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ABSTRACT 

Background: The selective serotonin reuptake inhibitor (SSRi) antidepressants paroxetine, 

sertraline and fluvoxarnine inhibit CYP2D6 and CYPlA2 isozymes in vitro. CYP2D6 and 

CYPlA2 contnbute to disposition of 30 or more frequentiy used medications including 

antipsychotics. The studies presented in this thesis tested the effect of paroxetine on CYP2D6 

activity in vivo and its clinical importance in relation to perphenazine (a CYP2D6 substrate) 

phaxmacokinetics and side effects. The effects of ditferent SSEUs on CYP2D6 and CYPlA.2 

activities were also compared in vivo. 

Methods: Studv 1: Eight healthy volunteers with an extensive metabolizer (EM) phenotype for 

CYP2D6 were administered a singIe oral dose of perphenaPoe (O. 11 mgkg) or placebo in a 

randornized double blind manner. Perphenazine plasma concentration and side effects were 

assessed for eight hours afkr drug administration. Subsequently, subjects were admuustered 

paroxetine (20 mg/day) for 10 days and test sessions with perphenazine and placebo were repeated. 

Studv 2: Patients and hedthy volunteers were treated with paroxetine (17.7 mg/day f 4.4) (mean + 
SD), sertraline (93.5 mg/day + 26.4) or fluvoxamine (83.3 mglday 11 25.0) for 5 to 74 days. Ail 

subjects had an EM phenotype for CYP2D6 and received a single oral dose of dextromethorphan 

(30 mg) and caffeine (100 mg) before and after SSRI treaûnent. The log Odemethylatioa ratio 

(ODMR) of de.utromethorphan and the &ine metabolic ratio in ovemight urine were used as in 

vivo indices of the CYP2D6 and CYP 1A2 isozyme activities, respectively. 

Results: Studv 1: Perphenazine peak plasma concentration increased 2- to 13-fold &er 

paroxetiue treatment (p<0.01). This was associated by a significant increase in antipsychotic side 

effects (e.g. akathisia and sedation) @<O.Os). Studv 2: The baseline llog O D W  sigdicantly 



decreased after paroxetine treatment (fiom 2.28 + 0.37 to 1-13 + 0.44) (p<0.05). Sertdine 

treatment caused only a rnodest change in llog O D W  (fiom 2.33 k 0.45 to 2.19 + 0.62) 
@<0.05). Fluvo.Yamifle did not signincantly change llog O D W  (pB0.05). The baseline d e i n e  

metabolic ratio (5.1 f: 1 -3) decreased only after fluvoxarnine (2.8 + 1.1) treatment (p<0.05). The 

extent of inhibition of CYP2D6 and CYPlA2 by paroxetioe and fluvoxamine, respectively, 

correlated with baseline enzyme activity @ ~0.05). 

Conclusion: Paroxetine and fluvoxamine cause a significant inhibition of CYP2D6 and 

CYPlA.2, respectivelyt in vivo. The inhibition of CYP2D6 by paroxetine results in an hcrease in 

perphede  plasma concentration and side efEects. A reduction of perphenazine dose is 

recommended d u ~ g  concurrent treatment with paroxehne. These results have potential 

ramifications for inter-individual variability in the risk for dmg-dnig interactions mediated by 

CYP2D6 and CYP 1A2. 
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INTRODUCTTON 

It has long been recognized that there is marked inter-individual variability in psychotropic 

drug effects. The same dose of a given medication may cause toxicity, efficacious 

treatment, lack of efficacy or qualitatively ditferent dmg effects among patients. We then 

ask "how do these individuais m e r  fiom each other?'. The answer is ofien complex and 

involves an interaction between heredity and environment. Understanding of the 

determinants of inter-individual variabihty in response to medications is important since it 

rnay allow the prediction of therapeutic and undesirable drug effects before the initiation 

of phannacotherapy. A considerable portion of this variability can be attributed to variability 

in drug metabolism and clearance (Weber 1995, Kaiow 1993, Kalow 199 1, Okey 1990). 

The superfdy of cytochrome P450 (CYP) enzymes mediates the oxidative and reductive 

metabolism of medications, procarcinogens, carcinogens as wel as endogenous substances 

such as bile acids, prostaglandins and steroids (Nelson et al. 1996, Shimada et al. 1994, 

Guengench 199 1). Therefore, CYP enzymes play an important role in deterrnining the plasma 

concentrations and c h c d  effects of medications. 

The seiective serotonin reuptake inhibiton (SSRIs) are a newer class of antidepressants with an 

efficacy suriilar to tricyclic antidepressants. The SSRIs oEer the advantage of a lower incidence 

of anticholinergic, antihistaminic and cardiovascuiar side effects. However, in vitro studies 

indicate that SSRIs rnay inhibit CYP enzymes, in particuiar, the cytochrome P450 2D6 

(CYP2D6) and CYPlA.2. The CYP2D6 enzyme is responsible for the metabolism of many 

fiequently prescribed psychotropic medications such as antipsychotics. Although the 

number of medications metaboked by the cytochrome P450 1A2 (CYPlA2) is fewer 



ciinicdy important medications such as clozapine, imipramine and theophylline. The 

objective of this thesis was to study the effects of treatment with SSRIs (paroxetine, 

sertraline and fluvoxamine) on CYP2D6 activity and its consequences on antipsychotic 

(perp henazine) phmacokinetics and side effects. 





INTRODUCTION 

Dmg metabolism is one of the major deteiminants of pharmacokineucs and clinicd 

efTects of dnigs and other xenobiotics. Dmg metabolism is generally divided into two 

phases. Phase I reactions involve oxidative. reductive and hydrolytic reactions which 

unmask or introduce a hnctional group (e-g. a hydroxyl-moiety) to the parent compound. 

This often results in an increase in polarity of the dmg. Phase 2 reactions involve 

conjugation (e.g. with glucuronic acid) of the metabolite produced in phase 1 reactions or 

the parent compound to more hydrophilic metabolites. Although drug metabolism is 

necessary for the elimination of lipophilic drugs (e.g. psychotropics). it may also be 

crucial for the activation of prodnigs which otherwise would not have efficacy (e.g. 

codeine). Phase 1 reactions are mediated. to a large extent. by the cytochrome P450 (CYP) 

superfamily of enzymes which are mostly found attached to the smooth endoplasmic 

reticulum (SER) of the hepatocps and other dmg metabolizing cells. Enzymes located in 

the cytoplasmic (soluble) part of the cells also take part in phase 1 reactions (e-g. aldehyde 

dehydrogenase). This chapter is going to review the intrinsic characteristics of CYP 

enzymes. their nomenclature and differences frorn other enzymes and in vitro and in vivo 

approaches to determine the CYP enzymes responsible for the metabolism of xenobiotics. 

1. I Phvsicochemical propenies of c o c l ~ r o m e  P450 en,-nes 

CYP enzymes are heme containing membrane bound proteins (Omura & Sato 1964a). The 

heme moiety consists of a protoporphyrin IX molecule and an iron atom and serves as the 

prosthetic group for the CYP apoprotein. The iron atom is located at the centre of the 

protoporphyrin iX rnolecule and foms four equatorial bonds with the nitrogen atoms of the 

four pyrrole rings. A characteristic feature which differentiates the CYPs From other heme 



containing proteins is that the 5th axial position of the iron atom f o m  a coordinate bond 

with the suifur atom of a cysteine residue of the apoprotein (Gotoh et al. 1983). This 

cysteine residue is highly conserved in CYPs from different species. The coordinate bond 

with the cysteine residue allows the iron atom to be in the femc form (Fe+3) when the CYPs 

are not bound to their substrates. 

Another characteristic of the CYP enzymes is that they exhibit a unique spectral feature: 

when the heme iron is in its reduced ferrous form (~e+') and bound to carbon monoxide. a 

maximum absorption is observed at a wavelength of 450 nm (hmax). This spectrai feature 

is the basis for the CYP narne and is also used as a means to quantitate the total CYP 

content of a given tissue in solution (Omura & Sato 1964, Omura & Sato 1964b). 

l.2 Seqcience of biochemical ecenrs in a c~tochrome P450 catulyzed reaction 

The CYP catalyzed reactions start with binding of the substrate to CYP protein while the 

heme iron is in its oxidized (~e'j) state (Aivares & Pratt 1990). For each CYP enzyme. 

special arnino acid residues confer selectivity for subsuate binding. This is discussed in 

more detail in the next chapter in relation to CYP2D6. It is believed that binding of the 

substrate alters the conformation of the CYP apoprotein and facilitates the reduction of the 

femc heme iron to ferrous fom by tnnsfer of an electron from NADPH via NADPH- 

cytochrome P450 reductase. This is followed by binding of the molecular oxygen to the 6th 

axial ligand binding position of the heme iron. A second electron is then transferred to 

heme-oxygen complex which results in the formation of one molecule of water (HrO) with 

two protons denved from NADPH. The other oxygen atom derived from the molecular 

oxygen forrns a very reactive heme-oxo complex. The oxygen atom from this complex is 



subsequently delivered to the substrate resulting in its oxidation. Depending on the CYP 

enzyme, special arnino acid residues in the active site bind and position the substrate 

towards the heme-0x0 cornplex. The identity of these amino acids and positioning of the 

substrate in relation to the heme prosthetic group, particularly on the side opposite to the 

highly conserved cysteine residue (i.e. 6th axial position) is thought to confer regio- and 

enantio-selectivity to individual CYP enzymes. The selectivity can also be determined in 

part by the steric hindrance arising from the conformation of the polypeptide chains 

surrounding the active site. 

NADPHcytochrome P450 reductase is attached to the smooth endoplasmic reticulum 

(SER) and contains flavin nucleotides as coenzymes. NADPH-cytochrome P450 reductase 

dws not play a role in substrate selectivity of CYP enzymes. Since CYPs require both a 

reducing (NADPH) and an oxidizing (molecular oxygen) agent. they are also named "mixed 

function oxidases". 

1.3 DiBrences betweerz xenobinric tneraholi=ing and physialogic qvtuchrorne 

Pd50 en,ymes 

As a genenl nile. biochemical reactions involving the synthesis of endogenous chernicals 

usually have strict substrate selectivity. For example. the choline acetyltransferase enzyme 

catalyzes strictly the synthesis of aceiylchoiine from choline and acetyl-CoA and cm be 

used as a marker of cholinergic newe terminais in immunohistochernical studies. In t ens  

of bubstrate selectivity. CYP enzymes can be grouped into two categories: xenobiotic (e.g. 

drugs) metabolizing enzymes and those essential for the synthesis of endogenous 

compounds (e.g. steroids) (Guengerich 1994). 



The xenobiotic metabolizing CYPs have a broad and often overlapping substmte selectivity. 

Consequently, a given CYP enzyme can metabolize more than one substrate and sirnilarly. a 

aven substrate can be metabolized by more than one CYP enzyme (Guengerich 1994). 

Considering the broad range of xenobiotics occuning in the environment, this rather "loose" 

substrate selectivity of xenobiotic metabolizing cYPs can be expected to allow venatility in 

adapting to a chemically complex environment. Xenobiotic metabolizing CYPs are 

generally found attached to the SER. 

The CYP enzymes catalyzing synthetic pathways, in contrast to dmg metabolizing CYPs, 

are stringent in their substrate selectivity (Gonzalez 1992). This makes physiological sense 

since their products have to bind to specific receptors or other target molecular structures in 

the organism. These physiological CYPs are located in mitochondria or found anached to 

SER and play a key role in the synthesis of steroids. prostaglandins. bile acids and other 

physiologicaily important chemicals. The steroidogenic and cholesterol synthesizing CYPs 

are among the oldest CYPs and are highly conserved across different life foms (Gonzalez 

1992). They are believed to have played an important role in early life foms for the 

synthesis of steroids required for ce11 membranes (Gonzalez 1992). While the xenobiotic 

metabolizing CYPs are regulated by the extent and irregular temporal patterns of exposure 

to xenobiotics in the environment. the steroidogenic CYPs and others involved in 

physiologicd functions are regulated by constant feedback from physiological mediators 

such as pituitary hormones (Okey 1 990). 

The term "isozyme" is used to describe a group of enzymes catalyzing the sarne or very 

similar reactions which can be differentiated by their physical properties such as isoelectric 



point and electrophoretic mobility (e.g. the lactate dehydrogenase). Different xenobiotic 

metaboiking CYPs are frequently referred to as "isozymesT'. Although, as a general rule. 

these c Y P s  have a broad selectivity for their substrates, they aiso do dernonstrate regio- and 

stereo-selectivity for their substrates (e.g. CYP2D6, discussed in chapter 2). Therefore. the 

broad selectivity of xenobiotic metabolizing enzymes should not be perceived as an 

absolute lack of selectivity. This point was raised in a recent article by Guenge~ch ( 1994). It 

was proposed that different CYP enzymes should not be named "is~zymes~*~ but rather, 

"enzymes" since the former would incorrectly imply that al! CYPs catalyze the sarne or very 

similar reactions. 

1.4 Nomenclature for cytochrome P450 encymes 

Since a given xenobiotic can be metabolized by more than one CYP. it would be very 

difficult to develop a nomenclature based on the type of reactions king catalyzed by 

individual CYP enzymes. Although there are differences in spectral properties arnong 

CYPs. such differences are very minute and do not allow a systematic classification of CYP 

enzymes. 

The current nomenclature is based on the differences in amino acid sequence homology 

between CYPs (Nelson et al. 1996). This system of classification was fint proposed &y 

Neben and colleagues (1987) and updated in subsequent years by the cytochrome P450 

Nomenclature Cornmittee (Neben et al. 1989, Nebert et al. 199 1, Nelson et al. 1993, Nelson 

et al. 1996). Accordingly. a CYP gene is narned s<king with the italicized "CYP 

(cytochrome -O), followed by an Arabic number signifjmg the gene family, an upper 

case letter and another Arabic number signimng the gene subfamily and the individual 



gene, respectiveiy (e.g. CYP2D6) (Nelson et al. 1996). All letters and numbers are 

italicized for CYP genes and no spaces are allowed between the letters and numbers. The 

same letten and numbering in nonitalicized fom are used to narne the corresponding gene 

products (ie. mRNA, cDNA and enzyme). 

In the most recent update, 481 CYP genes from 85 eukaryote (includes vertebrates. 

invertebrates, fungi and plants) and 20 prokaryote species were provided - as  of October 20. 

1995 (Nelson et al. 1996). These genes belong to 74 gene families, of which 14 exist in dl 

marnmals (Nelson et al. 1996). These 14 rnarnmalian farnilies further consist of 26 

subfamilies. 

By conventional definition in current nomenclanire. a CYP enzyme from one gene family 

has 1 40% homology to amino acid sequence of a CYP enzyme from any other family. In 

other words, in a given farnily. there is > 40% homology in arnino acid sequences of its 

members (Nelson et al. 1996). For mammalian CYP enzymes, there is > 55% homology 

within the same subfamily (Nelson et al. 1996). The cytochrome P450 Nomenclature 

Committee is currently maintaining a World Wide Web site on the sequence alignments of 

the CYPs and information on new sequences (Nelson et al. 1996). Further information c m  

be obtained from the following interner address: http://dmelson.utmem.edu/homepage.html. 

Due to the inherent nature of the currently recommended nomenclature for CYPs. a point to 

keep in mind is that belonging to the sarne family or subfamily does not necessarily imply 

similarities in substrate preference, catalytic functions or regulation of gene expression 

(Nelson et al, 1996). 



A recent snidy using a considerable number of human liver specimens (n = 60) found that 

72% of the total CYP content cm be attributed to CYPIM, CYP2A6, CYP2B6, CYP2C. 

CYP2D6, CYP2EI and CYP3A content as determined by Western bloning (Table 1) 

(Shimada et al. 1994). Although the CYP3A and CYPîC subfamilies appear to account for 

alrnost half of the total CYP content, these data ais0 indicate that a significant portion of the 

total CYP content (i.e. 28%) is attributable to other unidentified enzymes in the CYP 

superfamily. Since these data reflect the CYP content, that is the amount of enzyme protein. 

caution is needed when evaluaiing their hinctional (catalytic) importance. 

TABLE 1. Relative content of individual CYP enzymes [determined 

immunochemicaily] in relation to total CYP content [measured spectraily 

using ~e*'-CO venus ~ e "  difference spectral in 60 human liver samples. 

îytochrome P450 % of total Cytochrome P450 content 

CYP 1 A2 12.7 2 6.2 

CYP2A6 4.0 2 3.2 

Total: 72.0 1 5.3 
The data are presented as mean 2 SD. Adapted from Shimada et al. 1994. 



1.5 Inductive versur deductive approaches for characterization of cytochrome P4.50 

enqrnes responsible for xenobiotic metabolirnt 

Traditionaily, discoveries in biological sciences were stimulated by observations 

involving unexpected changes in clinical or biological end-points affecting response to 

medications. For example, these changes can take the form of acute d m g  toxicity. 

carcinogenicity. teratogenesis, increased or diminished drug effects and drug-dmg 

interactions. Then, these observations usually lead to descriptive studies followed by 

studies aimed at determining the involved rnechanisrns. This "inductive" paradigm also 

used to hold for dmg rnetabolism or for the effects of environmental factors (e.g. diet) on 

pharmacokinetics and clinical effects of medications. For example, an unexpected drug- 

dnig or dmg-food interaction would often give clues on the potential metabolic pathways 

which may be prirnarily responsible for the disposition of a dmg in humans (Bailey et al. 

1991). 

Recent advances in molecular bioloa shifted the balance in favor of more systematic 

"deductive" approaches in identification of the CYP enzymes responsible for the 

metabolism of a new molecular entity before introduction for clinical use (Guengerich & 

Shimada 1991). It was pointed out earlier that scientific progress consists of altemating 

steps of induction and deduction and that both inductive and deductive approaches are 

required and indispensable if the goal of science is not simply data collection but rather 

understanding, i.e. the creation of hypothesis or theories whose predictions are not 

coniradicted by observations (Sheiner 1997, S heiner 1989). 



1.6 In viîto approaches for characterization of dnrg metabolkm 

1.6.1 Correlation between the kinetics of in vitro metabolism of the new compound and 

enzyme-selecrive catalytic activities in human liver microsomes 

This approach involves analysis of the relationship between index catalytic activities for 

different CYP enzymes and biotransformation kinetics of the xenobiotic under 

investigation in microsomal preparations obtained from different human liver samples. A 

frequently employed and simple procedure is to calculate the square of the correlation 

coefficient (?) for each CYP isozyme. This value can then be used as a quantitative 

measure of what percentage of variance in the metabolism of the xenobiotic cm be 

attributed to a particular CYP enzyme. The correlationai studies may also be conducted 

by measunng the amount of the immunoprecipitable CYP enzymes instead of the index 

catalytic activities. 

Microsomes are very valuable tools to study dmg metabolism in vitro. Microsomes are 

prepared by homogenization of a liver tissue sample under a shear force followed by 

differential centrifugation. Microsomes represent pinched off and resealed smooth 

endoplasmic reticulum fragments. In other words, microsomes do not exist in an intact 

liver cell and can be considered as in vitro "organelles". The application of a shear force 

is necessary for the proper fragmentation and resealing of SER to fom microsomes. In 

principle. preparation of microsomes is similar to synaptosomes which are pinched off 

and resealed nerve terminais under a shear force (Whittaker 1968, Whittaker et al. 1964). 

In vitro microsornai studies for CYP-mediated dmg metabolism in humans are usuaily 

conducted with human liver samples. Full-term hurnan placenta displays considerable 



CYP 1 A 1 activity and is ofien used as a readiiy available source of CYP 1 A 1 (Hakkola et 

al. 1996). However, CYP2D6 and CYPIA2 are not expressed in detectable quantities in 

full-term human placenta (Hakkola et al. 1996). 

1.6.2 Metabolic in hibition bv seiective chernical inhibitors and an tibodies 

Selective chernical inhibiton rnay be used to determine the contribution of the distinct 

CYP enzymes to metabolism of xenobiotics (Boumé et al. 1996, Newton et al. 1995). 

Antibodies rnay also be utilized to inhibit CYP enzymes. Such antibodies rnay be 

poiyclonal monospecific (i.e. directed to different epitopes on the sarne CYP enzyme) or 

monoclonal (Le. directed to a single epitope on a single CYP enzyme). The advantage of 

inhibition studies is that the magnitude of inhibition rnay be used as a quantitative index 

of the importance of CYP enzymes for metabolism of xenobiotics. On the other hand. the. 

selectivity of inhibition rnay be a problem with this approach. in particular with 

polyclonal antibodies since there may be cross-reactivity with epitopes on different CYP 

enzymes. This rnay be an important issue for enzymes in the same family or subfamily 

due to considerable amino acid homology which rnay potentially result in similarities in 

epitope structures and antibody recognition. An improved undentanding of the molecuiar 

and biochemical basis of substrate selectivity of different CYP enzymes rnay allow the 

rational design of more selective CYP inhibitors (Halpert 1995). 

1.6.3 Cornpetitive inhibition of cytochrorne P450 index caraiytic activities 

&y xenobiotics 

The ability of a xenobiotic to competitively inhibit the metabolism of probe drugs for 

individual CYP enzymes in vitro can be used as an initiai screen to identify the enzymes 



which may potentially be involved in its metabolism. For example, this approach was 

used to investigate the role of CYP2D6 in metabolism of sparteine, debrisoquine, beta- 

adrenoceptor antagonists and other cardiovascular dmgs (Otton et al. 1984% Otton et al. 

1982). 

There are two caveats which have to be considered in this approach. First. it is the 

competitive nature of the inhibition and not the occurrence of inhibition per se by the 

xenobiotic under investigation that is useful in deciding whether a particular enzyme may 

have a role in its metabolism (Otton et al. 1984a). Second, the presence of competitive 

inhibition does not guarantee the involvement of a CYP enzyme. A notable exarnple is 

quinidine which is a selective and potent competitive inhibitor of CYP2D6 enzyme (Ki = 

60 nM) (Otton et al. 1984a. Otton et al. 1984b). However, quinidine is not metabolized by 

CYP2D6 (Nieken et ai. 1995. Mikus et al. 1986). Nevertheless, competitive inhibition 

studies can be very useful as an initial screen and point the direction for further in vitro or 

in vivo studies. The absence of competitive inhibition of a CYP enzyme would suggest 

that it is not important for the metabolism of the new compound. 

1-64  Panel studies in livers witlt g r m i r  deficien- in expression of a CYP 

The kinetics of in vitro meiabolism of xenobiotics can be compared in a panel of liver 

samples obtained from individuals phenotyped in vivo and who have a differential 

expression of a CYP enzyme due to a genetic polymorphism. This approach may have 

practical constraints since those who have such inhented pharmacogenetic deiects of drug 

metabolism may be fewer in the population, limiting the availability of liver samples. 



1.6.5 Purifed or cDNA-based expression systems 

Punfied CYP enzymes can be reconstituted into liposomal bilayen in the presence of 

phospholipids and NADPH-CYP reductase. These liposomal systems can cataiyze the 

metabolism of xenobiotics if NADPH and oxygen are present in the medium. The 

enzymes demonstrating higher catalytic rates are considered as the candidates to play a 

significant role in the metabolism of a xenobiotic. A similar approach is to use cDNA- 

based expression systems. For example, yeast and marnrnalian cells can be used as 

expression systems. 

The advantage of purified enzymes and cDNA-based expression systems is that they 

allow us to determine if a pmicular enzyme is capable of catalyzing the metabolisrn of a 

xenobiotic without confounding by the activity of other enzymes (e-g. as it occurs in 

microsornal preparations). The disadvantage is the difficulty in evaluation of observed 

catalytic rates from a quantitative perspective. The latter should especially take into 

accoun! the level of expression of the particular enzyme under investigation. False 

negative results are likeiy: it may be difficult to optimize the experimental reconstitution 

conditions or cDNA expression which may result in a nonfunctional protein or low 

catalytic rates. Another limitation is thai this approach can be used only for those 

enzymes which were previously purified or have a diable cDNA expression system. 

It is recornmended that the conclusions on CYP-mediated metabolism of a compound 

should not be based on a single methodological approach (Guengerich & Shimada 199 1 ). 

In light of the potential limitations of each approach, a combination of several techniques 



is needed before the roie of a particular CYP enzyme can be confimed with reasonable 

confidence. 

The in vitro approaches are particularly useful to characterize the metabolism of 

procarcinogens and carcinogens due to the obvious limitations of snidies in humans. 

Some examples of (relatively) selective substrates and chemical inhibitors of different 

CYP enzymes are presented in Table 2. 

TABLE 2. Selected examples of index catalytic activities and chemical inhibitors used to 

characterize the CYP enzymes involved in drug metabolism. 

CYP Index cota 1 yric activin Inhibitor 

CYPI Al 7-ethoxy-resorufin O-deethylation a-naphthoflavone 
Benzo[a]pyrene hydroxylation 

CWlA2 Caffeine 3-demethylation 
Paraxanthine 7-demethy lation 
Phenacetin O-deethy lation 

Furafy lline 
(mechanism-based) 

Coumarin 7-hydroxy Iation Pilocarpine 

Toibutamide 4-methy lhydroxylation Sulfaphenazole 

(S)-mephen ytoin 4'-h y droxy Iation Omeprazole 

Bufuralol I '-hydroxylation Quinidine 
Debrisoquine Chydroxylation 
Dextromethorphan O-demethy lation 
Sparteine 2-h ydroxy lation 

CYP2E 1 Chlorzoxazone 6-hydroxylation Diethyldithio- 
carbarnate 

CYP3A Testosterone 6$-hydroxylation TroIeoandomycin 



1.7 In vivo approaches for characterizarion of drug metabolism 

1.7.1 Zn vivo studies in unimals 

It is possible to conduct in vivo studies in knock-out animals whose genes are engineered 

to lack different drug metabolizing enzymes. Certain inbred strains of animals that have a 

slower drug metabolism capacity are also available for in vivo studies. For example, 

fernale Dark Agouti rats lack the hinctional CYPZDl (rat equivalent of CYP2D6 in 

humans) protein due to a mutant allele which interferes with gene transcription and was 

proposed as an animal mode1 for the CYP2D6 poor metabolizer phenotype in humans 

(Matsunaga et al. 1989, Al-Dabbagh et al. 1981). The animal models are discussed in 

further detail in chapter 2 in relation to the CYP2D6 enzyme. 

