ellingrod & Perry, 1995; Taylor et

al., 1995), which might normally counteract the effects of mCPP, a drug-drug
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interaction which results in increased mCPP levels may have the potential to
offset this inhibition, resulting in adverse effects.

mCPP is known to be eliminated by oxidation to p-hydroxy-mCPP (OH-
mCPP) [Figure 3.1] followed by rapid conjugation to both glucuronide and sulfate
conjugates (Mayol et al., 1994a). The enzymes involved in this reaction are not
presently known, although some clinical studies have suggested the involvement
of CYP2D6. For example, mCPP clearance is decreased in poor metabolizers of
dextromethorphan, who are genetically deficient in CYP2D6, which suggests that
CYP2D6 may be the enzyme responsible for the hydroxylation of mCPP (Buch et
al., 1993; Barbhaiya et al., 1996a). mCPP levels are also increased when
trazodone is co-administered with thioridazine, an inhibitor of CYP2D6 (Yasui et
al., 1995). Similarly, mCPP levels are increased when NEF is co-administered
with propranolol (Ellingrod & Perry, 1995) and FLU (Marino et al., 1996), both of
which are competitive inhibitors of CYP2D6 (Bertz & Granneman, 1997).
However, it is not possible to identify the cause of these interactions with
certainty, since several possible enzymes, metabolites, and metabolic pathways
may be involved. No definitive studies of mCPP metabolism in vitro, which are
necessary to clearly identify the enzymes responsible for the production of OH-

mCPP from mCPP, have yet been reported.
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FIGURE 3.1 Chemical structures of mCPP (A) and its metabolite OH-mCPP (B).
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3.2 METHODS
3.2.1 Incubation conditions

Preliminary experiments indicated that the production of OH-mCPP was
linear for up to 20 minutes of incubation time; therefore, an incubation time of 10
minutes was chosen for the following experiments. Incubations were conducted
as indicated in Chapter 1, Section 1.4.3, and as indicated below. Following the
incubation period, the tubes were placed on ice, 50 ul of ice-cold acetonitrile was
added, and the tubes were allowed to sit for 10 min to terminate metabolism and
precipitate the proteins. The tubes were then centrifuged in a Beckman

microfuge for 5 min, and the supernatant was removed for HPLC analysis.

3.2.2 Instrumental analysis

A 30 pl aliquot of the incubation supernatant was injected into a high
pressure liquid chromatographic (HPLC) system with a Waters modeil 510 pump
linked to a Waters Intelligent Sample Processor model 710B. Detection was
performed using a Waters Lambda Max Model 481 variable-wavelength uv
detector linked to a Hewlett Packard model 3392A integrator.

The HPLC mobile phase consisted of acetonitrile and ammonium acetate
buffer [100:98:2 ml (v/v) acetonitrile: distilled H,O: 1M ammonium acetate]
adjusted to pH 5.4 with acetic acid. The flow-rate was 1.5 ml/min. A
Phenomenex Hypersil CN (250 x 4.6 mm 1.D., 5 ym particle size) column was

used and was coupled to a guard column which was packed with the same



material as the analytical column. Detection was performed using UV

absorbance at 254 nm.

3.2.3 Correlation with human liver microsome enzyme activities

mCPP (100 pM) was incubated individually with microsomes prepared
from 16 different human livers, and the rate of production of OH-mCPP
(nmol/min/mg) was correlated with the catalytic activities of the human livers

(GraphPad™ Prism).

3.2.4 Metabolism with single cDNA-expressed human CYP enzymes

mCPP (100 puM, added in a volume of 50 pl) was incubated with 10 pl
(equivalent to 0.1 mg microsomal protein/100 pl incubation mixture) of
commercially-prepared microsomes expressing human cDNA for one of the
following enzymes: CYP1A2, CYP2D6, CYP3A4, CYP2C8, CYP2C9,,
CYP2C9,,, or CYP2C19; these cells were characterised for protein and P450

content by the manufacturer.

3.2.5 Inhibition of CYP2D6 by quinidine.

Quinidine (6, 3, 1.5, 0.75, 0.375, or 0 uM, added in a volume of 10 ul) was
pre-incubated for 10 min with 10 pl of microsomes [either human liver
microsomes (0.04 mg microsomal protein/100 ul incubation medium) or

microsomes expressing human CYP2D6 (0.1 mg protein/ 100 pl incubation
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medium)], 25 pl of the NADPH-generating system, and 5 il of buffer. Following
pre-incubation, mCPP (100 uM final concentration, in a volume of 50 ul) was
added and incubation continued for a further 10 min. An inhibition constant (K)
for quinidine was determined using a range of concentrations of mCPP (5, 10,
20, 40, 80, 160, and 320 uM) and a fixed concentration of quinidine (4 uM). The
data were analyzed by nonlinear regression analysis fit to the equation:
V= Vo - S)/[S + K- (1 + [IVK))]

where V = reaction velocity, V., = maximum velocity, S = substrate
concentration, K, = substrate concentration at which reaction velocity equals

50% of V,,,, and [I] = concentration of inhibitor.

3.3 RESULTS
3.3.1 Correlation with human liver microsome enzyme activities

The rate of formation of OH-mCPP (nmol/min/mg protein) in human liver
microsomes correlated significantly (r=0.69, p=0.0034) with CYP2D6 activity
(Figure 3.2). Correlations with all other CYP enzymes failed to reach
significance: (CYP1A2 (r=0, p=0.9579), CYP2A6 (r=0.21, p=0.4390), CYP2C19
(r=0.18, p=0.5156), CYP2E1 (r=0.06, p=0.8081, CYP3A4 (r=0.27, p=0.3119),

CYP4A11 (r=0.19, p=0.4858).
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3.3.2 Metabolism with single cDNA-expressed human CYP enzymes
Incubations with single cDNA-expressed human CYP enzymes resulted in

OH-mCPP production following incubations with CYP2D6 only (1.78 + 0.06

nmol/min-mg protein, n=3). Figure 3.3 shows representative chromatographs

from incubations of mCPP with CYP2D6.

3.3.3 Inhibition of CYP2D6 by quinidine

The results of the mCPP incubations in the presence of the CYP2D6
inhibitor quinidine indicate a concentration-dependent inhibition of OH-mCPP
production in both human liver microsomes and cells expressing CYP2D6
(Figure 3.4). The apparent K; was calculated to be 0.33 + 0.10 pM (n=3).
Incubations with the CYP3A4 inhibitor ketoconazole did not decrease the

production of OH-mCPP (data not presented).
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cells expressing human CYP2D6. A) Blank incubation medium. B) Medium
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100 pM mCPP (approximately 2.33 pg in 100u! incubation) showing a peak for

mCPP (peak 2, RT 7.77 min), and OH-mCPP (peak 1, RT 5.19 min).
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FIGURE 3.4 Metabolism of mCPP to OH-mCPP in the presence of the specific
CYP2D6 inhibitor quinidine. (A) Incubations with human liver microsomes. (B)
Incubations with microsomes expressing human CYP2D6 only. Inhibition is
expressed as per cent of control activity, and each point represents the average

of three separate experiments (mean + SEM).
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3.4 DISCUSSION

The present experiments employed human liver microsomes and
microsomes expressing individual human CYP enzymes to identify the major
CYP enzyme involved in the production of OH-mCPP from mCPP. First, mCPP
was incubated with a panel of human liver microsomes prepared from 16
different donors and characterized for the activities of several CYP isoforms.
The rate of OH-mCPP formation correlated with CYP2D6 activity only, indicating
that CYP2D6 was the most likely isoform involved in this reaction. The studies in
human microsomes were corroborated using recombinant human CYP enzymes,
and mCPP metabolism to OH-mCPP was found to be catalyzed by CYP2D6
only. Finally, the selective CYP2D6 inhibitor quinidine was used to assess its
effects on OH-mCPP production in both human liver microsomes and cDNA-
expressed CYP2D6. In both cases, quinidine resulted in a concentration-
dependent inhibition of OH-mCPP production, with a K; within the range of 0.06 -
0.40 pM, which has been reported in the literature for quinidine inhibition of
CYP2D6 (Brosen & Gram, 1989; Bourrie et al., 1996).

