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ABSTRACT

The tricyclic antidepressant (TCA) drug trimipramine
has been used clinically for several years. Few d4ca about
its metabolism in human are available. Much less 1s known
about the mechanism of action of trimipramine than of the
other TCAS. Therefore, a knowledge of its metabolism in man,
and in suitable animal models, is essential to the

understanding of the pharmacology of trimipramine.

Little is known regarding the involvement of th

(1]

cytochrome P450 isozyme in the metabolic oxidaticn of
trimipramine. One method of delineating the P450 isozyme(s)
that is (are) involved in drug metabolism reactions is to
administer a known inhibitor of metabolism during, or prior
to, administration of the drug of interest. Prior to the
commencement of such studies involving trimipramine in the
rat, a knowledge of its metakolism in that species was
required. Therefore, a study was designed and 20 urinary
metabolites of trimipramine were identified in the rat, of
which 12 were novel. The metabolism of trimipramine in human
was also studied and 10 metabolites were characterized,

including 3 novel ones.

To investigate the P450 isozyme responsible for
metabolic oxidation of trimipramine, drug-drug interaction
studies involving TMP, guinidine, gquiaine and iprindole were

designed. The results of the studies indicated that P450IID6



i1sczyme was 1involved 1in the aromatic hydroxylatcion ot

i

There is a paucity of information about the metabol ism
of iprindole in different species. Therefore, studies wars

desiaored to characrterize thsz urinary and biliary metabolites

¢’ wyrindole in the rat and ic was observed thar iprindol«~

vnderwent a sign foan. o LiAary excretion in that species.

Metabolism of imipramine in human was conducted to
investigate the contribution of 1,ll-didemethylaticn in the
overall metabolism of imipramine. The results showed that

this wasgs a minor metabolic pathway 1n that subject.

»

4 study was also designed to determine the contribution
of the P450ILiD6 isozyme in the aromatic hydroxylaticn of I-n-
butvliamphetamine. The conclusion from this study was that
aromatic hydroxylation of N-n-butylamphetamine 1s catalyzed

by a P450 isozyme other than P45C0IID6.

A simple and rapid GC analytical method was also
developed to determine the hepatic P450IIR6 activity in

humans.
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l. INTRODUCTION

Depression is an occasional component of daily Life, but
it may also ke a symptom of primary affective illness.
Descriptions of depression are found even 1in ancient
literature; early physicians associated melancholy with brain
function. Although depression has been known since antiquity,
the modern era in the treatment of depression began in the
late 1950s with the almost simultaneous introduction of the
tricyclic antidepressant (TCA) drug imipramine (IMI) and the
monoamine oxidase inhibitor (MAOI) iproniazid (Klerman, 1984;
Cooper, 1988). Both discoveries were serendipitous and
resulted from clinical observations rather than laboratory
experiments. IMI was evaluated as an antipsychotic agent but
subsequently it was found to be effective in the treatment of
depression. Likewise. iproniazid was initially used in the
treatment of tuberculosis, but latter c¢n it was found to be a
potent MAOI. The introduction of the biogenic amine theory
(Alpers and Himwich, 1969; Axelrod, 1971) of depression
further stimulated the interest in antidepressant (AD) drugs.
Accordingly, several TCA compounds were introduced in the
1960s and all of them had some effect on the presynaptic
uptake o©of either norepinephrine (NE) or serotonin (5-

hydroxytryptamine;5HT) .

ADs containing a system of 3 fused rings in their

structure are called TCAs. TCAs currently available in Canada



)
¢
O
3
pa.
a
=
B
|~J.
3
0
(3
ih
4
o
3
' 1
(t
[a
’ Il
Le]
(t
~
' )
} 3
9]
1
)
i<
H
o]
Q
(2
t
[
}.l
'0
ot
W
'_1
'J
o]
v
o
H

second generation &Ds which have been more recent
inrroduced on the Canadian market include fluvoxamine,
fiuoxetine, amoxapine, trazodone and maprotiline (Krogh et

ai., 1991).

Depression is one of the most common psychiatric
disorders. Depression, as an illness, will affect one cut of
seven North aAmericans during a lifetime (Lapierre, 1991). Its
major complication, suicide, is among the leading causes of
death in most western societies. About 75,000 Americans die
annually by suicide. In a recent survey {(Stinson, 1990) it
was found that depression afflicts 11 miliion Zmericans, out

of 27 million who suffer from mental disorders.

The search for new ADs has not yet resulted in any
significant improvement in respoanse rates, but has produced
édrugs that are more tolerable to patients e.g. fluoxetine,
fluvoxamine and the most recent one, sertraline. These drugs
are all 5-HT uptake inhibitors. Research is now in progress
in different parts of the world to develop newer ADs with

better response rates and fewer side effects.

t)



1.1 The Drugs
1.1.1 Trimipramine (TMP)

- = - = . = P - o OOUEE S - -~ To

The TCA drug TMP was approved for use in USA in 1979,
but it has been used in Europe since '960, and in Canada
Prior to 1979. It is as effecrtive as other anctidepressants
{Abernethy et al., 1984; Assalian et al., 1985) and its
anxiolytic and sedative effects enhance its clinical utility
{Lapierre, 1989). & common dose is 75-300 mg/day. Onset of

its antidepiessant action is generally delaved for 2-1 weeks.

TP maleate is a white crystalline powder, melting point

140-144°C, with a molecular weight (MwW) of 410.5 {(TMP base,

MW=294.42). It is moderately scluble in water and ethanol but
freely scluble in chlorcform (Moffat e: al., 1986;. The
chemical structure of TMP, 5-(32-dimecthylamino-2-methvyl

propyi)-i0,1ll-dihydro-5H-dibenz{b,f azepine, is depicted in
Figure 1-1. An analog of IMI, possessing a chiral center at
2’ -position, TMP exists in racemic form and is marketed under
various trade names (Reynolds, 1989). The properties of TMp
differ appreciably in many respects from those of IMI or DMI

and f£rom those of other TCAs (Lapierre, 1989).
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1.1.1.2 Pnarmacology

h
Fis4

e pharmacology of the TCAs is complex and the prec:

mechanism of antidepressant action of these drugs is unclear,
but they have been shown to block, in varying degrees, the
reuptake of wvarious neurctransmitters at the neuronal
membrane (Alpers and Himwich, 196%9; &axelrod, 1971). The
postsynaptic effects of ITE and SHT are thus potentiated. In
addition, most TCAs (e.g. IMI, TMP, BMI etc.) exhibit strong
anticholinergic activity. The antidepressant activity of
these drugs may be related to any or all of these effects,
although the effects on NE and S5HT are considered to be the
most important (McEvoy et al., 1991). However, in recent
vears, animal studies have produced evidence that chronic
administration of antidepressants can alter the sensitivity
of membrane receptors of neurstransmitters in the brain.
These findings, coupled with the introduction of newer ADs
that have no apparent effect on either SHT or NE, have led to
revisions of the biogenic amine hypotheses (Frien and Blaine,
1984 . The newer hypothesesg link rdepression (and the action
of ADs) not only to neurotransmitter uptake but to changes in
the sensitivity of the pre- and post-synaptic
neurotransmitter receptors at critical brain loci. Thus,
depression is linked with supersensitivity cf these receptors

and the ADs work to reduce this phenomencn. In contrast,
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TMP is a weak inhibitor of ITE reuptake, but it inhibits
SHT reuptake and exhibits some deopamine receptor blocking
activity as well as MAQO inhibition (Lapierre, 1989%9). In
addition to being an effective antidepressant, TMP is
believed by some to be a potent histamine H: receptor
antagonist (Alvarez et al., 1986) and effective in the
treatment of duodenal and gastric ulcer (MacKay ec¢ al.,
1984). TMP also significantly reduces jecint pain and
tenderness in rheumatoilid arthritic patients (MacFarlane et
al., 1986). These diverse pharmacological properties of TMP

may be associated with some of its many metabolites.
1.1.1.3 Side effects and toxicity

Minor adverse effects associated with tertiary amine
TCAs generally reflect the drugs' anticholinergic and CNS
activities. Serious reactions reguiring discontinuation of
therapy are relatively rare. The anticholinergic effects
include dry mouth, blurred vision, constipation and urinary
retention (Robinson, 1984; Horwell, 1985). Adverse CNS and
neuromuscular effects occur frequently. Drowsiness is the
most frequent adverse reaction to TCAs; weakness, lethargy,
and fatigue are also common. In an attempt to reduce these

side effects secondary amine TChs were developed (e.g. DMI,

[0



T, but these compounds ars more stimulating and 1

can

aggravate anxiety and tension (Hordern, 1965).

The side effects of TMP are similar to the profiles of
other tertiary amine TCAs, with some wvariations more
characteristic of TMP. Sedation is a common side effect.
Anticholinergic effects are also present with TMP; dry mouth

is the most commonly reported symptom. Other side effects

include blurred vision, constipation and urinary retention

{({Lapierre, 1989).
1.1.2 Iprindole (IPR)
1.1.2.1 Physicochemical properties

IPR is one ¢f the so-called second generation ADs, mar-
keted by Wyeth (U.K.) under the brand name Prondol®. It 4aif-
fers structurally from most cocther TChs by being an indole
derivative with an eight membered saturated third ring in-
stead of an aromatic ring. The chemical structure of IPR, 5-
(3-dimethylaminopropyl)-6,7,8,9, 10, 1ll-hexahydro-SH-cyclo-
oct [b]l indole, 1is shown in figure 1-2. IPR was introduced
clinically in 1967 but has nct attained the popularity of
many other ADs despite the claim that it is as effective as,
and is much less toxic than, other ADs {(Cassidy and Henry,
1987). This might be due to a lack of well documented superi-
ority to the other TCAs and because of clinicians' familiar-

ity with the classic tricyclic drugs. A recommended daily



dosage 1is 90-180 mg. &As with other TChis, onsec of

arntidepressant activity is delayed for 2-3 weeks.

IPR hydrochloride is a white or nearly white odorless
powder, soluble in water, chlcoroform and alcohol. It has a

meltirg range of 142-147°C (Wyeth, 1%972).

1.1.2.2 Phnarmacology

The mechanism of antidepressant action of IPR is stiil
unclear; it 4is not an inhibitor of NE reuptake (Lahti and
Maickel, 1971), but appears to enhance adrenoreceptor
activity by an unknown mechanism (Gluckman and Baum, 1969).
Two of the rings of the standard tricyclic ceonfiguration are
replaced by an indole moiety which renders IPR nearly devoid
of MAO activity or the ability to block uptake of biogenic
amines (Zis and Goodmin, 1979). Green et al. (1989)
demonstrated that IPR provided partial protection of mouse
brain MAO from the irreversible MACO inhibitor, phenelzine
(PZN) . The authors sugges.ed that IPR reversibly inhibited
MAO-A and MAO-B in vivo. Studies have indicated that IPR is a
potent inhibitor of metabelic aromatic hydroxylation of
various substrates (Freeman and Sulser, 1972; Sedlock et al.,
1985; Mosnaim et al., 1989). It was demonstrated that
nonresponders to IPR improved with the addition of lithium

(de Montigny, 1985).

[53)



Figure 1-2. CheMical gtructure of iprindole (IPR).



1.1.2.3 Side effects and toxicity

nsluckman and Baum (1969) reported that with IPR the
incidence of side effects, especially anticholinergic or
antihistaminic effects, is lower than could normally be
expected with the iminodibenzyl derivatives. However, several
repoirzs of Jaundice following treatment with IPR were
observed, although it was mild and patients recovered in a
matter of days or weeks after the cessation of treatment

(Wyeth, 1972).

1.2 Metabolism

Metabolism is defined as the chemical modification of
endogenous substances {(e.qg. fatty acids, steroids,
prostaglandins, neurochemicals) or excgenous substrates
(drugs and other xenobiotics) in a biologic environment. It
is enzymatically controlled; oxidases, reductases, esterases,
and enzymes involved in conjugation reactions are of
particular importance. Metabolism plays a central role in the
elimination of drugs and other xenobiotics from the body and
has an important bearing on the therapeutic and toxic

properties of these substrates.

As early as 1859, Buchheim, a German scientist and the
very founder of modern pharmacology. made the following

statemenc:



"In order o underscand the acrions of
drugs 1t 1s an absoliute necessity to
have knowledge c©f the transformacions
they undergo in the body. It is obvious
that we must not judge drugs according
to the form and amount administered,
but rather according to the form and
amount which actually is eliciting the

action (Conti and Bickel, 1977).

What Buchheim anticipated became one of the chief
reasons for the pharmacologists' interest in drug metabolism
and for its amazing development during the 20th century.
Benzoic acid was the first compound whose metabolic fate in
mammals was studied in the 1840s (Conti and Bickel, 1977).
The metabolic pathway involved was conjugation with glycine

to form hippuric acid (Figure 1-3).