1.7.2 In vivo studies in humans 

In vivo methodologies similar to those in vitro can be utilized to determine the 

contribution of the candidate enzymes to systemic clearance of a new medication in 

humans. These include panel studies in individuals who have a differential expression of 

a particular metabolic pathway due to genetic polymorphism. cosegregation with the 

clearance of in vivo probes for different enzymes. correlation with changes in the activity 

of metabolic pathways after administration of previously characterized inhibitors and 

inducers (Watkins 1994. Dahl & Bertiisson 1993). 

1.8 Caveats for in vitro - in vivo extrapolations 

In vitro studies may identify those CYP enzymes that are likely to play a quantitatively 

important role for the metabolism of a xenobiotic in vivo. However, the results of in vivo 

studies may be different than those in vitro due to the following reasons: 



1.8.1 Multiplicity qf CYP enzymes and overlapping substrate selectivity 

The hg-metabolizing CYPs have broad and overlapping substrate selectivity. There is 

also considerable intenndividual variability in the amount of different CYP enzymes (Le. 

V-) and their affinity (Km) for a given substrane. The net metabolisrn by a given enzyme 

in vivo will depend. in part, on the relative &inities of the substrate to different enzymes 

as well as  the relative amount of each enzyme. Since cDNA-based expression systems 

and purified enzyme preparations provide an index of drug metabolism in the absence of 

other CYP enzymes. in vitro data obtained from these systems rnay not always predict 

drug metabolism in vivo. 

1.8.2 Differences between in vitro and in vivo xenobiotic concentrations 

Most xenobiotics undergoing phase 1 reactions are lipophilic in nature. This may lead to 

differential partitioning and accumulation of xenobiorics inside the cells where 

metabolism occurs. This can result in xenobiotic concentrations at the site of metabolism 

that are substantially different than the plasma free xenobiotic concentrations and from 

those used in studies in vitro. 

1.8.3 Exrrahepatic drug t~rrtc~holistn utrd sysremic factors 

Untii recently. the liver waï assumed a.. the quantitatively more important site where 

most drug metabolism reactions take place. However, there is evidence that drug 

metabolism occurs in extrahepatic tissues such as the gastrointestinal mucosa, the lungs 

and the brain (Bailey 1995. Watkins 1994, Kalow dr Tyndale 1992). Depending on the 

route of administration and the localization of the site of action, extrahepatic drug 

metabolism can contribute significantly to overall clearance of drugs as well as to 



therapeutic and toxic effects at the site of action (Bailey 1995, Lock 1995, Watkins 1994. 

Kalow & Tyndale 1992). Systemic factors such as circuIating hormones which are not 

present under in vitro experimental conditions aiso rnay affect the activity of the CYP 

enzymes, in particular those involved in the synthesis of endogenous chernicals of 

physiological significance (Okey 1990). This rnay result in discrepancies between the in 

vitro and in vivo metabolism. 

1.9 In vivo probes of dmg rnetabolism: rationale. clinical applications and 

limitations 

It is possible to obtain an in vivo index of the activity of a distinct CYP enzyme by 

measuring the plasma clearance of a probe which is predominantly metabolized by the 

corresponding CYP enzyme. Excretion rate of the probe in several biological fluids such 

as urine and saliva c m  also be used instead of plasma clearance. In some cases. altemate 

rnetabolic pathways which are quantitatively less important for clearance of a probe rnay 

provide information on additional enzyme activities - if the identity of enzymes 

catalyzing such alternate metaboiic pathways is well characterized and if sensitive 

analytical techniques are available to measure different metabolites (Jones et al. 1996. 

Gorski et al. 1994, Kalow & Tang 1993. Gu et al. 1992). 

In vivo probes rnay be useful for prediction of the plasma concentrations of those 

medications which are predominantly metabolized by one metabolic route, have a narrow 

therapeutic window and demonstrate a high inter-individual variability in plasma 

concentrations. This information rnay decrease the risk for drug toxicity and rnay allow 

the individualization of dmg treatment which can also be of economical benefit, if the 



price of the medication is unusually expensive (e.g. the new protease inhibitors used for 

the treatment of Acquired Immunodeficiency Syndrome). 

Historically, antipyrine and phenacetine represent the earlier in vivo probes used to 

measure the overail oxidative dnig metabolism capacity (Vesell 1979, Pantuck et al. 

1976). Phenacetin is no longer available for use in humans. A recent study found that 

antipyrine is metabolized by at Ieast six CYP enzymes including CYPlA2. CYP2B6. 

CYP2C8, CYP2C9, CYP2C18 and CYP3A4 (Engel et al. 1996). Therefore, a change in 

antipyrine plasma clearance is not specific and can reflect changes in catalytic activity of 

several enzymes. However. this may be advantageous for the clinicai evaluation of 

generd oxidative dmg metabolism capacity in patients. Antipyrine metabolism in vitro 

(Otton et al. 1982) and clearance in vivo (Eichelbaum et al. 1983) are not dependent on 

CYP2D6 activity. 

In the last decade. application of the in vitro and in vivo methodologies described 

previously allowed the development of seleetive probes to measure the activity of distinct 

CYP enzymes in vivo. For exarnple. similarities in response to known inducers and 

inhibitors of CYP3A subfamily were used to validate erythromycin breath test and urinary 

dextromethorphan N-demethylation metabolic ratio as CYP3A probes in vivo (Jones et 

al. 1996, Watkins 1994). Another strategy and presumably one of the central 

methodologies in probe development is to determine the stren,gh of association between 

the in vivo index (e-g. clearance of the proposed probe) and the activity andor the amount 

of immunoreactive CYP enzyme under investigation in the same individual. in a series of 



subjects. Research centres connected with organ transplantation facilities are ideal to 

appiy this approach. 

In vivo enzyme activity determinations are often subject to rnisinterpretation due to 

potential confounding factors which may affect the indices obtained by in vivo probes. For 

exarnple, if probe piasma clearance is k ing used as an in vivo index of drug metabolism. 

other pharmacokinetic factors such as hepatic blood fiow, volume of distribution. rend 

clearance and urine flow rate may also contribute to variability in probe clearance (Tang et 

ai. 1994). In other words, it is essential to remember that what is k ing  measured is an index 

of the enzyme activity. These confounders are inevitable due to the inherent nature of in 

vivo studies since if is not possible to administer the probes directly into the cells where 

dmg metabolism takes place and to collect and measure metabolites as soon as they are 

formed at the site of metabolism. Therefore. the events that occur, for exarnple, between the 

formation of a metabolite and its appearance in the unne will also be reflected in metabolic 

indices obtained in vivo. Although speculative and not technically possible at present. if it 

was possible to noninvasively measure the metabolites of a probe immediately after its 

metabolism in humans. that is. in "real tinie" in engineering terms, then the accuncy of in 

vivo approaches would have k e n  improved. 

The probe plasma clearance approach is rather invasive and may require intensive blood 

sampling which is cumbersome for use in a large sample of patients (e.g. in population 

phmacogenetic studies). A more practical and frequently used approach involves 

metabolic ratio (MR) detexmination. The MRs are usually calculated by dividing 

concentration of the parent compound and metabolite(s) in biological fluids (e.g. urine, 



saliva) collected over a course of usually 8 to 12 houn following the administration of a 

probe. It is also possible to derive MRs using different metabolite concentrations in the 

numerator and the denominator (Tang & Kalow1996). In theory, if the production of a 

metabolite is predorninantly mediated by a single form of CYP, then measurement of the 

metabolite alone following a fixed dose of the probe could suffice to obtain an index of the 

corresponding CYP enzyme activity. This rnay be desirable since it will be based on a single 

rather than two factors which can both be affected by other pharmacokinetic factors 

described previously. This rnay theoretically be advantageous especially in urinary MRs 

based on both parent compound and its metabolites, since they ofien have different 

lipophilicity. As a result, rend factors rnay have differential effects on excretion of parent 

compound and metabolites in the urine and rnay cause ermrs in MRs. The advantage of 

using a MR was discussed previously and has to do with the spread and resolution of the 

metabolic index under investigation (Inaba et al. 1983). For example. the numerator and the 

denominator in debrisoquine/4-hydroxydebrisquine and sparteine/2-dehydrosparteine 

urinary MRs. indices of CYP2D6 activity in vivo. demonstrate a negative correlation (Vinks 

et al. 1982, Inaba et al. 1981. Silas et al. 1980). As a result. the ratio (i.e. MR) has a larger 

spread than that would be observed by each factor alone. Hence, MRs rnay provide a higher 

resolution in evaluating inter-individual differences in h g  metabolism capacity (Inaba et 

al. 1983). In addition, incorporation of the parent compound in the ratio rnay allow 

adjustments for differences in probe dose used across diflerent studies which rnay facilitate 

cornparison of data obtained in different laboratories. 

It is also possible to derive in vivo indices for the catdytic activity of several enzymes using 

a single probe compound (e.g caffeine). Further discussion of the strategies and caveats 



for in vivo probe development are reviewed elsewhere (Tang & Kalow 1996. Watkins 

1994, Kalow & Tang 1993). 

In summary, drug metabolism is one of the most important deteminants of 

pharmacolcinetics and pharmacological effects of dmgs and other xenobiotics. There are 

several in vitro and in vivo methodologies to determine the CYP enzymes responsible for 

phase 1 dmg metabolism. Since the dmg-metabolizing enzymes will continue to exist in 

the future, understanding of mechanistic bais of variability in their expression would 

contribute to Our ability to predict the consequences of exposure to xenooiotics. If this 

information can be effectively communicated to clinicians and the dmg regulatory 

agencies, it may allow the development of new policies to prevent some of the hazardous 

consequences of xenobiotic exposure such as drug toxicity and carcinogenesis. in 

addition to such pragmatic applications. the study of variability in CYP enzymes within 

and across different species and populations would be useful to understand the evolution 

of different life foms and find some plausible explanations to teleological questions. The 

next chapter will focus on the genetic factors responsible for variability in CYP2D6 

activity and i î s  clinicai consequences. 



Cytochrome P450 2D6 Genetic Polymorphism: 

Mechanistic Basis and Clinical Consequences 



INTRODUCTION 

The genetically polymorphic cytochrome P450 2D6 (CYP2D6) enzyme metabolizes many 

psychotropic medications as well as antiarrhythmics, analgesics and dmgs of abuse and 

demonstrates signifcant inter-individual as well as inter-ethnic differences in its expression. 

Understanding of the mechanistic bais of variability in CYP2D6 activity is important to 

explain the variability in pharmacokinetics and pharmacological effects of CYP2D6 

substrates in different populations. This may also help to evaluate the biological plausibility 

of epidemiological associations between variability in CYP2D6 expression and prevalence 

of certain pathological conditions such as lung cancer. 

2.1 Genetic polymorphisms in drug metabolism: phenotypical and allelic definitions 

In literature, polymorphism means "... occumng in many foms". In biology, the term 

polymorphism was first proposed by Ford ( 1940): "... polymorphism may be defined as 

the occurrence together in the same habitat of two or more discontinuous foms of a 

species in such proportions that the rarest of them can not be maintained merely by 

recurrent mutation". refemng to. in fact. variability in morphological differences in a 

species and to the frequency of the varianis. 

Genetic polymorphism in drug metabolism refers to a "Mendelian or monogenic trait that 

exists in the population in at lest two phenotypes (and presumably at least two 

genotypes). neither of which is rare - that is. neither of which occun with a frequency of 

less than 1 to 2%" (Vogel & Motulsky 1986). The definition of the minimum frequency 

threshold (Le. 1-2%) is arbitrary and aims to emphasize that pharmacogenetic 

polymorphisms are rare and different from those due to recurrent spontaneous 



mutations occuring at much lower frequencies (Kalow 1993, Meyer 1991). A 

characteristic feature of the inbom genetic polymorphisms in dmg metabolism is 

considerable inter-individual as well as inter-ethnic differences in metabolic capacity 

(Kalow 1991). They are usually biologically silent and do not present an evolutionary 

disadvantage or result in disease. This allows the maintanence of the less frequent 

phenotype at or above the 1 to 2% frequency level. Their clinical manifestations occur 

only when exposed to a xenobiotic elirninated by the genetically polymorphic route. This 

is in contrat to genetic variability in recepton which presents clinically often early in life 

with a disease state (Kalow 1993). Although pharmacogenetic variability in receptors or 

related post-receptor structures may be less frequent in healthy populations compared to 

the genetic polymorphism rate in CYP genes, availability of molecular biology techniques 

may allow their identification and charactet-ization in the future. In addition, since genetic 

variability in receptors often presents with disease. studies in patient populations as 

opposed to in healthy individuals may facilitate their identification. This "asyrnrnetry" of 

pharmacogenetics for pharmacokinetic and pharmacodynamic factors and the underlying 

theoretical reasons in relation CO drug metabolizing enzymes and recepton are discussed 

in further detail elsewhere (Kalow 1993 1. 

Evident in the definition of pharmacopnetic polymorphism described above is the 

emphasis on phenotype. An al temati ve definition of pharmacogenetic pol ymorphisms 

based on allele frequency (Jackson et al. 1991, Meyer 199 1) was also proposed. The 

allelic dcfinition borrows from the field of population genetics. For example, Harris 

( 1980) proposed that a genetic polymorphism occurs if '... commonest identifiable allele 

(p) has a frequency no greater than 0.99'. This allelic definition, in fact, results in a 



profound change in the cnteria for prevaience of the rare phenotype: according to the 

allelic definition, if 1% is accepted as the lower lirnit for the frequency of the rarest allele 

(q) and when the Hardy-Weinberg law is applied + 2pq + q' = 1.0) assuming that the 

least cornmon phenotype (q') occun when in the homozygous state for the rarest allele. 

this phenotype would occur in only 1 out of 1 0  individuals. This would result in a 

phenotype that is 100 times less frequent than the one proposed by the phenotypic 

description ( 1 / 100). 

It was pointed out earlier that if the goal of phammcogenetic studies is to investigate the 

clinical relevance of large inter-individual differences in drug metabolism, phenotype- 

based definition may be more applicable (Jackson et al. 1991). On the other hand, if the 

goal is to use genetic polymorphisms as anthropological tools to study the evolution of 

the species and differences in response to xenobiotics between populations. a definition 

incorporating both allelic variations and phenotype may be more appropriate to allow 

understanding at a molecular and mechanistic leveI (Jackson et al. 1991. Meyer 199 1). 

2.2 Dircove n> of CYP2 D6 generic poiytorphism: A historical perspective 

In 1970s, dunng a phamacokineric study of the antihypertensive agent debrisoquine. a 

subtherapeutic dose resulted in an unexpected and profound decrease in blood pressure of a 

study subject who, in fact. was one of the study investigators (discussed in Meyer et al. 

1990). In 1977, Smith. Idle and colleagues in London. Engiand, found a birnodal frequency 

distribution for the debrisoquine inetabolic ratio (MR) measured in 8 hour urine following a 

single 10 mg oral dose (Mahpub et ai. 1977a Mahgoub et al. 1977b). The M R  was 

caiculated as the ratio between the debrisoquine and its major metabolite, 4- 



hydroxydebrisoquine. Therefore, an increase in MR would reflect a decrease in the 

metabolism of debrisoquine. Out of 94 subjects studied by Mahgoub et al.. (1977a) three of 

them had an unusually high MR (> 2 1) and were poor metabolizers (PM) of debrisoquine 

while the rest were designated as extensive metabolizers (EM). Further investigation of this 

unexpected discovery found positive associations between the hypotensive response to 

debrisoquine and the plasma debnsoquine concentrations as well as the amount of 

unchanged h g  excreted in urine (Idle et al. 1978. Silas et al. 1977). In 1979, Eichelbaum 

and colleagues in Bonn. Germany. independently discovered a genetic defect of drug 

metabolism related to the oxytocic agent sparteine. Later, it became clear that the PMs of 

debrisoquine were also PMs of sparteine (Evans et al. 1983. Eichelbaum et al. 1982, Inaba 

et ai. 1980). 

Subsequent family studies indicated that debrisoquine/sparteine rnetabolic phenotype is a) 

under monogenic control b) not altered by environmental factors c) PMs are hornozygous 

for a recessive gene d) EMS are hornozygous or heterozygous for a dominant gene 

(Steiner et al. 1985. Evans et al. 1983. Evans et al. 1980). A suggestive evidence for 

possible involvement of a CYP enzyme in debrisoquine/sparteine genetic polymorphism 

was provided by an in vitro study: debrisoquine Chydroxylation was dependent on 

NADPH and was inhibited by carbon monoxide in hepatic microsornes obtained from 

EMS of debrisoquine (Davies et al. 1 98 1 ). Furthemore, debrisoquine/sparteine genetic 

polymorphism was not associated with a general impairment in oxidative dmg 

metabolism: Meier et al. (1983) using liver micro~omes obtained from subjects 

phenotyped in vivo found that total P450 content, NADPH reductase activity and various 

mixed function oxidase activities (e.g. aryl hydrocarbon hydroxyiase) were not altered in 



PMs of debrisoquine. The possibility of a defect in a specific CYP enzyme stimulated the 

further investigation of the putative mechanism(s) of the enzymatic defect. 

2.3 Mechanistic bais  of CYP2D6 genetic pol-morphism 

2.3.1 Biochernical studies 

In theory, an enzymatic defect cm be a refiection of alterations in different cellular events 

such as changes at the encoding gene andor gene products (e.g. mRNA and enzyme 

protein) (Meyer et al. 1990). In some cases. pretranscription events controlling gene 

expression or changes in rate of production of the prosthetic group (e-g. heme) necessary 

for function of the apoprotein may also affect enzymatic activity (Okey et al. 1994. 

Jayarama Bhat & Padmanaban 1988). Since most molecular biology tools were not 

readily available at the time. the initial studies on the mechanistic basis of 

debrisoquine/sparteine polymorphism started at the protein level. An important task was 

to test the alternative hypotheses of whether the PM phenotype occured due to a) 

quantitative or b) qualitative defects in a CYP enzyme. 

Earlier studies found that the metabolism of the beta-adrenoreceptor antagonist bufurolol 

is related to debrisoquine oxidation in vitro (Minder et al. 1984) and in vivo (Dayer et al. 

1982). Interestingly, bufurolol displayed a preferential stereoselective in vitro metabolism 

of the (+)-stereoisomer to I '-OH-bufuraloi in EMS but not in PMs (Dayer et al. 1984). 

For example, the ratio of I '-OH-bufuralol formed from (-)-bufural01 versus (+)-bufuralol 

ranged from 0.3 1 to 0.63 in EMS and 0.70 to 0.83 in PMs. (Dayer et al. 1984). 

Furthermore, in PMs. the Km values for bufuralol oxidation was 4- to 5-fold higher than 

that observed in EMS (Dayer et al. 1984). Subsequent studies purified a CYP from human 



liver which displayed a high catalytic activity for the oxidation of (+)-bufuralol, 

debrisoquine or desipramine (Birgersson et al. 1986, Gut et al. 1986, Distlerath et al. 

1985, Gut et al. 1984). The kinetic andysis of the in vitro hepatic microsornai metabolisrn 

of bufurai01 (Dayer et al. 1987, Kronbach et ai. 1987) debrisoquine (Kronbach et al. 1987, 

Boobis et al. 1985) and sparteine (Tyndale et al. 1989) indicated the presence of both 

hi@- (quinidine sensitive) and low-affinity components. The development of antibodies 

against the rat C W D l  (rat equivalent of CYP2D6) which also recognized the human 

CYP2D6 allowed further biochemical characterization of the debrisoquinelsparteine 

genetic polymorphism (Zanger et al. 1988, Gonzaiez et al. 1988a, Gonzalez et al. 1987). 

Zanger and colleagues (1988) using liver samples obtained from individuais phenotyped 

in vivo for debrisoquine or sparteine found a significant correlation between the 

maximum velocity (V-) of (+)-bufural01 hydroxylation and the arnount of protein 

detected in Western blotting using the antibodies raised against the rat (r  = 0.95. p 

~0.001). Furthermore, in liver samples obtained from PM subjects. no immunoreactive 

protein could be detected (Zanger et al. 1988). Therefore. these data provided evidence 

that the impaired oxidative metabolism of debrisoquine and sparteine in PM subjects was 

due to absence of the enzyme (Zanger et al. 1988). 

2.3.2 Molecular and genetic stlidies 

Gonzalez et al. (1988b) cloned a cDNA from human liver using the CYP2D6 antibody 

described previously. The predicted NH2 terminal amino acid sequence of the protein 

comsponding to this cDNA was also shown to be consistent with the NHI terminal 

sequence of the purified CYP enzyme with a high catalytic activity for bufuralol 1'- 

hydroxylation (Gut et al. 1984). Furthermore. the catalytic properties of the protein 



obtained by functional expression of the cloned cDNA were similar to the purïfied 

CYP2Dl enzyme and human hepatic rnicrosomai activity for bufùralol hydroxylation 

(e.g. potent inhibition by quinidine and stereoselective metabolism of (+)-bufuralol) 

(Gonzalez et ai. 1988a). Eichelbaum et al. (1987) by linkage anaiysis showed that the 

human CYP2D6 gene is locaiized to chromosome 22. Kimura et al, (1989) further 

characterized the human CYP2D gene locus by analysis of a genomic library obtained 

from lymphocyte DNA of an EM who was confimed to be homozygous for the wild type 

allele by pedigree analysis. Accordingly. the CYPZD locus contains three genes, namely 

CYP2D6, CYP2D7 and CYPZD8 (Kimura et al. 1989). The CYP2D6 gene consists of 9 

exons and 8 introns located on an approximately 45 kbp stretch of the long arm of 

chromosome 22. The CYP2D7 contains an insertion within its first exon which results in 

a disruption in the reading frame. The CYPZD8 contains several insertions. deletions and 

termination codons within its exons. There is more than 90% homology between the three 

CYP2D genes but only the CYP2D6 is expressed. The CYPZD7 and CYP2D8 do not 

produce an mRNA capable of translating a functional CYP2D6 enzyme protein. and thus, 

are considered as pseudogenes (Kimura et al. 1989). 

Two mutant CYP2D6 alleles (CYPZD6A and CYPZD6B) and a CYPZD geene locus 

characterized by the deletion of the entire CYPZD6 gene (CYPZD6D) were later identified 

by direct sequencing of the leucocyte DNA obtained frorn PMs phenotyped in vivo 

(Gaedigk et ai. 199 1. Hanioka et al. 1990, Kagimoto et ai. 1990). The CYP2D6A allele 

has a single adenine (A2bf7) nucfeotide deletion in exon 5 and causes a frame shift 

(Kagimoto et al. 1990). The CYP2D6B allele contains seven point mutations. four of 

which cause amino acid changes and one at a splice site consensus sequence (Gisw + A) 



causes a defect in splicing of rnRNA (Gough et al. 1990, Hanioka et al. 1990, Kagimoto 

et al. 1990). There is no detectable CYP2D6 activity in PMs carrying CYPZD6A. 

CYP2D6B or CYP2D6D alleles (Daly et al. 1996a). Another mutant allele, CYP2D6C. 

has a three base pair deletion at the 3' end of exon 5 of CYPZD6 which results in loss of a 

lysine residue (Lyszsi) (Tyndale et al. 1991a). The CYP2D6C allele codes a CYP2D6 

protein with decreased catalyic activity (Broly & Meyer 1993, Tyndale et al. 1991a). In 

Caucasians, the CYPZD6B is the most frequent mutated allele and accounts for 

approximately 19% of al1 CYP2D6 alleles while the CYP2D6D (= 4%). CYP2D6A (s 

1.5%) and CYPZDoC (cl .O%) occur at much lower frequencies (Daly et ai. 1996b). A 

combination of polymerase chain reactions using prîmers specific for the wild type and 

mutated alleles (CYP2D6A and CYP2D6B) and restriction fragment length polymorphism 

analysis using Xba I allow the prediction of debnsoquine/sparteine metabolic phenotype 

with more than 95% accuracy in Caucasian subjects (Broly et al. 199 1). 

The mutated aileles for CYP2D6 described above were identified in Caucasian 

populations. In the last six years. many other mutant alleles were reported in Caucasian 

and other ethnic groups (e-g. CYPZD6E. CYP2D6F. CYP2D6G. CYP2D6L CYPZD6T. 

CYP2D6Ch 2 ,  CYPZD6ChZ. CYPZD6J etc.) (Daly et al. 1996a, Daly et al. I996b). As a 

result of the increasing number of mutated alleles. a formal nomenclature for CYPZD6 

alleles was recently recommended (Daly et al. 1996a). 

2.4 Nomenclature for CYP2D6 alleles 

The trivial narnes for the CYP2D6 alleles were identified by a letter after the gene narne 

(e.g. CYP2D6AT CYP2D6B). According to the new nomenclature, al1 alleles are named in 

italicized form as CYP2D6 followed by an asterisk (CYP2D6*). Individual alleles are 



specified by an Arabic numeral or an Arabic numerai followed by an upper case Latin 

letter (e.g. CYPZD6% CYP2D6*4A) (Daly et ai. 1996a). No spaces are allowed between 

the gene, astensk and the allele. It was recommended that a CYP2D6 allele should have 

"... a base change(s) that has an effkct on transcription, splicing, translation. 

postaanscriptional or posttranslationd modifications or results in at least one amino acid 

change" (Daly et al. 1996a). For any new allele. the sequence of ail 9 exons in CYP2D6 

gene locus as well as 10 to 50 bp of flanking introns and effects on activity in vitro or in 

vivo should be established (Daly et al. 1996a). Alleles which differ only by a silent base 

substitution may be classified separately if it has evolutionary significance (Daly et al. 

1996a) (see section 2.5). The names of the known CYP2D6 alleles in Caucasians are 

presented using the new nomenclature in Table 3 (Daly et al. 1996a). Other mutated 

alleles occumng in nonCaucasian populations are discussed in section 2.5. 