The present results confirm that CYP2D6 is the major isoform involved in
the p-hydroxylation of mCPP to OH-mCPP, and support clinical findings of
decreased mMCPP metabolism in poor metabolizers of dextromethorphan
(Barbhaiya et al., 1996), and increased mCPP levels when its parent compounds
are co-administered with inhibitors of CYP2D6 (Ellingrod & Perry, 1995; Yasui et

al., 1995; Marino et al., 1996). Considering the potential psychopharmacological

138



consequences of increased mCPP levels, these results indicate that caution
should be exercised in combining drugs that have mCPP as a metabolite with
other substrates and/or inhibitors of CYP2D6. A wide variety of drugs from
several different classes are CYP2D6 substrates or inhibitors (Ereshefsky et al.,
1995: Shen 1995). Common CYP2D6 substrates include cardiovascular and
psychoactive agents, which often have narrow therapeutic windows, and
codeine, which lacks analgesic effects if it cannot be converted to morphine via
CYP2D6 (Cholerton, 1992; Desmeules et al., 1991). The potential for drug
interactions through competitive inhibition of CYP2D6 exists with CYP2D6
substrates and drugs which have mCPP as a metabolite. Furthermore, patients
who are PMs of dextromethorphan may have higher than expected plasma
levels of MCPP due to slowed metabolism. The present results indicate the need
to be aware of potential interactions with CYP2D6 when prescribing nefazodone,

trazodone, etoperidone, or mepiprazole.
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Chapter 4

The metabolism of NEF and the active metabolite OH-NEF



4.1 INTRODUCTION

NEF was rationally designed after the success of trazodone to be a 5-
HT,, antagonist, but without the o,-adrenergic antagonism of trazodone, which
contributes to its sedative effects (Taylor et al., 1986; 1995). NEF also inhibits
the uptake of 5-HT and NE, but has very little effect on other neurotransmitter
receptors, and thus a very low incidence of side effects (Taylor et al., 1995;
Marcus, 1996; Robinson et al., 1996). It is as effective as imipramine (IMI),
fluoxetine (FLU), and paroxetine (PRX) in placebo-controlled clinical trials in the
treatment of all types of depression (Montgomery, 1996), and appears to have a
particular therapeutic advantage in treating anxiety and agitation associated with
depression (Fawcett et al., 1995; Malik, 1996; Montgomery, 1996; Nutt, 1996).

The present experiments were designed to investigate the metabolism of
NEF to its major active metabolites, hydroxy-nefazodone (OH-NEF),
triazoledione (TD) and m-chlorophenylpiperazine (mCPP). A proposed
metabolic scheme for the formation of these metabolites is shown in Figure 4.1.
The formation of OH-NEF (Figure 4.1B) is through hydroxylation of the ethyl side
chain of the triazolone nucleus. It is present in the plasma at levels
approximately one-third of those of NEF (Barbhaiya et al., 1995; Preskorn et al.,
1995), but is considered to have similar clinical efficacy to NEF (Ellingrod &
Perry, 1995), and, like NEF, is a 5-HT,, and 5-HT,; antagonist (Taylor et al.,

1995).
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Another of NEF’s major metabolites, TD (Figure 4.1C), is formed from OH-
NEF, but the mechanism of this formation is currently unknown (Mayol et al,,
1994b). TD inhibits the 5-HT,, receptor more selectively, but with only 15-30%
of the potency of NEF (Mayol et al., 1994b; Taylor et al., 1995), and does not
block the uptake of 5-HT (Ellingrod & Perry, 1995). However, TD does reach
plasma levels approximately 10 times those of NEF (Preskorn et al., 1995;
Barbhaiya et al., 1996a), and therefore probably also contributes to NEF's
efficacy.

The third of NEF's main metabolites, mCPP, is formed directly from N-
dealkylation of the piperaziny! nitrogen of either NEF or OH-NEF (Mayol et al.,
1994b; see Figure 4.1D). It is then further hydroxylated to p-OH-mCPP (Figure
4.1E) and excreted in the urine as glucuronide and sulfate conjugates (Yamato
et al., 1974b: Melzacka et al., 1979; Mayol et al., 1994a). Although mCPP is a 5-
HT,c agonist and 5-HT,, antagonist (Conn & Sanders-Bush, 1987; Fiorella et al.,
1995), it may not have any clinically significant effects with NEF treatment since
mCPP normally accumulates at levels only one-tenth to one one-hundredth
those of NEF, and has a half life of only 4-9 h (Barbhaiya et al., 1995, 1996a;
Kaul et al, 1995; Preskorn et al., 1995). In addition, NEF and OH-NEF are
antagonists at the 5-HT,c receptor, and thus probably oppose the effects of
mCPP under normal circumstances (Preskorn et al., 1995).

Clinical data suggest that NEF may be an inhibitor of CYP3A4 to a
significant extent (Richelson, 1997). Pharmacokinetic interactions with CYP3A4

substrates such as triazolam, alprazolam (Greene et al., 1995; Barbhaiya et al.,

146



1995: Kroboth et al., 1995), carbamazepine (Ashton et al., 1996), cyclosporine
(Helms-Smith et al., 1996), terfenadine and astemizole (Ellingrod & Perry, 1995;
Robinson et al., 1996) have been reported.

Current in vitro evidence also suggests that NEF is a strong inhibitor of
CYP3A4 (Ellingrod & Perry, 1995; Marcus, 1996; von Moltke et al., 1996a;
1996b) and a very weak in vitro inhibitor of CYP1A2 (von Moltke et al., 1996c)
and CYP2D6 (Schmider et al., 1996), as measured by the ability of NEF to inhibit
marker reactions for these enzymes. The active metabolite OH-NEF is also a
potent in vitro inhibitor of CYP3A4, as measured by the ability to inhibit the
formation of 4-OH-alprazolam (von Moltke et al., 1996a). In addition,
ketoconazole and antibodies against rat cytochrome P450-3A1 (analog of
human CYP3A4) inhibit the formation of all metabolites of NEF in vitro,
suggesting that NEF is also a substrate for CYP3A4 (von Moltke et al., 1996b).

However, several key experiments in the elucidation of the metabolism of
NEF and its metabolites have not been completed, and the individual metabolic
pathways leading to the various metabolites have not been investigated in detail.
Given the importance of NEF's metabolites in contributing to its clinical efficacy,
such an investigation is of interest. ldentification of the isoforms involved in a
drug’s metabolism is best accomplished using several lines of evidence, and key
methods for the elucidation of the roles of the CYP enzymes in the oxidation of a
compound in vitro have been identified (Guengerich, 1996). These methods
include correlations of drug oxidation with marker reactions in human liver

microsomes, attenuation of drug oxidation by selective chemical inhibitors or
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specific antibodies, and oxidation by recombinant P450 vector systems
(Guengerich, 1996; lwatsubo et al., 1997). Therefore, the present experiments
were designed to investigate the in vifro metabolism of NEF to its active
metabolites using several convergent lines of evidence. Since the metabolites
may play a role in the clinical efficacy of NEF, the metabolism of OH-NEF was
also investigated. An HPLC method for the quantification of NEF and its
metabolites in the microsomal incubation medium was developed. Finally,
possible drug-drug interactions of NEF with pindolol were investigated, since the
combination of antidepressants with pindolol is currently showing promise as a
new way to improve antidepressant efficacy (Artigas et al., 1996).

Pindolol, a 5-HT,,/B-adrenergic antagonist, has been shown to accelerate
the onset of efficacy of certain antidepressant drugs (Artigas et al., 1996; Tome
et al., 1997). The rationale behind its use comes from studies which have found
a decrease in the firing rate of dorsal raphé 5-HT neurons during the initial days
of antidepressant therapy, which is thought to be due to the activation of
inhibitory 5-HT,, somatodendritic autoreceptors by the antidepressant-induced
increase in extracellular 5-HT (Blier et al., 1987; 1990; Briley & Moret, 1993;
Artigas et al., 1996). This attenuation of firing is temporary, and normal firing
rates recover within approximately 2 weeks, which is thought to reflect
autoreceptor desensitization, and interestingly, coincides with the onset of
antidepressant efficacy (Blier et al., 1987; 1990; Briley & Moret, 1993; Artigas et

al., 1996). It was theorized that if this initial attenuation in firing could be
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prevented by a pre-synaptic 5-HT,, antagonist, then the onset of antidepressant
efficacy could be accelerated (Artigas et al., 1996). Therefore, pindolol has often
been co-prescribed, particularly with the SSRIs, to increase the therapeutic
efficacy of these drugs.