Latter 1in the 19th century metabolic oxidation,
reduction, sulfate formation and glucurcnic acid conjugation
were discovered. With the advent of sophisticated analytical
instruments and advancement of knowledge in the drug
metabolism field scientists are now able to isolate, purify
and characterize multiple forms of enzymes responsible for

xenobiotic metabolism.



@COOH - [IH— CH,— JOQ0H —» @CO-ITA-C";‘CC - H:C

Benzoic acid Glycine Hippuric acid

Figure 1-3. Metabclic formation of hippuric acid

If lipophilic drugs or xenobiotics were not metabolized
to polar, water-soluble products that are readily excretable,
they would remain indefinitely in the body eliciting their
biological effects. Thus, drug metabolism reactions have been
regarded as detoxification processes (Williams, 1959) .
However, it 1is not correct to assume that drug metabolism
reactions are always detoxifying. Many drugs are
biotransformed to pharmacologically active metabolites
(Potter, 1981). In some cases, the parent compound (pro-drug)
is inactive and must be converted to a pharmacologically
active metabolite (Drayer, 1976 and Colvin, 1976). Indeed
many toxic side effects (e.g. tissue necrosis,
carcinogenicity, teratogenicity) of drugs and environmental
contaminants can be directly attributable to the formation of
chemically reactive metabolites that are highly detrimental
to the body (Gillette, 1974). Drug metabolism reactions have
been divided into two categories: phase I (functiocnalization)
and phase II (conjugation) reactions (Williams, 1959; Testa
et al., 1978; Brosen, 1990). Drug elimination via metabolism
is thus normally a multistep process involving both phase I

and phase II reactions. Some drugs, including acetazolamide,



(SN

barbital and penicillin G, are mainly excreted in unchanged

form.
l.2.1 Phase I metabolic reactions

Metabolic drug oxidations are referred to as Phase I or
functiocnalization reactions. The purpose of phase I reactions
is to introduce a polar functional group (e.g. OH, COOH, IiH )
into the xenobiotic molecule, while phase II reactions attach
polar and ionizable endogenous compounds, such as glucurocnic
acid, sulfate, or glycine, to form pharmacologically inactive
and water-soluble conjugated products (Testa and Jenner,
1976) . Drug metabolism occurs in various tissues, including
gut wall, 1liver, 1lung, kidney and brain (Klippert and
lloordhoek, 1983). However, it 1s clear that the liver is the
principal site of drug metabolism and that the enzymes
concerned are located primarily in the hepatic smooth
endoplasmic reticulum (Remmer, 1970). Of the various phase I
reactions, metabolic oxidation is by far the most common ancd
important pathway 1in xenobiotic metabolism. The enzyme
systems carrying out this biotransformation are referred to
as mixed function oxidases (MFOs) or monooxygenases (Mason,
1965). This reaction requires both molecular oxygen: and the
reducing agent nicotinamide adenine dinucleotide phosphate
(MADPH) . During this oxidative process cine atom of molecular

i xygen is introduced into the substrate (e.g. RH) to form
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RCH, while the othe oxygen atom 1is incorporated intso water.
Studies using -*0C: have shown unequivocally that the oxygen
atom in the metabolite is derived from air and not from watert
(Gibson and Skett, 1986). The mixed function oxidase system
is actually made up of several components, the most important
being an enzyme called cytochrome P450, which is responsible
for transferring an oxygen atom to the substrate RH
(Mannering, 1971). Other important components of this system
include the NADPH-dependent cytochrome P450 reductase and a
NADH-linked cytochrome bs (Testa and Jenner, 1976). INADPH
cytochrome P450 reductase 1is responsible for the transfer of
electrons from NADPH to cytochrome P450 (Lu and West, 1975)
which then serves as the terminal monooxygenase for the
metabolism of a wide variety of xenobiotics and endogenous
substrates (Brosen, 1990). Figure 1-4 was devised by Dr. R.T.
Coutts (unpublished data) and illustrates how cytochrome P450

is believed to be involved in metabolic C-oxidation.

Indeed it 1s recognized that the main function of p ase
I metabolism is to prepare the compound for phase II
metabolism and not to prepare the drug for excretion (Gibson
and Skett, 1986). Phase II metabolism is true detoxification
and gives products that are generally water-soluble and
easily excreted. Examples of phase I reactions (7T=2sta and

Jenner, 1976; Gibson and Skett, 1986) are listed in Table

1l-1.
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a; Oxidation cf aromatic moietlies
b oxidation of olefins
< Oxidation of benzylic or allylic carbon atoms and

carbon atoms alpha to carbonyl and imines

d) Oxidation at aliiphatic and alicyclic carbon atoms
e) Oxidation inveolving carbon-hetercatom systems:
i} Carbon-nitrogen systems: include ll-dealkyla-

tion, oxidative deamination, N-ocxide forma-

tion, M-hydroxylation

ii) Carben-oxygen systems: include O-dealkylation

iii) Carbon-sulphur systems: include S-dealkyla-

tion, S-oxidation

£) Oxidations of alcohols and aldehydes

Some metabolic oxidations are also catalyzed by enzymes

other than MFO:

a) Alcohol dehydrogenase: this enzyme catalyzes the

oxidation of many alcohols to their corresponding
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Xanth_ne oxidase: metabolizes xanthine-conraining

analogs, to the correspending uric acid derivw

¥
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~mine oxidases: this group ©0f enzymes 1s subdivided

intco two classes:

i) Monoamine oxidase (MAC), which metabolizes
endogenous catecholamines, e.g. S-HT
dopamine, IIE and dietary exocgenous amines, £.J.
tyramine {found in cheese).

ii) Diamine oxidase, responsible for deaminating

endogenous diamines, e.g. histamine.

Aromatases: responsible for converting xenobiotics
containing a non-aromatic moiety to an aromatic
moiety, e.g. metabolism of cyclohexanecarboxylic
acid to benzoic acid; synthesis of female sex hor-

mones.

Peductive reactions:

These reactions are catalyzed by enzymes localized

in hepatic microsomes and require IIADPH but are

inhibited by oxygen. Examples of reductive reactions

include:

a)

~

Dj

Reduction of aldehydes and ketones to alcohols

Reducticn of nicro and azo compounds to Lydroxy-



reductivve reactions

i

C) Miscellanecu

vtic reactions:

(=

3. Hydro

.

dydrolytic enzymes (hyvdrolases) are present in many
organs, including liver, kidney. plasma and intestine.
Intestinal mi Horganisms also play an important role in

hydrolytic reactions (Testa and Jenner, 1976).

a) Hydrolysis of esters and amides: these reactions
are catalyzed by arylesterases, carboxylesterases,
acetylcholinesterases, pseudocholinesterases and

liver amidases.

b) Hydrolysis of hydrazide and carbamate.

1.2.1.1 The Cytochrome P450 isozyme systems

Cytochrome P450, subsequently referred to simply as
P450, is the collective term for a group of related enzymes
which are responsible for the oxidation of endogenous
substances, numerous drugs, and other xenobiotics
(Guengerich, 1991; Brosen, 1990). These enzymes are located
in the membranes of the endoplasmic reticulum cf the liver.
The presence of this enzyme ir many other tissues (e.g. lung,
kidney, intestine, skin, placenta, adrenal cortex) 1is a
reflection that these tissues alsoc have drug oxidizirz
capacity (vanio and Hietanen, 1980; Shahi et al., 1990). The

discovery that P450s are, in fact, primary enzymes of drug



drug metabolism rises and falls in parallel with changes 1n
P2450C lewvels (1lebert and Gonzalez, 1987). The liver contains
multiple P450s, prokably between 20 and 100, and these have
variable and often overlapping reactiviries toward wvarious
drug substrates (Gonzalez, 1990; Nebert and Gonzalez, 1987).
The name cytochrome P450 is derived from the fact that the
reduced form of this enzyme binds with carbon monoxide to
form a complex that abscrbs at 450 nm (Omura and Sato, 196i1)
and P stands for protein. The molecular weight ranges from
45,000 to 55,000 daltons {(Gibson and Skett, 1986) and P450s

differ by differences in their amino acid sequences (Brosen,

1990) .

Each cytochrome P450 consists ©f a single protein
(called apoprotein) and contains 1 heme group as the
prosthetic group (the nonprotein component of a conjugated
protein enzyme) (Gibson and Skett, 1986; Brosen, 1990). Each
P450 is encoded by a separate gene. Thus P450s which are less
than 36% similar in amino acid seguence pbelong to different
families. Eight different P450 families are known in humans
(Nebert et g1., 1989; Brosen, 1990). Drug metabolizing P450
isOzymes belong to families I, II, III and IV, while the
remMaining P450s metabolize endogenous substrates and other
foreign compounds (Brosen, 1990). Subfamilies are also known
and are found only within family II. Each drug metabolizing

P450 has wide substrate specificity and thus can catalyze the
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high affinicty for one particular P450 isozyme and that druy
will be metabolized almost exclusively by this particular
isozyme. P450s are difficult toO purify. It is the rule,
rather than the exception, that purified cyuochrome

preparations are often contaminated with other P450s.

The nomenclature of cytochrome P450 isozymes 1is based on
a method developed by Nebert et al. (1989). In this system of
nomenclature, the Roman numeral which follows P450 designates
the family of the isczyme, a capitalized alphabetic letter
which follows the Roman numeral indicates the subfamily and

finally, the individual gene is designated by an Arabic

numeral .

ble 1-2. Human cytochrome P450 1sS0Ozymes

Human P450 isozymes that have been characterized at

least tO some extent are:

P450IAl, P450IA2, P450IIA3, P450IIB6, P450IIB7,
PA4S50IIBS, P4S0IIC9, P450IIC10, P450IIDe, P4501ID7, P450IIDS8,
P450IIELl, P450IIFl, P450IIIAl, P4S50TIIIA3, P4501I1IA4,
P4SOITIAS, P4SCIVB1, P450XIAl, P450XVIIAL, P450XIXAland
PASOXXIAZ (Gonzalez et al., 1987; Nebert et al., 1989;

Brosen, 1990; Okey. 1590; Coutts, 1991a) .




Table 1-3. Animal cytochrcme P450 isozymes

Animal P450 isoczymes knownt include:

P450IA1, P450IA2, P450II2l1, P450IIz2, P450IIA3,
P450ITIR1, P450IIBRZ, P450IIB3, P450IIR4, P450IIBS, P450IIB9,
P450ITIRBR10O, P450IICL, P450IIC2, P450IIC3, P4S0IIC4, P45QIICHS,
P450IICe6, P450IIC7, P450IICll, P4S50IICi2, P450IIC13,
P450IIC14, P450IICl5, P450IID1l, P450IID2, P450IID3, P450IIDd4,
P450IID5, P450IID&, P450IID9, P450IID10, P450IIELIP450IIEZ,
P4501I1IGL, P450IIHl1, P450IITAl, P450IITIA2, P450IIIA4,
P450IITIA6, P450IVAl, P450IVAZ, P450IVA3, P450IVAR4, PE450IVAS,
P450IVAE, P450IVA7, P450IVE1, P450VIALl, P450XIAl, P450XIAZ,
P450XVIIAL, P450XIXA1l and P450XXTIAal and P450XXVIAl (Gonzalez
et al., 1387; llebert et al., 1989; Brosen, 1990; Okey, 1990;

Coutts, 199la).

Characteristics and assay methods of some o©of the

important isozymes are described below (Coutts, 199la):

P450IA1
a. This is rat P450c. Acetaminophen binds to it.
b. Assay: 7-ethoxyresorufin O-deethylase or arylhydrocarbon

hydroxylase activities.

cC. Inducible by polycyclic aromatic compounds in human,

rat, mouse and rabbit .
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d. Cnly inducible P450 species located in human placenta.

<. Llso expressed in rat, mouse, rabbit and trout.
P450TA
a. Assay: acetanilide 4-hydroxylase, 7 -ethoxyresorufin O-

deethylase, estradiol 2-hydroxylase and phenacetin O-

deethylase activities.

b. Inducible by polycyclic aromatics, e.g. 3-methyl

cholanthrene, in human, rat, mouse and rabbit (Okey,

1990) .
C. Also expressed in rat, mouse and rabbit.
P4501IC3
a. Assay: mephenytoin 4'-hydroxylase activity.
b. This isozyme exhibits polymcrphism.
C. About 3% of Caucasians and over 20% of Japanese are poor

metabolizers (PM) of mephenytoin.

P150IID6

a. By far the best characterized P450. Formerly kKnown as
P450dbl.

b. Assay: bufuralol 1'-hydroxylase and debrisoquine 4-

hydrccylase activities.
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Intact isozyme is absent or almost absent from the
livers of poor metabolizer (PM) of debrisoquine, ov it

is present in a functionally altered form.

With some substrates of psychiatric interest, e.g. IMI,
DMI and other substrates, e.g. antiarrhythmic drug,
propafencne, P450IID6é becomes saturated at therapeutic
doses. It is, therefore, of clinical significance to
phenoctype patients for P450IID6 activity prior to

commencing treatment with tricyclic antidepressants,

neuroleptics (e.g. perphenazine, thioridazine)}) and

antiarrythmics.
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and PMs of debrisoquine have been reported.