The restriction fragment length polymorphism analysis and XbA I haplotypes are useful 

only for the identification of the CYP2W*5. Therefore, Xba I haplotypes are not used to 

narne the CYP2D6 alleles in the new nomenclature. Multiple copies of the CYPZD6*2 

allele may occur in certain populations which results in an increased CYP2D6 activity 

(Akiillu et al. 1996, b v l i e  et al. 1996, Dahl et al. 1995, Bertilsson et al. 1993. Johansson 

et al. 1993). This rnay have clinical relevance for differential diagnosis with 

noncornpliance to medications. treatment resistance and associations with disease States 

(see section 2.1 2 ). 



TABLE 3. New nomenclature for the CYP2D6 alleles in Caucasims 

Allele Key rnutatiun(s) Trivial name CYP2D6 activity 

none wiid-type normal 

CYP2D6 deletion 

deletion 

CYP2D7PKYPZD6 hybnd 
exon 1:  (CYP2D7P); 
exons 2 to 9: (CYPLD6) 

CYP2D7P/CYP2D6 hybrid 
exons I to 7: (CYP2D7P) 
exons 8 and 9: (CYP2D6) 

CYP2D6L decreased 

increased 

none 

none 

none 

none 

none 

none 

decreased 



2.5 Inter-ethnic variabile in CYP2D6 expression 

There is marked variability in CYP2D6 activity between different ethnic groups. 

However, inter-ethnic variability in dnig metabolism is not limited only to CYPZD6. 

Differences in response to and metaboiism of medications and xenobiotics in different 

populations have been noticed for a considerable period of time. A historical example is 

the frequent occurrence of haemolysis afier primaquine treatment in Black soldiers of the 

U.S. army during the Second World War. In order to put the inter-ethnic variability in 

CYP2D6 activity in a broader perspective. let us cntically examine the basis of variability 

in drug metabolism among different races and populations. 

2.5.1 Phannacoanthropoiogy: definirion and rutionale for the srudy of inter-ethnic 

variability in drug rnetubolism 

Pharmacoanthropology is defined as the interdisciplinary study of variability in response 

to, or in metabolism of, xenobiotics between different ethnidracial groups or populations 

(Kalow 199 1. Kalow 1984). Vogel and Motulsky ( 1986) in their book on human genetics 

define 5 races including Bushmen of Afnca. Australian Aborigines. Mongoloids. 

Negroids and Caucasoids. The first two races represent smaller populations. The 

evolutionary genetic distances between the Negroid, the Mongoloid and the Caucasoid 

races were estimated using blood groups and a number of other genetic loci (Nei & Saitou 

1986). Accordingly. the CaucasoidlMongoloid race separated from the Negroid race 

approximately 150 000 years ago. Separation of Caucasoids from Mongoloids is more 

recent, about 40 000 to 60 000 years ago (Nei & Saitou 1986). The inter-racial genetic 

differences may lead to qualitative and quantitative differences in alleles encoding drug 

metabolizing enzymes and thus, may explain part of the variance in dmg metabolism 



between different ethnic groups. It is believed that CYPs with exogenous substrates are 

evoived to detoxify plant toxins (Gonzalez & Nebert 1990). The variability in dietary 

habits and extent of exposure to different xenobiotics might have also resulted in variable 

environmentai pressures between different ethnic populations dunng the evolution of 

CYP enzymes. 

2.5.2 Inter-ethnic variability in CYP2D6 expression: differences in phenompe and 

molecular b a i s  

In a large sample heaithy Swedish Caucasian subjects (n = 101 1), 69 (6.8%) had a 

debrisoquine metabolic ratio greater than the antirnode ( 12.6) separating EMS and PMs 

and were classified as PMs (Bertilsson et al. 1992). The frequency of PMs and the 

distribution of debrisoquine MRs are fairly homogenous across different Caucasian 

populations from Europe and Nonh America (Alvan et al. 1990. Nakarnura et al. 1985). 

In Japanese subjects (n  = 100). Nakamura et al. (1985) could not find PMs of 

debrisoquine while the prevalence of PMs among Caucasian subjects was 8.74 (16/183) 

in the same study. In a sample of 695 unrelated Chinese subjects, Bertilsson et al. ( 1992) 

could find only 7 (1  .O%) PMs of debrisoquine. The prevalence of PMs was sirnilar in four 

different Chinese populations (Han. Mongolian. Wei. Zang): 1.08% (3/279). 0.78% 

( 111 28). 0.65% (11153). 1.48% ( W  35). respectively (Bertilsson et al. 1 992). In addition 

to the different prevalence of PMs between Oriental and Caucasian populations, the 

debrisoqui~ie MR is shifted towards higher values (Le. a "right shift") in Orientais. 

indicative of a lower CYP2D6 activity (Bertilsson et al. 1992). For example, most 

Caucasians have a debrisoquine MR less than 1 .O while the Oriental subjects tend CO have 



a MR greater than 1.0 (Bertilsson et al. 1992. Kalow 1991). Consistent with a lower 

CYP2D6 activity, Chinese subjects had 52% highcr plasma concentrations of haloperidol 

(in part metabolized by CYP2D6) compared to Caucasians following a fixed dose (Potkin 

et al. 1984). 

In contrast to Caucasians, the CYP2D6*3 (CYP2D6A) and CYP2D6*4 (CYP2D6B) 

alleles are almost completely absent in Orientals (Johansson et al. 1994. Wang et al. 

1993). The molecular basis of the right shift in debrisoquine MRs in Orientais was 

recently elucidated by cloning and characterization of the CYP2D loci in Chinese subjects 

(Johansson et al. 1994). Two variant mutated alleles narned CYP2D6Chl and 

CYPZD6Ch2 were identified (Johansson et al. 1994). The key mutation in CYP2D6Chl 

allele is a cla8 + T base change in exon 1 which leads to pro3' + Ser amino acid 

substitution in a highly conserved region (Pro-Pro-Gly-Pro) charactenstic of CYP 1 and 

CYPZ families (Johansson et al. 1994. Nelson & Stobel 1988). This "PPGP tetrapeptide 

sequence appears to be critical for the stability of enzyme activity (Szczesna-Skorupa et 

al. 1993. Higashi et al. 199 1 ). Therefore. CYPZD6Ch I allele does not result in a complete 

loss of CYP2D6 enzymatic activity. but rather an unstable enzyme with 10-fold lower in 

vivo catalytic activity compared to the wiid type enzyme (Johansson et al. 1994). The 

CYPZD6Ch I allele is the most frequent mutated allele and is present in approximately 

5 1 % of al1 Chinese dleles (Johansson et al. 1994). As the CYP2D6Chl allele shares three 

of the seven point mutations (including + T) in the CYP2D6*4 (CYP2D6B) allele 

pnmarily found in Caucasians. it was proposed that they might have onginated from the 

same aIlele (Johansson et al. 1994). 



The CYPZD6Chî allele contains. in addition to the CI*' + T mutation in exon 1. a 49 

base sequence denved from the CYP2D7P in exon 9 (Johansson et al. 1994). In contrast 

to the CYP2D6Chl. the CYP2D6ChZ results in an enzyme which is practically inactive 

(Johansson et al. 1994). 

In Japanese subjects, a mutated allele (CYP2D6J) sharing the same key mutation (cl8* + 

T) with the CYPZD6Chl allele was reported (Yokota et al. 1993). The current 

nomenclature for the alleles found in Oriental populations is presented in Table 4. 

TABLE 4. New nomenclature for the CYP2D6 alleles in Orientais 

Allele Kev rnutarion(s) Trivial name CYP2D6 activitv 

CYP2D6*lUA Ci88 -) T CYP2D6J decreased 

CYP2D6* I OB Ci88 + T CYP2D6Ch 1 decreased 

Cl88+ Tand 
gene conversion to 
CYP2D7P in exon 9 of 
CYP2D6 

Adapted fmm Daly et al. 1996a and Johansson et al. 1994. 

In cornparison to Caucasian and Oriental populations. other ethnic groups are less well 

characterized with respect to metabolisrn of CYP2D6 substrates. An early study in 

Egyptians found a lower prevalence of PM subjects (- 1-06 ,  I out of 72) (Mahgoub et 

al. 1979). Another interesting finding in the sarne study was a shifi in debrisoquine MR 

towards lower values (Le. a left shift ?) among Egyptian EM subjects, suggesting a higher 

CYP2D6 activity (Mahgoub et al. 1979). 



In a sample of 154 healthy unrelated subjects in Ghana, Woolhouse et al. ( 1985) found no 

PM of CYP2D6 as determined by the sparteine MR. Surprisingly, when the same subjects 

(n = 141) were assessed for the debrisoquine MR, 10 appeared as PMs of debrisoquine 

(Woolhouse et al. 1985). The rnolecular bais  of this dissociation between the sparteine 

and debrisoquine metabolic phenotype is still unclear. Another study in an African 

population, the black Venda trïbe in South Afnca, the distribution of debrisoquine MRs 

was shifted to the right, similar to Orientais (Kalow 199 1, Sommers et al. 199 1). A recent 

study in Ethiopians M e r  points out the heterogeneity of black Afncan populations with 

respect to CYP2D locus (Aklillu et al. 1996). Only 1.8% of the LIS Ethiopian subjects 

were PMs of debrisoquine and 16% carried the CYP2D6*IOB (CYP2D6Chl) allele 

characteristic for Oriental populations (Aklillu et al. 1996). The CYPZD6*17 (CYP2D62) 

allele associated with a decreased CYP2D6 activity (fint described in a black 

Zimbabwean population: Daly et al. 1 W6a. Masimirembwa 1995) was present in 1 8% of 

the Ethiopian subjects. Importantly, 29% of the subjects in the study carried alleles 

associated with ultrarapid metabolism of CYP2D6 substrates (Aklillu. et al. 1996). This 

suggests that Ethiopians may develop subtherapeutic plasma concentrations with dmgs 

predorninantly metabolized by CYP2D6. 

In a sarnple of 106 black American children (64 healthy and 42 with cancer). the 

prevalence of PMs was 1.9% (Relling et al. 1991). A recent study by Marinac et ai. 

(1995) among healthy unrelated adult black North Americans (n = 99) found a 6.1% 

prevalence for PMs which is within expected range for Caucasian populations. It is 

possible that the data reported by Relling et al. rnight have been confounded by inclusion 

of subjects with cancer. In addition, the study by Woolhouse et al. described above points 



out the need for characterization of inter-ethnic differences in drug metabolism by more 

than one probe before diable conclusions can be made. 

At a rnolecular level, when the Caucasian, Oriental and AfncadNorth American black 

populations are compared, the available data indicate that the CYP2D6*4 allele is present 

primarily in Caucasians while the prevalence of the CYP2D6*5 allele is similar among 

the three races (Johansson et al. 1994, Evans et al. 1993, Masimirembwa et al. 1993). 

Further understanding of the rnolecular mechanisms of inter-ethnic differences in the 

metabolism of CYP2D6 substrates are needed. 

2.6 Ontogeny of CYP2D6 expression in human liver 

There are few data available with respect to the ontogeny of CYP2D6 expression in 

humans. The CYP2D6 activity and protein content in the fetal liver are very low or 

undetectable (Jacqz-Aigrain & Cresteil 1992). In contrast. CYP2D6 mRNA is present 

before birth and reaches adult levels after 30 weeks of gestation (Jacqz-Aigrain & Cresteil 

1992). In neonates within the fint 24 hours of birth. CYP2D6 activity and protein 

concentration are approximately 5% of that in adults but start increasing between the 2nd 

and 7th days of life (Jacqz-Aignin & Cresteil 1992). The "surge" in CYP2D6 activity 

and protein is independent of the gestational age at birth and appears to be tnggered by 

birth (Jacqz-Aigrain & Cresteil 1992). In infants 4 weeks to 5 years. the CYP2D6 activity 

in the liver is approximately 50% of the adult level (Jacqz-Aigrain & Cresteil 1992). The 

data are missing with respect to the time course of changes in CYP2D6 expression in 

later stages of Iife but an in vivo study suggests that CYP2D6 activity is similar in 



younger adults and the elderly (Pollock et al. 1992). The ontogeny of CYP2D6 expression 

in tissues other than liver is not known. 

2.7 Animal models of CYP2D6 genetic pol~morphîrm 

An animal model for CYP2D6 genetic polymorphism would have value in screening for 

dmgs metabolized by CYP2D6, test the importance of CYP2D6-mediated drug 

metabolism in tissues which are not readily accessible in humans (e.g. brain) and the long 

term behavioraüclinical consequences of variability in CYP2D6 expression (eg. 

predisposition to certain foms of cancer). The female dark agouti (DA) rat was proposed 

as an animal model of the PM phenotype for CYP2D6 (Al-Dabbagh et al. 1981). 

Accordingly. after an oral dose of debrisoquine (5 mg.kg"). the % of dose excreted as 

unchanged debrisoquine in 0-24 hour urine ranges 3 1% to 53% in the inbred female DA 

rat and 3% to 17% in females of the six other rat strains (MGUS, BN, Fischer, Lewis, 

PVG and Wistar) (AI-Dabbagh et al. 198 1 ). This inter-strain difference in debrisoquine 

metabolism is more pronounced at low substrate concentrations. presumably due to the 

saturation of CYP2D 1 at high substrate concentrations in non-deficient strains (Barharn et 

al. 1994). The impairment of debrisoquine metabolism is not absolute in the DA rat with 

males demonstrating a higher activity compared to females (Matsunaga et al. 1989). A 

single mutant allele resulting in a defect in the transcription of the CYP2DI gene. the only 

member of the CYP2D subfarnily in the rat capable of metabolizing bufuralol. was shown 

to be responsible for the impaired metabolism of debrisoquine in the DA rat (Matsunaga 

et al. 1989). However. there appear to be other defects in CYP expression in the female 

DA rat (e.g. within the C Y P X  or CYP3A subfarnily) (Barharn et al. 1994). 



In humans. the molecular basis of CYP2D6 genetic polymorphism is based on the 

presence of multiple mutated alleles in the CYPZD locus resulting in quantitative and/or 

qualitative changes in CYP2D6 catalytic hinction (Daly et al. 1996a). Therefore, the DA 

rat is more likely to serve as an animal mode1 for the functional (i.e. metabolic) aspects of 

the PM phenotype as an early screen for CYPZD6 substrates during dnig development. 

The crab-eater monkey (Macaca farccularlr) and the African green monkey 

(Cercopithecus aethiops) were also proposed as animal models to study CYP2D6 genetic 

polymorphism (Otton et al. 1992. Jacqz-Aigrain et al. 1991. Jacqz et al. 1988). Jacqz et 

al. (1988) found a large variability Ni vivo in debrisoquine Chydroxylation between 

mon key s (Mucaca fascicularis) . Later. simil arities for CYP2D6 k t  ween human and 

monkey with respect to catalytical and irnmunological properties were docuniented in 

vitro (Otton et al. 1992. Jacqz-Aigrain et al. 1991). Since monkey is more close to 

humans in evolution. the monkey models rnay be very desirable to study CYP2D6 genetic 

pol ymorphism both for metabolic and behavioral aspects. 

Although the availability of cDNA-expressed CYP enzymes may determine if a dmg can 

be metabolized by a particular CYP enzyme. the quantitative importance of each 

metabolic route needs further studies with rnicrosornal preparations. These animal models 

rnay serve as an abundant source of microsornes from different tissues such as the liver. 

the intestine and the brain. 

2.8 CYP2D6 substrates 

The research efforts in the last two decades since the fîrst description of 

debnsoquindsparteine genetic polymorphism resulted in identification of many other dmgs 



subject to sarne genetic polymorphism. Some of the well-known CTPZD6 substrates are 

presented in Table 5. 

TABLE 5. Selected CYP2D6 substrates 

Drug name Reference 

amitripty line MeIIstrom et al. 1983 
Otton et al. 1983 
Breyer-Pfiiff et al. 1992 

D-amphetamine Smith 1986 

4-methoxyamphetamine Kitchen et al. 1979 

chlorpromazine 

clomipramine 

codeine 

debrisoquine 

desipnmine 

Dayer et ai. 1982 
Minder et al. 1984 

Otton et ai. 1983 
Muraiidharan et al. 1996 

Balant-Gorgia et al. 199 1 

Dayer et al. 1988 
Yue et al. 1989 

Mahgoub et al. 1977a 
Mahpoub et al. f 977b 

Benilsson & Aberg~is tedt  1983 
Otton et al. 1983 
Spinri et al. 1984 

desmeth y IcitaIopram Sindrup et al. 1993 

dextromethorphan Küpfer et al. 1984 

di h ydrocodeine Fromm et al. 1995 

encainide Wang et al. 1984 

fluvoxarnine Carrillo et al. 1996 

flecainide Haefeli et al. 1990 



TABLE 5. Selected CYP2D6 substrates (continued) 

haloperidol (reduced) 

h ydrocodone 

imipramine 

methylenedioxy- 
rnethamp hetamine (ecstasy ) 

metoprolol 

nortriptyline 

LIerena et al. 1992a 
LIerena et al. 1992b 

Tyndale et aI. 1991b 

Otton et al. 1993a 

Madsen et al. 1995 
Otton et al. 1983 

Lennard et al- 1982 
McGourty & Silas 1985 

Otton et al. 1983 
Nordin et al. 1985 

ondansetron Fischer et al. 1994 

paroxetine Sindrup et ai- 1992a 
Sindrup et al. 1992b 

perhexiline Cooper et al. 1984 

perphenazine Dahl-hustinen et al. 1989 

phenformin Oates et al. 1982 . 

propafenone Kroemer et al- 1989 

propranolol Lennard et al. 1984 

risperidone iiucmp et al. 1993 

sparteine Eichelbaum et al. 1982 

thioridazine von Bahr et al. L99 1 

Lewis et al. 1985 
Edeki et al. 1995 

tropisetron Fischer et aI. 1994 

zuclopenthixoi Dahl et al. 199 la 



There are presumably many other dmgs that are subject to debrisoquine/spaneine 

polymorphism. In this context, a relevant methodologicai issue desemes emphasis: 

identification of genetic polymorphisms in metabolism of a new medication in vivo 

requires investigation of variability in concentrations of both parent compound and its 

metabolites. In light of the multiplicity of CYP enzymes and their broad and overlapping 

substrate selectivity, most dmgs are metabolized by more than one metabolic pathway. 

Therefore. even though one of the metabolic routes is subject to genetic polymorphism. 

parent compound concentrations in vivo may not be substantially affected by this 

polymorphism due to compensation by alternative rnetabolic pathways. On the other 

hand, rate of individual metabolite formation profile of the same drug may serve as a 

more sensitive measure to detect if the metaboiism of the dmg is subject to genetic 

polymorphism. A case in point is codeine. The predominant route of codeine 

metabolism is by glucuronidation. On the other hand. CYP2D6 catalyzes codeine O- 

demethylation to morphine (active metabolite) (Dayer et al. 1988). The latter accounts for 

only 10% of total codeine rnetabolism and yet is critical for its analgesic effects (Sindmp 

& Brosen 1995). Codeine O-demethylation coseggregates with debrisoquine 4- 

hydroxylation which might have remained unidentified if only the plasma concentrations 

of parent compound was used to test this association (Yue et al. 1989). 

2.9 Structure Act ive  Relationship for CYP2D6 Substrates 

In light of the important role of CYP2D6 in metabolism of a wide range of medications, it 

is necessary to know the stmctural features of the CYP2D6 enzyme that confers substrate 

selectivity. This knowledge would be helpful to a) identi@ those lead compounds in dmg 

development which may be subject to debrisoquinelsparteine type genetic polymorphism, 



b) prioriîize in vitro and in vivo expenments to determine the CYP enzymes mediating 

the metabolism of a new medication. 

A11 CYP2D6 substrates have a positively charged basic nitrogen atom which is Iocated 5 

to 7 A away from the site of metabolism and a hydrophobic region at or in close 

proximity to the site of metabolism (Koymans et al. 1992, Smith & Jones 1992, Islam et 

af. 1991, Wolff et al. 1985). The basic nitrogen is protonated at physiologicai pH since 

the pKa values of CYP2D6 substrates are greater than 7.4 (Table 6) (Smith & Jones 

1992). These observations have led ro the hypothesis that an electrostatic interaction with 

a negatively charged arnino acid residue at the active site of CYP2D6 rnight be criticai for 

binding and orientation of the substrate and thus, may confer regioselectivity for the 

catalytic reaction. Strucrural alignments and cornparisons with the X-ray crystal structures 

of soluble CYPs (e.g. P450c,) identified A S ~ ~ O '  as the putative binding site for the basic 

nitrogen atom of the CYP2D6 substrates (Hasemann et al. 1995. Koyrnans et al. 1993. 

Islam et al. 199 1 ). Using site-directed mutagenesis. Ellis et al. ( 1995) provided empirical 

evidence that the carboxylate group of AS$'' is important for the formation of an ion- 

pair with CYP2D6 substrates: replacement of the  AS^"' residue with neutral amino acids 

(e.g. glycine) resulted in a marked decrease in CYP2D6 catalytic activity. On the other 

hand, + GIU~'' substitution caused an increase in metoprolol [O-demethylation / 

a-hydroxylation] ratio indicating changes in regioselectivity of CYP2D6 (Ellis et al. 

1995). However, A S ~ ~ O '  does not appear to be essential for the enantioselectivity of 

CYP2D6 mediated reactions (Ellis et al. 1995). Recent molecular modeling studies based 

on structural alignment of CYP2D6 in relation to crystal structure of CYPlOZ obtained 

from Bacillus rnegatericm (Ravichandran et al. 1993) also identified and se?" as 



putative arnino acid residues responsible for regio- and enantio-selective metabolism of 

CYP2D6 substrates, respectively (Ellis et al. 1996). 

TABLE 6. CYP2D6 substrates and their pK, values 

Substrate pK= 

Codeine 8.1 

De brisoquine 12.9 

Dextromethorphan 

Encainide 

Flecainide 

Imipramine 

Metoprolol 

Propafenone 

Propranolol 

Reduced haloperidol 

S paneine 

Thiondazine 

TirnoIo1 

An interesting feature of CYP2D6 is that the requirement for an ion-pair formation for 

substrate binding is different compared to other CYP enzymes. For example. substrate 

binding and catalysis in CYP3A subfamily is dependent on the formation of hydrophobic 

bonds and not on electrostatic interactions (Smith & Jones 1992). Also, no structural 

similarities appear to exist among CYP3A substrates, unlike CYP2D6. The relative 



absence of structural and electrostatic constraints on substrate binding to C W 3 A  was 

used as a potential explanation for the lower selectivity and p a t e r  number of xenobiotics 

metabolized by CYP3A compared to that of CYP2D6 (Smith L Jones 1992). More 

definitive identification of the active site properties of C-6 awaits for the availability 

of a crystal form of CYP2D6, preferably in its substrate-bound fonn. The functional high 

level expression of CYP2D6. for example. using baculoviral expression systems, may 

allow the production of recombinant CYP2D6 for detailed X-ray crystallography snidies 

(Paine et al. 1996) 

2.1 O Stereoselectivity of CYPZD6-rnediated reactions 

The CYP2D6-dependent metabolism of several compounds demonstrates 

stereoselectivity. The preferential metabolism of the S(+)-bufurai01 by CYP2D6 was 

previously discussed. Metoprolol is another CYP2D6 substrate with differential 

stereoselective metabolism. In EMS. R-metoprolol is preferentially metabolized: the 

AUC for S-metoprolol is 35% higher than that for R-isomer (Lennard et al. 1983). In 

some cases. CYP2D6-mediated hydroxylation of compounds without a chiral atom can 

result in enantioselective metaboli te formation. For example, debrisoquine and 

nortriptyline are preferential 1 y metabol ized io S(+)-4-OH-debrisoquine and R(-)-E- 1 O- 

OH-nortnptyline, respective1 y I Dahl et al. 199 1 b. Eichelbaum et al. 1 988). Another 

characteristic feature of CYPID6 is stereoselective inhibition of its activity by 

quinidinelquinine (Otton et al. 19841). The in vitro inhibitory potency of quinine (Ki = 15 

PM) is two orders of magnitude less than its levo-rotatory stereoisomer quinidine (Ki = 

0.06 pM) (Otton et al. 1984a). 



2.1 1 Variability in CYP2 D6 expression und clinical conrequences 

2.1 1.1 Consequences for therupeutics 

In the context of pharmacotherapy, the clinical consequences of CYP2D6 genetic 

polymorphism can be considered at two levels of complexity. First level involves the 

consequences of genetic variability in CYP2D6 activity, to be discussed in this section. 

This will form the baseiine for discussions of the effects of environmental factors ( e g  

medications) on geneticdly determined CYP2D6 activity. The latter will be discussed in 

chapten 3 to 5. 

A self-evident reason for the clinical importance of CYP2D6 genetic polymorphism is the 

large number of medications that are metabolized by CYP2D6. The marked inter- 

individual and inter-ethnic variability in CYP2D6 activity result in considerable 

variability in plasma concentrations of medications predominantly metabolized by 

CYP2D6 between different ethnic groups and individuais (Dahl & Bertilsson 1993, 

Potkin et al. 1984). As a general nile, plasma concentrations of CYP2D6 substrates are 

higher in PMs compared to EMS (Edeki et al. 1995. Dahl & Bertilsson 1993, Dahl- 

Puustinen et al. 1989). Therefore. PMs are at risk for dmg toxicity upon treatment with 

medications predominantly inactivated by metabolism via CYP2D6 (Edeki et al. 1995. 

Kroemer & Eichelbaum 1995. Dahl & Bertilsson 1993, Dahl-Puustinen et al. 1989, Shah 

et al. 1982). On the other hand. prodrugs which need to be converted to their active form 

by CYP2D6, opposite ciinical consequences occur (Sindrup Br Brasen 1995). For 

exarnple, codeine does not produce analgesic effects in PMs or afier treatment of EMS 

with CYP2D6 inhibitors such as quinidine (Poulsen et al. 1996, Sindrup et al. 1996, 

Sindrup & Bnsen 1995, Sindrup et al. 1992~. Sindrup et al. 1991). 