Recently, an open-label trial of NEF combination therapy with pindolol in
twenty outpatients showed dramatic rates of remission, and improvement of
depressive symptomology after only 2-4 days of treatment (Bakish et al., 1997).
The combination of NEF with pindolol and tryptophan has also been shown to be
effective in the treatment of recurrent major depressive disorder, within one week
of initiation (Dursun et al., 1997). Since the combination of NEF and pindolol
shows promise for the improved treatment of depression, it is important to
assess the risks of drug-drug interactions occurring with this drug combination.
Little is known about the CYP-mediated metabolism of pindolol, except that it is a
competitive inhibitor of CYP2D6 in vitro with a K value of 60 pM (Otton et al.,
1984). Clinically, it has been found to increase plasma levels of thioridazine, but
not haloperidol, phenytoin, or phenobarbital (Greendyke and Guyla, 1988).
Therefore, considering the potential therapeutic usefulness of the combination of
NEF and pindolol, the effect of this drug combination on NEF metabolites was

investigated in vitro.
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42 METHODS
4.2.1 Development of an HPLC method for the detection of NEF, OH-NEF,
TD, and mCPP in incubation medium

A 30 pl aliquot of the incubation medium (following the addition of
acetonitrile and centrifugation, as described in Chapter 1, section 1.4.3) was
injected into a high pressure liquid chromatographic (HPLC) system with a
Waters model 510 pump linked to a Waters Intelligent Sample Processor model
710B. Detection was performed using a Waters Lambda Max Model 481
variable-wavelength UV detector linked to a Hewlett Packard model 3392A
integrator.

The HPLC mobile phase consisted of acetonitrile and ammonium acetate
buffer [100:98:2 ml (v/v) of acetonitrile: distilled H,0: 1M ammonium acetate]
adjusted to pH 5.4 with acetic acid. The flow-rate was 1.5 mi/min. A
Phenomenex Hypersil CN (250 x 4.6 mm I.D., 5 pm particle size) column was
used and was coupled to a guard column which was packed with the same
material as the analytical column. Detection was performed using UV

absorbance at 254 nm.

4.2.2 Nefazodone Metabolism
4.2.2.1 Enzyme concentration curves

The formation of OH-NEF, TD, mCPP and OH-mCPP from NEF (100 uM)

was assessed using different concentrations of human liver microsomes in the
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incubation. NEF was incubated with either 210, 105, 52.5, or 26.25 ng

microsomal protein per 100 pl of incubation mixture.

4.2.2.2 Time course of NEF metabolite formation

NEF (500 uM) was incubated with human liver microsomes (0.02 mg
microsomal protein/100 pl incubation mixture) under the conditions described in
Chapter 1, Section 1.4.3. Incubations were terminated after either 5, 10, 20, 30
or 60 min of incubation time, and the incubation medium was assayed for the

formation of mCPP and OH-NEF.

4.2.2.3 Nefazodone concentration curves

Varying concentrations of NEF (125, 250, 500, or 1000 uM) were
incubated with human liver microsomes (0.02 mg microsomal protein / 100 pl
incubation mixture) for 10 min to assess the effect of NEF concentration on the
rate of metabolite formation and to determine appropriate substrate

concentrations for the inhibition and correlation studies.

4.2.2.4 Correlation with human liver microsome enzyme activities

NEF (500 pM) was incubated with microsomes (0.02 mg microsomal
protein / 100 ul incubation mixture) prepared from a panel of 16 human livers
characterized for their catalytic activity as described in General Methods.

Correlations were calculated using GraphPad™ Prism.
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4225 Metabolism with single cDNA-expressed human CYP enzymes
NEF (100 pM, added in a volume of 50 pl) was incubated with 10ui
(equivalent to 0.1 mg microsomal protein / 100 pl incubation mixture) of
commercially-prepared microsomes expressing human cDNA for one of the
following enzymes: CYP1A2, CYP2A6, CYP2D6, CYP3A4, CYP2C8, CYP2C9,,,

CYP2C9..., or CYP2C19; these microsomes were also characterised for protein

cyss

and CYP content.

4.2.2.6 Studies on the inhibition of metabolism of NEF

Human liver microsomes were pre-incubated for 10 min with either
ketoconazole (25.6, 12.8, 6.4, 3.2, 1.6, 0.8, 0.4, 0.2, or 0.0 uM), pindolol (240,
120, 60, 30, 15, 0 uM), or quinidine (8, 4, 2, 1, 0.5, 0 pM). NEF (500 uM) was

added and the mixture was incubated for a further 10 min.

4.2.3 OH-Nefazodone Metabolism
4.2.3.1 OH-NEF concentration curves

Varying concentrations of OH-NEF (31.25, 62.5, 125, 250, 500 uM) were
incubated with human liver microsomes (0.02 mg microsomal protein/100 pl
incubation mixture) for 10 min to assess the rate of metabolite formation at

different substrate concentrations.
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4.2.3.2 Correlations with human liver microsome enzyme activities.
OH-NEF (500 pM) was incubated with microsomes (0.02 mg microsomal
protein / 100 pl incubation mixture) prepared from a panel of 16 human livers
characterized for their catalytic activity as described in General Methods.
Correlations for metabolite formation and enzyme activity were calculated using

GraphPad™ Prism.

4.2.3.3 Metabolism with single cDNA-expressed human CYP enzymes.
OH-NEF (100 uM, added in a volume of 50 pl) was incubated with 10ul
(equivalent to 0.1 mg microsomal protein / 100 ul incubation mixture) of
commercially-prepared microsomes expressing human cDNA for one of the
following enzymes: CYP1A2, CYP2D6, CYP3A4, CYP2C8, CYP2C9,,
CYP2C9,,, or CYP2C19; these microsomes were also characterised for protein

and P450 content.

4.2.3.4 Studies on inhibition of metabolism of OH-NEF.

OH-NEF (200 uM) was incubated with human liver microsomes and
varying concentrations of either the specific CYP3A4 inhibitor ketoconazole
(25.6, 12.8, 6.4, 3.2, 1.6, 0.8, 0.4, 0.2, or 0.0 uM) or the specific CYP2D6
inhibitor quinidine (8, 4, 2, 1, 0.5, 0.0 uM). The microsomes were pre-incubated
with the inhibitor for 10 min, after which OH-NEF was added and the incubation

continued for a further 10 min.



4.3 RESULTS
4.3.1 HPLC method

The HPLC method described resulted in the rapid and sensitive detection
of NEF, OH-NEF, TD, mCPP, and OH-mCPP in the incubation medium. Typical
chromatographs from spiked incubation media and incubations of NEF with
human liver microsomes are shown in Figure 4.2. Inter-assay coefficients of
variation (CV) were determined by comparing spiked standards across five
consecutive assays, and calculating the CV by dividing the standard deviation by
the mean. The interassay CVs for OH-mCPP, TD, mCPP, and OH-NEF were
8.19, 10.78, 1.72, and 9.38% for 10 uM standards, and 7.90, 9.48, 1.34, and
10.17% for 5 puM standards, respectively. As NEF was not quantified in the
present experiments, no CV was calculated for NEF.

intra-assay coefficients of variation were determined by carrying five
separate standards through the assay procedure, and comparing variation within
a single assay. CVs for intra-assay variations were 1.52, 1.88, 1.19, 5.16, and
7.70% for OH-mCPP, TD, mCPP, OH-NEF, and NEF, respectively for 10 uM
standards, and 1.53, 5.41, 6.37, 4.99, and 5.65% for 5 pM standards.