Apparently P450IID6 cannot be induced (Eichelbaum et

al., 1986)

P450IID6 apparently has no known endogenocus substrates.
It metabolizes only basic substrates of which there are
many examples, Ii1.e. it has broad substrate specificity.
aAll its substrates undergo metabolic oxidation at a site
located 0.5-0.7 nm from the basic nitrogen atom. This

isozyme is also detected in human brain.

Dark Agouti (DA) rats have five P450s (IIDL1-IIDS)
closely related in structure to P450IID6; one of these

five isozymes may be identical to, or very clnsely



reiatred in structure to P45011D6. Gonzalez et al. (1987)
have demonstrated that P450IID2 and P450I1Te are

expressed in male Sprague-Dawley rat liver.

2 drug may be identified as a potential substrate for a
particular isozyme by determining its ability to act as a
competitive inhibitor of the oxidation of a model drug in a
human in vitro liver microsomal preparation. In the case of
p450I1D6, debrisoguine, sparteine, dextromethorphan, DMI, and
pufuralol can be used as the model drug (Brosen, 1990). A
drug that does not inhibit the oxidation of the model drug
will not be a substrate for that particular isozyme.
conversely, a drug that is a competitive inhibitor is likely
to be a substrate. If bufuralol is used as a model subscrate
for the detection of competitive inhibitors of P450IID6, OT
for the identification of PMs who lack P450IID6, as little as
5 mg of human liver is sufficient (Meyer et al., 1990). The
cytochrome P4S0IID6 isozyme has a wide substrate specificity
i.e. it catalyzes the ring hydroxylation of many aromatic
basic drugs of clinical importance (Jacgz et al., 1986;
Kalow, 1986; Brosen, 1990; Brosen et al., 1991). It is
expected that other human drug metabolizing P450s will be

similarly characterized in future.
1.2.2 Phase II metabolic reactions

Phase II metabolism involves a diverse grcup of enzymes

acting on diverse types of compounds, generally leading to
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Figure 1-5. Schematic representation of some phase II

metabolic reactions.



water-soluble products which can be excreted in bile or
urine. & distinguishing feature of most phase II reactions 1is
that the conjugating group (glucuronic acid, sulfate, methyl
or acetyl) is initially activated in the form of a coenzyme
before transfer or attachment of the grcup 1is made to the
accepting substrate by the appropriate transferase enzyme. In
other cases, such as glycine and glutamine conjugation, the
substrate is initially activated. Conjugates are
predominantly inactive pharmacologically, although there are
examples of conjugates which do retain pharmacological
activity (Yoshimura H. et al., 1973; Oguri K. et al., 1984).
Examples of phase IT reactions (Gibson and Skett, 1986) are

1ligsted in Table 1 -4.

Table 1-4. Examples of phase IT reactions

Reaction Functional group
a) Glucurconidation -OH, -COOH, -NH,,R-N(CH;) ;
b) Sulfation -IH,, -OH
c) Methylation -OH, -NH,
d) Acetylation -NH,, -OH
e) Amino acid conjugation - COOH

f) Glutathione conjugation Epoxide, Organic halide




1.2.3 Metabolism of tricyclic antidepressants (TCAs)

The major factor responsible for observed inter-
individual and inter-species pharmacokinetic variations 1is
considered to be the drug metabolism process, whereas
absorption, distribution and excretion show less pronounced
variation (Brodie, 1964). The steady-state plasma levels of
TCahs show large individual variaticn (Hammer and Sjogvist,
1967). Of the two factors determining steady-state plasma
levels, i.e., distribution and elimination, the latter seems
to be the more important (Wagner et al., 1365). Variations in

eliminaticon capacity must, therefore, be considered as

important factors determining the effect of TCas.

The TCAs are highly lipophilic and therefore subject to
multiple biotransformation steps yielding polar metabolites
that can be readily excreted in the urine or bile (Potter,
1981; Rudorfer and Potter, 1987;. The major site of this drug
metabolism 1is the 1 ver, where TCAs undergo mainly
demethylation and hydroxylation followed by glucuronide
conjugation {(Gram, 1974; Pcitter and Manji, 1990; Devane,
1986). The oxidative reactions are usually the rate-limiting
ones and are subject to stimulation or inhibition by
exogenous agents (Rudorfer and Potter, 1987). Overail, renal
clearance accounts for elimination of less than 5% of
administered doses as unchanged drug (Sutfin et al., 1984;
Sjogvist et al., 1969). TCAs that have received the most

attention in drug metabolism and pharmacokinetic studies are



IMT, DMI, rMI and 1T. The metabolism and pharmacokinetic
properties of PROT, CMI and the newer antidepressants, DOX,
trazodone, miansevin, bupropion, maprolitine and amoxapine,
have been less thoroughly investigated (Rudorfer and Potter,
1985) . TMP and IPR are two antidepressants whose metabolic

and pharmacokinetic properties have been virtually ignored.

Amitriptyline (AMI):

The main metabolic pathways of AMI are N-demethylation
and alicyclic oxidation at C;g (Recllins et al., 1980).
Therefore the major metabolites are 10-OH-NT and 10-OH-AMI.
Bertilsson et al. (1981) reported that 3-5% of AMI 1is
excreted in urine as 10-OH-AMI and about 40% is excreted as
10-0H-IIT. In another study (Vandel et al., 1282) it was found
that 10-OH-NT accounted for 55% of an oral dose of AMI. Human
urine metabolites of aMI were quantified in three patients by
prox and Breyer-Pfaff (1987) who showed that the total
recoveries were only 28.6-60.2% of the administered dose.
Rudorfer and Potter (1985) have provided a possible
explanation for such low recoveries. They stated that both
TCcas and their metabolites undergo enterohepatic circulation,
and failure to account for drug excreted via bile and feces
will result in apparently low recoveries (60-70%) of

administered TCAS.
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Figure 1-6. Structure of amitriptyline (AMI)

The metabolism of AMI in rats, and the identification of
metakolites in rat bile have recently been reported by BRaier-
Weber et al. (1988). Glucuronides isolated include thouse of
2-OH-AMI, 10-OE-AMI, 2-OH-3-OMe, 10,11-(OH),-AMI, and scme II-

demethylated analogs of these metabolites.

Nortriptyline (NT) :

The major metabolic pathway identified for NT is
alicyclic oxidation at Cj;g. Rudorfer and Potter (1985) found
that, about 50% of an orally administered dose of 1T is
excreted in the urine as 10-OH-NT. This conclusion 1is in
agreement with the observations made by Alexanderson and
Bogra (1973) that 62% of a dose of NT could be accounted for
by urinary metabolites after both single and multiple doses,
and that, of the total urinary metabolites, 80-82% was L10-CH-
NT, both conjugated and unconjugated; 1% was
desmethylnortriptyline (DNT) and 16-18% was 10-OH-DNT, mainly

conjugated.
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Figure 1-7. Structure ci ncrtriptyline (e .
Imipravine (IMI}):

1MI is the most thoroughly investigated [C:r. IMI 1is
mainly eliminated by demethylation tO the active metabclite
desipramine (DMI) and to a lesser extent by aromatic
hydroxylation to 2-OH-IMI. DMI is further metabclized Dby
arnmas-i~ hydroxvlation to 2-OH-DMI (sallee and Pollock,
1990). Quantitatively, hydroxylation is the most important
intermediate metabolic pathway facilitating the clearance of

IMI {(Rubinstein et al., 1983). The greater plasma elimination

[

ralf-i1ife for DMI compared to IMI could be explained by lower
hydroxylation rates for DMI in microsomal preparations
(Kruger et al., 1986). Minor metabolic pathways for IMI are
deazlkylation of the entire gide chain to form iminodibenzyl
(IDR) or further demethylation of DMI toO didesmethylimipr-

amine (DDMI) and subseguent 10-hydroxylation (Sallee and

pollock, 1990).

‘The demethylation and aromatic hydroxylation of IMI are

carried out by at least 2 different cytochrome P450 isozymes

(@]



cytcochrome P430IIDS isczyme and as such 1nter-individ

iifferences exist in thelr metabolism (Sal
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Figure 1-8. Structure of imipramine (IMI)

LLess than 5% of an oral dcse of IMI 1is excreted
unchanged in the urine (Sjogvist et al., 1969). The most
important IMI metabolites {(free and conjugated) are 2-OH-DMI
{40-50%), 2-0OH-IMI (15-25%) and 2-CHA-IDB (15%) !Crammer et
al., 1969; Rudorfer and Potter, 1987%; Potter ¢t al.., 1382;

Potter and Manji, 1990). IMI-li-oxide, IDB and 2-CH-IDB are

focrmed in humans in significant amounts; IMI-II-oxide 1

0

metabolically reconverted inte IMI, i.e. it is a "predrug" of
IMI. IDE and Z-OH-IDB are of little clinical significance
‘Portter and Calil, 19281). Gram et al., (1983) conducted a
study on 24 patients receiving DMI and demonstrated that in
some of th-se patients, especially those who were poor
hydroxyliatcrs of IMI and DMT, plasma levels DDMI were

appreciable, often exceeding those of 2-OH-IMI. In 13 of the
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CMI is ewtensively metabolized, with cnly 1-3% of a dose
excrered unchanged. Demethviaticn to desmechviclomipramine
'DCMI;) is the major metabolic pathway but hyvdroxylation and
1l-axidation are also important (McTavish and Benfield, 1920;
Gex-Fabry M et al., 1990). The mean concentrations of major
metabolites of CMI in plasma at sSteady-state after a po dose
(200 mg CMI per day) include DCMI (213.0 ng/ml), 8-OCH-DCMI
(152.7 ng/ml), free CMI (147.5 ng/ml) and 8-OH-CMI (6.1
ng/ml) (Linnoila et al., 1982). The plasma DCMI:CMI ratio is
2 to 3 times higher after cral CMI administration compared
with parenteral administration, suggesting that the drug is
subject to first-pass hepatic elimination (llagy and
Johansson, 1977). Of a single oral CMI dose 50-60% was

ccounted for in urine and about 20% in faeces after 14 days
{Faigle and Dieterle, 1973). Mean plasma elimination half-
1ives of CMI were 20-26h in healthy volunteers (Hagy and
Johansson, 1977). The elimination half-life of DCMI in
depressed patients after cral administration of CMI is 50h,
considerably longer tnan that of the parent drug (Perel et

al., 1986).
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Protriptyline (PROT) :

The metabolism 0of PRQOT has not kbeen extensively studied.

Sisenwine et al. (1970) demonstrated that this compound 1is
metabclized by 1lC0-hydroxylation £ollowed by conjugatcion in

three species (pig, dog and man), but demechvylation to the

primary amine occurred only in the dog.

Figure 1-10. Structure of protriptyv’ "PROT)

Thus PRPOT, a secondary Ili-methyle:. : undergoes very

little MN-demethylation in man. In contrasc, ifenfluramine, a

D

secondary Ill-ethylamine, 4is Xxtensively Ili-deethylated to
norfenfluramine in man (Reckett and Broockes, 1967;. PROT's
first-pass hepatic clearance is only about 10-2:2% (Zeigler et

al., 1978).

Trimipramine (TMP):

T™™P, like other TCAs, 1is rapidly absorbed from the GI
tract and peak plasma levels follow a single oral dose by 2
to 41 {(lL.apierre, 1989; Koppel and Tenczer, 1988). Its first-

oass hepatic clearance is high and its steady-state 1s

\od
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elimination half-life of 2a4h for TMP is somewhat shorter than

for most TCRs (mbernethy eI al., lc84;.

The metabolism of TMP in dog and rabbit (Pcpulaire et
al., 1370) and in man (zbernethy et al., 1984; Suckow et al.,
1984; Koppel and Tenczer, 1988; Cowan et al., 1988; Maurer,
1989) has been reported only recently. In the study reported
by Maurer (1989), urine samples £from 3 humans who had
received 100 mg TMP and 2 urine samples from cverdose victims
were invesigated. Besides unchanged T™P, 15 metabolites were
identified. Metabolites included 2-OH-TMP, norTMP, 2-CH-
norT™P, iminodibe: ! (IDB), 2-CH-IDB, 2,3-di-0OH-IDB, 2-OH-X-
OCH,-IDB, 2,3-di-OH-TMP, 2,3-3di-OH-norTMP, didesmethyl-TMP
(DDTMP), 2-OH-DDTMP, 2,3-di-OH-DDTMP, 2-0OH-x-OCH4-TMP, 2-0H-
x-OCH;-norTMP, 2-OH-x-OCH;-DDTMP. It 1s interesting that no
c,, or C,;; oxidation was observed. The hydroxylated
merapolites are excreted mainly as glucuronide conjugates.
Suckow et al. (1984) identified some patients as poor -
demethylators of TMP. TMP in large overdose is also readily
demetnylated in man, and fatalities following its ingestioDp

have been documented. Whole tlood levels of TMP and norTMP

were 400 and 1200 ng/ml, respectively in one instuance
{Meatherall et al., 1983), and 4800 and 2100 ng/ml,
respectively, in another (Fraser et al., 1987).