In EMS, CYP2D6 activity varies more than 100-fold and results in considerable inter- 

individual variability in plasma concentrations of substrates. Moreover, amplification of 

the CYP2D6 gene may also ocur, leading to ultrarapid metabolism (LBvlie et al. 1996, 

Dahi et al. 1995, Bertilsson et al. 1993, Johansson et ai. 1993). The ultrarapid 

metabolizers are likely to develop subtherapeutic plasma concentrations (e.g. of 

secondary amine tricyclic antidepressants) which may be clinically misdiagnosed as 

"treatment resistance" or "lack of cornpliance to treatrnent" (Potter & Manji 1990, 

Bertilsson et ai. 1985). Hypotheticaily. ultrarapid metabolism rnay result in an increase in 

O-demethylation of codeine to morphine and lead to an increase in abuse and dependence 

potential of codeine in ultrarapid metabolizers. 

2.11.2 Consequences for predisposition to diseuse States 

The significance of variability in CYP2D6 expression was studied in relation to several 

diseases (Table 7). There is an increasing awareness of the importance of "biochemical 

individuality" to predisposition for certain forms of cancer (Kadlubar 1994). The 

epidemiological data presented in Table 7 may contribute to Our understanding of the 

pathogenesis of lung cancer and other above-mentioned diseases. They may also provide 

important clues on the role of CYP2D6 for the metabolism of yet unidentified 

endogenous ligands or procarcinopns. However, a point to keep in mind is that unless 

the biochemical basis. and hence, the biological plausability for these associations is 

known, these epidemiological observations will remain speculative. 



TABLE 7. Associations between CmD6 polymorphism and disease States 

Disease stare Associaiion Reference 

Ankylosing spondylitis Increased incidence in PM 
genot" pe 

B ladder cancer 

Breast cancer 

Liver cancer 

Lung cancer 

A trend for high-grade 
aggressive cancer in heterozygous 
EMS (p ~ 0 . 0 5 )  

Increased incidence in 
heterozygous EMS 

Increased incidence in 
homozygous EMS 

Increased catalytic activity in 
heavy smokers 

No association (meta-analysis) 

Parkinson's disease No association with genotype 

Increased in PM phenotype 

No association with PM 
phenotype 

Rheumatoid arthritis No association with genotype 

Schizophrenia No association with genotype 

Beyeler et al. 1996 

Chinegwundoh & Kaisary 1 996 

Ladona et al. 1996 

Ag&dez et al- 1995 

Bouchardy et al. 1996 

Christensen et al. 1997 

Sandy et al. 1996 

Poirier et ai. 1987 

Steiger et aI. 1992 

Beyeler et al. 1996 

DanieIs et al. 1995 

The associations with different types of cancers refer to primary cancers and not to those 

secondary to metastasis from other organs. More detailed information on the association of 

CYP2D6 genotype with different diseases is available elsewhere (Sandy et al. 1996, Caporaso et 

al. 1995, Caporaso et al. 1992). 

The overrepresentation of rapid EMS among patients with lung cancer suggests that 

CYP2D6 majr play a role in procarcinogen activation. The pulmonary procarcinogen 4- 

(N-methyl-N-nitrosamine)- 1 -(3-pyridy1)- 1 -butanone (NNK) found in cigarette smoke is 

activated to its DNA-reactive genotoxic form by a-hydroxylation (Devereux et al. 1988). 



Although CYP2D6 may be in part involved in the activation of NNK to its proximate 

carcinogenic form (Crespi et al. 1991). it is unlikely to play a major role in the 

metabolism of NNK (Islam et al. 1991). NNK is not a cornpetitive inhibitor of CYP2D6 

and does not fit the theoretical molecular templates for CYP2D6 active site (Islam et al. 

1991). Identification of putative compounds which may be involved in lung cancer or 

other disease States associated with variability in CYP2D6 activity/genotype is also 

important to improve the design of epidemiologicd studies: this information may allow to 

determine the dose-response relationships for the extent of exposure to the suspected 

compound and the prevalence of a disease state in a group of patients with a given 

CWD6 genotype. In addition, dose-response relationships should also be explored with 

respect to different CYP2D6 genotypes with differing CYP2D6 activity (e.g. PMs, 

heterozygous EMS, homozygous EMS and ultrarapid EMS with gene duplication). 

In summary, CYP2D6 genetic polymorphism is one of the most well-characterized 

inherited defects in dnig metabolism which has important clinical consequences for 

therapeutics. Subsequent chapten will discuss the effects of newer antidepressants on 

genetically determined CYP2D6 activity and its clinical importance in terms of 

antipsychotic (perphenazine) toxicit y. 



Paroxetine Potentiates the Central Nervous System Side Effects of 

Perphenazine: Contribution of CYP2D6 Inhibition In Vivo 

(Reprinted from Ozdemir et al. 1997 Cl in Pharmacol Ther 62:334-347 
wi th permission from Mosby-Year Book Inc. ) 



BACKGROUND AND RATIONALE 

3.1 Major depression: An important mental health problem 

Major depression is among the most prevalent mental health disorders. Epidemiological 

studies indicate that 5% to 15% of the North Amencan population suffer from a clinically 

significant depression (Ancill & Holliday 1990, Blazer 1989, Regier et al. 1988). Major 

depression results in significant morbidity and was estimated to cost 172 million annual 

work days in the United States (Tollefson 1993, Mintz et al. 1992, Wells et al. 1989). 

Major depression is also the most common factor leading to both attempted and 

completed suicide, and was identified as an independent risk factor for mortality which 

increased the likelihood of death by 59% in the first year after diagnosis (Rovner 1993, 

Wells et al. 1989, Blazer et al. 1986). The burden of major depression affects family 

members and care-givers as well (Wells et al. 1989. Jacop et ai. 1987). 

3.2 Chronic* and phamcological treament of major depression: 

Risk for drug-drug interactions 

There is increasing evidence that major depression is a chronic and recurrent disorder. 

Klerman ( 1978) reported that 65% of depressed patients had signs of relapse within the 

first year after discontinuation of antidepressant medication. In an 18-month follow-up 

study, the rate of relapse among initial responders to phmacotherapy was between 301 

to 50% (Shea et al., 1992). Keller and associates (1992) reported a 12% chronicity in a 5- 

year follow-up study of depressed patients treated at university outpatient psychiatric 

services. Antidepressant maintenance treatment for up to 5 years was shown to offer 

significant prophylaxis compared to placebo (Kupfer et al. 1992). Maintenance treatments 

can either prevent completely the occurrence of a new episode or reduce its severity 



(Kupfer et al. 1992). A World Health Organization (WHO) consensus meeting has 

suggested a minimum of 6 months of pharmacotherapy affer an initial acute episode of 

depression (WHO Mental Health Collaborating Centres, 1989). The recomrnended 

maintenance dose for antidepressants is the same dose used in the treatment of the acute 

episode since a decrease in the dose after remission of the acute episode poses a greater 

risk of relapse (Kupfer et al. 1992). Therefore, the nsk for relapse with lower 

antidepressant doses and prolonged use of antidepressants may considerably increase the 

cumulative probability of exposure to other medications and the risk of adverse dmg 

interactions (Tollefson 1993, Kupfer et al. 1992). 

3.3 Deteminanis of the clinical relevance of drug-dmg interactions 

The focus of this thesis is the clinical significance of metabolism based pharmacokinetic 

interactions between newer selective serotonin reuptake inhibitor (SSRl) antidepressants 

and antipsychotics. The following criteria although applicable to any rnetabolism-based 

pharmacokinetic drug-drug interaction, cm be usehil to predict the clinical importance of 

interactions between SSRIs and antipsychotics (Table 8). 

TABLE 8. Factors which can affect the clinical importance of a hypothetical metabolism 
based pharmacokinetic interaction between drup A and d m g  B. 

Crireria 

Degree of impairment in catalytic activity of enzymes responsible for drug metabolism 

Quantitative importance of the inhibited metabolic pathway for clearance of dmg A or B 

Therapeutic window of the dmg whose metabolism is impaired 

Active metabolites 

Frequency of concurrent use of drug A and B 

Availability of medications for clinical use as an alternative to dmg A or B 



Pharmacokinetic dmg-hg interactions cm involve an interaction at the level of dmg 

absorption, distribution, metabolism andlor excretion. The criteria described above refer 

mainly to pharmacolcinetic interactions arising from an interference with dmg 

metabolism. These criteria a~ self-explanatory but the issue on active metabolites 

requires further discussion as it is often overlwked in the assessrnent of the dmg-drug 

interactions. For example, let us assume that dmg A is converted to an equally active 

metabolite A by CYP2D6. Although. a decrease in CYP2D6 activity may lead to an 

increase in concentration of h g  A, this would be accompanied by a decrease in 

concentration of the active metabolite A. Therefore, sum of the active moities (dmg A + 

metabolite A concentration) and hence. nsk for dmg toxicity, may not change after 

CYP2D6 inhibition. 

3.4 Selective serotonin reuptake inhibitors (SSRls) 

SSRIs are a newer group of antidepressants which demonstrate a selectivity for the 

inhibition of the serotonin active transporter compared to other monoamine transporters. 

There are five SSRk available for clinical use in different countries: citalopram. 

fluoxetine, fluvoxamine. senraline and paroxetine. Citaloprarn is not currently approved 

for clinical use in Canada. The chernical structures of SSRIs are presented in Figure 1. Al1 

SSRls but fluvoxamine have a chiral atom and thus, have two stereoisomers. Sertraline 

and paroxetine are marketed as a pure enantiomeric form while citaiopram and fluoxetine 

are available as a racemic mixture. 

The antidepressant efficacy of SSRIs is sirnilar to the traditional tricyclic antidepressants 

(Kasper et al. 1992). There are also no differences in antidepressant efficacy among 



SSRIs (Kasper et al. 1995, Kasper et al. 1994). In cornparison to the traditional tricyclic 

antidepressants, the therapeutic advantage of SSFüs is an improved drug safety as they are 

safer in overdose and cause a lower incidence of anticholinergic, antihistaminic aqd 

cardiovascular side effects (Kasper et al. 1994). The indications for SSRIs is not limited 

to major depression but also includes other mental heaith problems such as anxiety and 

obsessivetompulsive disorders (Sheehan & Hamett-Sheehan 1996, Piccinelli et al. 1995). 

The typical clinical doses, elirnination half-lives and metabolisrn of SSRIs are presented 

in Table 9. 

Among SSRI metabolites, only norfluoxetine, the principal metabolite of fluoxetine, 

demonstrates activity (comparable to the parent compound) for the inhibition of the 

serotonin active transporter (Preskom 1997). Norfiuoxetine also differs from fluoxetine 

by a longer elimination half-life (7 to 15 days) and higher plasma concentrations 

(Lemberger et al. 1985). There is no consistent evidence supporting a relationship 

between the plasma SSRI concentrations and the antidepressant effects (Preskom 1997, 

Baurnann 1996, Kumar et al. 1996. Preskom & Lane 1995, Tasker et al. 1989). However, 

it should ne noted that SSRIs have a significantly greater antidepressant affect compared 

to placebo and higher doses may be necessary in a subset of patients with major 

depression (Kumar et al. 1996. Nemeroff et al. 1996, Preskorn & Lane 1995). 



Chernical structure of SSRIs 
(reproduced fiom Presbrn 1997. with permission) 

Fluoxetine 

Paroxetine 

Sertraline -. 



TABLE 9. Cornparison of SSRIs in relation to clinicül doses, protein binding, elimination half-life and CYP-mediated metabolism 

SSRI Typiccd cliriicol Plosma proteirt biriding A vernge t)np Pritt cipril CYP erizynte(s) iri volved iri 
dose (r~ig/day) @$ter rriiiltiple doses) metabolisrn 

Ci taloprani 40 50% 33 hours CYP2C 19 and CYP2D6' 

Fluoxeiine 20 > 95% 5.7 duys CYP2C9 and C Y P ~ A ~  

Fluvoxamine 100 or higher 77% 22 hours CYP2D6 and CYPI A2c 

Paroxet ine 20 > 95% 21 hours CY ~ 2 ~ 6 ~  

Sertraline 50 oc higher > 95% 26 hours unknown 

Table is modified from Preskorrl 1997 n~ id  Preskoni 1996. Additional references: a: (Gram et al. 1993, Sindmp et al. 1993) 
b: (von Moltke et al. 1997) c: (Carrillo et al. 1996 and Spigset et al. 1995) d: (Sindmp et al. 19% and l992b). 
The elimination half-lives represent the average values iii the population, without consideration of pharmacogeneiic 
polymorphisms. 



3.5 Risk for udverse interactions between SSRIs and antipsychotics 

An important cornponent of dmg safety is the nsk for h g - h g  interactions. Although 

SSRIs have an improved safety in terms of the anticholinergic, antihistaminic and 

cardiovascular side effects, there is increasing evidence that they may cause an 

impairment of oxidative dmg metabolism. Several case studies have reported increased 

plasma concentrations of medications metabolized by CYP2D6 (e.g desipramine. 

haloperidol) upon addition of SSRIs to the therapeutic regimen (Aranov et al. 1989, 

Goodnick 1989, Tate 1989, Preskorn et al. 1990). Pharmacokinetic studies in humans 

reported increases in plasma concentrations of tricyclic antidepressants (e-g. desipramine) 

metabolized by CYP2D6 upon coadministration with paroxetine and fluoxetine (Brasen 

et al. 1993, Preskorn et al. 1994. Nemeroff et al. 1 996). However, these phamacokinetic 

interaction studies did not assess the phamacodynarnic consequences of increased 

tncyclic antidepressant plasma concentrations (e.g. cardiotoxicity, sedation). Therefore, it 

is rather difficult to reach a conclusion on their clinical relevance. Although SSRIs and 

tricyclic antidepressants are primarily coadministered to augment antidepressant response. 

there are few data supponing the efficacy of this combination (Nelson et al. 199 1. Taylor 

1995). Furthermore, there are alternative phannacological strategies to augment treatment 

response in major depression which rnay decrease the overall clinical importance of 

SSRI-tricyclic antidepressant interactions (Nemeroff 199 1 ). 

Based on panel studies in EMS and PMs of CYP2D6. most antipsychotics (Dahl- 

Puustinen et al. 1989. Dahi et al. 199 1 a, von Bahr et al. 199 1, Llerena et al. l992a, Huang 

et al. 1993, Jerling et al. 1996). with the exception of clozapine (Bertilsson et ai. 1994. 

Dahl et al. 1994)- are metabolized by CYP2D6 and have a narrow therapeutic window 



(Bolvig Hansen et al. 1981. Bolvig Hansen et al. 1982, Van Putten et al. 1991). 

Therefore, a smdl decrease in antipsychotic clearance may potentially lead to toxicity. 

This may result in serious extrapyramidal reactions, orthostatic hypotension. sedation. 

falls and delirium as well as poor cornpliance and inadequate treatment of major 

depression and psychosis (Tollefson 1993. Dahl & Bertilsson 1993). Inadequate treatment 

of these mental health problems may also potentially lead to complications such as 

suicide. 

Antipsychotics are likely to be coadministered with SSRIs as psychotic symptoms are 

reported in 16% to 54% of depressed adults (Dubovsky & Thomas 1992). Sirnilarly. the 

prevalence of depression in psychotic disorden such as schizophrenia ranges from 19% to 

67% (Plasky 1991). The elderly have a higher prevalence of psychotic depression 

compared to younger adults (Meyers & Greenberg 1986. Meyers 1987. Ruegg et al. 

1988). Furthemore, among elderly patients with dementia, up to 50% to 70% may 

present with behavioral problems such as aggression. labile mood and psychosis which 

rnay require concurrent administration of a SSRI and an antipsychotic (Phillipson et al. 

1990. Deutsch et al. 199 1 ). Despite their clinical importance. the adverse SSRI- 

antipsychotic interactions have not been systematically studied. 

3.6 Risk for adverse interncriom henieen paroxetine and perphenazine 

Perphenazine, ( 2-ch!oro- 10-[3-[ 1 -(2-hydroxyethyl)-4-piperazinyl]propyl]phenoiine } . 
is a frequently u~ed  classical antipsychotic, particularly in the elderly for the treatment of 

behavioral disorders associated with dementia (Pollock et al. 1995). The chemicai 

structure of perphenazine is presented in Figure 2. 



Chernical structure of perphenazine 
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FIGURE 2 



Perphenazine undergoes extensive hepatic metabolisrn. Perphenazine has a low relative 

systemic bioavailability (15% to 20%) (Hansen et al. 1976). Following an intravenous 

dose, the average terminal elimination half-life and plasma clearance of perphenazine 

were reported to be 9.4 houn (range: 8.1 to 12.3 h, n=8) and 107.2 l/h (range: 49 to 183 

Vh. n=8), respectively (Hansen et al. 1976). Plasma perphenazine concentrations above 3 

nmoVL are associated with an increased incidence of disabling extrapyramidal side 

effects (Bolvig Hansen et al. 198 1. Bolvig Hansen et al. 1982. Van Putten et al. 199 1 ). 

At steady-state, the dose-corrected plasma concentration of perphenazine varies up to 60- 

fold (Hansen & Larsen 1977). The quantitative contribution of metabolisrn by CYP2D6 

to total perphenazine clearance is not known at present. but the area under the plasma 

concentration - tirne curve (AUC) following a single oral dose of perphenazine is 4.1 -fold 

higher in PMs than in EMS (Dahl-Puustinen et al. 1989). In the same snidy by Dahl and 

colleagues ( 1 989), although a forma1 comparative assessrnent of the side effects between 

EMS and PMs was not performed. PMs reponed a higher incidence of sedation. fatigue 

and extrapyramidal symptoms (primarily akathisia) which suggests the CYP2D6- 

mediated route as the major metabolic pathway responsible for the clearance of 

perphenazine. Therefore. concurrent administration of dmgs which impair CYP2D6 

activity may potentially result in an increase in perphenazine plasma concentration and 

side effects. Concurrent medications also may potentially cause an induction of alternate 

metabolic pathways for perphenazine. as shown with other CYP2D6 substrates (Self et al. 

1996, Spina et al. 1996, Spina et al. 1995). 



Paroxetine is in part metabolized by CYP2D6 isozyme (Bloomer et al. 1992. Sindrup et 

al. 1992% Sindmp et al. 1992b). The median elimination half-life of paroxetine in EMS 

and PMs is 16 h (range: 13 to 21 h. n=9) and 41 h (range: 29 to 53 h, n=8), respectively 

(Sindrup et al. 1992a). Paroxetine is a potent competiùve (von Moltke et al. 1995a) 

inhibitor of the CYP2D6 isozyme in vitro (Ki = 0.15 mM. substrate: sparteine) (Crewe et 

al. 1992). Ki represents the equiiibrium dissociation constant for the enzyme-inhibitor 

cornplex and is inversely related to the inhibitory potency of a compound for a given 

enzyme in vitro. Although in vitro data may indicate the potential for dmg-drug 

interactions in vivo, the uncertainty in the actual concentrations of substrates and 

inhibiton at the site of metabolism in vivo and dmg clearance by altemate metabolic 

pathways also necessitate the study of drug interactions in humans (von Moltke et al. 

1994a, von Moltke et al. I99Sa. von Moltke et al. 1996a). 

3.7 Other examples of inhibition of CYP2D6 due to environmental factors and its 

clinical consequences 

The expression of CYP2D6 is primarily detennined by genetic factors and is not inducible 

by environmental factors (Steiner et al. 1985). Age. gender and smoking habits do not 

affect CYP2D6 activity (Pollock et al. 1992. Yue et al. 1989). The clinical relevance of 

genetic polymorphism in CYP2D6 activity was traditionally studied in terms of 

differences in plasma concentrations and pharmacological eKects of CYP2D6 substrates 

in EMS and PMs. This topic was previously dicussed in chapter 2. 

In addition to the clinical importance of inherited PM phenotype, it is at least of equal 

importance to recognize that impaired or diminished CYP2D6 activity may not always be 



due to genetic deficiency of this enzyme. For example, following a single subtherapeutic 

oral dose of quinidine, metoprolol metabolism in EMS cm significantly decrease to the 

levels observed in PM subjects (Leemann et al. 1986). Therefore, EM subjects may 

temporarily appear as functional PMs dunng quinidine treatment (Brinn et ai. 1986). 

Similady, thioridazine is a potent inhibitor of CYP2D6 in human liver microsornes (Ki = 

0.75 pM) (von Bahr et al. 1985). In a clinical snidy, psychiatric patients were first 

phenotyped for CYP2D6 activity and then were treated with thiondazine 2ûOmg or 

400mg per day for at least 8 days (Baumann et al. 1992). When patients were phenotyped 

afier this treatment, 502 (3 out of 6.2ûûmg group) and 661 (12 out of 18,400mg group) 

of the EMS appeared metabolically as functional PMs. 

In summary, although the activity of CYP2D6 is under genetic control. it may be 

significantly rnodified by environmental factors as well. This may have considerable 

relevance for adverse drug interactions. as majority of the population consists of EMS and 

are therefore subject to inhibition of CYP2D6 activity. 

HYPOTHESIS 

Concurrent administration of paroxetine and perphenazine will cause an increase in 

perphenazine plasma concentration and central nervous system side effects. 

OBJECTIVE 

To mess the clinical importance of hypothesized adverse drug interaction between 

paroxetine and perp henazine. 



MATERlAL AND METHODS 

Subjects 

Subjects were Caucasian healthy volunteea and were recruited among students and staff 

by advertisement at the Sunnybrook Health Science Centre and the University of Toronto. 

The study was approved by the Research Ethics Board of the Sunnybrook Health Science 

Centre, University of Toronto. Subjects were compensated for their participation in the 

study. Al1 subjects had an EM phenotype for CYP2D6, did not use any illicit substances 

or concomitant medications which rnay interfere with CYP2D6 activity, were 

nonsmokers and had excellent health as assessed by the Generai Health Questionnaire 

(Ware & Sherboume, 1992). The description of subjects is provided in Table 10. The 

CYP2D6 phenotype of subjects was determined before the initiation of the study. 

However, neither the subjects nor the investigators had access to data on CYP2D6 

activity prior to completion of the study. 

Srudy protocol 

The protocol consisted of four test sessions in a balanced randomized double-blind design 

(Figure 3). In the first rwo sessions. subjects were administered a single dose of 

perphenazine (0.1 1 m@g. p.o.: ~rihfon") or placebo. A minimum of three days was 

allowed between the first two sessions. Each session started at 8:30 am. following a 

liquid breakfast (fniit juice. excluding grapefruit juice). A saline-lock intravenous 

catheter was inserted into the cephalic vein in the nondominant arm and blood samples 

were drawn at baseline (9:ûû a.rn.1 and at 2,4, 6 and 8 hours following the administration 

of the test dose of perphenazine or placebo. After the second test session, subjects were 

treated with a standard therapeutic dose of paroxetine (20 rng/day, p.o.; paxil@, 



SrnithKline Beecham Pharma, Oakville, Ontario) at 6:00 p.m. for 10 days to reach steady 

state and test sessions with perphenaùne and placebo were repeated, allowing a minimum 

of four days between the sessions. 

TABLE 10. Description of subjects 

Subject Gender Age Weigh t Concomitant medications 
No. (Y) (kg) 

FemaIe 

Female 

Female 

Female 

Female 

Male 

Male 

Male 

Cetirizine (p.o.)* 
Salbutamol (inhaler)* 
Sodium cromoglycate (inhaler. 4 
mglday 

* prn (were not used on the study days). 

Cornpliance with paroxetine treatment was assessed by pi11 counts, monitoring of daily 

diaries and interviews. Blood samples were also obtained at the end of the study sessions 

to measure trough (23- to 24-hour) paroxetine steady state plasma concentrations. The 

plasma samples (5 ml aliquots) were stored at -20 OC until the analysis. 



STUDY DESIGN 

Perphenazine 

(0.1 1 mglkg) 
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Paroxetine pre-treatment 
(20 mgldsy, 10 days) 
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FIGURE 3 

Perphenazine 
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Phamcodynamic assessments 

Pharmacodynamie outcome measures pertinent to clinicai effects of perphenazine were 

assessed at baseline and at 2, 3,4, 6 and 8 hours. Subjects abstained from caffeinated or 

alcoholic beverages during experiments as wel1 as 12 and 48 hours prior to testing. 

respectively. A light lunch and a snack were provided to subjects during the sessions. 

Subject- and observer-rated sedation were assessed using a 20 cm visual analogue scale 

(Sellers et al. 1980) anchored at one end with "Not at dl" and with "Extremely" at the 

other end. The observer and the subjects were blind to each others' ratings. The subjects 

did not have access to prior ratings during the study. Psychomotor performance was 

assessed using the Digit Symbol Substitution Test (DSST) (Wechsler, 1955). In DSST, 

subjects were asked to substitute different geometrical symbols with numbers (O to 9) in a 

90 second interval. The number of correct substitutions serves as a measure of 

psychomotor function of the individual at that time point. Subjects were trained with the 

DSST before the study. A randomly selected different but equivalent test was used for 

each assessment. 

The effects on immediate and delayed recall and recognition of new information were 

assessed by a modification of the Rey Auditory Verbal Learning Test (Lezak 1995). The 

subjects were presented with 15 words using an audio player and were asked to recall as 

many words as possible from the list. in any order. The same list was presented three 

times with immediate recall attempted atier each presentation. Afier a 10-minute interval 

filled with other tests, subjects were asked to recall the presented words without ches or 

reminders provided. Following this delayed recall attempt, a typewritten list of 30 words 



was presented, the original 15 fiom the list and 15 new words matched for normative 

frequency of use, and subjects were asked to recognize the words from the original list. 

Each memory assessrnent was performed using a different but equivaient list of words 

(Lezak 1995). Extrapyramidal symptoms were assessed using the Extrapyramidal 

Symptom Rating Scaie (ESRS) (Chouinard et al. 1980). ESRS includes items to rate the 

severity of different extrapyramidal symptorns including parkinsonian. dystonic. 

dyskinetic reactions and akathisia. 

Dereminarion of CYP2D6 phenoîype 

The CYP2D6 phenotype of subjects was determined before and dunng treatment with 

paroxetine using dextromethorphan as an in vivo probe (Otton et al. 1993b Chen et al. 

1990). At bedtime. the subjects emptied their bladders and ingested a 30 mg 

dextromethorphan hydrobromide capsule (Contac CoughCaps-DM. SrnithKline Beecham 

Pharma* Weston. Ontario). Overnight urine including the fint morning urine was 

collected into a container for a period of eight hours. Subjects were phenotyped at least 

three days before the fint and four days after the last study session to ensure the wash-out 

of dextromethorphan and the test dose of perphenazine. The paroxetine treatment was 

discontinued after the last phenotyping. 