The recovery of metabolites from the incubation media was calculated by
comparing spiked samples in incubation medium taken through the assay
procedure to spiked samples in buffer which were directly injected. Recoveries

were virtually quantitative.
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The sensitivity of the method was 31, 32, 14, 30, and 17 pg “on column”
for NEF, OH-NEF, mCPP, TD, and OH-mCPP, respectively, at a 3:1 signal to

noise ratio.

4.3.2 Nefazodone metabolism
4.3.2.1 Enzyme concentration curves

The effects of varying the concentrations of human liver microsomes on
metabolite formation from NEF are presented in Figure 4.3. The first observation
to note from this graph is that, as expected, there is less formation of the
secondary metaboltes TD and OH-mCPP with decreasing enzyme
concentration. Thus, to enable a more specific investigation of the primary
metabolic pathways to OH-NEF and mCPP, without potential interferences of
further metabolism to secondary metabolites, a low enzyme concentration
(approximately 0.021 mg protein/100 ul incubation) was chosen for subsequent
investigations.

The second point to note is that the more enzyme that is present, the less
OH-NEF is present. This is due to the fact that OH-NEF is formed directly from
NEF, and is then further metabolized to mCPP and TD (see Figure 4.1).
However, at lower enzyme concentrations, OH-NEF is not metabolized as
quickly, and therefore, there is less formation of the secondary metabolites,

mCPP and TD.
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The third point is that there is considerable formation of mCPP at all
enzyme concentrations, and that this formation increases with increasing
enzyme concentration. This is likely due to mCPP formation occurring through
several possible pathways, from NEF, OH-NEF, and possibly also triazoledione
(see Figure 4.1).

Therefore, since different enzymes may be involved in the formation of the
various metabolites of NEF and OH-NEF, and since secondary metabolism of
the primary metabolites OH-NEF and mCPP might interfere with the
interpretation of the experimental results, a low enzyme concentration was
chosen for the experiments to minimize further metabolism of OH-NEF and

mCPP.

4.3.2.2 Time course of metabolite formation from NEF

The production of OH-NEF and mCPP from NEF after varying incubation
times is shown in Figure 4.4. It can be seen that metabolite formation is
relatively linear up to 30 min incubation time, and therefore, a 10 min incubation
period was used in all subsequent studies. The 10 min incubation was also
chosen to avoid depletion of the substrate, which might occur at longer

incubation periods.

4.3.2.3 NEF concentration curves
The effects of varying concentrations of NEF on metabolite formation are

presented in Figure 4.5. Increasing concentrations of metabolites were seen
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with increased substrate concentrations, which appeared to level off after
approximately 500 uM. Therefore, a concentration of 500 uM was chosen for the
correlation analysis, to avoid substrate depletion, yet not be at a saturating

concentration.

4.3.2.4 Correlation with human liver microsome enzyme activities

At the concentrations of NEF (500 uM) and microsomes used, there was
insignificant formation of TD or OH-mCPP, therefore, correlations were not
calculated for these metabolites. The formation of OH-NEF correlated
significantly with the human liver microsome activities of CYP1A2 (r=0.5144,
p=0.0415), CYP2A6 (r=0.5308, p=0.0344), and CYP3A4 (r=0.7922, p=0.0003)
[Figure 4.6]. The formation of mCPP correlated significantly with the human liver
microsome activities of CYP2A6 (=0.5385, p=0.0314), and CYP3A4 (r=0.8425,

p<0.0001) [Figure 4.7].

4.3.2.5 Metabolism with single cDNA-expressed human CYP enzymes
When NEF was incubated with microsomes expressing only CYP1A1,

CYP1A2, CYP2A6, CYP2D6, CYP3A4, CYP2C8, CYP2C9,, CYP2C9., or

CYP2C19, metabolite formation was seen with the CYP3A4 incubations only.

Only OH-NEF (0.44 + 0.12 nmol/min/mg protein) and mCPP (0.17 + 0.01

nmol/min/mg protein) were formed.
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4.3.2.6 NEF Inhibition experiments

Incubations of NEF with the CYP3A4 inhibitor ketoconazole resulted in a
concentration-dependent inhibition of the formation of mCPP and OH-NEF
(Figure 4.8) which was complete at a concentration of 25.6 uM ketoconazole for
mCPP formation, and almost complete at 25.6 uM ketoconazole for OH-NEF
formation.

Incubations with the CYP2D6 inhibitors quinidine (Figure 4.9) and pindolol

(Figure 4.10) did not affect the production of OH-NEF and mCPP from NEF.
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FIGURE 4.1 Chemical structures of NEF (A) and the metabolites OH-NEF (B),

TD (C), mCPP (D) and OH-mCPP (E).
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FIGURE 4.2 Typical HPLC chromatographs from microsomal incubations with

human liver microsomes. A) Blank incubation medium. B) lncubation medium
spiked with standard solutions of NEF and metabolites equivalent to 5 uM final
concentration. The peaks and retention times (RT) are: NEF (253 pg, peak 5,
RT 23.94 min), OH-NEF (261 pg, peak 4, RT 17.37), mCPP (116 pg, peak 3, RT
11.13), TD (247 pg, peak 2, RT 8.31) and OH-MCPP (142 pg, peak 1, RT 7.33).
C) Incubation medium from samples of NEF (500 pM; approximately 25 ng/100ul
incubation) incubated with human liver microsomes, showing peaks for the

metabolites OH-NEF (peak 4), mCPP (peak 3), and TD (peak 2).
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FIGURE 4.3. Effect of varying enzyme concentrations (x-axis) on the production
of metabolites (y-axis, nmol/min/mg protein) from NEF (100 pM; n=1; &-OH-

NEF; A-TD; ¥-mCPP; B-OH-mCPP).
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FIGURE 4.4. Effect of incubation time on the formation of OH-NEF (top) and
mCPP (bottom) from NEF (500 uM) in human liver microsomes. Each point

represents the mean + SEM of three separate experiments.
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FIGURE 4.6 Significant correlation of NEF metabolism to OH-NEF with the
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and CYP3A4 (r=0.79, p=0.0003, bottom) in a panel of 16 human liver
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bottom) in a panel of 16 human liver microsomes.
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experiments.
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43.3 OH-Nefazodone Metabolism
4.3.3.1 OH-NEF concentration curves

The effects of varying concentrations of OH-NEF on substrate formation
are presented in Figure 4.11. Increasing concentrations of metabolites were
seen with increasing substrate concentrations, and this effect appeared to reach

a plateau at approximately 500 pM.

4.3.3.2 Correlations with human liver microsome enzyme activities

The formation of TD and mCPP from OH-NEF (500 uM) were compared
with CYP enzyme activities from 16 different human livers. The formation of TD
correlated significantly with the human liver microsome activity of CYP3A4 only
(r=0.876, p<0.0001) [Figure 4.12]. The formation of mCPP correlated
significantly with the human liver microsome activities of CYP2A6 (r=0.5253,

p=0.0367), and CYP3A4 (r=.8855, p<0.0001) [Figure 4.13].

4.3.3.3 Metabolism with single cDNA-expressed human CYP enzymes
When OH-NEF was incubated with microsomes from cells expressing only
one of the CYP enzymes CYP1A1, CYP1A2, CYP2A6, CYP2D6, CYP3A4,
CYP2C8, CYP2C9,, CYP2C9,,, or CYP2C19, metabolite formation was seen
with the CYP3A4 incubations only. Only TD (0.14 + 0.04 nmol/min/mg protein)

and mCPP (0.12 + 0.02 nmol/min/mg protein) were formed.