The pharmacological effects of TMP metabolites have not

- -
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to be likely that at least nu TMP will also be active (Koppel

and Tenczer, 1988;. ilo metabolic study for TMP has yet been

reported in the rat.

Iprindole (IPR}:

Zlthough IPR has heen on the market for more than 20
vears, litcle is known about IPR’s metabolic and
pharmacokinetic properties. Surprisingly, no comprehensive
metabolism studies have yet been reported for IPR in any
species. However, a preliminary study on the metabolism of
IPR in various mammals including rat (species not identified)
has been published (Sisenwine et al., 1979). The metabolic
pathways identified were N-demethylation, alicyclic oxidation
and a combinacion of both pathways. Caille et ai. (1982) have

found that the plasma elimination half-1life of IPR in human

is 52.5h.
1.2.3.1 Active metabolites of TCAs

Most of the currently available TCas are biotransformed
into one or more active metabolites in humans and/or
animals (BEertilsson et al., 197% and 1981; Potter et al.,
1982; Rudorfer and Potter, 1985). In some cases these
metabolites attain blood and/or brain levels within the same

range as, oOr even higher than, those of the parent drug. The

9l



L)

in addition to that of the parent compound may result in a
complex situarcion where dif ferent chemical entities
participate in the final effects. They may act by similar
mechanisms, by different mechanisms or even antagonistically.
These active metabolites may 1not only contribute to the
therapeutic outcome of a drug but perhaps also to the
toxicity of a drug. Therefore, drug metabolism studies are
essential for an understanding of the mechanism of action of
Tcrs, and for extrapolating pharmacological and toxicological

findings from animals to humans (Caccia and Garattini, 1990).

M-Demethylation and hydroxylation of TCAs produce active
metrabolites (Bertilsson et al., 1981) . The pharmacological
profiles of IMI, DMI and their 2-hydrcxy derivatives, AMIL, T
and their 10-hydroxy derivatives and CMI and DCMI have been
well investigated (Bertilsson et al., 1979 and 1981; Potter
et al., 1982; Rudorfer and Potter, 1985) . Tertiary amine TCAS
(e.g. IMI, AMI) are more potent inhibitors of 5-HT uptake,
whereas secondary amine TCAs (e.g. DMI, NT) are relatively
specific inhibitors cf NE uptake (Maas. 1975; Randrup and
Braestrup, 1977; Potter and Manji, 1990). Furthermore, in
classifying TCAs according to potency on different receptors,
it has been established that tertiary and secondary amines
differ markedly in the extent of their interaction with

histaminic, muscarinic and a-adrenergic receptors (Richelson

and Nelson, 1984). Tertiary amines are consistently the most

[0 Y



adrenergic rece

d
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crs. DMI and UIIT were developed as

antidepressants in their own right. Whact :Is

less often
appreciated 1is that tertiary amines are extensively
metakbolized by lI-demethylation to secondary amines, and the
plasma concentrations of secondary amine metabolite can
exceed those of the tertiary amin2e drug resulting in
extensive IIE uptake inhibition (Bertilsson et al., 1974).
Furthermore, in one clinical study (MNMarasimhachari et &al.,
1982) it was fourd that 15% of a group cf patients treated
with therapeutic Jdoses of DMI had measurable amounts of IMI
in their blood, presumably resulting from direct methylation
cf the parent drug DMI. 2 case report of a fatal NT overdose
(2 g) also provided evidence of in vivo methylation (Rudorfer
and Robins, 1985). Thus, no TCAs can be considered to be
selective uptake inhibitors of SHT following chronic oral
administration. In contrast, the newer ADs, including
fluoxetine, fluvoxamine and citalopram and their active

metabolites are all selective SHT reuptake inhibitors (Potter

and Manji, 1990).

The hydroxylated metabolites of the TCRs (2-OH-IMT, L-
OH-DMI, 8-0OH-CMI, 8-0OH-DCMT, 10-AMI and 10-1TT) have a
spectrum of pharmacological activity similar to that of their
respective tertiary or secondary amine parent compounds; all

are virtually equipotent with the corresponding parent drudgs

in animal studies for antidepressant activity (Bertilsson e

Tt
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and 10-hydrcxy TMP and IPR metabolites could also bhe
pharmacologically active. llagy and Hansen (1978) demonstrat=d
that the activity of IMI-ll-oxide might be of biolcgic
significance. Very little is known about the didemethylated
metabolites of TCzs and it would be of interest to determine
rhe pharmacological properties of these minor metabolites

(Bertilsson et al., 1279).

Thus, according to Potter (1981), in terms of biologic
activity, active forms of TCAs can be divided into two broad
classes: tertiary and secondary amines. In each class there
are two active forms with similar potencies: the 'parent' and
rhe hvdroxvlated form. Pharmacclogical profiles of other

forms have not lL:oen convincingly demonstrated.

1.3 Analysis of TCAs

Several analytical methods have been developed to moni-
tor TCAs and their metabolites in biological fluids. The low
concentrations of these drugs found in biological fluids and
tissues presented formidable technical difficulties during
the early years. Many attempts were made to develop suitable
methods involving spectrophotometry, spectrofluocrometry,
- liin- layer chromatography, radioimmunoassay and isotope
derivative analysis. Contemporary methods of analysis for
TCAs include gas chromatography with nitrogen-specific detec-

-5 An hiah-mearfarmances Tiauid chromatoagraonhv and



radicimmunoassay . rMass fragmentographic metlicds are generaliy
considered to be the most reliable and specific, but these
technigques are expensive. Even with these advances, the TCAsS
still remain some of the most difficult drugs to analyze
reliably (Scoggins et al., 1980a and 1980b). However, because
of the ease of operation, sensitivity and low cost, gas
chromatography with nitrogen detection and high pressure
liguid chromatography with ultraviclet detection are
presently the methods of choice in the analysis of TCAs

(Glassman et al., 1985).
1.4 BEnzyme induction and inhibition

Enzyme induction by drugs and other xenobiotics was
discovered by wvirtue of the profound effects that induction
can have on pharmacologic responses (Conney, 1967). For
example, phenobarbital administered chronically to rats
gradually reduced its own seaative effect by enhancing
barbiturate metabolism and thereby c¢learance (Remmer and
Merker, 1963). Common inducers include phenobarbital, 3-
methylchclanthrene (3-MC), and ethancl (Okey, 1290). However,
not all P450 isoczymes are inducible. P450IIC7, P450IIC123
{BRandiera et al., 1986) and P450IID6 (Eichelbaum et al.,
1986) are relatively refractory to induction by all common

classes of P450 inducers.

P450 induction by phenobarbital in the 1liver 1is
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smonth endoplasmic reticulum within the liver cells and by an
increase in liver weight /(Remmer and Merker, 1963). However,
such morphologic changes a: far less prominent with other
inducers. Increased catalytic activity of P4S5C-mediated
monooxygenases 1s primarily the consequence of increased
levels of P450 apoproteins and decreased degradation (Ckey,
1990: Testa and Jenner, 1976). In turn, specific P450 isozyme
levels are elevated predominantly as the conseguence of

increased gene transcription (liebert and Gonzalez, 1987) .

Inhibition of the P450-mediated MFO system has been the
subject of many reviews (Boobis et &al., 1990; Murray, 1987;
Testa and Jenner, 1981; Netter, 1980). This inhibition of
drug metabolism by drugs oOr xenobiotics can take place in
several ways including reversible inhibition, destruction of
pre-existing enzymes, inhibition of enzyme synthesis or by
complexing and thus inactivating the drug metabolizing enzyme
(Gibson and Skett, 1986). The coadministration of drugs
sometimes results in competitive, active site inhibitory
interactions and may result in impaired drug elimination. A
large number of drugs have been shown to inhibit the
metabolism of other drugs both in vivo and in vitro. The
onset of inhibition is usually rapid following a single dose
of the inhibitory compound (Kato et al., 1964) and from this
point of view interactions involiving inhibitors of drug
metabolism are probably of greater significance than those

involving enzyme induction (Testa and Jenner, 1976) . Perhaps



the most potent reversiblae MFQO inhibitors are the nicrogen
heterccycles (Murray, 1987). This class of compounds includes
the imidazoles and guinolines, and these ring systems ave
present in a large number of therapeutic agents. An imidazolie

ring system 1s present 1in antifungal agents {e.

e

ketoconazcle, miconazole) and H:-receptor antagonistcts (e.g.
cimetidine), while & guinoline ring is present in
antimalarial drugs like chloroguine, primaguine, quinine and

in antiarrhythmic agents such as quinidine.

Quinidine (QND) is a potent competitive inhibitor of the
P450IID6 isozyme, which has a brocad substrate specificity
(Otton et al., 1984). Thus QND strongly inhibits the in vivo
oxidative metabolism of sparteine (Brinn er al., 1386;,
debrisoquine (Ayesh et al., 199); Brosen et al., 1%87), IMI
(Bresen and Gram, 1989b), DMI (Ayesh et al., 1991; Brosen and
Gram, 1989b; Steiner et al., 1988) metoprolol (Leeman et al.,
1986), amphetamine (Moody et al., 1990), IT (hyesh et ail.,
1991) and all other drugs whose biotransformation 1is
catalyzed by the P450IID6 isozyme. QND binds strongly to
P450IID6, but is not itself metabolized by it (Guengerich et
al., 1986). QND inhibits the aromatic hydroxylation of IMI
and DMI but not the demethylation of IMI (Brosen and Gram,
1989b) . At concentrations of quinidine at which the P450I1ID6
function 1is abeclished, the drug has virtually no effect on
other cytochromes P450 (Gut et al., 1986; Inaba et al.,

1985) . The result of its use prior to., or concomitantly with,



a drug +thar is metabolized by the P45011ID6 isozyme 1is that
the drug's rerannlism is inhibited and known extensive
merabolizers behave like poor metabolizers (Brosen, 1990).
Many drug/drug interactions involving QUD are of clinical
significance since inhibition of drug metabolism could lead
to drug accumulation and adverse effects (Brosen and Gram,

l98%a) .

Quinine (QIMM), the diastereoisomer of QND, is also a

P450 isozyme inhibitor, but its actions are different from
se of quinidine. QND, but not QNN, inhibits the in vivo
_ibolism of methoxyphenamine (MP) in man (Muralidharan et
al., 198%a). In ext< sive metabolizers, prior administration
of OND caused a sig: 1ficant decrease in % dose of MP excreted
as O-demethyl-MP and 5-OH-MP. Similar results have Deen
obtained with Lewis and Dark Agouti rats (Muralidharan et
al., 1989b). In this latter study, O-demethylation and
aromatic hydroxylation of MP, which are known to involve
P450IID6, were both significantly inhibited by QOND in both
rat strains, while N-demethylation, which does not involve
P4SOITID6, was not significantly inhibited in either rat
strain. Steiner et ai. (1988) have demonstrated that both QND
and QNN decreased the excretion of 2-OH-DMI in healthy male
volunteers, but the effect of QND was much stronger than that

of QNN.

Kobayashi et al. (1989) have found that in human liver

i o ——————~—— AMNT i~ £N +4imoacec l1Tace natent an inhibhitor of



debrisoquine 4-hydroxylase activity than is QIID. In contrast,

in rat liver microsomes QIII is approximately 50 times more

potent than QUD. These authors claimed that both compounds

act as competitive inhibitors cf P450IID6 isozywe. This study

alsc revealed the danger of extrapolating findings from

animal studlies to humans.

1.5 Polymorphism in drug oxidation and phenotyping

Interest in polymorphic drug oxidation has grown rapidly
over the past few years. There is now increasing evidence
that links the expression, or lack thereof, of specific E450

isozymwe(s) with altered metabolism, response and toxicity to

certain drugs and to disease (Ayesh et al., 1984; Kaisery et
al., 1587: Shzhi et al., 1290). As a result of these
associatleons, interest has grown in characterizing

inrdividuals within ¢he population w.th respect to the
exprassion of certain P450s snd further defin.ng the clinical
implications associated with their expression (Kalow, 1986;

o

W

cgz et al., 1986; Meyer et al., 1990). It is now well
recognized that wide inter-individual wvariations in the
ete.t of elimination can be anticipated for drugs which are
predominantly eliminated by metabolism. The capacity of an
individual to metabolize drugs is dependant upon
phnsiological, environmental and genetic factors. INMumerous
srudies have investigated the impact of envirommental factors

(Collery et al., 1979; Vessel, 1973) but less information is

- - - — —~



Some metabolic reactions are deminantly under genetic

”

control and exnibit polymorphism in the pcpulation Z.e. the
enzymes involved exist 1in several distinct forms due tO
genetic differences. Pharmacogenetics is concerned with the
contributrion cf genetic factors te the variability of
response to drugs. The first reports of the extent to which
genetic wvariations contribute tO inter-individual variations
were related to acetylation of sulfonamides and hydrazine
drugs (e.g. isoniazid, phenelzine, hyvdralazine) and the
hydrolysis of succinylcholine and paraxon. The distribution
of fast and slow acetylators was almost equal (Hughes et al.,

19547 .