The urine samples were analyzed for dextromethorphan and its metabolites using a 

Hewlett-Packard 1050 High Performance Liquid Chromatography (HPLC) with a 

fluorescence detector. as described previously (Otton et al. 1993. Chen et ai. 1990). After 

an ovemight hydrolysis with B-glucuronidase, the sarnples were extracted at pH 1 1 into 

hexanelether (4: 1. vollvol) and back-extracted into 0.0 IN hydrochloric acid. The aqueous 



layer was washed once with ether. and an aliquot was analyzed by a Hewlett-Packard 

1050 HPLC (Hewlett-Packard Company, Pa10 Alto, California) equipped with an 

autoinjector and solvent delivery system. A 150 x 4.6 mm. 5 pin phenyl column 

(Chromatographic Sciences Company, Montreal, Quebec, Canada) with a fluorescence 

detector (mode1 980. Applied Biosysterns. Rarnsey. N.J., excitation/emission 

wavelengths: 195 nm and 280 nm. respectively) was used. The mobile phase consisted of 

10 mmoi/L monobasic potassium phosphate bufier containing 1 mmoi/L heptanesulfonic 

acid (adjusted to pH 3)/acetonitriie (85: 15. vollvol). 

The percentage of dose excreted in urine as unchanged dextromethorphan and metabolites 

was calculated for each subject. The logarithm of the O-demethyfation ratio [non-O- 

demethylated compounds (dextrornethorphan + 3-methoxymorphinan} J/[O-demethylated 

metabolites {dextrorphan + 3-hydroxymorphinan}] (log ODMR) was used as an in vivo 

index of CYP2D6 activity (Otton et al. 1993, Chen et al. 1990). The CYP2D6-mediated 

metabolism of dextromethorphan is shown in Figure 4. 

Meastirement of perphenazine and pnrmetirie plasma concentrations 

The perphenazine plasma concentrations were measured by adaptation of a highly 

specific and sensitive gas chrornatography/mass spectrometry (GCIMS) method (Larsen 

& Naestoft 1975). In brief. following solid phase extraction (LC-8 tubes. Supelco; 

intemal standard: 1000 nmoln fluphenazine) of perphenazine from a 1.0 ml plasma 

aliquot, the extract was injected into a Fisons TRIO-1000 GCIMS. The mass spectrometer 

was operated in the electron impact mode under the following conditions: electron 



ernission current (50 FA), electron energy (70 eV) and a source temperature of 250 OC. 

The spectrometer was adjusted to monitor the ions for perphenazine and fluphenazine at 

246 and 280 mlz, respectively. Helium was used as the carrier at a flow rate of 2.0 

mllrnin. The minimum level of detection for perphenazine was 0.1 nmoVL. The 

coefficients of variation (CV) for intra-assay variability at 0.5 nM and 3.0 nM were 5.6% 

and 4.2%. respectively. The CVs for inter-assay variability at these concentrations were 

6.9% and 6.2% respectively. 

The paroxetine plasma samples were analyzed using a Hewlett-Packard 1050 HPLC and 

an ESA 5200A coulometnc detector fitted with a mode1 5020 guard ce11 and a mode1 

50 10 dual detector analytical ce1 1 (Hartter et al. 1 994). Di-desmethyltrimipramine (600 

nM) was used as an intemal standard. Separation of compounds of interest was performed 

on a 15 X 0.46 cm Phenomenex Clg  5pm reverse phase Ultracarb column. The mobile 

phase consisted of a mixture of 50 m M  phosphate buffer (pH 3.0) and HPLC grade 

acetonitrile mixed 67:33 by volume and was run at a flow rate of 1.3 mllmin at 30 OC. 

The minimum level of quantitation for paroxetine was I O  nmoIL. The CV for intra-assay 

variability at 100 nM was 2.0%. The CVs for inter-assay variability at 1 1.0 nM and 136 

nM were 10.2% and 5.79. respectively. Each plasma sarnple was analyzed in duplicate. 

The analysis of plasma samples were performed without pnor knowledge of the data on 

pharmacodynamie assessmen ts. 



CYP2D6-mediated metabolisrn of dextromethorphan 
(reproduced from Cupon et al. 1996. with permission) 

FIGURE 4 



Data un&sis 

The data analysis was conducted using SPSS@ 6.1.2 for Windows. Pharmacodynarnic 

and pharmacokinetic data were analyzed using three-way ANOVA with two-way 

interaction. The three variables in ANOVA were treatment, time and subject 

identification. When ANOVA was used, post-hoc multiple comparisons were made using 

the Fisher's Protected Least Significant Difference Method (Rosner 1990). For each 

pharmacokinetic or pharmacodynamic data set, a maximum of 15 paired and/or 

orthogonal comparisons were made at a fixed a (0.001) which maintained the statisticai 

significance level at the 5% level for a two-tailed test. The paired pharmacodynamic 

comparisons tested significant differences between the effects of placebo in the absence 

and presence of paroxetine at ail time points, including baseline. The orthogonal 

pharmacodynamic contrasts involved comparisons of the net pharmacodynamic effects of 

perphenazine { perphenazine effect minus the corresponding placebo effect ) in the 

absence or presence of paroxetine. The AUCas was calculated using the trapezoidal nile. 

The changes in CYP2D6 activity and pharmacokinetic parameters of perphenazine were 

tested by t test for paired samples. The Pearson and Spearman correlationai analysis and 

iinear multivariate techniques were used when applicable. The effect of gender on 

pharmacokinetics of perphenazine wûs tested by three-way ANOVA as described above 

and replacing the variable subject identification with gender. The data were presented as 

rnean 4 standard deviation 



RESULTS 

Al1 subjects were cornpliant with the study protocol and tolerated the paroxetine 

treatment well. The side effects (e.g. rnild sleep disnvbance and nausea) occurred in the 

first 2 to 4 days of paroxetine treatment and mostly disappeared by the end of one week. 

No subject had to discontinue paroxetine during the study. 

Effect of paroxetine treament on CYP2D6 activity (index) 

Paroxetine treatment resulted in a 2- to 2 1-fold decrease in log ODMR values in al1 eight 

study subjects (p ~0.001) (Fig. 5). Although no subject's phenotype was converted to 

poor metabolizer phenotype after paroxetine. the CYFZD6 activity was in the lower range 

for EMS (Fig. 5). There was a significant positive correlation between the rank order of 

the baseline and the final (-log ODMR) after paroxetine treatment (r, = 0.77. p 4 . 0 5 )  

(Fig. 6). 

Effect of paroxetine treament on perphenazine phamacokinetics 

The perphenazine plasma concentrations during paroxetine treatment were at al1 time 

points significantly higher than those observed during administration of perphenazine 

alone (pc0.05) (Fig. 7). The analysis of pharmacokinetic parameters of perphenazine 

indicated an approximately 2- to 13-fold increase in perphenazine Cm, (pc0.0 1 ) and a 

similar increase in perphenazine AUCGs (~~0 .01 ) .  The subjects' gender had no 

significant effect on perphenazine plasma concentrations (pS.2) .  The changes in 

pharmacokinetic parameten of perphenazine are presented in Table 11. In light of the 

average terminal elimination half-life of perphenazine (9.4 h) and considering the rather 



limited plasma sampling for perphenazine in our study. further analysis to calculate the 

elirnination half-life (tl/2b) and clearance of pcrphenazine was not done (Hansen et al. 

1 976). 

There was a positive correlation between the baseline log ODMR and the perphenazine 

AUCG8 in the absence of paroxetine (r = 0.78, ~ 4 . 0 5 ) .  Similarly, a positive correlation 

between the baseline log ODMR and paroxetine steady state plasma concentration was 

observed (r = 0.78, p4.05).  However, during paroxetine treatment, no significant 

associations were detected between the log ODMR and the paroxetine steady state plasma 

concentration or the pharmacokinetic parameters of perphenazine. 

The trough paroxetine steady state plasma concentrations were sirnilar on test sessions 

with placebo and perphenazine ( p d . 6 ) .  Irio significant associations were found between 

the paroxetine concentration and the percentage change in perphenazine AUCG~. C, or 

log ODMR (p 9.8). Similarly. no associations were observed between the percentage 

change in log ODMR and perphenazine AUCns or Cm. 



O Before paroxetlne 
@After - paroxetine - - A. 

Subject number 

FIGURE 5. Changes in (-log ODMR) in eight subjects before and after paroxetine treatment. A decrease in 
(-log ODMR) reflects a decrease in CY P2D6 activity. 



- log ODMR 
(before paroxetine) 

FIGURE 6. Association between (-log ODMR) before and after paroxetine treatment in eight subjects. 
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Effect of paroxetine treatment on perphena~ne side Gects 

There was a significant impairment in psychomotor performance foliowing perphenazine 

administration during paroxetine treatment compared to other three experimental 

conditions (p 4.05) (Fig. 8). This interaction was detected as early as 3 houn after the 

perphenazine dose and was evident until 8 hours after dosing. Similady, both subject- 

and observer-rated sedation increased significantly during CO-administration of 

perphenazine and paroxetine, at 3, 4, 6 and 8 hour time points with a peak effect at 6 

hours (p ~0.05) (Fig. 9 and 10). The average peak observer-rated sedation dunng CO- . 

administration with paroxetine was as high as 65% (of maximum) following the single 

dose (0.11 mglkg) of perphenazine used in the study (Fig. 10). The analysis of the total 

ESRS scores indicated an interaction and a significant increase in extrapyramidal side 

effects at 3, 4. 6 and 8 hours when perphenazine was administered following paroxetine 

pretreatment (Table 12). The time course of the appearance of the extrapyramidal side 

effects coincided with the increase in plasma perphenazine concentrations above the 

reported threshold (3 nrnol/L) (Bolvig Hansen et al. 198 1, Bolvig Hansen et al. 1982) for 

extrapyramidal side effects (Fig. 7). The extrapyramidal effects mainly consisted of 

akathisia and mild parkinsonian findings. The akathisia developed 4 to 8 houn after the 

perphenazine dose when administered in the presence of paroxetine. The severity of 

akathisia ranged from I to 6 on a scale of 1 to 6. An akathisia score of 6 indicates a 

restless patient/subject who moves or walks constantly. No subject reported akathisia 

during the other three test sessions or during treatment with paroxetine only. The subject 

number 6 was treated for akathisia with lorazeparn (1 -0 mg, p.o.. single dose) at the end 

of the study session as the severity of akathisia was assessed as 6 at 8 hour time point. 







Hours 

FIGURE 10.Observer-rated sedation before (open) and after paroxetine (solid symbols) treatment. Circles = placebo, 
triangles = perphenazine effects. 





The akathisia was observed only when the plasma perphenazine concentrations were 

close to or above the threshold for extrapyramidal side effects (Fig. 1 1). No dystonic side- 

effects were observed during the snidy. 

During a preliminay study, we administered the same dose of perphenazine (O. 1 1 mgkg, 

single dose, p.o.), in the absence of paroxetine, to a Caucasian subject who was a poor 

metabolizer (PM) for CYP2D6 (log ODMR: 0.8 1) following a double blind design. This 

subject aiso developed akathisia 8 hours after perphenazine administration which was 

measured as 6 on the ESRS. The subject had to be treated with lorazepam (1 .O mg, p.o.. 

single dose). Plasma samples were not obtained in this subject. 

No interaction was detected for the fint immediate recdl or the delayed recall at any time 

point. However, the second and the third imrnediate recails were significantly impaired in 

comparison to other three experimental conditions. 6 and 8 hours following perphenazine 

administration. respectiveiy (p d.05). An interaction was also found for word 

recognition at the 8 hour time point (p <O.OS). The data on a11 pharmacodynamic 

outcome measures during test sessions with placebo were not different at baseline or at 

any other time point before or afrer paroxetine treatment. The relationships between the 

percentage change in pharmacodynarnic outcorne measures and perphenazine plasma 

concentration or CYP2D6 index (log ODMR) were tested using the most robust 

phmnacodynarnic outcome measure (observer-rated sedation). No significant correlations 

were found between the percentage change in placebo-corrected observer-rated sedation 

and the change in plasma perphenazine concentration (AUCO-8) or the log ODMR. 





DISCUSSION 

The results indicate that paroxetine treatment at a typical therapeutic dose (20 mg/day) 

inhibits CYP2D6 activity significantly and causes a robust increase in perphenazine 

plasma concentration and side effects when the two dnigs are coadministered. The 

interaction was evident with a single low dose of perphenazine (0.1 t mglkg). In routine 

clinical practice, perphenazine is used at much higher doses of 16 to 64 mg/day. 

Therefore, in patients who are already at steady state with paroxetine, initiation of 

perphenazine treatment will result in acute perphenazine toxicity very early in the course 

of antipsychotic neatment. For exarnple, this adverse interaction might occur in patients 

who develop psychotic findings durhg the course of a major depressive episode and 

require antipsychotic treatment. 

In light of the safety concems and unpleasant side effects of perphenazine. a single dose 

design was used in this study. The primary objective was to assess the clinical reievance 

of the hypothesized interaction between paroxetine and perphenazine. in terms of changes 

in perphenazine side effects. Therefore. intensive blood sampling for detemination of 

perphenazine clearance or irs metabolites was not done. Theoretically. measurement of 

the changes in clearance of perphenazine metabolites could have been useful to identify 

the metabolic pathway(s) mediated by CYPZD6 and to ascertain the pharmacokinetic 

nature of the mechanism of the interaction. in practice. however, this is a difficult task 

and was limited by the single dose design of the study: perphenazine metabolites are 

undetectable or pressnt only in irace amounts in the plasma (in drug-free volunteers) 

following single oral doses (Hansen et al. 1976). Although the precise metabolic 

pathway(s) catalyzed by CYP2D6 is not known, perphenazine is metabolized to 



sulphoxy-, Ndealkyl- and 7-hydroxy metabolites (Hansen et al. 1976, Larsen et al. 1985). 

In vitro, 7-hydroxyperphenazine appears to be the only active metabolite and has 

approximately NO-tfiirds &nity for dopamine D2 receptors, compared to the parent 

compound (Hals et al. 1986). In vivo, this metabolite is not considered important as its 

plasma concentrations are negligible compared to perphenazine (4%) and is less likely 

to pass the blood brain barrier due to increased hydrophilicity (Hansen et al. 1976. Larsen 

et al. 1985). Therefore, the clinical significance of perphenazine metabolites are 

considered to be negligible. 

Mechanism of the interaction 

Both pharmacokinetic andor pharmacodynamie factors may play a role in SSRI- 

antipsychotic interactions. An understanding of the mechanism(s) of the observed adverse 

interaction has ramifications for prediction and management of interactions between 

SSRXs and antipsychotics. 

Our data demonstrate the presence of a s ipi  ficant pharmacokinetic interaction when 

perphenazine is coadministered with paroxetine. Since perphenazine undergoes 

significant first-pas extraction following on1 administration (Hansen et al. 1976). the 

most li keI y explanation for this pharmacokinetic interaction is a decreased first-pass 

metabolism of perphenazine in the presence of paroxetine (Greenblatt et al. 1996). This is 

supported in part by the increase in peak perphenazine plasma concentration after 

paroxetine pretreatment (Table 1 1 ) (Greenbiatt et ai. 1996). Furthemore. in an earlier 

study, plasma concentrations during the first 8-hours following a single intravenous dose 

of perphenazine (approximate dose: 0.08 to 0.09 mgkg, n = 5) were comparable to 



concentrations observed after oral administration in the presence of paroxetine in our 

study (Hansen et ai. 1976). CYP2D6-related enymatic activity was documented in 

human intestinal microsornes using (+) -bufural01 1 '-hydroxylation (Rueksaritanont et al. 

1995). However, the arnount of CYP2D6 protein and catalytic activity (V-) in the 

intestine are much lower compared to the Iiver (Prueksaritanont et al. 1995). Therefore, 

impairment of hepatic CW2D6 activity would be considered the most important factor 

for increase in perphenazine plasma concentrations. 

Other evidence supponing the importance of phmacolcinetic mechanisms for the 

observed interaction cornes from a panel study in elderly patients with dementia: during 

the first three days of perphenazine treatment (0.05 mgkg, p.o.), the PMs for CYP2D6 (n 

= 5, debrisoquine metabolic ratio > 1 1 A) experienced significantly greater side effects 

(predominantly extrapyramidal and sedative) compared to EMS (n = 40) (Pollock et al. 

1995). During a prelirninary study. we made a similar observation when a PM subject 

developed severe akathisia following a single oral dose of perphenazine (0.1 1 mgkg). 

These findings further indicate that a genetic deficiency or inhibition of CYP2D6 activity 

may result in perphenazine side effects. even in the absence of an SSRI. 

Although there was a positive correlation between log ODMR values and perphenazine 

AUCa8 at baseline, this association was not observed in the presence of paroxetine. Our 

data also indicate a larger inter-individual variability in perphenazine plasma 

concentrations following pretreatment with paroxetine, as reflected by the larger standard 

deviations at each time point. compared to perphenazine administration alone (Fig. 7). 

These findings are presumably due to the increased importance of lower affinity 



alternative rnetabolic pathways for clearance of perphenazine following inhibition of 

CYP2D6 activity by paroxetine. This is supported by previous observations with 

paroxetine, another CYP2D6 substrate: EM subjec~  who had low CYP2D6 activity were 

dependent on aitemate elimination pathways for paroxetine clearance (Sindmp et al. 

1992b). 

There were no associations between the total paroxetine plasma steady state concentration 

(bound plus free) and the percentage change in log ODMR values and perphenazine 

kinetic parameters. In our study. paroxetine metabolites were not measured. However. the 

major metabolites of paroxetine in humans. the M-1 glucuronide and M-1 sulphate. do not 

inhibit CYP2D6 significantly in vitro (K, > 100 FM) and are therefore unlikely to account 

for this observation (Crewe et al. 1992). Paroxetine is extensively bound to plasma 

proteins (95%) (Leonard 1993). The variability in paroxetine free dmg concentrations 

rnight be responsible for the lack of such associations. Like most psychotropic drugs, 

paroxetine is highly lipophilic and may accumulate inside the hepatocytes. Therefore. 

plasma paroxetine concentrations rnay not reflect the actual concentrations inside the 

hepatocytes and the extent of impairmenr in CYP2D6 activity. 

There was no significant change in paroxetine 24-h trough steady state plasma 

concentration when perphenazine was coadministered. Therefore, the observed increase 

in side effects was not due to an increase in plasma paroxetine concentration in the 

presence of perphenazine. There was also no association between the extent of change in 

perphenazine plasma concentration and placebo-corrected observer-rated sedation. This is 



most likely due to the low dose of perphenazine used in Our study which resulted in a 

floor effect before paroxetine treatment. 

A phamacodynamic interaction between paroxetine and perphenazine might have also 

contributed to the observed increase in C N S  effects of perphenazine. If paroxetine caused 

significant changes in the pharmacodynamic outcome measures. this would have been 

reflected in changes in the pharmacodynamic endpoints during placebo administration in 

the presence of paroxetine. However, the placebo effect for al1 pharmacodynamic 

outcome measures did not differ significantly at any time point, including the baseline, 

before and during paroxetine treatment. This indicates that the increased side effects are 

most likely due to an increase in perphenazine plasma concentration and not due to an 

additive pharmacodynamic effect of paroxetine. 

In the context of extrapyramidal side effects. the potential for a faciliraru- 

pharmacodynamic interaction between paroxetine and perphenazine should also be 

recognized. The serotonergic neurons located at the midbrain dorsal raphe nucleus project 

to the substantia nigra. the striatum and the cerebral cortex (Jacobs & Azmitia 1992). 

These serotonergic projections play an inh i bi tory role on central dopaminergic 

neurotransmission (Dewey et al. 1995. Muramatsu et al. 1988. Sparnpinato et al. 1985. 

Ennis et al. 1981). Therefore. an increase in synaptic serotonin concentrations by SSRIs 

may indirectly lead to a decrease in dopaminergic neurotransmission in the brain (Dewey 

et ai. 1995, Caccia et al. 1992. Martensson et al. 1989, Meltzer et ai. 1979). although this 

hypothesis was not confirmed by another study (Baldessarini et al. 1992). However, 

SSRI-associated extrapyramidal side effects are not very common and occur in 



approximately 1 out of 1ûûû patients exposed to this class of medications (Coulter & 

Pillans 1995, Choo 1993). These epidemiologicaI observations are consistent with 

neuroimaging studies in patients wi th schizophrenia which suggest that a minimum 

threshold impairment in central dopaminergic function is necessary before extrapyramidal 

side efiects can develop (Scherer et al. 1994, Nordstrom et al. 1993, Farde et al. 1992). 

For example, after treatment with classical antipsychotics such as hdoperidol and 

perphenazine, extrapyramidal symptoms were mainly observed in those who had a Dz 

dopamine receptor occupancy of 82% + 4% (mean + standard deviation) while those with 

lower receptor occupancy did not have extrapyramidal side effects (Farde et ai. 1992). 

Therefore. although SSRIs per se may not directly cause extrapyramidal side efTects, 

upon concurrent administration with dopamine receptor antagonists (e.g. antipsychotics) 

or in the elderly with subclinical or pre-existing Parkinson's disease, they may facilitate 

the development of this panicular antipsychotic side effect. In contrast to extrapyramidal 

symptoms. other antipsychotic side effects (e.g. sedation, impairment in psychomotor 

performance and memory) are less likely to be affected by the pharrnacodynarnic effects 

of paroxetine due to the low affinity of SSRLs for histarninic, muscuranic and 

adrenocepton. Furthermore. changes in such outcome measures by paroxetine c m  be 

accounted for with an appropriate placebo control in the presence of paroxetine. as these 

side effects are not likely to follow a threshold function, uniike the extrapyramidal effects 

(Scherer et al. 1994, Nordstrom et al. 1993, Farde et al. 1 992). 

In spite of the hypotnetical contribution of a pharmacodpamic interaction between 

central serotonergic and dopaminergic neurotransmission to changes in extrapyramidal 

side effects. this factor is presumably of minor importance compared to changes in 



perphenazine pharmacokinetics. The phamacokineticdynamic analysis of the akathisia 

scores (the most pronounced extrapyramidal reaction observed in our study) revealed that 

this side effect occurred only when the perphenazine plasma concentrations were close to 

or higher than the threshold concentration (Fig. 11). From a clinical perspective. even 

though the modulation of central dopaminergic neurotransmission by paroxetine may 

have some hypothetical facilitatory effect for the development of extrapyramidal reactions 

upon exposure to antipsychotics. this risk should not be increased hirther by an 

impairment of antipsychotic metabolism via CYP2D6 isozyme. 

Caveats 

The clinicd ramifications of the interaction observed with a single dose of perphenazine 

deserve further discussion in tems of the risk of interaction following multiple doses of 

perphenazine. In Iight of the unpleasant side effects of antipsychotics and safety concems 

for the participating subjects. a single test dose of perphenazine was used in our study. 

This experimental design will be directly relevant for patients who are already at steady 

state with paroxetine and require treatment with an antipsychotic. In these patients. a 

significant increase in side effects will likely become apparent within several hours of the 

first dose of perphenazine. Considering that in the presence of paroxetine. perphenazine 

plasma concentrations increased above the threshold (3 nM) for perphenazine toxicity 

following a single dose, multiple doses of perphenazine would also be expected to cause 

a significant interaction with paroxetine. 

The activity of CYP2D6 is primarily detennined by genetic factors and is not inducible by 

environmental exposure to xenobiotics or other medications (Steiner et al. 1985). 



Therefore, the increase in perphenazine plasma concentration by paroxetine treatment 

will not diminish due to CYP2D6 induction during continued treatment. Although some 

tolerance to antipsychotic side effects rnay develop with continued perphenazine 

treatment, tolerance to extrapyramidal reactions does not usually occur. Furthemore, 

clinically, the magnitude and the acute onset of the interaction rnay require irnmediate 

dose adjustments for perphenazine and rnay not allow prolonged exposure to 

perphenazine to develop tolerance. 

Most classical antipsychotics including perphenazine are both substrates and cornpetitive 

inhibitors of CYP2D6 (Baumann et al. 1992, Gram et al. 1989, Syvalahti et al. 1986. 

Inaba et al. 1985, Von Bahr et al. 1985, Nelson & Jatlow 1980. Gram & Overa 1972). 

This rnay lead to autoinhibition of CYPID6 activity and an increase in perphenazine side 

effects upon continued treatment (Pollock et al. 1995). This rnay require a reduction in 

perphenazine dose. Therefore. in such patients who rnay have aiready had dose 

adjustmenrs for perphenazine. the initiation of paroxetine trearment rnay cause a less 

dramatic interaction. 

The significant increase in sedative side effects of perphenazine during paroxetine 

treatment might have caused an impairment in subjects' performance in memory test. 

However, there was no significant change in the effect of perphenazine on memory 

function before and during paroxetine administration. Therefore, a false-positive 

interaction between paroxetine and perphenazine is rather unlikely for the data on 

memory function. 



There was a signiftcant positive correlation beween the log ODMR values beforc and 

after paroxetine treatment (Fig. 6). In addition. a trend for a positive association was 

found between the baseline CYP2D6 activity and the extent of decrease in activity after 

paroxetine (r = 0.64, p = 0.09). However. these observations should be viewed with 

caution due to the limited sample size in this study. Further studies are needed to 

determine whether genetic vanations in drug metaboiism capacity may serve as a risk or a 

protective factor for isozyme specific drug interactions and toxicity. 

In conclusion. the results of this study indicate that paroxetine treatment at a typical 

therapeutic dose (20 mg/day) causes a significant inhibition of CYP2D6 activity in vivo. 

This results in a robust increase in perphenazine plasma concentration and CNS side 

effects. 