169



4.3.3.4 OH-NEF Inhibition experiments

Incubations of OH-NEF with the specific CYP3A4 inhibitor ketoconazole
resulted in a concentration-dependent inhibition of the formation of mCPP and
OH-NEF (Figure 4.14) which was complete at a concentration of 25.6 uM
ketoconazole. Incubations with quinidine did not result in a concentration-

dependent inhibition of metabolite formation (Figure 4.15).
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FIGURE 4.11 Effect of varying concentrations of OH-NEF on the formation of
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the mean + SEM for three separate experiments.
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44 DISCUSSION

The present experiments examined the metabolism of NEF to its primary
metabolites OH-NEF and mCPP, as well as the metabolism of OH-NEF to its
primary metabolites TD and mCPP. Using a combination of several different in
vitro methods, evidence was obtained to suggest that the formation of OH-NEF
and mCPP from NEF is mediated primarily by CYP3A4, and that the metabolism
of OH-NEF to TD, and of OH-NEF to mCPP, are also mediated by CYP3A4.
These findings are consistent with reports in the literature that NEF is a substrate
and inhibitor of CYP3A4 in vitro (von Moltke et al., 1996a, 1996b), and an
inhibitor of CYP3A4 in vivo (Barbhaiya et al., 1995; Greene et al., 1995; Kroboth
et al., 1995).

The analyses of NEF and OH-NEF metabolism were conducted at a
concentration of enzyme (approximately 0.021 mg protein/ 100 ul incubation
mixture) which resulted in the formation of the primary metabolites OH-NEF and
mCPP from NEF, and TD and mCPP from OH-NEF, but minimal further
metabolism to secondary metabolites. This enabled a more specific study of
these metabolic pathways without potential interference from secondary
metabolic pathways.

The substrate concentrations chosen for the present experiments were
based on the findings from the substrate concentration curves, and were
conducted at concentrations at which metabolite formation was within the linear

portion of the curve. As long as linearity of metabolite formation is maintained,
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the kinetic parameters should be constant, and thus, the in vitro conditions are
comparable to the in vivo situation (lwatsubo et al., 1997). As a further note to
the clinical relevance of the concentrations used in the present studies, typical
plasma concentrations of NEF range from 1- 5 uM, depending on the dose, the
duration of treatment, and individual differences (Franc et al., 1991; Ferry et al.,
1994; Salazar et al., 1995; van Laar et al., 1995; Barbhaiya et al., 1995, 1996a,
1996b). Very large intra- and inter-individual differences in plasma levels are
seen following NEF administration (Davis et al., 1997), which may occur due to
non-linear kinetics, pre-hepatic extraction, or differences in levels of CYP3A4
due to induction, inhibition, or genetics (von Moltke et al., 1995; Iwatsubo et al.,
1997).

Nevertheless, it is not the plasma concentration which is important for
drug interactions, but rather the concentration at the site of the enzyme, which is
primarily in the liver (Harvey and Preskorn, 1995; Preskorn, 1996; von Moltke et
al., 1996a). Although there is not yet a clearly established model for determining
hepatic concentrations, liver/water partition ratios are typically used to estimate
liver concentrations (Greenblatt et al., 1996). The liver/water partition ratio of
NEF has not yet been reported; however, since it is a highly lipophilic drug, it can
be expected to have a partition ratio similar to that of other lipophilic drugs such
as the SSRIs, which have hepatic extraction ratios of 12-26 (Harvey & Preskorn,
1995; Schmider et al., 1996). Many lipophilic psychotropic drugs partition

extensively into the liver tissue, even despite high levels of plasma protein
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binding, with liver/plasma partition ratios of 6-15 for benzodiazepines, 36-46 for
amitriptyline and nortriptyline, 22-35 for sertraline and desmethylsertraline, and
53-151 for fluphenazine and fluphenazine sulphoxide, respectively (Greenblatt et
al., 1996). Therefore, even with a NEF plasma concentration of 5 pM and a
conservative estimate of a partition ratio of 20, hepatic levels can be expected to
be at least 100 uM. The present experiments were conducted at substrate levels
of 100-500 pM.

The correlational analyses with NEF as a substrate revealed strong
correlations of CYP3A4 activity with the formation of both OH-NEF (r=0.79,
p=0.0003) and mCPP (r=0.84, p<0.0001) from NEF. The activities of CYP1A2
and CYP2AB6 also correlated significantly with OH-NEF formation, but with lower
correlation coefficients (CYP1A2, r=0.51, p=0.04; CYP2A6, r=0.53, p=0.03).
Therefore, more of the variation in the production of OH-NEF from the 16
different human liver microsomal samples can be explained by differences in the
activities of CYP3A4 than by differences in the activities of CYP1A2 or CYP2A6.
This does not mean that CYP1A2 or CYP2A6 are not involved in the formation of
OH-NEF from NEF, only that these enzymes are probably invoived to a lesser
extent than CYP3A4. This finding is supported by the studies using singly-
expressed human enzymes which showed OH-NEF production following
incubations with CYP3A4-expressing microsomes, but not following incubations
with microsomes expressing only CYP1A2 or CYP2A6. If metabolism does

occur via these enzyme pathways, it is below the levels of detection of the
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current assay, and is therefore likely to be clinically insignificant with respect to
drug-drug interactions.

Similarly, the formation of mCPP from NEF correlated with the activities of
both CYP2A6 (r=0.54, p=0.03) and CYP3A4 (r=0.84, p<0.0001), but with a
higher correlation with CYP3A4 activity than with CYP2A6 activity, indicating that
CYP3A4 is the major pathway catalyzing the formation of mCPP. Furthermore,
mCPP was formed following incubations with CYP3A4, but not with CYP2A6.
Therefore, although CYP2A6 may contribute to the formation of mCPP, it is not
likely to be to a clinically significant extent.

When OH-NEF was used as the substrate, mCPP formation also
correlated with CYP2A6 (r=0.52, p=0.04) and CYP3A4 (r=0.89, p<0.0001)
activities, and was formed following incubations with OH-NEF and microsomes
expressing CYP3A4 only. This pattern of results is the same as was seen for
the formation of mMCPP from NEF, which would be expected since in both cases
mCPP is formed by N-dealkylation at the piperazinyl N (see Figure 4.1). Again,
these results indicate a major role for CYP3A4 and a minor role for CYP2A6 in
the formation of mMCPP.

The formation of TD from OH-NEF correlated significantly with the activity
of CYP3A4 only (r=0.88, p<0.0001), and was present following incubations only
with CYP3A4-expressing microsomes, indicating that this was the major pathway
for TD formation. The exact mechanism for the formation of TD is not presently
known, but has been suggested to occur through a keto-NEF intermediate

(Mayol, 1994b). It is interesting to note that TD was not seen following
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incubations of NEF with cells expressing only CYP3A4, but was present
following incubations of OH-NEF with CYP3A4-expressing cells.

The almost complete inhibition of metabolite formation from NEF and OH-
NEF by ketoconazole confirms that CYP3A4 is the major isoform involved in
these metabolic pathways. When the specific CYP2D6 inhibitor quinidine was
incubated with NEF or OH-NEF, no inhibition of metabolism was seen. This
confirms previous findings of a lack of effect of quinidine on NEF metabolism in
vitro (von Moltke et al., 1996), and lack of in vivo interactions with CYP2D6
metabolic phenotypes (Barbhaiya et al., 1996; Ferry et al., 1994).

Pindolol similarly failed to affect NEF metabolism, which would be
expected since pindolol is approximately 1000-fold weaker an inhibitor of
CYP2D6 than is quinidine, with a K; of 60 uM as compared to 0.06 uM for
quinidine (Otton et al., 1984). Since NEF does not appear to be a substrate for
CYP2D6, an interaction with pindolol is not expected. Furthermore, typical
plasma concentrations of pindolol are about 20 ng/ml following a 5 mg dose
(Meier, 1982), which is approximately 0.08 puM. Hepatic concentrations of
pindolol are not expected to be much higher, since pindolol is only of
intermediate lipophilicity, and has a patrtition coefficient of 0.82 (McDevitt, 1987).
Therefore, since no inhibition of NEF metabolism was seen in the present
experiments at pindolol concentrations of 15-240 uM, interactions in vivo would

not be expected either.
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The effect of NEF and its metabolites on pindolol metabolism was not
investigated in the present experiments. The metabolism of pindolol has not
been thoroughly investigated, but a significant clinical interaction with NEF is
probably unlikely since NEF's major effect on the CYP enzymes appears to be
the inhibition of CYP3A4 (Schmider et al., 1996; von Moltke et al., 1996a, 1996b,
1996¢). Pindolol is not likely to be a substrate for CYP3A4 since its metabolism
shows very little inter-individual variation, and since it is cleared only partly by the
liver and partly by the kidney (McDevitt, 1987).