Hyvdrclwsis and acetylations, however, are relatively
unimportanc metabolic reactions. For this reason, very lictle
nrogress was made in peolymorphic drug metabolism for some
vears. This is surprising in view of the large number of
metapoclic oxidation reactions that were known at that time to
be catalyzed by cytochrome P450 1sozymes. It was not until

investigators started to study the excretion of druc

th

especially in urine and bile, that significant differences in

- - AC N B | _—a ~ 2 T AT AN



thie alternative metabolic 7reaction t©o D-phenetidines
cccurrsed! . Latter on the hydroxylation of phenytoin was

reasons £ov these dofects were not offered (Kutt, 1971
However, 1t was not until 1975 that generic polymorphisms ot

oxidative metabolism were reported, with the simultanecus

'C

ublicacticon ¢f two generic da2fects associated witn sparteins
fan oxXytocic agent) cxidaticre i1 a Germarn popuiation
{Eichelkaum er al., 1979 ; and debrisoguine fan

antihypertensive drug) rvdroxylation in an English population

Jlangcocul e o al., LEUT7 . AL inndaividual owinnn A=0l. it
metakbolic capacity for a certain druyg is called a PM as

ccmpared to the normal extensive metabolizer (EM) .

1.5.1 Sparteine and debrisoguine

(L

Sparteine/debrisoguine oxidatvicn polymorphoism s A

{
'
{

reflection of differences in the acrtivity of P450IID6 ilsczyme
(Brosen and Gram, 1983%a). Recent studies scrongly suygest
that P45S0IID6 is absent altogether in PMs, but other P450s35

may contribute tc a minor extent to the oxidation of ar lea

Q)

.-
scme compounds thav are mainly dependent on P45C0IID6 for
elimination (Bcocbis et al., 1983; 2Zanger er al., 198%&;

Gonzalez er al., 1988). Cyrtochrome P450IID& lsozyme has a

- - - . P . 4 -— - . " A ~el L A
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rieuroleptivs anda ~srdi~vascular Zdrugs (Brosan and Gram,
198%a; . Py Common property lopd substcratces that are

have a basic nicrogen and are oxidized at a site with a

19865 .

The fregquency cf the PM phenotype for debrisoguine (DQII;
is approximately 8% in Western Europe and llorth america
(Woolhouse et al., 1879; vinks et al., 1982). In general,

however, considerable interethnic variability exists in th

®

(@]

debrisoquine pPM irequency, rangaing from 2C% iz =2 s i1 "Hon

=
=

Kong populaticu living in canada (Kalow, 1982), 6-9% 1in
lligerians and Ghaniamns (Kalow, 1982; Idle and Smith, 1979},
1% Egyptians and 3audi Arabians (Mahgoub et al., 1979: Islam
et al., 1980), to complete absence in a Japanese populaticn
(llakamura et al., 198%). Therefore, the freguency of FM
phenotvpe for DQN appears +c be markedly lower 1in non-

Caucasian populations.

The pharmacogenetic probe drugs sparteine, DQIT,
dextromethorphan and pbufuralol, and a host of widely used
clinically important drugs (Brosen, 1930; Brosen and Gram,
1989a: Jacgz, 1986; Kalow, 1986; Robbins and Wedlund, 1890),

are known substrates of P450IID6 isozyme (Table 1-5). It
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akle >2-5. List ocf socme clinically used drugs kKnown to be
metabcoclized by P450IIC6 1sozyvme
Aimaline, aiprenolicl, amif.amine, aMI, bufuralol,

captopril, chlorpromazine, MI, clonidine, <

dextromechorphan, domperidone

, encainide, flecainide,

flurazepam, guanoxan, haloper

b+

dcl, haloperidol epoxide, 4-

hydroxyamphetamine, IMI, indoramin, labe ~lol, lidocaine,

lobeline, p-methoxXxyamphetamine, methoxyphenamine, metiamids,

mectoprolocl, mexiletine, nephnazadone, T, oxazepam,
oxprenolocl, penicillamine, perhexiline, perphenazine,

phenacetin, phenformin, pindclol, pipamperone, propafenone,
propranolol, n-propylajmaline, QIIlI, sparteine, temazepam,

thioridazine, timolol, tomoxetine, yohinbine.

Metabolism of the drugs  isted in Table 1-5 1s markedly
reduced in PMs, and the total clearance typically is abour
five times luwer in PMs than in EMs. The difference is less
pronounced when the drug is only partly bioctransformed by
P450IID6 (Brosen and Gram, 198%a). &Ancther functiocnal
characteristic of P450IID6 appears toO be non-linear kinetic
for some drugs in EMs but linear in PMs. With oral dosing

this probably reflects saturation of P4501ID6 during the

first pass through the liver (Brosen and Gran., 1i988) .




general, the sparteine/DQIT oxidation polymecryphism is of
irance in patient management only for those drugs £or
which plasma concentraticn measurements are consicered usefu
and for which the elimination of the drug and/or Its active
merabolite is mainly determined by P45CIID6. At present ic
applies to TChs, certain neuroleptics and antiarrhytcthmics
(Brosen and Gram, 198%a;. Phenctyping shculd be introduced
into clinical routine under strictly controlled conditicns to

afford a better understanding of 1its potentials and

- ada

9]

limitations. It would be of great value to identify BPM and E:I

patients before treatment 1is started (Brosen, 1990).

The biotransformation of some drugs is not impaired in
PMs of DQMN. These drugs (Table 1-6) are oxidized by isoczymes
of P450 other than P4S0IID6 isozyme (Brosen and Gram, 1¢89a;
Jacgz et al., 1986; Kalow, 1986) . Therefore, che
sparteine/DQN oxidation polymorphism should not be expected
to be of any significance in their clinical use (Brosen and
Gram, 1989%a). <Codeine, however, 1s an exception to this
statemeat; in EMs a maximum of 10% of codeine is O-
demethylated to morphine, which is believad to be the active
analgesic component. O-Demethylation is catalyzed by
P450TID6, and this explains why codeine has no analgesic

eftect in PMs (Dayer et al., 1988).
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Table 1-4. List of some clinigcally used drugs known aQ0C ¢ De

-
V)

mecapcolized by P450IIDE isozyme:

oy e 3wy g d -
Al e a4 11l

tenoliol, caffeine, carbamazepine

v

, carbocvsteine, car

coxymethylcysteine, <cholesteroi, c<¢lonazepam, clozapine

codeine, cyclosporin, desalwylflurazepam, Il-de

diazepam, diazepam, erythromycin, ethinyloestradiol, ethosux-

imide, guanethidine, haloperidcl, hexamethonium, hexobarbi -

ral, iscoproter:-nol, 1lidocaine, maprotilins, mephenytoin,

methagualone, methylphenobarbital, metiamide, midazolam,
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phenobarbital, phenylbutazone, phenylephrine, phenytcin,
pinacidil, prazosin, primidone, procainamide, prowpranolol,
QIID, scopclami-=z, sotalol, sulphamethazine, theophylline,
tolburamide, gtriazolam, trimethadione, d-tubocurarine,

valproic acid, wverapamil.

1.5.2 Mephenytoin

Another drug oxidation polymorphism that has been
revealed in studies of the 4-hydroxylation of S-mephenytoin
{(Kupfer and Preisig, 1984) is related tc the activity of a
different isozyme of P450, formerly known as P450meph (Meyer

et al., 19$86), but now called P450IIC9 (llebert et al., 1989).




(%1}

wnich has an extra C=0

(9]

rour Aand now 1t 1s known thatc
mephcbarcital is alsc a substratne for P1350IICS isozyme
(vupfer and Branch, 19835;. The MEC-inhibiting antidepressant
rranyloypromine (TCP) is able t©) bkind guite strongly to
P42SCIICY9 isozyme (Inaba et al., 1985), so TCP might also be a
substrate for this isozyme or an inhibitor of it (Kalow,

1986) .

T45C0IT02

4 -hydroxylacicn

Y
i
o
0
Xy
(&)
>_. 1

Figure 1-11. Metabolism of S-mephenytoin in man.
* Denotes asymmetric center

Intere -ingly, phenytoin, a structural analog ot
mephenytoin, is not a substrate for this isczyme (Inaba et

al., 1985).

o



an asymmetric Cc2nter. It 1S ne

(&

vet known whethor ovihiis

similaricty in StrXucture has anything to do with the enzyme

= “ly s

system responsible for their metabolism (Coutts, 1991b' . The
broader clinical significance of che mephenyrolin polymorpti - im

has vet tO be established.

Figure 1-12. Chemical stcructures of mephobarbital,

tranylcypreomine and phenytoin.

* Denotes asymmetric c=enter
Z listc cf cdrugs metabolized by P450IIC9 1s given 1in Tabie
1-7 (Inaba er al., 1985; Jacgz et al., 1S8vn, Brosen, 1990;.
Takble 1-7. List o©of some drugs known to be metabolized by

P450IICS isozyme.

Alprenolol, cortisol, cortisone, diazepam, I7-
desmethyldiazepam, estradiol, ethtoin, ethynylestcradiocl,
ftlurazepam, hexcbarbital, labetolol, mephenytoin,

methsuximide, methylphenobarbital, nialamide, pimozide,

W

propranclol, ter.:. stostercne, warfarin.
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he results from the studies with P450 isozymes may in
furure allow predicticn of the clinical pharmacokinetics of
drugs, if their oxicdation can be assigned to the activity of
nne or more well characterized P450s. This strategy will

reduce animal experimentation and will also result in a safer

and rational drug therapy (Brosen, 1250).
1.5.3 Phenotyping

Phenotyping is generally easy to perform but requires
drug administration to humans and urine collection.
Phenotyping during treatment with a potent inhibitor 1is
uninformative. Sparteine, DQIN or dextromethorphan may be used
for the phenotyping procedure (Brosen and Gram, 1990). These
drugs are oxidized rapidly and very specifically by P45CIID6
isozyme {Brosen, 1890) . In Canada and U.S.A.,
dextromethorphan is usually used for this purpose because of

the general non-availabilty of sparteine and DQN.

The function of P450IID6 in vivo 1s simply expressed

according to a metabolic ratio (MR):

MR=% of dose excreted as parent drug/% of dose excreted

as metabolite(s).
i.5.3.1 Debrisoquine (DQN):

To phenotype an individual with this drug the following



1979). Here the urinary racoveries of DQII and its mectabolico

<+ -CH-DCQIT are measurad in 2-12h urine sample.

L Lx

Figure 1-13. Chemical structures of debriscquine (DQIU) ailx

L

its major metabolite, 4-hydroxydebrisoquine

After emptving the bladder the person swallows one 10 mg
Declinax (Roche) tablet. 2n 8-12h urine sample is then col

lected (Guttendorf et al., 1950; Brosen, 1990; Brosen and

Gram, 1989%a).
For debrisoguine:

MR = % ot docse excreted as unchanged DQlI/% of docse

excreted as 4-OCH-DQIT!

o)

A PM subject is defined as one whose MR in an 8-12h

urin# is greater than 12 (log.; MR » 1.10) (Evans et al.,

198¢) .
1.5.3.2 Sparteine (SPT)



ioh urine after an oral dose of 20mg SPT. If MR 1s greater
rhan 20 the individual is a PM (Eichelbaum, 1982z; Jacgz et

ai., 1986;.

Figure 1-14. Metabolic pathway of sparteine in man

1.5.3.3 Dextromethorphan {DM)

DM is now being used in Canada to phenotype indiwviduals
for hepatic cytochrome P4S5S0IID6E activity. Its major metabolic
pathway is O-demethylation toc dextrorphan (DR). This
metabolic pathway of DM is catalyzed by the P450IID6 isczyme
and is subject toc polymorphic metabolism {(Schimd et al.,

1985 ; woodworth et al., 1987; Vetticaden et al., 1989) .
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Lfrer emptying

D

of DM, either as

person and a 8-12h urine sample is collected

ai., 1990;

of DM and its metabonlite dextrorphan

22 phenoctuyp

the ©vladder

Robbins and wedlund,

ing procedure 1s similar to cthat

single dose, eguivalent to $omy

syrup ¢r as tablet i1s administered to the

-

(Guttendorf o

1990} . The urinary recoveries

(DR} arethen measured by

Lo Damernyiat Lo

Figure 1-15.