The Extent of Changes in CYP2D6 and CYPlA2 Activities with 

Therapeutic Doses of Sertraline 



BACKGROUND AND RATIONALE 

4.1 Effects of SSRIs on drug metabolirnt and risk for drug interactions: 

Relevance for rational prescription of SSRIs 

There is no evidence supporthg significant differences in antidepressant efficay among 

SSRIs (Kasper et al. 1995). Therefore, qualitative and quantitative differences in side effect 

profiles and potential for adverse drug-dmg interactions gain further importance for rational 

prescription of SSRIs. The results of the previous study indicate that an impairment in 

CYP2D6 activity by paroxetine or other potent inhibitors can result in an increase in 

antipsychotic plasma concentrations and side effects. Paroxetine is also Iikely to cause 

drug interactions with other medications predominantly metabolized by CYP2D6. 

In a sample of psychiatrie patients (n= 19) treated with variable doses of fluoxetine (20 to 

80 mg/day). the log ODMR values were ciose to the antirnode separating EMS from PMs. 

indicating a significant impairment in CYP2D6 activity by fluoxetine as well (Otton et al. 

1993b). The latter finding is comparable to our data on log ODMR following treatrnent 

with paroxetine which suggests that a similar adverse interaction may occur when 

fluoxetine and perphenazine are coadministered. 

Since SSRk are very frequently used in clinical practice and considering the acute adverse 

interaction presented in chapter 3. chancterization of the effects of SSRIs on difierent CYP 

enzymes in vivo would be valuable for prediction and clinical management of adverse 

interactions with SSRLs. As the genetically polymorphic CYP2D6 enzyme is essential for 

the metabolism of many medications routinely used in clinical psychiatry, it would be 



necessary to know the effects of SSRIs other than paroxetine and fluoxetine on CYP2D6 

activity in vivo. 

The inhibitory effects of sertraline and other SSRIs have mainly focused on the CYP2D6. 

The cytochrome P450 1A2 (CYPIA2) enzyme belongs to CYPl A subfamily, dong with 

CYP 1 A 1. Both enzymes are inducible by polycyclic aromatic hydrocarbons (e.g. 

methylcholanthrene type) and chlorinated compounds such as TCDD (2.3 -7.8- 

tetrachlorodibenzo-p-dioxin). In the liver. CYPlA2 is consitutively expressed while 

CYP 1 A 1 expression is virtually negligible. in the absence of inducers. CYP 1 A 1 is primarily 

involved in the disposition of environmental toxicants and carcinogens. Although CYP I A2 

is important for oxidative metabolism of procarcinogens (e.g. aiylamines in tobacco 

smoke). it also metabolizes some dietary constituents such as caffeine as well as several 

frequently prescribed medications such as clozapine. fluvoxamine, irnipramine. propranolol. 

tacrine and theophylline (Carrillo et al. 1996, Fontana et al. 1996, Tija et al. 1996. Madsen 

et al. 1995, Yoshirnoto et al. 1995, Bertiisson et ai. 1994, Lemoine et al. 1993, Fuhr et al. 

1992, Butler et al. 1989). Consequently. an impairment in CYPI Aî activity may lead to 

clinically important dmg-dru% interactions. Furthemore. a decrease in CYP 1 A2 activity by 

SSRIs rnay also result in changes in the efficiency of procarcinogen activation by CYPI A2 

and may have theoretical ramifications for inter- and intra-individual variability in the risk 

for carcinogenesis. 

Another CYP enzyme of considerable therapeutic importance is the CYP3A4 enzyme. 

which constitutes approximately 30% of the total CYP content in adult hurnan liver 

(Shimada et al. 1994). fiowever, the lack of an ideal sensitive and noninvasive in vivo 



probe for CYP3A4 does not readily allow dinical testing of the effects of SSRïs on 

CYP3A4 activity (Watkins 1994). 

4.2 Effects of sertraline treatment on CYP2D6 and CYPIA2 acrivities: 

in vitro and in vivo observations 

There is marked variability among SSRIs in their effects on CYP2D6 activity in vitro. In 

vitro. the rank order of inhibitory potency (Ki) of s e d i n e  for CYP2D6 is lower compared 

to pamxetine and fluoxetine (Table 13) (von Moltke et al. 1995a. Otton et al. 1994, Otton et 

al. 1993b Skjelbo & Bresen 1992, Crewe et al. 1992). However, some studies with 

sertraline reported K, values in the low micromolar range (0.7 - 1.5 PM) suggesting a 

potential for CYP2D6 specific drug-dmg interactions (Otton et al. 1994, Otton et ai. 1993b. 

Crewe et al. 1992). Sertraline is oxidatively metabolized by N-demethylation to its primary 

metabolite desmethylsertraline but the specific isozyme(s) involved in its metabolism are 

not known in vivo (Brasen 1993). The in vitro inhibitory potency of desmethylsertraline for 

CYP2D6 is comparable to that of sertraiine (von Moltke et al. 1995a). 

h vivo. sertraline treatrnent at a daily dose of 50 mg increased desipramine plasma 

by 236  from baseline suggesting a weak inhibitory effect on CYP2D6 (Preskorn et al. 

1994). Sertraline is clinically available CO be used at daily doses of 50 to 200 mg but the 

lowest dose (50 mg.day-') appears to be efficacious in most patients with major depression 

(Preskom & Lane 1995). In two studies with a higher dose of sertraline (150 mg per day), 

single dose desipramine plasma AUC increased. on average, by 54% to 72% from baseline 

suggesting dose and plasma concentration dependent inhibition of CYP2D6 activity by 

sertraline in vivo (Zussman et al. 1995, Kurtz et al. 1994). However, another study in a 



lirnited number of subjects (n = 7) found no significant relationship between sertraline plus 

desmethylsertraline plasma concentration and the extent of change in CYP2D6 activity 

(Riesenman et al. 1996). 

In viîro, fluvoxamine is the most potent inhibitor of CYPIA2 among SSRIs (Table 14) (von 

Moltke et al. 1996b). Sertraline, fluoxetine and paroxetine have comparable inhibitory 

potency for CYPlA2 in vitro which is approximately an order of magnitude less than that of 

fluvoxamine (von Moltke et al. 1996b). There are no data for the e k t s  of sertraline on 

CYP 1 A2 activity in vivo. 





TABLE 14. Sumrnary of in vitro inhibitory constants (K, : @id) 

of SSMs and their metabolites (*) for CYPIAî 

von Moltke et al. 1996 
(substrate: phenacetin) 

-- - 

Paroxetine 

Fluoxetine 

Norfiuoxetine* 

Sertraiine 

Desmethy lsertraline* 

Fluvoxamine 

OBJECTIVE 

The primary objective of the present study was to determine the ext ent of ch 

CYP2D6 and CYP 1 A2 activities dunng sennline treatment with therapeutic doses 

(50 mg/day and higher). 

MATERIAL AND METHODS 

Srtbjects 

Subjects comprised of adu lt and e Iderl y out patients and inpatients who were prescribed 

sertraline for a mental health problem (e.g. major depression) as well as  healthy volunteers 

recruited among students and staff at the University of Toronto. Al1 patients had an 

extensive metabolizer (EM) phenotype for CYP2D6 and did not have liver or kidney 

disease or a substance use disorder as determined by their physician. The volunteers had 

good to excellent health as assessed by the General Health Questionnaire. an EM phenotype 



for C(P2D6 and no history of liver or kidney disease or illicit dnig use (Ware & 

Sherboume 1992). Subjects gave wntten informed consent to participate after study 

procedures and potential nsks were explained to them The study was approved by the 

Research Ethics Board of the Sunnybrook Health Science Centre. University of Toronto. 

Healthy volunteen were compensated for their participation in the study. 

Studv Protocol 

Sertraiine ( ~ o l o f t ~ ~ ,  Wier Canada bc., KirWand, Quebec) was administered following a 

once daily dosing regimen and mostly in the moming or at noon. In healthy volunteers, 

sertraline was titrated to the final dose of 100 mglday over a course of two days. Ail healthy 

volunteers received sertraline at the final dose of 100 mg/day for at least five days. Blood 

sarnples were obtained to measure trough sertrdine and desmethylsertraline concentrations 

18 to 28 houn (23.6h + 3.3. n = 22)  (mean t SD) after the last senraline dose. Plasma 

sarnples (5 ml aliquots) were stored at -20 OC until the analysis. Cornpliance with 

sertraline treatment was monitored with pi11 counts, daily diaries and interviews with the 

subjects. The in vivo CYP2D6 and CYPIA2 enzyme activities were assessed at baseline 

and at lem seven days after the initiation of sertraline matment using dextromethorphan 

and caffeine as in vivo probes. respectively. Concurrent medications and life-style habits 

including smoking. charcoal broiled meat. cruciferous vegetable, grapefruit and ethanol 

consumption were monitored on phenotyping sessions and during the study. 

Detemination of CYPZD6 Acti~*ie 

Following an initial void of urine early in the evening (approximately at 8:00 pm.) subjects 

ingested a 30 mg dextromethorphan hydrobromide capsule (Contac CoughCaps-DM. 



SrnithKLine Beecham Pharma, Weston, Ontario) and a 100 mg caffeine tablet (Wake Ups. 

Adrem Inc., Markharn, Ontario) together and collected their urine until the next moming 

including the fint morning urine for a period of 8 to 12 houa. On days when phenotyping 

was perfomed, subjects limited their ethanol and caffeinated beverage consumption (e.g. 

coffee, tea) to a maximum of two drinks (one standard alcoholic drink = 13.6 g of 

ethanol) and three cups. respectively. The urine sarnples were analyzed for 

dextromethorphan and its metabolites using a Hewlett-Packard 1050 High Performance 

Liquid Chromatography (HPLC) with a fluorescence detector, as described previousIy in 

chapter 3 (Otton et al. 1993. Chen et al. 1990). 

Determination of cafleine metabolic ratio as an index of CYPIA2 activie in vivo: 

Biochernical busis and description of the rnethodologv 

Caffeine ( 1 -3.7-trimethylxanthine: 137X) is a frequently consumed d i e t q  ingredient and 

does not induce its own metabolism (Kalow 1985). The urinary caffeine metabolic ratio 

(CMR) was developed by Kalow and colleagues as a practical in vivo index of CYP 1 A2 

activity (Tang et al. 1996. Kalow & Tang 1993). 

The major metabolic pathways of caffeine are presented in Figure 13. CYPlAl 

contributes to more than 95% of caffeine plasma clearance. The latter. therefore. serves as 

a standard against which other more practical urinary indices (e.g. CMR) of CYPIAî 

activity can be validaied (Kalow & Tang 1993). The CYPlA 1 ,  CYP2EI. N- 

acetyltransferase (NATZ), xanthine oxidase (XO) and CYP2A6 may also contribute to 

caffeine clearance (Fig. 12). 





However. the contribution of CYPs other than CYPlA2 to caffeine clearance is negligible 

unless caffeine consumption is sufficiently high (e.g. 12 mgkg) (Denaro et al. 1996) to 

saturate CYPlA2 (Tang & Kalow 1996. Kdow & Tang 1993, Tassaneeyakul et al. 1992). 

In those who are dependent on ethanol, the fractionai caffeine clearance by CYPî-El may 

increase (Tang & Kalow 1 996). 

The measurement of CYPl A2 activity by CMR involves quantitation in urine (collected 

for 8h or more) of the four biotransformation products of paraxanthine [1.7 

dimethylxanthine (17X): the principal and immediate metabolite of caffeine] including 

acetyl-formyl-methyluracil ( AFMU), 1 -methyl-xanthine ( 1 X), 1 -methyturate ( 1 U) and 

1.7dirnethylurate ( 17U) using HPLC (Tang & Kalow 1996. Kalow & Tang 1993. Tang et 

al. 1991. Campbell et al. 1987. Tang et al. 1986). The CMR [{AFMU + IX + 

I U JI{ 17UJ ] represents the in vivo CYP 1 A2 activity (Tang & Kalow 1996. Kalow & 

Tang 1993). 

Paraxanthine is produced by N-3 demethylation of caffeine via CYPl A l  (Butler et al. 

1989). Therefore, caffeine sentes as a source of paraxanthine. The AFMU. 1 X and 1 U are 

formed as a result of N-7 demethylation of paraxanthine by CYP 1 A2 (Fig. 12). The 17U 

is formed from paraxanthine by CYP2A6 but also in part by CYPIA2. Consequently. 

CYPlA2 determines the numerator (AFMU + IX + IU) but can also contribute partially 

to the denominator (I7U) of CMR. Therefore, CMR may underestimate the tme 

biological variability in CYPIA2 activity in vivo. Nevertheless, CMR significantly 

correlates with systemic caffeine clearance (r = 0.92) and is a validated index of CYP 1 A2 

catalytic function in vivo (Tang & Kalow 1996, Denaro et al. 1996). An advantage of 



CMR is that it is not affected by rend factors unlike other urinary-based caffeine-derived 

CYP 1 A2 indices (Tang & Kdow 1996, k n a r o  et al. 1996, Tang et al. 1994, Campbell et 

al. 1987). 

In this study, urinary caffeine and metabolite concentrations were measured by high 

performance liquid chromatography (HPLC) using a Bio-Gel-TSK-20 column (Bio-Rad 

Laboratories, Toronto. Ontario). In brief, 200 pl of urine was added to a centrifuge tube 

containing approximately 120 mg ammonium sulfate and vortexed for 15 seconds. After 

adding 200 pi of intemal standard solution (120 mg N-acetyl-p-aminophenoVL 

chlorofom) and 6 ml chlorofomi/isopropyI alcohol (90: 10:. v/v) - extracting soivent, the 

mixture was vortexed for 30 seconds and centrihiged for 5 minutes at 2500 rpm. The 

organic phase was transferred and dned under N2 . and resuspended in HPLC mobile- 

phase solvent (0.05% acetic acid/methanol. 88: 12. v/v) and injected ont0 a Beckman 

Ultrasphere ODS (5 Pm. 25 cm by 1.6 mm) analytical column. Urinary metabolites were 

eluted at a flow rate of 1 rnllmin. and detected by ultraviolet absorbante at 280 nm. and 

quantified by cornparison with blank urine spiked with pure standards. 

CYPl A2 plays a critical role in the metabolic activation of procarcinogens such as 

arylamines and dietary heterocyclic amines to their proximate carcinogenic foms (Eaton 

et al. 1995, Boobis et ai. 1994. Murray et al. 1993). Therefore, availability of practical in 

vivo indices of CYPlAl activity such as CMR is an important development to funher 

explore the clinical consequences of variabili ty in CYP 1 A2 expression at a populational 

level with respect to chernical carcinogenesis. In addition, CMR may allow to determine 



the quantitative role of CYPlA2 in drug metabolism and the clinical importance of 

CYP1 AZmediated dmg-drug interactions. 

Measurement of semaline and desmethyIsertraIine concentration 

The semaline and desmethylsertraline plasma concentrations were measured by adaptation 

of a previously desmibed HPLC system (Rogowsky et al. 1994). In brief, following solid 

phase extraction using K - 8  tubes (Supelco, Oakville. OntarÎo). ~hrornato~aphy was 

c b e d  out using a Hewlett-Packard 1050 HPLC and ultraviolet detection at 215 nm. 

Doxepin was used as an intemal standard. Separation of compounds of interest was 

performed on a 25 X 0.46 cm 0DS2 C18 5pm reverse phase column (Chromatography 

Sciences Company, Montreai. Quebec). The mobile phase consisted of a 34.65 pM 

dimethyloctylamine in a mixture of 50 m M  phosphate buffer (pH 2.0) and HPLC grade 

acetonitrile mixed 6535 by volume and rm at a flow rate of 1.5 mumin at 40 O C .  The 

minimum level of detection for sertraline and desmethylserualine was 20 nM. The 

coefficient of variation (CV) for intra-assay variability at 25.1 nM and 954 nM sertraline 

was 1 1.8% and 2.0%. respectively. For desmethylsertraline. intra-assay CV at 75.1 nM and 

929 nM was 5.1 % and 2.5%. respectiveiy. The CV for inter-assay variability at the same 

concentrations were, respectively. 13.6% and 2.94 for sertraline and 10. I % and 2.9% for 

desmethylsertraline. 

Data analvsis 

The data analysis was performed using SPSS" 6.1.2 for windows. The statistical 

significance of changes in CYP 1 A2 and CYP2D6 activities was tested with t-test for paired 

sarnples. ANOVA and linear rnultivariate regression analyses were used to determine the 



factors which may affect sertraiine plasma concentrations and the extent of changes in log 

ODMR and CMR. Spearman correlationai analysis was performed when applicable. 

Subject 21 was tested at baseline and during dose titration on three different doses of 

sertraline. The data fiom this subject at each dose were considered as separate observations. 

RESULTS 

The average dose of sertraiine was 93.5 mg/day + 26.4 (SD) (range: 25 to 150 mg/day) and 

al1 subjects were cornpliant with ser~aline treatment. No adverse effects were reported 

during dextromethorphan and caffeine administration. The subjects' characteristics are 

summarized in Table 15. The majority of subjects were of Caucasian ancestry except 

subject 2 (Japanese) and 3 (East-Indian). Subjects 3 and 7 were tested only with 

dextromethorphan as they expressed sensitivity (difficulty in sleeping) to caffeine in the 

evening. Subject 18 was phenotyped during the day with eight hour urine collection. A11 

subjects were nonsmoken with the exception of subject 9 who regularly smoked 6 

cigaretteslday. Blood samples were obtained from al1 subjects except subject 3. 

S e m l i n e  effect on log ODMR 

The baseline log ODMR in patients (-2.23 + 0.56. n=l 1 paired observations) (mean + 

SD) and volunteers (-2.41 2 0.33. n= 12 paired observations) did not change significantly 

after sertraline (-2.08 + 0.78. -1.30 2 0.44, respectively) (p ~ 0 . 0 5 )  (Fig. 13). In pooled 

data, a statistically significant but small 6.0% change in baseline log ODMR (-2.33 + 

0.45) (mean + SD) was observed after sertraline treatment (-2.19 + 0.62) (p=0.04). 



Sewaline effect on CMR 

The baseline CMR in patients (5.8 +: 1.6, n=9 paired observations) (mean + SD) and 

volunteers (4.6 & 2.0. n=ll  paired observations) did not change significantly after 

s e d i n e  (5.0 + 1.6,4.2 + 1.6, respectively) (p S.05)  (Fig. 14). In pooled data, there was 

also no significant change in baseline CMFt (5.1 +: 1.9) (mean + SD) after sertraline (4.5 + 

1.6) ( p d .  10). In Figures 13 and 14. the data from subject 21 on three different doses of 

sertraiine are presented separately (25. 125 and 150 mg.day-l, respectively). 

Sertraline eflect on N-demethylution of demornethorphan 

The N-demethylation index of dextromethorphan (dextromethorphanl3-rnethoxymorphinan) 

at baseline (5.26 4.18) (mean + SD) did not change after sertdine treatment (4.87 2 

4.00) (p 9 -05 )  (Duchaxme et al. 1996, Goski et al. 1994). 

Dereminanrs of changes in log ODMR and CMR afier sertraline freaîmenf 

There was no association between the rank order of sertraline plus desmethylsertraline 

plasma concentration and the magnitude of change in log ODMR (rS2=O. 14. p=0.09) and 

CMR (r,'=0.01. p=0.68) (Figs. 15 and 16). The results were similar when analyses were 

repeated with se~raiine and desmethylsenraline concentration separately. There was no 

important contribution of age. dose. duntion of treatment. gender. oral contraceptive use. 

weight. type of subject (patient or volunteer) to the extent of changes in log ODMR and 

CMR (p >O.OS). In a subset of subjects who were treated with sertraiine for at least 1 I to 

55 days. the changes in log ODMR (n = 7 paired observations) and CMR (n = 8 paired 

observations) were also not significant (p >O.OS). 



Effect of buseiine log ODMR and CMR on sertraline steady state p l m  concentration 

After sertrdine treatment for 14.2 days 2 14.9 (mean + SD), the average semaline and 

desmethylsertraline plasma concentrations were 125.4 nM + 105.2 (SD) and 195.1 nM 2 

197.9, respectively. There was no significant effect of age. baseline log ODMR. CMR. 

duration of treatment. gender and weight on sertraline steady state plasma concentrations 

(p>0.05). No significant association was found between the desmethlysemaline/sertraline 

ratio in subjects who were treated for at least 16 to 55 days and the baseline log ODMR 

or CMR (p >0.05). 











Subject number 

FIGURE 13. The minus logarithm of dextroinethorpliun O-demeihylaiion ratio (- log ODMR) bcfore (ope>i trimgles ut~d circles) and after 
(closed triangles m d  circles) sertraline trcutinent. Triangles = patients, circles = healihy voliinteers. 



Subject number 

FIGURE 14. The caffeine meiabolic ratio (CMR) bcfore (ope11 <ricirigles and circies) and after (clmed rria~yles ci11tl cirdes) srrtriiline ireaiment. 
Triangles = patients, circles = Lealtliy voluiiieers. A decrease in CMR indicaies a decreuse in CY PI A2 uciivity. 



Sertraline plus desmethylsertraline 

9 
FIGURE 15. Ttir relaiioiisliip beiween the sum of serinline und desmethylserîraline plasina conceniration and itie dccrrusr in lognrittiin of 
dextromeihorphan O-drmethylsiion ratio. Absolute values were used to calculaie the changes in log OUMR. A change in the negative direction 
reflects a change in the directioii of P (lecrenserl CY PîD6 nctivity. 





DISCUSSION 

This study evduated the extent and determinants of changes in CYP2D6 and CYPlA2 

activities with therapeutic doses of sertraline. We found that sertraline treatment at an 

average daily dose of 94.0 mg results in only a 6.0% decrease in mean log ODMR (absolute 

value) with no significant effect on CMR. There was no significant contribution of 

seraaline or sertraiine plus desmethylsertraline plasma concentration and treatment duration 

to changes in log ODMR and CMR. These findings indicate that at an average daily dose of 

94 mg, sertdine treatment has an effect on log ODMR only slightly greater than that due to 

day to day intraindividud variations. Sertraiine is a weak inhibitor of CYPlA2 in vitro 

which is consistent with the lack of a significant change in CMR after semaline treatment. 

Our study had 80% power to detect a change of 1.6 in mean CMR after sertraline treatment 

using a two-sided test at a 0.05 sipificance level. The CMR in healthy volunteers ranges 

from 2 to 16 (Kalow & Tang 199 1 b). 

in other studies using dextromethorphan as a CYP2D6 probe. we found an approxsmately 

5 0 8  decrease in log ODMR after treatment with standard doses of paroxetine (dose: 10-20 

mg/day. duration: 5 to 74 days) while there was no sipificant change after fluvoxarnine 

(dose: 50 to 100 mg/day. duntion: 5 to 43 days) (Ozdemir et al. 1997a) (,sec chapter 5 for 

details). Similarly, in patients treated with fluoxetine the log ODMR fell into the region 

close to or near the antimode separating EMS and PMs (Otton et al. 1993b). In a small 

sarnple of healthy volunteers (n=7). senraline (100 mg/day) increased the mean 

dextromethorphanldextrorphan urinary metabolic ratio by 1 -7-fold from baseline. while 

paroxetine (20 mg/day, n=8). fluoxetine (60 mglday, n=8) and fluvoxarnine ( 1 0 0  mg/day, 

n=8) caused a 38.7-, 18.2- and 1 -4-fold increase, respectively, &er eight days of treatment 



(Riesenman et al. 1996). Collectively, these data indicate that the inhibitory effect of 

semaline on CYP2D6 at a mean daily dose of 94 mg is approximately one order of 

magnitude lower than that of paroxetine and fluoxetine at their usud therapeutic doses. 

In the present study, the average sertraline and desmethylsemaline plasma concentrations 

were 125.4 nM 2 105.2 (SD) and 1%. 1 nM 2 197.9, respectively. This is comparable to 

previously reported values following sertraiine treatment with a fixed dose of 100 mg/d 

(Gupta & Dziurdzy 1994). In this plasma concentration range. we did not find an 

association between semaline and desmethylsertraline concentrations and the extent of 

changes in log ODMR or CMR. However. since the variability in sertraiine dose was 

lirnited in Our study, we can not rule out the possibility of a significant inhibition of 

CYP2D6 or CYPIA2 activity with higher plasma sertraline/desmethylsertraline 

concentrations following treatment with maximum clinical doses (e.g. 150 to 200 mgday). 

The average elimination half-lives of sertraiine and desrnethylsertraline are 26 and 66 hours. 

respectively (Gnmsley & Jann 1992). Although most subjects in our study cm be assumed 

to be at steady state for senrdine. this would not be tme for desmethylsertrdine. However, 

there was no significant effect of duration of trmtment or sertraline plus desmethylsertraline 

concentration on the magnitude of c h m p s  in log ODMR and CMR. Furthemore. in a 

subset of subjects who received sendine for at Ieast I I  to 55 days, the changes in log 

ODMR and CMR were not significant. Therefore, the results are unlikely to be affected by 

variations in duration of senralinc: treatment. 



The significance of the results also requires consideration of the potential confounding 

factors which may affect CYP2D6 and CYPlA2 activities independently from sertraiine 

treatment. Concomitant medications remained unchanged in most of the subjects (Table 

16). Subject 1 was taking a codeine preparation during the first phenotyping session but 

not on second phenotyping. The O-demethylation of codeine is mediated by CYP2D6 

(Yue et al. 1989. Dayer et al. 1988). However, codeine has a lower affinity for CYP2D6 

(Km = 149 PM) than dextromethorphan (Km = 7.0 FM) (Jacqz-Aigrain et al. 1993, Dayer 

et al. 1988). Therefore, the data on log ODMR in this subject is rather unlikely to be 

afTected by an interaction berween codeine and dextromethorphan. Subject 5 used an 

estrogen preparation only during the first phenotyping day. Oral contraceptive (OC) 

stemids do not affect CYP2D6 activity (Bock et al. 1994). However, OC use and 

conjugated estrogen replacement therapy inhibit CYPIA2 activity significantly 

(O'Connel1 1997. Kalow & Tang 199 1 a). Indeed. before sertraline treatment. this subject 

had one of the lowest CMR (2.4). Therefore. the data on CMR from this subject were not 

included in the analysis. Subject 1 used diclofenac and misoprostol only on the second 

phenotyping while subject 1 1 used loxapine only on the fint phenotyping. The oxidative 

metabolism of diclofenac and several other non-steroidal antiinfiammatory dmgs 

(NSAIDs) is mediated by the CYPlC subfamily (Leernann et al. 1993a. Leemann et al. 