Overall, the current results suggest that the metabolism of NEF to its
metabolites OH-NEF and mCPP, as well as the metabolism of OH-NEF to its
metabolites mCPP and TD, are mediated primarily by CYP3A4. These findings
are consistent with reports in the literature that NEF may be a substrate and
inhibitor of CYP3A4 in vitro and in vivo, and indicate the potential for drug-drug

interactions with NEF and other CYP3A4 substrates or inhibitors.
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Chapter 5
A Rapid Electron-Capture Gas Chromatographic Method for the Quantification of

Fluvoxamine in Brain Tissue

A version of this chapter has been published (Rotzinger et al., J Pharm Toxicol

Meth, 1997, 37, 129-133).
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5.1 INTRODUCTION

Fiuvoxamine (FVX), a selective serotonin reuptake inhibitor (SSRI), has
been reported to be effective in the treatment of major depressive disorder,
obsessive-compulsive disorder, panic disorder and social phobia (Gasperini et
al., 1992; Black et al., 1993; Leonard, 1993; McDougle et al., 1993; Freeman et
al., 1994; Ottevanger, 1994; Palmer and Benfield, 1994; van Vliet et al., 1994,
Denboer et al., 1995; Dewulf et al., 1995; Kaspar et al., 1995). Several high
performance liquid chromatography (HPLC) assays for FVX in plasma have
been developed (De Jong, 1980; De Bree et al., 1983; Benfield and Ward, 1986;
Schweitzer et al., 1986; Foglia et al., 1989; Pommery and Lhermitte, 1989;
Nathan et al., 1990; Van der Meersch-Mougeot and Diquet, 1991; De Vries et
al., 1992; Gupta, 1992; Hartter et al., 1992; Wong et al., 1994; Belmadani et al.,
1995). A gas chromatographic-mass spectrometric assay procedure for FVvX in
human plasma has recently been reported by Eap et al. (1996). Hurst et al.
(1981) have described an assay for FVX using gas chromatography with
electron-capture detection (GC-ECD), but the procedure involves a lengthy
sample preparation with several extraction steps, and again is for analysis in
plasma. The present method is a sensitive, relatively simple method for the
rapid determination of FVX in biological samples (mouse brain homogenate)
using simultaneous extraction and derivatization followed by analysis using GC-
ECD. This method represents an advantage over previous methods in that it can

be used to analyze FVX levels in animal models, and is sensitive enough to
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detect 18 ng FVX/ml homogenate, a level well below those that will be routinely
encountered in experimental models.
This method was developed for possible applications in the study of drug-

drug interactions in animal models.

5.2 METHODS
5.2.1 Drugs
FVX maleate was prepared in a 1 mg/ml stock solution in double-distilled

water, aliquoted and stored at -80°C. The internal standard norfluoxetine (NFLU)

was similarly prepared and stored.

5.2.2 Animals

Male Swiss mice weighing 18-20 g were injected intraperitoneally with 4 or
8 mg/kg of FVX maleate dissolved in double-distilled water or with the vehicle.
The animals were sacrificed 1 h later by cervical dislocation followed by

decapitation. Whole brains were quickly removed and frozen at -80°C until time

of analysis.

5.2.3 Sample preparation and extraction
Brain tissue was weighed and homogenized in five volumes of ice-cold
double-distilled water, and a 1 mi portion was removed and used in the analytical

procedure. NFLU (1000 ng) was added as internal standard to the samples,
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which were basified (pH 8.5) by the addition of solid potassium bicarbonate
(approximately 0.5 g). Four ml of a solution of ethyl acetate:acetonitrile:PFBC
(9:1:0.01) were added to each sample tube. The tubes were then capped and
shaken vigorously on an lka Vibrex VXR vortex mixer for 15 min and centrifuged
at 1000 g for 5 min in a benchtop centrifuge. The organic phase was pipetted
into 100 mm x 13 mm screw cap culture tubes and taken to dryness in a Savant
evaporator. The residue was reconstituted in 150 pl of toluene and washed with
150 pl of 1 N ammonium hydroxide. The samples were centrifuged for 1 min and
the top layer removed for GC analysis (1 pl was injected). Calibration curves
were prepared with each assay run by carrying through the procedure in parallel
a series of tubes containing known, varying amounts of FVX and the same fixed
amount of the internal standard as was added to the brain extracts. These
calibration samples were prepared using homogenates of brain from drug-naive
mice. The peak height ratios of FVX to internal standard in the brain extracts of

interest were compared to the values from the calibration curve.

5.2.4 Instrumental analysis

All samples were analyzed using a Hewlett Packard (HP) Model 5890 gas
chromatograph equipped with a ®Ni electron-capture detector and linked to a HP
3392A integrator/printer. A fused silica capillary column (25 m x 0.32 mm)
coated with 1.05 um film thickness of 5% phenylmethylsilicone was employed.

The carrier gas was pure helium at a flow rate of 3 mli/min. The make-up gas
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was argon-methane (95:5) at a flow rate of 35 ml/min. The oven temperature
was set at an initial temperature of 105°C for 0.5 min. The temperature was then
increased by 10°/min to 255°, followed by a 1°/min increase to 270°C. Injection
port and detector temperatures were 270°C and 325°C, respectively. All
injections were carried out using the splitless mode of injection with a purge off

time of 0.5 min.

5.3 RESULTS AND DISCUSSION

The procedure resulted in the formation of a derivative of FVX with
excellent chromatographic properties (Figure 5.1). The structure of the
derivative was confirmed using combined GC-mass spectrometry in the electron-
impact mode; the proposed mass fragmentation is shown in Figure 5.2.

Calibration curves (usually 50-1000 ng FVX) were linear, with correlation
coefficient values of > 0.99 obtained routinely. The maximum sensitivity of the
assay, based on a 3-to-1 signal-to-noise ratio, was less than 120 pg “on-column”,
or 18 ng/ml homogenate. The mean intra-assay coefficient of variation for 500
ng samples carried through the procedure was 8.0% (n=6). Inter-assay
coefficients of variation for 100, 500, and 1000 ng standards (n=4) were 7.12%,
5.04%, and 7.37%, respectively.

Levels of FVX were determined in whole brains of mice treated
intraperitoneally with either vehicle or 4 or 8 mg/kg of FVX maleate one h before

sacrifice. Typical chromatograms of derivatized mouse brain extracts from drug-
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and vehicle-treated animals are shown in Figure 5.1. The brain levels of FVX
were 1578 + 342 ng/g tissue (mean + SEM) for mice (n=10) treated with 4 mg/kg
and 2620 + 250 ng/g tissue (mean +SEM) for mice treated with 8 mg/kg. No
FVX was detected in vehicle-treated mice and no chromatographic peaks
interfering with the internal standard were noted.

The procedure described here is a rapid, simple and reproducible assay
for the analysis of FVX in brain homogenate. The method involves extractive
derivatization of FVX with PFBC, followed by quantitation by GC-ECD. Such
extractive derivatization with PFBC under aqueous conditions has been shown
previously to be particularly useful for analysis of drugs and neurochemicals
containing primary or secondary amines (Cristofoli, 1982; Nazarali et al., 1986,
1987; Rao et al., 1987).

The method described in the present report will be useful for assaying
tissue levels of FVX in future studies of the pharmacodynamics and
pharmacokinetics of this SSRI. Such studies are particularly important given
recent reports of metabolic drug-drug interactions occurring between FVX and
concomitantly administered medications (Bonnet et al., 1992; Thomson et al.,
1992: van Harten, 1993; Hartter et al., 1993; Maskall and Lam, 1993; Spina et
al., 1993; Daniel et al., 1994, Devane, 1994; Hiemke et al., 1994; Preskorn et al.,
1996). The assay is sensitive enough to detect 18 ng/ml homogenate, levels far
below those seen in the low dose (4 mg/kg) FVX group (average of 263 ng/mi).