HPLC or GC

Robbins and Wedlund,

Structures of dextromethorphan (DM) and its
major metabolite dextrorphan (DR)
(Kupfer et al., 1984; Henthron et al., 1989;
1990). The metabolic ratio (DM/DPR)
{Henthron et al., 1989). & PM

ranges from 0.0030 to 5.7

subject in this
(Schmid et al.,

{Henthron et al.,

Any of the

could be used for

Anti-Cough

case 1is one whose ™MP 1is more than 0.20
1985; Guttendorf et al. 1990) or 0.26
1989) .

following single-ingredient cough syrups

phenotyping:

syrup® (Lee-Adams), Balirinil DM syrup®




Pobidex® (Robins:, Sedatuss® (Triancn), Vicks Children’s
Cough Syrup®, or ancther commercially available DM (single

active ingredient) product.
1.6 Analytical Procedures

Analytical methods for several compounds will be
described in this thesis. GC techniques have been developed
for the simultaneou.” analysis of drugs and their metabolites
in biological fluidas. & GC-MS technique was used for
identification and structural characterization of drug

metabolites.

1.6.1 Isolatiocon and purification of drugs and their

metabolites from biological €£1luids

The study of xenobiotic metabolism has developed over
the last few years into a specialized science with its own
technical skills, three of which are the isoclation,

ientification and quantitation of metabolites. Drugs can be
classified as acidic, basic, amphoteric or neutral on the
pasis of their pKa values. The TCAs are mostly lipophilic
bases with pKa values of 8.5-10 or higher. Most extraction
procedures take advantage of these properties to separate the
drug and its metabolites from the biological matrix. A three
step ligquid-ligquid extraction procedure is the most commonly

used method for the initial purification (Reed, 1988). This

“ -~ _ . - = —

[, N DU —TT P P TN T A — NI A s =T



corganic solvent. Th:2 ovganic layer, which now contains the

analytes, is dried under wvacuum or under a stream of duy
nictrogen. The residue obtained is dissolved in dilute
hydrochloric acid and then washed with a suitable organic
solvent. The acidic agueous phase which now contains

the

basic drug and basic metabolites is made alkaline by the
additcion of ammonium hydroxide and the analyvtes are extracted
into a suitable organic solvent. The organic layer 1is

evaporated as described above and finnally the residue

obtained is derivatized by a suitabl= derivatizing agent

before being analyzed by GC or cther analvtical procedure.

Solid phase extraction techniques have recently been
proposed for extracting antidepressants from their biclogical
matrix (Narasimhachari et al., 198i; Skrinska et al., 1°284).
The technique involves the use of a small column concaining a
packing material such as C.;y bonded silica. These small
columns are first washed with methanocl, then an acidic buffer
containing approximately 5% methanol, follcocwed by sample.
Analytes are then collected by elution with a small amount of
ocrganic solvent such as methanol. The sample can now kte

analyzed after appropriate chemical derivatization.

l1.6.2 Derivatization technigue

The scope of biochemical GC would be gquite limited

without sample derivatization. For example, benzoic acid



a o increase vceclatility
D to increase stability
ol ~o reduce the polarity

aj o introduce specific groups which enhance

detectalility

=3 ro increase extractibility from aguecus SCLULICTHE

il t improve chromatographic separation cf differesnc

componence present in the sample mixture

Derivatrization of amines, alicchcls and carborylic acics

redures the adsorprion of these compounds by rhe GT cclumn

o)

Zacc

'y

indenheuvel an ei, 1978) . Mcsrc derivatization
i+ 1ons involve the replacement Cc: active nydrcgern in polar
i ups ve.g. NH, OH, COCH) . and te main t o oeg  of
., rarizations are alkylaticn, acylaticn, silylaz o anad
- rdensarion (¥napp, 1979:; Blau and King, 1978; COutts and

“aker, .987). Ficure 1-16 illustrates the principal tyges of

Gerivatization used in GC ana.ivsis (Baker et a.., 1

0
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1.6.3 Gas chromatography

ACSCIRLIOn charomatograpny was Liv

g}
ul
fw
ie]
'C
’..
)
w
0
ry
J
bt
]
th
&
T
ot
.
13
=

2C&., and In 1282 James and Martin introduced gas- liguid
chromatography (Ettre and Horvath, 1%73). Gas chromatographs,

also ¥nown as dJ9as-i1igquid chromatograph: {GLC!

Y ]

%
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analvtical procedure used t©O separate2 mixtures of organic
compounds prior to their i1identificanion and or gquantitation.

The volatile components c¢f an analyte mixXxture are car:;=d
n

through a cclumn Lky an inert carrier gas {(called mobiie

gas and the liguid staticnaery phase. Gas chromatography can

without significant decomposicion (Kline and Scilae, 1284
Trhe choice of -he ZC columns depends on the polarity of

{

+he compound urder investigation. Much better resolution 1is
atzzined on capillary columns than on pacred columnsg, 57
capillary cclumns are now being used 1ncreasingly. The most

common column used in the analysis of psychotropico drugs 19

J-17 or DR-17 (Coop=r, 1988).

1o
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deri-ratives. The £flame ionizatc.on detectcocr (FIDY 1s  an
universal detector, while the eilectron capture detector (EID
and nitrogen-phosphorus detector (1IPD) are more selective dand

sensitive. The minimum detection limit fo2r ECD and 1P

C
Vo
Ui
—
-
ja

the picogram rance (Kline and Soine, 1984). The IIPD has been

extensively used for the analysis of TCas (Cooper, 1988].

l.6.4 Gas chromatography-Mass sgpectrometry

A GC-MS analyrical terthnique was first used by Hammer U

al. in 19¢8 for the analysis of chlorpromazine and some of
its metcabcoclizes isclated from human kloo ! {(Hammer er al.,
1962). Since that time this methodology has been used

successfully for che analysis of drugs and their metabolites
in biological fliluids. When MS is used in combination w.inh Tlie
excellent separating pcocwzr of GC, the combination provides an
analytical technigue that is highly selective and sensitive
and has the wversatility to permit guantitation and

identificatiocn of <the structures of drugs and thelr

H

mecabolites. These propertias make GC-MS the merhcocd of chlicg

i

in drug metabolism studies (Reed, 1988). Metabolic suudie=s
utilizing combined GC-MS have been reported for drugs from

almost every pharmacological category (Cone, 1284). Indeed,



~omplex mixtures cf drugs, metabolites and endogenous

compounds are first separated on & GC, and the effluent £rom

5]

rhe 5C is fed through ar interface to the ilonization chamber
n€ a MS. Ionization of the compounds then can be accomplished
by one »f several methods available, €.g. electron LOb Hm1on
(EI), chemical ionization (CI), fast atom bombardment (FAR)
etc. The fragmented ions are separated accordin o their
mass-to-charge ratic (m/z) and collected. The resultcant
signal is usually displayed in the form of a spectrum, called
a mass spectrum. Detailed interpretatcion of the mass spectral
fragmentaticn pattern reveals the structural identity of the

drug and its metabolites.

1.7 In vitro amd 1in vivo animal models of drug

metabolism

1.7.1 In vitro mndels

Drug metabolism can be studied either in vivo, 1.e.,
whole body experiments, or in vitro where specific enzyme
systems are isolated from tissurs or organs. In vitro

metabolism studies reveal the liver’s . othexr organ’'s

contribution to the metabolism cf = drug substrate.
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t0o derermine the steps involved in the formars ion ot

metabolites
3) o discover the components of the enzyme systems

.nat catalyze these various steps

To achieve these cbijectives, 1lnvestigatores may <hoose
from a variety of tissue preparations and techn. ,ues, each of

which hag Zts advantages ai:.” disadvantages (Gillette, 1971

i.7.1.1 Preparation cf liver microsciies

aAzo-reduction and I “aemethvylaticn of aminoazo dyes were
among the first examples o0f i viZrs mevabolism  of
xenobiotics by liver homogenates (Mueller, 1949 arnsd 12070
These experiments and others demonstrated thart there was a
specific fraction cf liver homogenate that could be obrained
by differential centrifugaticon and was responsible for the
metabolism cbserved. This specific gortion of rthe homoge.alzed
liver is now referred to as liwver microsomes oOr microsomal
fraction or the 10,000 g supernatant and 1is routinely used in
in vitro druvg metabolism stidies {Mazel, 1971). L utypical

procedure is now descriked.
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microsomes during centrifugal separation procedure {(Dallner

~. al., 19€6€). The liver 1is then removed, wasned with
L, smis (1.18%) KC1 solution, blotred dry and weighed. The

f llowing operations are carried out in the ccld (4-6°C)
porticns (5g; of minced liver are homogenized for 1 min with

_<

a giass Potter-Elvehjem homogenizer in 3 volumes (25% w/v) of

ice-cold isotonic (1.15%) KC1-0.01M phosphate buffer, pH 7.3
'Bickel ar-d Baggielini, 195&: vcon RBRahr et al., 1880: Coutts
et al., 1981: Satterwhite and Boudinot, 1$91). The crude

homogenate is then centrifuged at 10,000 g for 20 min at 5°C

to remove nucliei and mitocho..dria (Mazel, 1971). The 10,000 g
supernatant fraction ccntains microsomes and soluble

proteins. A 1.0 ml portiocn of this micrcsomal preparation is
equivalent to 250 mg of liver. A schematic representation of
the procedure used to prepare various fractions cf liver is
shown in Figure 1-17. Although in vitro metaboclism studies
generally employ liver preparations, microsomal f£ractions can
also be obtained from other tissues e.g. lung, adrenals,
prain, testes and kidney (Orrenius et al., 1973; Bend et al.,

B -
19730 .

The microsomal fraction is not the only portion of the
liver homogenate that is of interest in drug metabolism.

rurified microsomal protein is obtained by
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ulcracentrifugation (1C0,0C0 3§ for €0 min' or cnne 10,0890 g
supernatans (Fig. 1-17). The sc-ca’ 2d microsomal pe=llet

obrained by rhis method 1is used to study the properties
cyzochrome P159 (Omura and Sato 18944 anc

micrcsomal protein (Lowry &I Aad

¥

It was demonstrated by RBrodie i a4 P1a5s, thas

h

reduced fcrm of nicorinamide adenine dinuclactid.- phosphate
1IADP), Z.e. 1IAZPH, was =sssnctial £
microsomal system. lIAZDPH 1s generated in situ from LUADP and
glucose-6-ghosphate (G-6-P) in the presence or enzyme o H
dehydrogenase (Gibson and Swett, 19286). G-6-F dehydrogenase
b -esent in the 10,000 g microsomal preparacicn but 13 lost
when 100,000 g pe.let is prepared. Furthermore, tnae 1L,000 4
fracricn is much easier to prepare, the reaction 1s liluear
for a long period of time and the enzymic activirty obtained
1is u.oually greater than thaut . 1 .4An e achieved witl
100,000 g microsomal pellets plus a lIADPH-generarTing systam.
Therefore, for many metaboliism studies there are advantages

in wusing the 10,000 g supernatant rather than isulated

[

microsomes (i.e. 100,000 g peils . ) Mazel, 1571
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10,000 g supeTnatant

LN CTrUgmag v 30 in LS Sra-ciTn:

Figure 1-17. Schematic representation cf the procedure
used to prepare various fractions of liver
nomecgenate for wuse 1in 1in vitro drug

metabolism studies.



1.7.2 In vivo animal models

ST .. Inmzact arimals

While In victro studises are reguired to 1
individual organs’ c¢ontribution to metaboliam Ay
xenobiotic, ultimately In viivoe (studies on intacts [iwve
animals; metabeolism studies are necessary to @stabilish

different bictransformatinn pat' vays and to determine various
actors which affect the levels of drugs and their
metabolites. One of the pronlems of in vivo studies s to

PN}

iAdantify a <euitable animal model. The difficulties of

extrapolation of animal data to human has stimulated rhe

search for suitable animal mcdels.

»

Male Sprague-Dawley (MSD) rsats were chosen in tihn

thesis research for the following reasocons:

1. C+ ‘rome P45Q0TID6 isozvme, which catalyzes the
me-xuolic oxidation of most basic drugs, 1s pressnt |

MSED rats (Gonzalez et al., 1987).

z The rat is the animal most commonly used for metabolico
studies.
3. The rat provides a steady flow of bile throughour the 4

8h duration of an experiment.

4. Rats are easy to handle and to house.
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The route of excretion of a xenobistic is related to its
lipophilicirty. Low molecular weight hydrophilic metapclites

are excreted mainly in urine. The threshold for billiary

excretion is dependent upcn animal species and veolarity and
molecular weight of a compound. The threshold molecular
weight for rat is 325 °~ 50, for guinea pig 40C = 50, and for
rabbit 475 *+ 50 {Martin and PReid, 1981). Ccmpounds of
intermediate polarity and molecular weight may be excrezed in
botihi urine and bile. The rat is a particularly useful animal
for biliary excretion studies, but it is known that ratc
generally excretes substances more readily in bile than does
man (Klaassen et al., 1981'). The rat does not possess & gall
b.adder and it is possible to cannulate the bile duct and
exteriorize the cannula. n this thesis res=arch
hepatobiliary excretion of three drugs, namely TMP, IPR and

IMI, was investigated.