1993b). The CYP enzymes mediating the metabolism of loxapine or misoprostol are not 

known. An interaction between loxapine and carbarnazepine was previously reported 

suggesting the possibility of interactions via the CYP3A subfamily (Collins et al. 1993). 

However, there is no evidence for CYP2D6 or Ck PIA2 specific interactions with 

diclofenac. Ioxapine or misoprostol. Exclusion of these subjects from the analysis also 

did not change the results. 



Variations in life style habits and diet may affect dmg disposition. Smoking (Bock et al. 

1994, Kalow & Tang 1991 b), cruciferous vegetables (Kall et al. 1996, Pantuck et ai. 

1979), and charcoai-broiled beef (Conney et al. 1976). may cause induction of CYP 1 A2 

while grapefruit juice (Fuhr et al. 1993) may result in a modest inhibition in vivo. Most 

subjects did not have any grapefruit (or juice) during the study. The exceptions were as 

follows: subject 4 had one grapefruit on second phenotyping day but eight hours before 

the administration of dextromethorphan and caffeine tablets. He did not have grapefruit at 

any other time during the snidy. Subject 7 had one p p e f m i t  every moming except on the 

days when phenotyping was performed. However, subject 7 was phenotyped with 

dextromethorphan only since he expressed sensitivity to caffeine in the evening (difficulty 

in sleeping). Therefore, inhibitory effects of grapefruit on CYPlA2 activity is not 

applicable in that subject. Subject 15 had one grapefruit everynight including the both 

phenotyping sessions. The other life style habits remained unchanged one month before 

and during the study. Exclusion of the subjects 4 and 15 from the analysis did not change 

the significance of the effects of sertraline on CYP1 A2 activity. 

Compared to young males. senraline plasma AUC is 35 to 40% higher in elderly females 

(Preskom 1996). However. no significmr differences in sertraline plasma concentration 

among elderly fernales, elderly males or young females were found (Preskom 1996. 

Warrington 199 1). There are no descriptive data with respect to the effect of age on the 

potential inhibitory effects of sertraline on CYP2D6 and CYPlA2 activities in vivo. In the 

elderly subjects. change in log ODMR was not significant. However, a modest 17% 

decrease in average CMR was observed which was only borderline significant at the 5% 

level (p = 0.05). The CYP2D6 activity does not appear to change with age (Pollock et al. 



1992). While CYPIA2 activity is higher in chiidren than in adults (Tang & Kalow 1996). it 

is not known how aging affects the constitutive CYPlA2 activity or effects of inhibitors. 

halysis of the pooled data in adults and the elderly found no significant contribution of age 

to changes in log ODMR or CMR with sertraline. However, the generalization of this latter 

finding to the elderly is lirnited by the small number of older subjects in Our study. 

We used dextromethorphan and caffeine for the simultaneous determination of CYP2D6 

and CYPIA2 activities, respectively. CafTeine consumption does not interfere with 

dextromethorphan or sparteine metabolism (Bock et ai. 1994, Evans et al. 1989). 

Similarly, there is no evidence supporting a role for CYP2D6 in caffeine disposition and 

concurrent administration of dextromethorphan and caffeine does not alter the 

rnetabolism of either compound (Evans et al. 1989). Caffeine was previously used in 

combination with dextromethorphan or sparteine by other investigators as well (Jeppesen 

et al. 1996, Evans et al. 1989). 

Dextromethorphan is N-demethylated to 3-methoxymorphinan by CYP3A (Gorski et al. 

1994. Jacqz-Aigrain et al. 1993). The dextromethorphad3-methoxymorphinan 

(Dex/3MM) metabolic ratio was proposed as an in vivo index of CYP3A activity 

(Ducharme et al. 1996, Jones et al. 1996). Hawever, the duration of urine collection is 

critical and 72 hour urine collection is required for accuracy of this phenotypic measure 

(Jones et al. 1996). A 24 to 48 hour urine collection appean to be suitable if the objective 

is to determine the effects of an inhibitor or inducer on CYP3A (Jones et al. 1996). A 

shorter urine collection may result in changes in DexBMM ratio by variations in CYP2D6 

activi ty which catal yzes dex tromethorphan O-demethylation, the quantitative [y 



predominant pathway for dextromethorphan disposition. Indeed significant differences in 

Deld3MM ratio among EMS and PMs of CYP2D6 were noted with 4 or 8 hour urine 

collection (Ducharme et al. 1996. Jacqz-Aigrain et al. 1993). Therefote, 8 to 12 hour urine 

collection used in our study can not be expected to reliably determine the effects of 

s e d i n e  on CYP3A activity. 

In a previous study, paroxetine treatment caused a larger decrease in desipramine clearance 

in EMS with a more rapid catalytic activity as measured by sparteine metabolic ratio 

(Brasen et al. 1993). Similarly, in a prelirninary study (n = 6), sertraiine treatment (50 to 

150 mg/day) appeared to result in a greater decrease in CYP2D6 activity in those who had a 

higher baseline activity as measured by phenotyping with dextrornethorphan (Sproule et al. 

1997). In the latter snidy. the magnitude of decrease in CYP2D6 activity at doses 50 to 100 

mglday was comparable to Our results from subjects who received similar doses. Linear 

multiple regression analysis of our data found no significant effect of baseline log ODMR 

and dose on the extent of changes in log ODMR after s e d i n e  (p S.10). Since the change 

in log ODMR was marginal in Our study. this might have prevented the detection of this 

association due to a floor effect. 

There was no significant effect of the baseline log ODMR. CMR, dose and weight on 

sertraline plasma concentrations indicating that the CYP-mediated metabolism of sertraiine 

in vivo is not dependent significantly on CYPZD6 or CYPIA2 enzyme. This is also 

supporteci in part by the observation that sertraline pharmacokinetics are simiiar in EMS and 

PMs of CYP2D6 (Hamelin et al. 1996). In vitro characterization of sertraline metabolism 

with use of human liver microsornes and other in vitro approaches described chapter 2 



would be advisable to identify the CYP enzymes that are most likely to contribute to 

sertraline disposition in vivo. 

in conclusion, these data indicate that the inhibitory efkct of semaline on CYP2D6 at a 

mean daily dose of 94 mg is approximately one order of magnitude lower than that of 

paroxetine and fluoxetine at their usual therapeutic doses. However, further work is needed 

to evaluate the changes in CYP2D6 activity with maximal clinical doses of semaline (150 

to 200 mg/day) (Kum et al. 1997). The disposition of sertraline does not appear to be 

significantly dependent on CYP2D6 and CYPlA2 isozymes in vivo. 



Determinants of Inter-individual Variability and Extent of CYP2D6 

and CYPlA2 Inhibition by Paroxetine and Fluvoxamine In Vivo 



BACKGROUND AND RATIONALE 

5.1 Long tenn antidepressant trentment and eflects on multiple biological end-points 

Major depression is a chronic mental health problem and may require treatment with 

antidepressants for several yean (Keller et al. 1992). However, the benefits of iong term 

antidepressant use should be weighed against the effects of antidepressanu on other 

biological end-points. In chapter 4. the in vitro inhibitory effects of SSRIs on CYP2D6 

and CYPlA2 were described (Tables 13 and 14 - section 4.2). The CYP2D6 and 

CYP 1A2 enzymes contribute to clearance of 30 or more ciinically important medications 

(Bertilsson & Dahl 1996). Moreover. CYP I A2 catalyses metabolism of the physiological 

estrogen 17B-estradiol by 2- and Chydroxylation (Aoyama et al. 1990) and metabolic 

activation of chemical procarcinogens (e-g. arylarnines) by N-oxidation to their 

carcinogenic forms (Guengerich & Shimada 1991). Consequently, any sustained change 

in CYP I A2 and CYPZD6 activities due to iong term antidepressant treatment may have 

potential ramifications for adverse dmg-drug interactions as well as for the metabolism of 

I7B-estradiol and chemical procarcinogens. 

5.2 Effects of paroxetim~ arid/liiim.rciminc rreatrnent on CYPZ D6 and CYP ZAZ 

activiries: in vitro artd irt vivo rrhscpn.cir ions 

The previous study with senraline indicaies that this SSRI does not change the mean 

CYPIA2 activity and causes a modest inhibition of CYP2D6 at a mean dose of 94 

mg/day. For paroxetine. the in vitro inhibitory potency for CYPlA2 (Ki = 5.5 PM) is 

lower compared to fluvoxamine (Ki = 0.24 PM) (von Moltke et al. 1996b). However, 

there are no data for the effects of paroxetine treatment on CYPlA2 activity in vivo. 



Case reports of toxicity with imiprarnine and theophylline (CYPlA2 substrates) were 

noted upon concurrent administration with fluvoxamine (van den Brekel & Hanïngton 

1994, Spina et al. 1992. Sperber 1991). In a pharmacokinetic interaction study, 

fluvoxamine (100 mglday. n=6) caused a 73% decrease in average imiprarnine clearance 

(Spina et al. 1993). After a single 25 mg dose of fluvoxarnine, the median urinary 

caffeine metabolic ratio (CMR), decreased from a baseline value of 4.3 to 2.8 but this did 

not reach statistical significance at the 5% level (p=0.2. n=6) (Jeppesen et al. 1996a). 

Multiple doses of Ruvoxamine (100mg/day, n = 8) caused an 81% decrease in median 

caffeine clearance by N3-demethylation (catalyzed by CYP 1 A2) (Jeppesen et ai. 1 996b, 

Gu et al. 1992, Butler et al. 1989). In the same study, a significant decrease in CMR was 

also observed when determined in 5h urine sarnples (Jeppesen et al. 1996b). However. at 

least an 8h urine collection is recommended for calculation of CMR as its reliability as an 

in vivo index of CYPIA? activity may decrease when the collection period is below 8h 

(Tang & Kalow 1996). At present, the CMR is the most reliable caffeine-based urinary 

index of CYPlA2 activity since other urinary metabolic ratios may be affected by rend 

factors (Tang & Kalow 1996. Tang et al. 1994). There are no data on the effects of 

multiple dose fluvoxamine treatrnent on CMR determined in urine samples collected for 

8h or more. 

in vitro. paroxetine is a potent inhibitor of CYP2D6 (Ki = 2.0 PM) while fluvoxamine has 

a modest inhibiiory potency (K, = 16.6 PM) (von Moltke et al. 1995a). Ln vivo. 

paroxetine causes a significant inhibition of CYP2D6 following treatment witii single 

(Jeppesen et al. 1996a) or multiple (ozdemir et al. 1997b, Br~sen et al. 1993, Sindnip et 

al. 1 992a) doses as measured by changes in desipramine kinetics (Brgsen et al. 1993a) and 



sparteine (Jeppesen et al. 1996a, Sindmp et al. 1992a) or dexmmethorphan (ozdemir et 

al. 1997b) rnetabolic phenotyping. In subjects with an extensive metabolizer (EM) 

phenotype for CYP2D6, paroxetine treatment with a relatively high dose (30 mg/day for 

14 days) resulted in a modification of the sparteine urinary metabolic ratio to poor 

metabolizer phenotype (PM) phenotype in two out of nine subjects (Sindmp et al. 1992a). 

Treatment with lower typicai clinical doses of paroxetine (20 mg/day for 15 to 19 days) 

did not change CYP2D6 phenotype in eight EM subjects (ozdemir et ai. 1997b). 

Fluvoxamine at a 100 mg daily dose for 10 days did not have any significant effect on 

desiprarnine clearance (Spina et al. 1993). However, in a sample of 10 psychiatnc 

patients with an EM phenotype for CYP2D6. fluvoxamine treatment caused a conversion 

to PM phenotype in two subjects (Vandel et al. 1995). In the latter study. patients were 

also treated with other CYP3D6 inhibitors such as tricyclic antidepressants and classical 

antipsychotics which might have contnbuted to change in CYPZD6 phenotype. There are 

no data on effects of fluvoxamine treatment on CYP2D6 phenotype in dmg free 

individuals. 

5.3 Advantages of metahrdic plrerro~pirtg us a tool for the assessment of changes in 

drug merabolism in r i w  

There is an often overlooked advantage of metabolic phenotyping as a tool for assessment 

of the effects of medications on drug metabolism in vivo. Published data frorn the 

previous population pharmacogenetic studies are already available on the distribution of 

CMR (Kalow & Tang 199 1 b) and dextromethorphan O-demethylation urinary metabolic 

ratio (Otton et al. 1993b) as in vivo indices of CYPlA2 and CYP2D6 activities, 



respectively. Therefore. it is possible to compare the post-treatment metabolic ratios in 

relation to the minimum levels in the general population which may offer an additional 

populationai perspective on the effects of paroxetine and fluvoxamine in dat ion to these 

metabolic pathways. As CYP 1A2 (but not CYP2D6) (Steiner et al. 1985) is inducible by 

environmental factors such as smoking (Kalow & Tang L99I b) and diet (Kall et al. 1996. 

Pantuck et al. 1979, Conney et al. 1976) study of changes in CYPIA2 activity by any 

medication should also control for the potentid contribution of such environmental 

factors. 

OBJECTIVE 

The primary objective of the present study was to assess the determinants of inter- 

individual variability and extent of CYP2D6 and CYPlA2 inhibition by paroxetine and 

fluvoxarnine in vivo. We also compared the post-treatment CYPIA2 and CYP2D6 

activities in relation to the minimum values in the general healthy population. 

MATERIAL AND METHODS 

Subjects 

Subjects cornprised of patients who were prescribed paroxetine or fluvoxamine for a mental 

health problem as well as healthy volunteen recruited arnong students and staff at the 

University of Toronto. Al1 patients had an extensive metabolizer (EM) phenotype for 

CYP2D6 and did not have liver or kidney disease or a substance use disorder as determined 

by their phvsician. The volunteen had good to excellent health as assessed by the General 

Health Questionnaire (Ware & Sherbounie 1992) an EM phenotype for CYP2D6 and no 

history of Iiver or kidney disease or illicit dmg use. Subjects gave written infomed consent 



to participate afier study procedures and potential nsks were explained to them. The study 

was approved by the Research Ethics Board of the Sunnybrwk Heaith Science Centre, 

University of Toronto. Healthy volunteers were compensated for their participation in the 

study. 

Study Protocol 

Paroxetine (~axil". SrnithKline Beecham Pharma, Oakville, Ontario) and fluvoxamine 

(~uvox@, Solvay Kingswood Inc., Scarborough, Ontario) were administered mostly in the 

morning or at noon. Cornpliance with treatment was monitored with pi11 counts. daily 

diaries and interviews with the subjects. The in vivo CYPlA2 and CYP2D6 isozyme 

activities were assessed at baseline and after treatment with paroxetine or fluvoxarnine for 

at least five consecutive days. using caffeine and dextromethorphan as in vivo probes, 

respectively. Blood samples were obtained to measure trough paroxetine and fluvoxamine 

concentrations. on average. 24h after the last dose (range: 2 1 to 27h). Plasma samples (5 ml 

aliquots) were stored at -20 OC until the analysis. Concurrent medications and iife-style 

habits including smoking. charcoal broiled meat. cruciferous veptable. grapefmit and 

ethanol consumption were monitored on phenotyping sessions and during the study. 

Detemination of CYP IA2 and CYP2D6 Acrivities 

Following an intial void of urine early in the evening (approxirnately at 8:O p.m.) subjects 

ingested a 100 mg cafTeine tablet (Wake Ups, Adrem Inc., Markham. Ontario) and a 30 mg 

dextromethorphan hydrobromide capsule (Contac CoughCaps-DM, SrnithKline Beecham 

Pharma, Weston, Ontario) topther and collected their urine until the next moming 

including the fiat moming urine for a period of 10 to 12 hours. On days when phenotyping 



was performed, subjects limited their ethanol and caffeinated beverage consurnption (e-g. 

coffee. tea) to a maximum of two drinks (one standard alcoholic drink = 13.6 g of 

ethanol) and three cups. respectively. The caffeine metabolic ratio (CMR) was 

determined as described in chapter 4. 

The urine samples were also analyzed for dextromethorphan and its metabolites using a 

Hewlett-Packard 1050 High Performance Liquid Chromatography (HPLC) with a 

fluorescence detector, as described previously (Otton et al. 1993b, Chen et al. 1990). The 

percentage of dose excreted in urine as unchanged dextromethorphan and metabol i tes was 

calculated for each subject. The logarithm of the O-demethylation ratio [non-O- 

dernethylated compounds { dextromethorphan + 3-methoxymorphinan } ]/[O-demethylated 

metabolites (dextrorphan + 3-hydroxymorphinan}] (log ODMR) was used as an in vivo 

index of CYP2D6 activity (Otton et al. 1993b). 

Measrt rernen t of plarma parmerine and flrtt'oxarnine concentrations 

The paroxetine plasma concentrations were measured using a Hewlett-Packard 1050 

HPLC and an ESA 5200A coulometric detector fitted with a model 5020 guard ce11 and a 

model 5010 dual detector analytical ccll. aï described in chapter 3. The minimum level 

of quantitation for paroxetine was 10 nmolk. The fluvoxarnine plasma concentrations 

were measured using the same HPLC system with a variable wavelength detector set at 

247 nm (Hartter et al. 1992). Desmethyl-tnmiprarnine was used as an intemal standard. 

Separation of compounds of interest was performed on d 25 X 0.46 cm ODS2 Cis 5pm 

reverse phase column (Chromatography Sciences Company. Montreai. Quebec). The 

mobile phase consisted of a mixture of HPLC-grade acetonitrile, 50mM phosphate buffer 



(pH 2) and HPLC-grade methanol mixed 65305 by volume and run at a fiow rate of 1.5 

mVmin at 30 O C .  The minimum Ievel of quantitation for fluvoxamine was 15 nM. The 

coefficient of variation (CV) for intra-assay variability at a fluvoxamine concentration of 

106 nM was 4.1 %. The CV for inter-assay variabiiity at 15nM, 30nM, 60nM and 2 11nM 

were l6.4%, 16.9%,6.4% and 3.34. respectively. 

Rata Analysis 

The data analysis was performed using SPSS" 6.1.2 for windows. The statistical 

significance of changes in CYP2D6 and CYPlA2 activities was tested with t-test for paired 

samples. ANOVA, linear rnultivariate regression and Spearman correlational analyses 

were used to determine the factors which rnay affect the extent of changes in CMR and 

log ODMR. 

RESULTS 

Al1 subjects were cornpliant wi th paroxetine and fluvoxamine treatment. The description of 

the subjects treated with paroxetine and fluvoxamine is presented in Table 16 and 17. 

respectively. Most subjects were nonsrnoken and concomitant medications remained 

unchanged in most cases. Subject 8 in the fluvoxamine group was tested at baseline and 

dunng dose titration on two different doses. The data from this subject at each dose were 

considered as separate observations. No subject consumed grapefruit (or juice) during the 

snidy with the exception of subject 1 in the paroxetine group. However, that subject did not 

have any grapefruit on both phenotyping days. Other Iife style habits including smoking 

rernained unchanged during the study. The mean paroxetine and fiuvoxamine trough 



plasma concentrations wen 40.0 nM + 25.7 (SD) (n=12) and 60.4 n M  + 57.2 (n=6). 

respective! y. 

Effects of paroxetine undfruvoxamine treatment on CMR 

The changes in CMR after paroxetine or fluvoxamine treatment are presented in Figure 

17 and 18, respectively. Baseline CMR 5.3 + 2.2 (rnean 5 SD) did not change after 

paroxetine 5.2 + 1.7 (p >0.70) but decreased from 5.1 + 1.3 to 2.8 + 1.1 after fluvoxamine 

(p 4.01). In seven out of eight subjects in the fluvoxamine group, post-treatment CMR 

was comparable to the minimum CMR value (2.0) previously reported in the general 

population (Fig. 1 8) (Kalow & Tang 199 1 b). 

Eficts of paroxetine andfruvoxamine treatment on log ODMR 

The changes in (-log ODMR) after paroxerine or Ruvoxarnine treatment are presented in 

Figure 19 and 20. respectively. The baseline log ODMR before paroxetine -2.28 + 0.37 

and fluvoxamine -2.4 1 + 0.77 treatrnent changed only after paroxetine - 1.13 + 0.44 (p 

~0.001)  but not after fluvoxamine -7.37 + 0.61 (p >0.70). In the paroxetine group. no 

change in CYP2D6 phenotype occurred despite considerable inhibition of CYP2D6 

activity. The data obtained from subject 8 on iwo different doses of fluvoxamine (50 and 

100 mgday) are presented separarely in Figure 18 and 20. 

Determinants of changes in CMR and log OLMR 

There was no significant effect of age, dose, gender, oral contraceptive use, subject type 

(volunteer or patient). treatment duration and weight on the extent of changes in CMR or 

log ODMR (p A3.05). There was no significant association between the fluvoxamine or 



paroxetine plasma concentration and the extent of change in CMR (p 9 - 0 5 )  (Figure 2 1). 

However, a positive association was found between the rank order of percentage decrease 

in log ODMR (from baseline) after paroxetine treatment (dose: 10 to 20 mg/day) and 

piasma paroxetine concentration (r, = 0.54, n=19, p d.02) when data were pooled from 

al1 Caucasian subjects enrolled in the present and the previous study (see chapter 3) (Fig. 

22). Also, a positive association was observed between the rank order of baseline CMR 

and the extent of decrease in CMR after fluvoxamine treatment (r, = 0.73, p 4.03) (Fig. 

23). This association remained significant after controlling for fluvoxamine dose (p 

4.05). Exclusion of subject 3 (fluvoxamine group) with an East-Indian ancestry from the 

analysis ais0 did not affect the significance of this association (p 4.05). In the 

paroxetine group, no association was observed between the rank order of baseline (-log 

ODMR) and the extent of decrease in (-log ODMR) (absolute values) after paroxetine (r, 

= 0.48, p=û.10, n=13). Exclusion of subject 6 (paroxetine group) with a 

CaucasianlBurmese ancestry from the analysis did not change the latter results. When the 

data from subjects with a Caucasian ancestry treated with a 20 mg dose of PX (n=9) were 

pooled with those from our previous study with paroxetine (dose: 20 rnglday for 19 days. 

n=8. al1 had Caucasian ancestry - see chapter 3), a significant positive association 

between the rank order of baseline (-log ODMR) and the extent of decrease in (-log 

ODMR) after paroxetine treatment w a ~  found (r, = 0.58, p 4.02.  n=17) (Fig. 24). A trend 

for the same association was also observed in the previous study with a smaller sample 

size (r = 0.64, p=0.09. n=8) (Ozdemir et al. 1997b). In this larger sample of 17 subjects. 

we did not find an association between the (-log ODMR) values before and after 

paroxetine treatment (p M.05). Only the subjects with a sirnila ethnic background were 

included in the latter analyses since there may be intercthnic differences in the extent of 



changes in dnig metabolism capacity upon exposure to inhibitors (Caraco et al. 1996). No 

subject participated in both the present and the previous shidy with paroxetine. The major 

difference of the earlier study was the measurement of log ODMR in the absence of 

caffeine. However, this should not prevent pooling of the data as caffeine does not interfere 

with dextromethorphan metabolism (Evans et al. 1989). 
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FIGURE 18. The coffeiiic metnbolic ratio (CMK) before  ope^^ circles) and û k r  (clused c i d e s )  fluvoxaiiiine treatmeni. A decrease in CMR 
indicnies a decrease in CYPIA2 activiiy. The hrokeri l t te  repmsents the minimum CMR in the geiierul populrition. 
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FIGURE 20. The minus logariihm of dexironieiliorphnn O-dcrneihylaiion ratio (-log ODMR) before (opeit circles) and aftcr ( d o s d  Nrcles) 
fluvoxornine treatnient. 











DISCUSSION 

This study evaluated the effects of paroxetine and fluvoxamine treatment on two CYP 

enzymes of chnical importance. CYPIA2 and CYP2D6, using a metabolic phenotyping 

approach. The results indicate that paroxetine and fluvoxamine are potent in vivo inhibitiors 

of CYP2D6 and CYPlA.2. respectively. Furthemore, in seven out of eight subjects, the 

CYPlA2 activity after fluvoxamine matment was comparable to the minimum activity 

level observed in a previous population snidy in heaithy volunteers. The interindividual 

variability in the extent of inhibition of CYPIA2 and CYP2D6 was attributable. in part, to 

the baseline activity before the initiation of antidepressant treatment. We also found that 

paroxetine and fluvoxamine treatment did not have any significant effect on the average 

CYP 1 A2 and CYP2D6 activity, respectively. 

A decrease in CYP2D6 activiry was observed in al1 subjects aftcr paroxetine treatment. This 

has clinicd importance for drug toxicity with CYP2D6 substrates such as classical 

antipsychotics and tric yclic antidepressants ( Dahl & Bertilsson 1993). Paroxetine may also 

impair the metabolic activation of prodrugs (e-g. codeine) by CYP2D6 which may 

potentially result in a decrease in their efficacy (Sindmp & Brasen 1995). Considering the 

positive association between the baseline CYP2D6 activity and the extent of inhibition after 

paroxetine treatment. the magnitude of CYP2D6-mediated pharmacoicinetic interactions 

with paroxetine rnay be grearer in those with a higher baseline enzyme activity. Consistent 

with this hypothesis (Popli et al. 1994), paroxetine treatment caused a larger decrease in 

desipramine cbarance-in EMS with a more rapid CYP2D6 catalytic activity as measured by 

the sparteine metabolic ratio (Brasen et al. 1993). 



Fluvoxamine treatment, with the exception of subject 6, resulted in a significant dec~ase  in 

CYPIA2 activity. Subject 6 was judged to be cornpliant with fiuvoxamine treatment and 

appeared to be an outlier: although the CMR changed in the direction of a decrease (from 

5.3 to 5.2), the extent of inhibition was very smdl (4.1) compared to other subjects. The 

fluvoxamine plasma concentration of this subject (89.0) was higher than the group average 

(60.4 nM). It is possible that CYPlA2 may have a lower affinity for fluvoxamine (i.e. a 

higher Ki) in that subject. 