Typical doses (ip) in experimental studies of FVX are 10-40 mg/kg (Maj et al.,
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1982; Lapierre et al., 1983; Ortiz & Artigas, 1992). Therefore, the method

described in the present report will be useful in studies of FVX in animal models.
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FIGURE 5.1 Typical gas chromatographs from derivatized extracts of mouse
brain. (A) Homogenate from drug-naive brain with 1000 ng of internal standard
norfluoxetine (NFLU) added (peak 1; no peak was present at the retention time
for derivatized NFLU in unspiked homogenates). (B) Homogenate from drug-
naive brain with 500 ng FVX (peak 2) and 1000 ng NFLU (peak 1) added. (C)
Homogenate from mouse treated 1 h previously with FVX (8 mg/kg ip) [peak 2];
1000 ng NFLU was added as the internal standard (peak 1). Retention times for

peaks 1 and 2 were 23.43 and 22.69 min, respectively.
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General Discussion
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6.1 Summary of the present work

The studies that comprise the present thesis were designed to identify the
major CYP enzymes involved in the metabolism of two related antidepressants,
trazodone and nefazodone, to their active metabolites. The methodology
employed was the in vitro incubation of the drug substrates with human liver
microsomes or microsomes expressing specific human CYP enzymes, and using
a set of experiments that has recently become accepted as part of a general
strategy for identifying the CYP enzymes involved in the biotransformation of a
drug (Guengerich, 1996; Maurel, 1996). The present work adds to this body of
data, and identifies previously uncharacterized metabolic pathways of trazodone
and nefazodone, which it is hoped will increase their safe and effective use.
Finally, novel analytical methods were developed for future studies of the
metabolism and interactions of these drugs. The major findings of the present

thesis can be summarized as follows:

1. The metabolism of trazodone to the active metabolite mCPP was
shown to be mediated by CYP3A4 under physiologically relevant conditions.
This pathway has not previously been investigated in vitro, and the finding is
consistent with literature reports of trazodone interactions with other CYP3A4

substrates and inhibitors in vivo (Otani et al., 1996).
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2. The metabolism of mMCPP to OH-mCPP was shown to be mediated by
CYP2D6. This novel finding is consistent with literature reports of interactions of
mCPP with CYP2D6 inhibitors and/or substrates in vivo (Yasui et al., 1995;
Marino et al., 1996; Maes et al., 1997), and with delayed metabolism of mCPP in

PMs of CYP2D6 (Buch et al., 1993; Barbhaiya et al., 1996).

3. The metabolism of NEF to OH-NEF, and of NEF to mCPP was found
to be mediated by CYP3A4. This finding is consistent with reports in the
literature of clinical interactions of NEF with CYP3A4 substrates and/or inhibitors
(Barbhaiya et al. 1995; Kroboth et al., 1995; Ashton et al., 1996; Helms-Smith et
al., 1996; Robinson et al., 1996), and with in vitro findings that inhibitors of
CYP3A4 can inhibit the formation of all metabolites of NEF in vitro (von Moltke et

al., 1996b).

4. The metabolism of OH-NEF to TD and mCPP was also found to be
mediated by CYP3A4, which is consistent with reports that inhibitors of CYP3A4
inhibit the formation of these metabolites of NEF in vitro (von Moltke et al.,

1996Db).

5. A novel GC method was developed for the analysis of mCPP following
microsomal incubations, which would be useful for further studies of the
metabolism of its parent compounds trazodone, NEF, etoperidone, or

mepiprazole.
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6. A novel HPLC method was developed for the simultaneous detection
of NEF, OH-NEF, TD, mCPP and OH-mCPP following microsomal incubations.
This is a rapid, reliable method which will be useful in further studying NEF and

mCPP metabolism and drug-drug interactions.

7. In looking at the interactions of SSRIs with the metabolism of
trazodone to mCPP, it was discovered that FVX produced a peak that was well
resolved from mCPP. Since a rapid GC method for the analysis of FVX was not
currently available, a novel GC method was developed for the detection of FVX.
This assay should be useful in studying drug-drug interactions of trazodone or

NEF with FVX in vivo in the future.

6.2 Limitations of the present work

There are certain limitations of the present work that must be taken into
consideration. First, no in vitro preparation can ever completely model the
complex interaction of processes that occurs in vivo, or the dynamic cellular
environment provided by constant blood flow (Maurel, 1996). However, certain
systems have proven adequate for studying defined steps in the drug
metabolism process, with the type of system used depending upon the questions
being asked (Skett et al., 1995). Liver slices and hepatocytes most closely
model the in vivo situation, and are needed for generating complete metabolic

profiles; however, there are difficulties in obtaining and maintaining suitable

)
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samples which makes the use of these systems impractical in some cases (Skett
et al., 1995; Maurel, 1996). The experiments in the present thesis were carried
out in human liver microsomes and microsomes expressing single human CYP
enzymes. Although these systems lack Phase 2 and cytosolic enzymes, the
goal of the present work was to identify the CYP enzymes involved in the
metabolism of trazodone and nefazodone, and therefore, the systems used were
appropriate for this purpose. In fact, it is generally agreed that human
microsomes are useful in studies of drug-drug interactions, and in identifying the
major CYP enzymes involved in a drug’'s metabolism (Skett et al., 1995;
Guengerich, 1996; Maurel, 1996; Ilwatsubo et al., 1997).

A limitation of working with any in vitro preparation is that it is difficult to
account for the wide inter-individual differences in enzyme levels seen in the
population (Bertz & Granneman, 1997). For this reason, it is important to note
that qualitative predictions about drug metabolism and interactions are much
more likely to be successful than quantitative predictions, and that the absolute
values of kinetic parameters such as K, V.. and K are not necessarily
important or even meaningful (Bertz & Granneman, 1997). Different K; values
may be obtained for different index drugs, and the rates of reaction are highly
dependent upon factors such as pH, protein and phosopholipid content of the
incubation medium, which may vary considerably from one laboratory to another
(Bertz & Granneman, 1997). Kinetic parameters can vary 3- to 30-fold,
depending upon the CYP enzyme involved (Skett et al., 1995). It has even been

argued that the large number of individual microsomes required for the

204



determination of K; values may not be justifiable for these reasons (Newton et al.,
1995: Bertz & Granneman, 1997). Therefore, in identifying the enzymes
involved in a particular metabolic pathway, it is not so much the numerical
quantity of the kinetic parameters which is important, but rather the ability to
provide evidence of an enzyme's involvement using several converging lines of
investigation (Guengerich, 1996; Maurel, 1996).

Many mathematical models of drug metabolism and drug interactions
have been put forth, and some have proven quite useful in predicting drug-drug
interactions (von Moltke et al., 1996a; Iwatsubo et al., 1997). However, these
models are dependent upon many variables, and must be interpreted with
caution. Accurate quantitative predictions require consideration of factors such
as liver/plasma partition ratios, the components of total clearance of a drug,
protein binding, systemic bioavailability, absorption, pre-systemic extraction, rate
of blood flow, and the presence of active metabolites (Bertz & Granneman, 1997;
lwatsubo et al., 1997). Therefore, the important point about the present studies
is not in predicting precise drug plasma levels of interacting compounds, but

rather to point out situations in which potentials for interactions exist.



6.3 [Implications of the present work

The finding that both trazodone and nefazodone are substrates of
CYP3A4 is significant for several reasons. CYP3A4 is the most abundant of the
CYP enzymes in the liver, and is involved in the oxidation of a wide array of
compounds. There are large individual differences in CYP3A4 activity, and its
presence in the intestinal epithelium leads to prehepatic extraction, and large
individual differences in metabolism (Wilkinson, 1996). These are important
factors to be aware of so that individual responses to trazodone and nefazodone
can be monitored, and potential interfering factors controlled.