Since the microflora present in the gastrocintestinal
rract can metabolize xenobiotics, the presence of metaboliites
in feces does not indicate they were present in the body per
se. .For this reasnn the excretion of drugs and metabolites

into bile and not feces was investigated.

After a compound is secreted into bile and enters the
small intestine, it is either eliminated in the feces or

reabsorbed from the intestine. Compounds which are secreted

(§9]



vndergo enterohepatcic circulation. Lipid-soluble compounds
are more readily absorked from the intestine than the
vdrophilic metabolites and thus undergo a more extensiwve
enterohepatic circulation than water-soluble compounds.
~lthough hepa.ic biotransformation to a more polar form
decreases the enterchepatic circulation, intestinal bacteria
are sometimes able tg convert the water-soluble merabolites

back to their lipid-soluble form, which enhances intestiial

reabsorption (Williams ez al., 1965) . nus, alterations in
‘mrestinal flora with antibiotics \ay decrease the
~mroheparic ~irculacion of some xXenobiotlics and

concurrently shorten rthe pharmacological half-lifs of the

dru (Williams et al.., 19€S). Eince, IMI, an analog of TMP,
g
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the Lkile and undergoes enterohepatic
circulation (Dencker et al., 1976), it is possible chat TMP

also follows the similar processes.



2. RATIONALE, HYPOTHESES, AIMS AND OEBJECTIVES
2.1 Rationale for the thesis research

TP has been used as an ancidepressant for many years.
TPR has also been used clinically for this purpose, buft to a
legsser extent than TP; however, it has Dbeen employed
extensively as a pharmacclogical tool to block rin
hydroxylation. Despite this, there 1is a pauvcity of

information on the metabeclic pathways of both drugs.

2.1.1 Trimipramine

To date no comprer.ensive metabolic study has been
reported for MP in the rat and its metabo’lism in man has
teen reported only recently (Cowan =2t al., 19s%; Maurer,
1989) . In addition to being effective in the treatment of
clinical depression, TMP is believed by some to be a potent
nistamine H--receptor antagonist and also to be effective in
rhe treatment of duodenal and gastric ulcer (MacKay et al.,
1984). TMP 1is also c¢laimed to reduce joint pain and
tenderness significantly in select=d rheumatoid arcthritic
oatient {(MacFacrlane et 21 ., 1286 . "Mese dliverse
pharmzcolog i ot prop wrties of TMP meyv De augsocrated with some
of its ma., men. . res., 0O o T U0 o.ucarch resarding the
alicyclic hydroxyiatioro . OME . man has been reported.

Hydroxyiated and N-demethvlated metabolites of ADs are



pharmacologicai Active and it was of

< s

whether these = are formed in man and in rat.
2.1.2 prug-4 .. irnteraction studies
Metabici1~ _xidations of most basic drugs ave catalyz-nd

by the cytoo.come P450IIDE isozyme system. Aromatlc hydroxy
lation of the structurally related drugs, IMI and DMT f{orv
example, 1is catalyzed by P450IID6. It was important to know
whether this polymorphic enzyme system was also involved in
the aromatic hv/droxylation of TMP. The antiarrhythmic drug
QD is a known competitive inhibitor of P450IID6. Tt was
proposed to study the effects of QIID and other known

inhibitors on the metabolism cf TMP, sSo as to determirlie

P150IID6 isozyme’'s contribution te the metabolism of TME

|8

2.1.3 Iprindole

The metabolism of IPR is only poorly understood. Thoudgh
the 2rug has been marketed for more than 20 years,

surprisingly only one m

(1

tabolic study has so far been
reported. What is known about IPR is its ability to inhibit
the aromatic hydrox -lation of amphetamine, leading to
increased tissue levels of amphetamine (Freeman and Sulser,
1972) . Recently it has been reported that IPR 1s also a
potent inhibitor of li-dealkylation of fenfluramine (Hegadoren

et al., 1990). Many other drugs, including IMI, DMI, TMP, are

metabolized to ring hydroxylated an

o)

li-dealkylated producls,

and the prior or concurrent administration of IPR with any o f



Prior to commencing such drug.drug interacrtion studies
involving T™MP and IPR in the rat, nowever, 1t was essential

tc be informed of the metabelic pathways of IPR in that

2.1.4 Biliary excretion studies

Knowledge of the biliary route of excretion of drugs
lags behind that of renal excretion. The relative
inaccessibility of bile is probably the major reason for this
slow progress. Little is known about the biliary excretion of
TMP and IPR in mammals. Knowledge of the biliary excretion of

L

a drug is important for a variety of reasons:

i. Biliary metabolites can undergo enterohepatic

recirculation

W]

. Enterohepatic recirculation could increase the

3

half-1ife of a drug and/or metabolit-: and may lead

to possible toxicity

3. Biliary excretion becomes important wnen the

hepatic clearance of a drug 1is appreciable

4. To calculate the mass balance of a drug and its
metabolites if that drug is excreted in bile as

well as by the kidney
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2.2 Hypotheses

[}

TMP undergces metabolic aromatic hydroxylation and II-

in mai. Since the MSD S

dealkylation rat pcssesces

P4SOTID2 and P450IID6 isozymes, similar metabolic

profiles are expected for TMP in the MSD rat.

Structurally similar drugs, IMI, DMI and AMI, undergo

K
e

alicyclic hydroxylation in man. Therefore, t 1is

proposed that TMP undergoes alicylic hydroxylation in

man.

Cytocnrome P450I1ID6 isozyme is involved i o

S

1 Taoe

hydroxylation of IMI and DMI. Therefore, aromatic

hydroxylation of TMP is expected to be catalvyzed by

F450IID6.

OND and QNN, competitive inhibitors of cytochrome

P450IID6 isozyme, significantly inhibit the aromatic

hyvdroxvlation of IMI and DMI. Therefore, decreased

aromatic hydroxylation of TMP is expected when rats are

pretreated with either QND oxr QNII.

Since IPR acts as a competitive inhibitcr of aromatic

hydroxylation c¢f AMP and other drugs, its pricor

administration should decrease the aromacic



hydroxylaticn of TMP. IPR might be a competitive
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5. Some tertiary amine TCAs undergo biliary - “cretion. It
is proposed that TMP and some of its lipophitic
metabolitces aiso undergc biliary excretion. The extent

of biliary excretion may differ from that of other ADs.

7. IPR undergoes alicyclic oxidation, N-demethylation and
aromatic oxidation in monkeys and pigs. Some of these

metabolic pathways are expected for IPR in the MSD rat.

8. Derivatization technigues are suitable methods with

which to identify the sites of metabolic oxidation in

drugs.
2.3 Aims and objectives

The primary objectives of the thesis research are to
isolate, identify, chararterize and quantify both in vitro
and in vivo metabolites of TMP and IPR , two widely used and
vet little investigated TCas, using suitabla extraction,
derivatization and computerized GC-MS method and other
analytical technigques. The pathways of formation cf some of
tnese metabolites will alsoc be studied. The metabolism of 11-
n-butylamphetamine (NBA) and IMI are also investigated for

comparison purposes.

Cytochrome P450 isozymes play a vital role in the

metabolism of many basic drugs. It 1is c<f 1interest to



75

szrablish their role in the metabolism of TMP. Concomitant

administraticon c<f drugs scmetimes results in advers sicde

n

mffects. It is pertinent to situdy the effects of the known
inhibitors of P450 isozymes oOn the metabolism of TMP and

other substrates.

During the course of this research work several assay
methods had to be developed for the simultaneous
determination of drugs and their metabolites in biclogical
matrices. To enhance the identification of the sites of
metabolism, suitable derivatization methods were also

developed.

Phenotyping is a vital tool for rational drug therapy of
some drugs whose metabolic oxidation is polymorphic. It was
necessary to develop an easy and rapid methcd of phenotyping

individuals for P450I1ID6 isozyme activity.

The aims and objectives cf the present thesis research
may be summarized:

1. Development of suitable extraction and purification
procedures for TMP, IPR, IMI and NBA and their
metabolites from biclogical matrices.

2. Development of suitable derivatization procedures for
drug metabolites for GC and GC-MS analyses.

3. Development of specific and sensitive GC assay methods
for both qualitative and quantitative determination of

drugs (TMP, IPR, IMI and NBA) and their metabolites.
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11.

13.

14.

Develgopment of suitable GC-MS metnpods for the
structural characterization of the above drugs and “teirv
metabolites.

Investigation of becth in vitro and iz viveo metabolism of
TMP in the rat.

Investigation of Iin vivo metabolism of TMP in man.
Delineation of pathways of formation of some in vivo
metabolites of TMP in the rat.

Studies on in vitro and In vivo biotransformation of IPP
in the rat.

Delineation of the effects of QIID, QNN and IPR on the

metabolism of TMP in the rat.

Determination of the effects of QD cn the metabolism of
1IBA.

Investigation of the role of the cytochrome P4S0IIDSA
isozyme on the aromatic oxidation of TMP and IliBA.
Characterization of the biliary metabolites of TMP and
ITPR in the rat.

Quantitation of the in vivo metabolites of IMI in human.
Development of a simple and rapid GC analytical

technigque to phenotype individuals for hepatic

S

cytochrome P450IID6 activity.



3. MATERIALS AND METHODS

3.1 Chemicals and biclogicals

3.1.1 Commercial sources

The following chemicals and biolngicals were

from commercial sources.
Materials

Dichlcromethane, diethyl ether,

ethyl acetate, hydrochloric acid,
methanol, pyridine,
sodium hydroxide
Acetic anhydride, isopropanol,
magnesium chloride,
potassium dihydrogen phosphate,
sodium acetate,
sodium phliosphate dibasic,
trichloroacetic acid,

Aryl sulfatase type VIII,
glucose-6-phosphate,
glucose-6-phosphate-
dehydrogenase
f-glucuronidase type VII,
B-glucuronidase type H-1l

Nicotiramide adenine dinucleotide

phosphate-sodium salt

normal saline,

sodium bicarbonate,

Suppliers

BCH Chemicals Canada
Limited, Toronto,

Ontario,Canada

Fisher Scientific
1IJ, USA

Co.,

Fair Lawn,

Sigma Chemical Co.,

St .Louis, MO, USA

Terochem Laboratories,
Edmonton,
Canada

Alberta,

obtained
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lTicotinamide Mann Research
Labiorat ories Lo, Gieew

York, ™Y, USa

Protein Assay Kit (#5556) Sigma Diagnostics,

St.Louis,MO, USA

. . . . . G . )
Air, Helium, nitrogen, Linde®, Union Carblide
and hydrogen gas Canada Ltd., Toronto,

Ontario, Canada

Disposable syringes (1 ml, Becton Dickinson and
5 ml and 10 ml), leedles (18 G, Company, Rutherford,
23 G and 26 G), PE-10 and IJ, usa

PE-50 tubing
3.1.2 Gifts

Trimipramine (IME) maleate 4nd 1tLs metLapolites noiTire
maleate, 2-CH-TMP fumarate and 2-OH-norTMP fumarate were
gifts from Rhdéne-Poulenc Pharma, Inc., Montréal, Canada.
Iprindole hvdrochloride was generously supplied by Wyeth
Regsearch UK Lcd., Berikshire, England. Flucxetine
hydrochloride was a gi - frem El1i Lilly <Canada Inc.,
Scarborough, Ontario, Canada. N-n-Butylamphetamine (IIBA), 4 -

OH-NBA, 4-OH-3-OCH;3-NBA and 4-OCH3-I1IBA were provided by Dr.

R.T. Coutts. Imipramine (IMTI) hydrochloride and it

w

metabolites desipramine (DMI) hydrochloride, 2-CH-DMI
oxalate, 2-OH-IMI hydrochloride and 10-OH-IMI hydrochloride
were supplied by Ciba-Geigy Canada, Mississauga, Ontario,

Canada.



3.1.3 Digtilled water

‘Aa.=r was distilled and deionized by a Milli—Q® Reagent
¥ g

War=r System, purchased from Millipcre Corpcration, Bedford,

3.1.4 Solvent distillation

211 solvents (diethyl ether, ethyl acveiate, dichloro-

ethane, isopropanol) were glass distilled and stored i lass

=
<

containers with ground glass stoppers.
3.2 Instrumentation

3.2.1 Gas chromatography

3.2.1.1 Nitrogen phosphorus detection

Gas chromatographic analyses with nitrogen-phosphorus
detecticn (NPD) was performed on a Hewlett Packard (HP) 5730A
gas chromatograph (Palo Alto, CA, USA) eqguipped with HP
18740B capillary column control and a HP 7671A automatic
sampler. The GC was interfaced with a HP 33%6A electronic

integrator for peak height or peak area measuremerncs.
3.2.1.2 Flame iconization detection

For flame ionization detection (FID) a HP 5700 gas
chromatograph was used. The chromatograph was equipped with a
HP 18740 capillary column contrcol and connected to a HP 3390A

electronic integrator.