The inhibition of CYPlA2 by fluvoxamine in other subjects is consistent with previously 

reported drug interactions with CYPlA2 substrates such as caffeine (Jeppesen et al. 1996b) 

clozapine (Hiemke et al. 1994) imipramine (Spina et al. 1993, Spina et al. 1992) and 

theophylline (van den Brekel & Harrington 1994. Sperber 1991). The clinical importance 

of caffeine toxicity due to an interaction with fluvoxamine should not be underestimated 

since caffeine is frequently consumed in patients with mental health problems (Winstead 

et al. 1976). Moreover. patients with panic disorder have an increased sensitivity to 

anxiogenic effects of caffeine. which may potentially result in an unexpected increase in 

anxiety upon caffeine consumption dunng fluvoxamine treatment (Charney et al. 1985). 

These and other issues related to importance of caffeine toxicity in clinical psychiatry 

were discussed previously (Jeppesen et al. 1996b). 

We did not find a relationship between fluvoxamine plasma concentration and extent of 

decrease in CMR. However. plasma saples  could be obtained in only five subjects and 

thus, it is not possible to draw a conclusion on the contribution of Ruvoxarnine plasma 

concentration to inter-individual variability in the extent of inhibition of CYPlA2 in Our 



limited sample. It is dso likely that a ceiling efiect occumd since most subjects reached the 

minimum CYP IA2 activity level aîtainabie in the population during fluvoxamine treatment. 

Therefore, lower doses of fluvoxarnine (40 mg.&y-') may be necessary to test the 

relationship between fluvoxarnine plasma concentration and extent of CYP I A2 inhibition. 

In light of the established role of CWIA2 in procarcinogen activation and hence. its 

potential importance in chernical carcinogenesis, a sustained and potent inhibition of 

CYPIA2 due to long term fluvoxamine treatment may presumably be beneficial in those 

who are exposed to environmental procarcinogens (e.g. arylamines in cigarette smoke and 

dietary heterocyclic amines found in fried meat) (Eaton et al. 1995, Shimada et al. 1989). 

Based on the observations with cDNAtxpressed cytochrome P450s and 

immunoinhibition studies with human liver microsornes. the physiological estrogen 178- 

estradiol is rnetabolized by CYP 1 A2 and CYP3A (Aoyama et al. 1990). Therefore. potent 

inhibition of CYPl A2 by fluvoxamine rnay potentially cause an increase in 17B-estradiol 

concentrations. especially in those with a Iower CYP3A activity (Shimada et al. 1994). In 

addition, fluvoxamine may also inhibit CYP3A (Fleishaker et al. 1994, von Moltke et al. 

199% von Moltke et al. 1995b). No data with respect to the effects of fluvoxamine on 

170-estradiol levels in humans have been reported. 

In conclusion, paroxetine and fluvoxamine significantly inhibit CYP2D6 and CYP lA2. 

respectively. It is anticipated that rnost patients treated with multiple doses of 

fluvoxarnine will reach population minimums for CYPlA2 activity. The extent of 

inhibition of CYP2D6 by paroxetine and of CYPlA2 by fluvoxamine are dependent in 



part on the baseline enzyme activity before the initiation of treatment. The inter- 

individual variability in percentage inhibition of CYP2D6 by paroxetine is also dependent 

on plasma paroxetine concentration. These results have potential imp 1 ications for 

interindividual variabiIity in the nsk for drug-dnig interactions mediated by CYP--Do and 

CYPIA2 as weil as for the disposition of  17kstradiol and environmentai 

procarcinogens. 



General Discussion 



INTRODUCTION 

The studies presented in this thesis tested the effects of newer antidepressants paroxetine, 

semaline and fluvoxarnine on two CYP enzymes of considerable therapeutic importance, 

CYP2D6 and CYPIA.2, in vivo. The dinical significance of the effects of paroxetine on 

CYP2D6 activity was further investigated in relation to perphenazine pharmacokinetics and 

side effects. 

The changes in mean log ODMR and CMR after paroxetine, sertraline or fluvoxamine 

treatment are presented in Table 18. The rank order for the decrease in mean llog ODMRl by 

antidepressants was paroxetine > sertraline > fluvoxamine. These data are consistent with 

the in vitro data presented in Table 13, with respect to the effects of paroxetine and 

fluvoxamine (see section 4.2). Although sertraline caused only a 6 8  decrease in mean llog 

ODMRI, this may presumably be important in patients who are treated with high doses of 

CYP2D6 substrates. Ln those patients. a smdl decrease in CYP2D6 activity may result in an 

increase in plasma dmg concentrations above the threshold for toxicity (e-g. with tncyclic 

antidepressants). On the other hand. fluvoxamine may be preferred as an antidepressant in 

patients who are concurrently treated with antipsychotics or other CYP2D6 substrates. since 

fluvoxarnine does not significantl y inhibit CYP3D6. 

The rank order for the decrease in average CMR was fluvoxamine > semaline > paroxetine. 

The changes in CMR by sertrdine and paroxetine did not reach statistical significance at the 

5% level. This 1s consistent with the in vitro data since the Ki values of sertraline and 

paroxetine for CYP 1 A2 are at least one order of magnitude higher than that for fluvoxamine 



(Table 14, section 4.2). Therefore. paroxetine and semaline rnay serve as alternative 

antidepressants in patients who need concurrent treatment with CYPlA2 substrates. 

The snidies presented in this thesis were controlled for the potential effect of confounden 

which may cause a change in dmg metabolism such as smoking and diet. Although subjects 

with a substance use disorder were excluded h m  the studies, illicit drug use in 

participating subjects was not tested by an objective measure (e-g. urine h g  screen. haïr 

sample analysis). However, further analysis of the data from individual subjects (assurning 

a 20% decrease in CYP2D6 and CYPlA2 activities due to illicit dnig use) indicated that 

paroxetine and fluvoxamine would have still caused a signifiant inhibition of CYP2D6 and 

CYP 1 A2, respectively. 

The data presented in Table 18 indicate a differential inhibition of CYP2D6 and CYPlA2 

dunng treatment with therapeutic doses of paroxetine. sertraline and fluvoxamine. The Ki 

values obtained from in vitro experiments using human liver microsornes are often used to 

estimate the eRects of newer dmgs o n  dmg metabolism in vivo or to guide the design of 

studies in hurnans. However. the in vivo relevance of Ki vdues should dso be considered in 

relation to the intracellular concentrations of the inhi biton: in the presence of a cornpetit ive 

inhibitor, the Km for a given enzyme increases by a factor of ( 1  + VKi) where Km is the 

substrate concentration at half-maximal reaction velocity, I is the inhibitor concentration 

at the site of action (e.g. inside the hepatocytes) and Ki is the equilibrium dissociation 

constant for the enzyme-inhibitor complex (Dixon et al. 1979). Therefore, the factor ( l + 

VKi) determines the extent of right shift in the substrate concentration versus reaction 

velocity curve and the decrease in reaction velocity at a given substrate concentration 



(Dixon et al. 1979). Therefore, although the K, values can be measured in vitro. an 

important consvaint in extrapolation of data obtained in vitro to in vivo is the dificulty in 

estimation of the value of "I". 

The mean paroxetine, sertraline and fluvoxamine plasma concentrations in our studies are 

presented in Tables 19 and 20. Using the liver partitioning ratios detemined in vitro (von 

Moltke et al. 1995a), hypotheticai ( I + mi) values with respect to CYP2D6 and CYP 1 A2 

at mean paroxetine, sertraline and fluvoxamine concentrations can also be caiculated 

(Tables 19 and 20). Collectively, when both hypothetical "effect site concentrations" and 

the Ki values are taken into account. the rank order of inhibition of CYP2D6 and 

CYP1A2 by paroxetine, sertraline and fluvoxarnine in vivo appears to be in agreement 

with in vitro observations (Tables 19 and 20). 

Collectively, the data presented in Table 18 extend the pnor in vitro observations (Table 13 

and 14) to in vivo. These results also constitute the f int  in vivo report comparing 

fluvoxamine. sertraline and paroxetine with respect to effects on both CYP3D6 and 

CYP I A2 enzymes in the smtw individual using a metabolic phenotyping approach. 





Table 19. In vitro estimaiion of ihe exteni of iiicrease iii Km ((1 + Ki)] for CYP2D6 in the presence of puroxetine, sertraline or 
fluvoxamine 

Fluvoxnmine 60.4 2850 26.6 1 S6 1.7% 

A: Plasma concentration represent the sum of sertrüline plus aciive inetubolite (desinethylsertraline). B: The ae(1iutl for Ki vslues reponed by 

different luboratories (see chapter 4, Tiibl~ 13) wcre iised to uvoid tlic bins by extreiiie values, The saine Ki  value for sertraline was olso used 

for desmeihylserîruline since boih compoiiiids Iiiive coii~piirüblc inliibitory potency in vitro with respect to CYP2D6 (von Moltke et ul. 1995a). 

C: (von Moltke et al. 1995a). 





The prior reports on CYP2D6-mediated dmg interactions with SSRIs were mainly limited to 

phmacokinetic interactions with uicyclic antidepressants. The interaction between paroxetine 

and perphenauie is a new observation and the fiat phamacokinetic-phamacodynamic study 

investigating the effects of treamient with an SSRI on different antipsychotic side eRects (e.g. 

extrapyramidal symptoms, sedation. psychomotor hinction and memory). Unless dose 

adjustments are made, an acute perphenazine toxicity will occur in patients who are already at 

steady state with paroxetine. 

As there is no significant difference in antidepressant effscacy arnong SSRIs. variability in dmg 

safety and the risk for dmg interactions would be important for rational prescription of these 

newer antidepressants. Therefore. the results presented in Table 18 can be useful to choose the 

appropriate SSRI in patients treated with multiple medications. The secondary ramifications of 

CYP 1 A2 inhibition by fluvoxamine in relation to changes in procarcinogen activation. 1 70- 

estradiol disposition and associated potential long term consequences were discussed in 

chapter 5. Although there are no data to substantiate a modification of the risk for certain 

forms of neoplasms by fhvoxamine at present. the need for long term use of antidepressants 

in some patients (Keller et al. 1992) and the important roie of CYP 1 A2 in the metabolism of 

procarcinogen xenobiotics and some endobiotics ( 17bestradiol) f o m  a biological 

plausability for these hypothetical ramifications. 

The evaluation of al1 CYP2D6 and CYP I A2 substrates with respect to risk with interactions 

with paroxetine and fluvoxamine is beyona the scope of this thesis. However. the criteria 

presented in Table 8 (section 3.3) should be helpful to the reader in evaluation of interaction 

with a given substrate. A point to keep in mind is that the overall clinical importance of a 



hg-drug interaction will not only depend on the extent of inhibition of primary metaboiic 

pathway but also on the individual characteristics of the substrate as well. Therefore. 

assessment of the risk for drug interactions should be made on a "dmg by cimg" basis. A case 

in point is the newer antipsychotic agent risperidone which is metabolized to its major. active 

metabolite 9-hydroxyrisperidone by CYPZ-D6 (Huang et al. 1993). The sum of active moiety 

(rkperidone and 9-hydroxyrispendone) concentrations in the plasma does not differ 

significantly between EMS and PMs (Huang et al. 1993). Therefore, aithough an impairment 

in CYP2D6 activity by SSRIs may cause an increase in plasma risperidone concentrations, 

this presumably will not have major clinical importance due to an accompanying decrease in 

concentration of the active metabolite. It should be noted that the pharmacodynamic 

consequences of a metabolism-based phmacokinetic drug interaction with SSRls will also 

be determined in part by the variability in the target receptorlpost-receptor structures 

responsible for the clinical effects of the involved dmg. 

We did not find a significant effect of dose on the extent of changes in log ODMR or CMR 

after treatment with paroxetine. senraline or fluvoxamine. Since the dose range of SSRIs were 

limited in our studies, this thesis does not address the effects of SSRIs on CYP2D6 and 

CYPlA2 with very high doses. However. in contrast to secondary amine tricyclic 

antidepressants (e.g. nortriptyline). there is no consistent relationship between the dose or 

plasma concentration of SSRIs and the antidepressant response (Preskom 1997, Preskom 1996. 

Tasker et al. 1989). Therefore. the results presented in Table 18 should be relevant for most 

patients treated with fluvoxamine. sertraline or paroxetine, since the lower doses of these 

antidepressants used in Our studies should be sufficient for an antidepressant response. 



The interaction between paroxetine and perphenazine was tesred in healthy volunteen. Since 

patients with mental health problems ofien use multiple medications. the activity of aiternate 

meîabolic pathways can be induced. In these patients, quantitative importance of CYP2D6 for 

clearance of perphenazine may decrease. This has previously been shown with other CYP2D6 

substrates such as desipramine and nortriptyline (Self et al. 1996, Spina et al. 1996. Spina et al. 

1995). in these patients. inhibition of CYP2D6 by paroxetine may cause a less ciramatic 

interaction with perphenaùne. 

The studies presented in this thesis were mainly conducted in subjects with a Caucasian 

ancestry who were recruited from the catchment area of a teaching hospital in Toronto. The 

CYPZD6 gene loci is fairly homogenous across Caucasian populations from North Amenca and 

Europe and similar results (with respect to CYP2D6) c m  be expected in other Caucasian 

populations (Daly et al. 1996a). Although there is no established genetic polymorphism in 

CYPlA2 gene loci. there m y  be unidenti fied differences across Caucasian populations. 

Therefore. caution is necessary in extrapolation of the data on the effects of SSRIs on CYP 1 A? 

activity to different Caucasian popularions. 

6.1 CYPZD6 inhibition b~ purmerinc: inrpiicutions for phamacotherapy of codeine 

abuse and dependence 

Codeine is a frequently used analgesic. Recent evidence indicates that codeine is a prodrug 

and that O-demethylation to the active metabolites morphine, morphine-6-glucuronide and 

nomorphine by CYP2D6 plays an important role in its analgesic as well as subjective effecu 

(e.g. euphoria, elation) associated with abuse and dependence (Romach et al. 1997. Poulsen 

et al. 1996, Sindrup & Brasen. 1995). 



Codeine does not produce analgesia in PMs or in those EMS treated with quinidine (Sindrup 

& Br~sen, 1995). Following an oral dose of codeine in EMS, the concentration of the 

morphine in plasma is significantly associated with the analgesic effects (r = 0.67) (Sindrup 

et al. 199 1). In contrast, no significant association between the codeine plasma concentrations 

and the analgesia was found (r = 0.06) (Sindrup et al. 1991). Therefore, potent inhibition of 

CYP2D6 enzyme may lead to a decrease in the analgesic effects of codeine. On the other 

hand, the abuse potential of codeine would be expected to decrease by paroxetine or other 

potent CYP2D6 inhibiton. Consistent with this hypothesis, in a preliminary snidy of subjects 

with an EM phenotype for CYP2D6, Romach and colleagues (1997) found that single dose 

quinidine treatment (50 mg. p.o.) decreased the subjective effects of codeine. Similarly. in a 

preliminary open study of 10 Iong-tem users of codeine and other prescription opiates, opiate 

use decreased substantially ûfter fluoxetine treatment. ranging from 308 to 1008 of the 

baseline use (Romach et al. 1996). The CYP2D6 inhibitors may be particularly relevant for 

uitrarapid EMS of CYP2D6 who have an ampiification of the CYP2D6 gene and hence. an 

increased theoretical risk for codeine dependence. 

6.2 Can fluvoxamine be used os ci resewcli rool to stccdy CYP IAZ-mediated xejiobiotic 

and endobioric metabdisnt ? 

On the basis of potent inhibition of CYPIA2. fluvoxamine was previously proposed as a 

poteniial research tool to study the role of CYPlA2 in dmg merabolism (Jeppesen et al. 

1996b. Rasmussen et al. 1995. Brasen et al. 1993). Given its clinical availability for use in 

humans. it was also argued that fiuvoxamine would be a more suitable in vivo inhibitor of 

CYPI A2, as an alternative to other CYPIA2 inhibitors such as furaf'ylline ((Jeppesen et al. 



1996b). However, CYP enzymes other than CYPlA2 also appear to be inhibited by 

fluvoxamine. For example, fluvoxamine increased alprazolam elhination haif-life and side 

effects on psychomotor performance, suggesting an inhibition of CYP3A (Heishaker et al. 

1994). This is supported by in vitro data obtained with human liver microsomes: fluvoxamine 

is a more potent inhibitor of CYP3A (Ki = 10.2 PM) compared to other SSRIs (von Moltke et 

al. 1995a. von Moltke et al. 1995b). In addition. fluvoxamine impairs the disposition of drugs 

metabolized in part by CYP2C19 such as diazepam and imipramine (Madsen et al. 1995, 

Perucca et al. 1994, Skjelbo et al. 1993, Spina et al. 1993, Bertilsson et al. 1989). An in vitro 

study also suggests that fluvoxamine may inhibit CYP2C9 (Ki = 6.0 yM) which catalyses the 

metabolism of tolbutamide, phenytoin, warfarin and non-steroidal antiinflammatory drugs 

(e-g. diclofenac) (Schmider et al. 1996. Leemann et al. 1993a, Leemann et al. 1993b). 

Therefore. inhibitory effects of fluvoxarnine may not be limited to CYPIA? in vivo. 

However. since the in vitro inhibitory potency of fluvoxamine for CYPIA2 (K,=0.24 PM) is 

at les t  an order of magnitude higher than that for CYP3A and CYP2C9. it rnay be feasible in 

vitro to minimize the inhibition of CYP3A and CYP2C9 and retain selectivity for CYP1A2 

inhibition by using low fluvoxamine concentrations. 

6.3 The relationsh ip of parmet ine sturidy state plasma concentration to CYPZ D6 

geno type in extensive nieruboli:ers: rrle wmce /or therupeutic drug monitoring 

Historically. the clinical importance of CYP2D6 genetic poiymorphism was mainly investigated 

with respect to differences in phmacokinetics of substrates in EM versus PM phenotype 

(Bertilsson & Dahl 1996). However. the distribution of CYP2D6 activity in EMS also 

displays substantial interindividual variability. For example. debnsoquine MR varies 

approximately 100-fold in EMS which rnay potentially lead to important interindividual 



differences in plasma concentrations and clinical effects of substrates (Bertilsson et al. 1992). 

The identification of the factors which contribute to inter-individual variability in CYP2D6 

activity in EMS may have clinical value for therapeutic drug monitoring for CYP2D6 

substrates. 

In Caucasians, EMS consist of homozygotes for the wild type allele (CYPZD6*I) (-54% of 

the population) and heterozygotes for the wild type and mutated alleles (eg. CYP2D6*3. 

CYP2D6*4, CYP2D6*.5) (-39% of the population) (Daly et al. 1996a, Daly et al. 1996b). In 

addition, approximately 1 to 2 8  of Caucasians carry alleles with duplicated or 

multiduplicated CYP2D6 genes (CYP2D6*2XN, N=2, 3, 4, 5 or 13), leading to ultrarapid 

metabolism of substrates (Daly et al. 1996a). although a higher prevalence was reported in 

certain populations (Aklillu et al. 1996). Earlier studies using single dose administration of 

CYP2D6 substrates (e.g. desipramine. sparteine) have found a significantly lower mean 

CYP2D6 activity in heterozygous EMS compared to homozygous EMS. despite a 

considerable overlap in catalytic activity between the two genotypes (Broly et al. 199 1. Evans 

& Relling 199 1. Dahl et al. 1997). Hypothetically. the difference in mean CYP2D6 activity 

between heterozygous and homozygous EMS after single doses of substrates may be more 

apparent following mu1 tiple dose administration. especially with substrates dernonstrating 

differences in elimination half-lives between the EM and PM phenotypes (e.g. paroxetine). 

Altematively, high substrate concentrations following multiple doses may lead to 

autoinhibition of CYP2D6 (Gram et al. 1989) which rnay diminish the importance of 

between-genotype differences in CYP2D6 activity in EMS. 



In Caucasian subjects who are treated with paroxetine. we assessed the importance of CYP2D6 

genotype in EMS in relation to inter-individual variability in paroxetine steady state plasma 

concentration. Most of the subjects have participated in earlier studies described in chapters 3 

and 5. The CYP2D6 genotype was determined with use of leukocyte deoxyribonucleic acid and 

allele-specific polymerase chain miction to idenu@ the wild type (CYP2D6*I) and three 

mutated alleles (CYPtD6*3. CYP2D6*4, CYP2D6*9 (Heim & Meyer 1 990). The paroxetine 

steady state plasma concentration in EMS with a heterozygous CYP2D6 genotype (84.6 nM t 

55.4, n=7) (mean + SD) (range: 26 to 164 nM) was higher than that in EMS homozygous for 

the wild type allele (5 1 .O nM + 42.1, n=14) (range: 10 to 16 1 nM) (Figure 25). However, 

there was considerable overlap in the distribution of paroxetine concentration between the 

two groups and the difference in group means did not reach significance in Our limited 

sample ( p a . 1 4 )  (Figure 25). Pre-study log ODMR was significantly different in 

heterozygous (-1.93 + 0.60, n=7) (mean + SD) (range: -0.68 to -2.48) and homozygous (-2.65 

+ 0.54. n=13) (range: -2.09 to 3.12) EMS (p  ~0.05). In order to test the significance of the - 

observed difference in paroxetine sready state concentration between heterozygous and 

homozygous EMS with 808 power using a two-sided test at 0.05 significance level. we would 

require a sample of 3 1 heterozygous and 43 homozygous EMS. The number of heterozygous 

EMS (n=7) in Our study was comparable to what would be predicted with the Hardy-Weinberg 

law (n=5 to I l )  based on a 3.0 to 11.5% prevalence for the PM phenotype in Caucasian 

populations (Alvan et ai. 1990). Technical advancements such as the single-strand 

conformation polymorphism (SSCP) analysis of CYP2D6 amplified by PCR rnay improve the 

detection of known and unidentified mutations in CYP2D6 (Daly et al. 1996b). This rnay 

allow the study of "gene-dose" effect on disposition of CYP2D6 substrates in EMS in a more 

accurate and sensitive manner. 





6.4 Variability in drug metahlism: Implications for drug development 

The weight of the evidence presented in chapter 3 indicates that the inhibition of CYP2D6 by 

paroxetine had an important contribution to the increase in perphenazine plasma 

concentration and side effects during concurrent administration. This observation raises the 

following question: 

a> "Should the concurrent prescription of perphenazine and paroxeùne be avoided?" 

For heuristic purposes, this question may be extended in scope to mon general but ultirnately 

related questions: 

b) "Should the development of perphenazine, or other medications predorninantly 

metabolized by CYP2D6. be avoided?" 

C) "Does metabolism by a geneticaliy polyrnorphic pathway constitute a sufficient 

reason to abondon the development of new molecular entities for potential use in humans or 

in other species?" 

The answers to these questions are intimately related to how we view the variability in dnig 

metabolism. In the context of pharmacotherapy. metabolism by a genetically polymorphic 

pathway implies considerable intenndividual variability in plasma concentrations and hence. 

uncertainty in the pharmacological effects of a dmg. This uncertainty can take the form of 

dnig toxicity but also lack of efficacy due to subtherapeutic plasma concentrations. On the 

basis of such therapeutic uncertainties. the initial temptation is to "avoid" this variability by 

limiting the development of compounds with genetically polymorphic metabolism. However, 

this strategy may prevent the development of efficacious medications. This has particular 

importance for diseases in which there are no well-established eficacious medicines such as 

HIV infection. Alzheimer's disease and other neurodegenerative diseases. If a new compound 

demonstrates therapeutic efficacy either done or in combination, and prolong the lives of the 



patients and alleviate suffering, then variability in its metabolism should not be a limiting 

factor in their clinicai development (e-g. HIV protease inhibiton). Many classical 

antipsychotics (e-g. perphenazine) are very efficacious medications and demonstrate an 

antipsychotic effect in approximately 70% of the patients, are very low in cost and yet many 

of them are metabolized by CYP2D6. 

An alternative to "avoidance" of variability in dmg metabolism would be to characterize 

medications early in the course of their developrnent with respect to primary metabolic 

pathways responsible for their metabolism. In the near future, it can be expected that before a 

new compound is approved for human use. the regulatory agencies will require data on 

enzyme specific metabolism in vitro and in vivo and characterization of effects on major 

metabolic pathways. Since the drug metabolizing enzymes will continue to exist and play an 

important role in clearance of dmgs and other xenobiotics. this approach to dmg development 

needs to be complemented by advances in our understanding of the regulation of expression 

of drug metabolizing enzymes. Also. developrnent of practical in vivo probes of drug 

metabolism should allow the further characterization of biochemical individuality in dmg 

elimination and its short and long term consequences. In addition. metabolic phenotyping 

should be introduced as a routine clinical procedure. at least for metabolic pathways where 

there are established in vivo probes (e-g. for CYP 1 A2. CYP2C 19, CYP2D6 and NAT2). For 

example, provided that appropriate dose adjustments are made, there is no compelling reason 

why those with a PM phenotype for CYP2D6 can not use medications eliminated through 

oxidative metabolism by CYP2D6. It is a common clinical practice to adjust the doses of 

medications predominantly eliminated by kidney in patients with acute or chronic renal 

failure. Interestingly. marked interindividual differences in drug metabolism typicaily receive 



a much less mention in routine clinicai practice. This dual rnetabolic profiling strategy, that 

is of medications as well as patients, should allow optimal use of medications that are 

metabolized by a genetically polymorphic pathway. Although this approach may initially 

imply increased cos& during dmg development and clinicd practice, they can be defrayed by 

a decrease in adverse hg-dmg interactions and toxicity and the development of more 

efficacious medications. 

Recommendations 

I .  A reduction in perphenazine dose is required before the initiation antipsychotic 

treatment in patients who are already at steady state with paroxetine. 

2. The doses of medications predominantly metabolized by CmD6 and CYP 1 A2 

enzymes need io be reduced during concurrent treatment with paroxetine and 

fluvoxamine. respectiveiy. 

3 . It is advisable to characterize the effects of newer medications on dmg metabdism in 

vitro and in vivo early in the course of drug development to avoid advene drug 

interactions during their ciinical use. 

4. The marked inter-individual differences in dmg metabolism. due to genetic and/or 

environmental factors. need to be recognized before the initiation of pharmacotherapy 

in clinical psychiatry and medicine. 
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