CYP3A4 is involved in a wide variety of metabolic processes, as can be
seen from the present studies. CYP3A4 was found to mediate the N-
dealkylation of NEF, OH-NEF, and trazodone, to mCPP, as well as the
hydroxylation of NEF to OH-NEF, and the formation of TD from OH-NEF, by an
as yet unknown mechanism (Mayol et al, 1994). These diverse metabolic
pathways are consistent with reports in the literature that CYP3A4 is prominently
involved in many N-dealkylation reactions (Coutts et al., 1994), as well as a wide
variety of other oxidations such as aromatisation, N- and O-demethylations, N-
oxidations, N-deethylations, methyl hydroxylations, and aromatic hydroxylations
of both endogenous and exogenous compounds (Smith & Jones, 1992; Coutts et
al., 1994; Wilkinson, 1996).

The finding that mCPP is a substrate for CYP2D6 is also consistent with
typical CYP2D6 substrates, which possess a basic N which is protonated at

physiological pH, and a hydrophobic region 0.5-0.7 nm from this basic N which
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can attach itself to an anionic region in the enzyme active site (Guengerich et al.,
1986 Coutts et al., 1994; Maurel,1996). Provided that the hydrophobic site is
appropriately distanced from the basic N, CYP2D6 will catalyse a wide range of
reactions, including aromatic and aliphatic hydroxylations, and N-dealkylations
(Coutts et al., 1994; Maurel,1996).

It is particularly important to identify drugs which are substrates for
CYP3A4 and CYP2D6 because of the wide range of potentially interacting
substances. There are substrates and inhibitors of CYP3A4 and CYP2D6 in
virtually every drug class (Bertz & Granneman, 1997), as well as readily
available compounds such as grapefruit juice for CYP3A4, and codeine and
dextromethorphan for CYP2D6 (Richelson, 1997). This problem is even more
pronounced in psychiatry, where the drugs used often have many dose-
dependent adverse side effects, which can be harmful, or at the very least
interfere with compliance and quality of life.

Another point that is brought to light by the present work is the importance
of accounting for the metabolism of metabolites, as well as that of the parent
compounds. Although CYP3A4 is predominantly involved in the formation of
mCPP from trazodone and NEF, CYP2D6 is responsible for the breakdown of
mCPP. Therefore, trazodone and NEF have the potential to interact with
substrates and/or inhibitors of CYP2D6, as well as having altered metabolism in
genetically poor metabolizers of CYP2D6. This is particularly important
information since mCPP is a psychopharmacologically active metabolite, which

could interfere with the desired drug therapy. In addition, since the formation
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and breakdown of mCPP are mediated by different enzymes, its plasma levels
are highly susceptible to alterations in enzyme levels. For example, an induction
of CYP3A4 would result in an increase in the formation of mCPP from its parent
compounds, but its rate of metabolism by CYP2D6 would not necessarily
increase, which could lead to an accumulation of mCPP and potential adverse
effects. Similarly, if CYP2D6 was inhibited by a co-administered compound, the
rate of formation of mCPP by CYP3A4 would remain constant, but its rate of
breakdown would be decreased, again leading to an accumulation of mCPP.
Thus it can be seen that it is important to know the enzymes invoived in the
formation and the metabolism of a drug, as well as to know the enzymes
involved not only in the metabolism of the parent compound, but also in the
metabolism of their metabolites as well.

There are basically two types of interactions to consider resulting from the
present work. One is the effect of co-administered compounds on the
metabolism of trazodone or nefazodone, and the second is the effect of
trazodone, nefazodone, or mCPP on the metabolism of other compounds. The
effect of co-administered compounds will depend upon the relative affinities and
concentrations of the drugs at the enzyme site, individual levels of the enzyme,
and the relative importance of the affected enzyme in overall drug metabolism.
The consequences of the interaction will depend upon the therapeutic indices
and side effects of the interacting drugs, as well as upon which particular
metabolic pathways are affected, and whether parent compounds, active

metabolites, or inactive metabolites are involved.
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The effect of co-administered compounds on the metabolism of trazodone
and NEF is also important. Attaining and maintaining therapeutic plasma drug
levels is critical in psychiatry, and is particularly important for antidepressants,
since clinical improvement may take weeks to show up. Furthermore, since not
all antidepressants are effective in all individuals, it is important to know if the
lack of clinical improvement is due to a resistance to the particular drug, or if it is
due to an inadequate plasma level.

It can be seen, therefore, that there is no simple a priori method of
precisely predicting the extent of a particular interaction. However, the
importance of such studies is that they indicate potentials for interactions, so that

adverse interactions can be avoided.

6.4 Future directions
It has been proposed (Maurel, 1996) that before any new drug is
administered to humans, answers to the following questions should be obtained:
1) What is the metabolic pathway of the drug and what are the main
metabolites?
2) Which enzyme system is involved in the metabolism of the drug?
3) Is the drug an inducer or inhibitor of drug metabolizing enzymes?
4) What are the possible drug interactions?

5) Can the drug be activated to cytotoxic or genotoxic metabolites?
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Although trazodone and NEF are already on the market, these are still important
questions to answer. Question 1 has been investigated for trazodone and NEF,
and progress toward the answering of Questions 2 and 4 was made with the
present thesis. The next questions to answer relate to the inducing and
inhibiting capabilities of these drugs, as well as further characterizing possible
drug interactions. The question of cytotoxic or genotoxic metabolites is also
certainly vital, but is well beyond the scope of the present thesis.

Studies of enzyme induction are experimentally difficult, and pose many
theoretical problems (Guengerich, 1996). For example, although animal tissue is
the most readily available, and many CYP inducers have been characterized in
animals, species differences do exist which make animal models questionable
(Maurel, 1996). Human hepatocytes are acceptable models, but are often
difficult to obtain (Maurel, 1996). In vivo approaches require the use of a marker
drug, and have ethical considerations (Guengerich, 1996). Therefore, this is one
area of investigation which requires the development of better models, and which
will be interesting in future studies.

Further studies of the ability of trazodone and nefazodone to inhibit
enzyme activity are also necessary to fully characterize their interaction potential
in vivo. Although the fact that they are substrates of CYP3A4 makes them
potential competitive inhibitors of this enzyme, it is also possible that they
possess the ability to inhibit this and other CYP enzymes through another
mechanism, as well as through other metabolites and metabolic pathways. For

example, drugs can bind to an enzyme and block its activity without themselves
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being substrates (non-competitive inhibition), they may have metabolites which
bind to and inactivate an enzyme (suicide inhibitors), or they may interfere with
the accumulation of an enzyme by interfering with the gene expression or protein
processing of the enzyme (Maurel, 1996). These studies can be carried out in
vitro by assessing the ability of these drugs to inhibit marker reactions for specific
enzymes, and can be carried out in cell-free systems such as microsomes,
facilitating this process.

Finally, it would be very useful if a procedure for determining individual
levels of CYP3A4 activity existed. There is currently no known non-invasive and
routinely available phenotyping procedure for CYP3A activity (Wilkinson, 1996).
Such a test would be a great advantage for testing individual differences in
CYP3A4 activity caused by both genetic and environmental factors, and for
assisting in the adequate and appropriate dosing of CYP3A4 substrates.

As we learn more about drug metabolism and drug-drug interactions, it is
becoming clear that a better system of informing physicians, pharmacists, and
the general population about the risks of drug interactions is necessary. This is
especially true in psychiatry, where polypharmacy is the norm, rather than the
exception. Furthermore, with more drugs coming on to the market, there is an
ever-increasing opportunity for drug interactions (Vargas et al., 1997). Coupled
with this is an aging population with an increased life expectancy, which has
resulted in an increase in multipathology and polypharmacy (Beers and
Ouslander, 1989; Cardieux, 1989). A recent study of cardiac inpatients found

that 25.4% of the patients were administered at least two potentially interacting
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drugs simultaneously while in hospital (Vargas et al., 1997). Of all adverse drug
reactions reported in this study, 20.2% were due to the joint action of two or
more drugs. Clearly there is a need for increased education regarding the risks
involved in polypharmacy.

As ever increasing amounts of time and resources are being dedicated to
the continuing search for better and more effective antidepressant treatments, it
would seem that the logical first step would be to improve the efficacy of our
currently available antidepressants, by taking steps to ensure therapeutic plasma

levels and to avoid drug-drug interactions.
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