& Perkin Elmer model Sigma 3B gas chromatograph 2qulpped
with a 15 mCi "'lIi source was emploved for electron CAPL .l =
detection. The chromatograph was interfaced with a HP 1940A
auto sampler and a HP 3390Z integrator. Helium at a flow 1 at..
of 1 ml/min was used as a carrier gas and 5% methane in Argon

at a flow rate of 35 ml/min was employed as a maleup Jas.

3.2.1.4 Mass specorometer dertection

v

s YAV Le s TTufra 6000 GO (Varian Instrument, Sunnyvale,
CA, USA) was employed when a VG 7070E mass spectrometer was

used as a detector.
Carrier gas

Helium at a flow rate of 1lml/min was employed as a
carrier gas in all the cases. The make up gas was also
helium, except for ECD, and the flow rate was 235mi/min. The
injection port and detector temperatures were maintained at
250°C and 300°C respectively, but the oven temperature
orogramming conditions were changed depending upon the
analytical requirements and are described in the individual

assay methods.
3.2.1.5 GC columns

Depending on the analytical requirements, different

fused silica capillary columns were employed. They were:
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DB-17 ~<apillary column nraving 100% methylphaeniy i
polysiloxane crosslinked and bonded staticnary phasse,

i.d. 2.31 mm, £ilm thickness 0.5um, length 30m.

DB-17 capillary column having 100% methylphenyl
polysiloxane crosslinked and bonded stationary phase,

i.d. 0.20 mm, film thickness 0.25um, Llength 20m.

DR-5 capillary column with $5% dimethyl-5% diphenyl
polysiloxane crosslinked and bonded stationary phase,

i.d. ¢.20 mm, film thickness 0.25um, length 30m.

DRBR-1 capillary column hawving 100% dimethyl polysiloxane
crosslinked and bonded stationary phase, i.d. 0.20 mum,

film thickness 0.25um; length 30m.

3.2.2 Gas chromatography-Mass spectrometry

Gas chromatographyv-mass spectrometry was employed to
determine the structures of drugs and their metabolites.

These GC-MS analyses were performed using the same column

had been emploved for GC analyses under identical

temperature conditions. Electron ionization mass spectra

{EIMS) were recorded in two types of GC-MS systems:

A gquadropole HP S5980A mass spectrometer interfaced with
a HP 5710 gas chromatograph and an 5934A 21 MX computer

for data processing.



Z. ~ a & itection VG-TOTUE mass spectrometer VG,
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Manchester, UK) linked to a Varian Vista 6000 gas
chromatograph and a PDP 1! data system {Analytech

Instrumentaticn and Service, St. Laurent, Canada).

3.2.3 Tissue homngenizer

Homogenization of the 1liver samples was performed
utilizing a glass Potter-Elvehjem homogenizer and Tef 1on®
pestle ({(Eborbach Corporation, Ann Arbor, MI, USA). The
icmogenization was done in a cold room (4-6°C) and the
homogenizer tube was immersed in ice during homogenization.
Care was taken to avoid prolonged homogenization time, which

leads to overheating and possible enzyme destruction (Mazel,

1971).
3.2.4 Centrifuges

Different types of centrifuges werzs employed depending
on the need cf the experiment. All low speed (up to 1500 g)
centrifugations were performed on either a Dynac® centrifuge
(Clay Adams, Becton, Dickinson and Co. Parsippany, [IJ, USH)
or Beckman Microfuge (Beckman, Spino Division, Palo ARlto, CA,
Usa). A refrigerated IEC B-20A centrifuge (Damon/IEC
Division, Needham Hts., Mass., US2) was used to prepare
10,000 g microsomal preparation. For making 100,000 g
microsomal pelliets a Beckman 1L5-50 refrigerated

ultracentrifuge (Beckman Instruments Inc., Spinco Division,

Palo aAlto, CA, USA)} was employed.
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3.2.% Shaker-Mixer

An electronic IKL-VIBRAX- VXKR® {Jane and Kunkel GmbH,
Sweden) tube shaker was used for extraction purposes. It has
the capacity of holding 36 test tubes. For vortexing
individual test tubes a Vortex-Genie® model K-550G

(Scientific Industries Inc., Bohemia, INY, USA) was employed.
3.2.6 Other instruments

A Pierce Reacti-Therm® heating module (Pierce Chemical
Company, Rockford, IL, USA) was used for heating tubes during
derivatization procedures. For incubation purposes during in
vitro metabolism studies, a Magni Whirl® Constant temperature
bath {Blue M Electric Company, Blue Island, IL, USA) was
employed. A Fisher Accumet® pH meter, model 140 (Fisher
Scientific Company, Fair Lawn, NJ, USA) was utilized for pH

measurements.
3.4 Glassware cleaning

All glassware was thoroughly cleaned and dried before
use. The procedure involved washing the glassware several
times with water and scrubbing with plastic bristle brush
without using soap or detergent. The glassware was then
rinsed with distilled water followed by methanol and finally
with dichloromethane. The glassware was allowed to air dry
and then heated at 300°C in a Temco® muffle furnace (Thermo

Electric Mfg. Co., Dubugue, IA, US2) for at least 2h.



Hamilton® glass syringes (Hamilton Co., Reno, v, |
wa2re employved for sample injection and were peviodic
cleaned with 3M HCl followed by successive rinses

distilled water, methanol and ethyl acetate.

2.5 Animals

Male Sprague-Dawley rats were used in all
experiments described in this thesis. Rats (175-450g)
purchased from the Health Sciences Laboratory An
Services, B-109 Medical Sciences Building, Universit:
Alberta, Edmonton, Alberta. aAnimals were housed in pla
cages on cedar chip bedding in a temperature controlied r
A 12h light/dark cycle was maintained throughout the dursz
of the experiment. Water and Lab Chow (Wayne Rodent BE
Tekland/Premier Laboratory Diets, Bartonville, IL, USA)
provided ad 1libitum. During metabolism study, rats
hioused individually in nlastic metabolic cages (Nalgel
model E 1000, Maryland Plastic Inc.,New York, 1Y,

designed for separate <. ilection of urine and feces.

Procedures involving use of rats were approved by
University of 2lberta Health Sciences 2Animal WwWel
Committee and were conducted according to the guidel

established by the Canadian Council on Animal Care.
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3.6 Liver samples

Pat liwser samplas were cbrain=sd from MSD rats as
described in section 1.7.1. The 1liver was either used
immediately or stored at -£0°C until the vtvime o©f the

3.7 In vitro studies

3.7.1 Preparation of rat liver microsomes

-

In vitro studies were performed to determine hepatic
contribution to overall metabolism of a particular sukstrate,
as well as to have a pricr idea c¢f the nature of the
metabolites kefore in vivo studies were conducted. Rat liver

microsomes were prepared by 2 methcd similar to that

described in section 1.7.1.1.

Portions of the 1liver microsomes were centrifuged at
100,000 g for 45 min at 4°C to obtain microsomal pellets. The
microscomal pellets were used fcr protein determination and
the 1liver microsomes were utilized in drug metakolism
studies. Protein content was determined by a mcdified Lowry
method using Sigma Protein Assay Kit # P5656 (Sigma Chemical

Co. St.Louis, MO, USA).

3.7.2 Incubation procedure

The standard incubation mixture contained 300 nmol

substrate (TMP or IPR), 25 umol magnesium chloride, 50 umol
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oscillatiomns: min. The snzyme reaction was started by adding

ml of liver micrcsomes and incubation was continued for

different ¢time intervals, depending on the type of
experiment. The reaction was stopped by adding S00 pul of ice-
coid 20% trichloroacetic acid and the mixture was

centrifuged. an aliguot of the supernatant was basified and

extracted as described in secticn 1.6.1. Control incubations

were carried out in which (i) substratce, 1i) cofactor and

%
e
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microsomes were separately omitted. All incubations

wexr

D

iD

done in duplicate.
3.8 Bile duct cannulation

Mals Sprague-Dawley rats {(250-300 g} were rendered
unconsciocus with distilled diethyl ether and anesthetized
with an intraperitoneal (ip) injection of 1 g/kg body weight
urethane in normal saline. The concentration of the urethane
solution was 500 mg/ml saline. When required, additional

urethane was administered ip (12¢% mg/kg) to maintain the

anesthesia {Mudler e:f al., 19281)Y. The kile duct was

as
cannulated as described by Mudler et al. (1981} and Shu et
al. (1991). The procedure involves the inserticon cof a tub=
into the trachea of the rat to maintain a clear airway for

respiration. A midline incision was made 1in the abdomin>l



wall and the bile duct was exposed. A nick was made in the

+ile Ayc+t and a o -m length of a PE-10 tubing (i.d. 0.28 mm

and o.d. 0.51 mm) was introduced into the bile duct and held
in positicn with xonotted surgical thread. The otzl lenzeh of

(]

the PE-10 tubing was 15 cm. The midline incision in th
apdominal wali was then closed with sutures using black
surgical threads. Efter collecting the blank bile for first
30 min, the rats were dosed ip with the drug and the bile was
collected for a further period of 6h. Rats were placed under
a heat lamp regulated to maintain the rectal temperature at

37°C throughout the duratiocn of the experiment.
3.9 Derivatization techniques: geners1l method
3.9.1 Acidic metaboclites

The acidic metabolites were derivatized according to the
merhod reported by Pearson and Sharman (1975). The residue,

obtained at the end of extraction of acidic metabolites

[section 3.10.4.2]1, was mixed with 200 pl of trifluoroacetic
anhydride followed by 100 pul hexafluoroisopropanol and placed
in a glass reaction vial. The reaction vial was tightly
closed, the contents mixed and heated at 100°C in a metal
heating module for 1lh. The reaction vial was allowed to cool
to room temperature before opening and the contents were

evaporated just to dryness at room Temperature under a stream

of dry nitrogen.
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3.9.2 Basic metabolitces

The Dbasic metabol :es were derivatized using an
anhvdrous derivatization technique. Each dried urine extisct
containing the drug and basic metabolites was mixed with 100-
250 pl of a mixture of acetic anhydride and dried pyridine
(3:2 by vel.) and placed in a tightly closed glass tube. The
tube was then heated at 60°C in a water bath for 30 min. The
contents <f the tubke were allowed to cool to room temperature
and then evaporated to dryness under a stream o0f dry

nicroegen.
3.1C THMP experimental

3.10.1 Extraction of TMP maleate from Surmontil™

tablets

powdered surmontii® tablets {equivalent to 300 mg base)
were dissolved in 25 ml 10% HC1l. The solution was extracted
twice with 25 ml of diethyl ether. The ether layer was
discarded and the agqueous layer was basified to pH 10-11 with
1M IMaOH and extracted twice with 25 ml of diethyl ether. The
combined organic layer, which contained TMP base, was
evaporated @ 5ing a rotary evaporator and a brownish vellow
iiquid was obtained. The TMP base was then converted to TMP

maleate according to the following procedure.

Equimolar propcocrtions of TMP base and maleic acid were

dissolved in ethanol and stirred for 2h at room temperature
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and then warmed for 10 min at 40°C. The mixture was
erapocrated using a rotary evaporator and a yellowish brown

cil was obtained. The cil was dissolved 20 ml diethyl ether

)]

1. = . 2 -
rtely a brown sclid resulted

T .

and then evaporated and Immedi

s

The resulting brown soliid ccntained THMP maleate and was
recrystallized from methanol to shining white crystals. The
purity of TMP maleate salt was confirmed from its melting

point (m.p.) 142.5°C [literature {(Moffat et al., 1986) m.p.

140° to 144°Cl, 'H n.m.r spectrum: (CDCl,) d: 0.95 (0.38*) (4,
CH,-CH- (CH3) -CH,-1; 2.5 (2.8) [s, -N(CH3)pl; 3.8-4.1 (3.1-3.9)

[m, methylene protons]; 6.3 (6.15) [s, CH=CH (maleate)l; 7.1

(7.05) l[aromatic protons]l. [*Values in brackets indicate
literature (Al-Badr, 1983) values], and from the mass
spectrum: 294 (12) [MT1; 249 (80); 234 (24); 208 (30); 183

(25), 99 (25); 84 (21) and 58 (100).
3.10.2 Dose and sample collection

A 24h urine sample from a 20 year old female patient
receiving TMP, (Surmontil®U 150 mg/day, at the Univarsity of
Alberta Hospitals, under the supervision of Dr. Kevin F.

McKenna of the Department of Psychiatry, was collected and

tr

staored at -20°C until analysis was performed. Urine samples
(24h) from two adult healthy male volunteers (RTC and MSH)
were also collected after a single oral (po) dose of a 25 mg
Surmontil® tablet. In in vivo animal metabolic studies, each

rat received a single ip dose, 10 mg base/kg body weight, of

TMP maleate solution in normal saline and urine samples were



collected for a period of 48h unless otherwise stated and
stored at -20°C until the time of analvsis. Control rats
received a single ip dose cf 250 uyl normal saline. In biliary
excretion studies a single ip dose (10 mg base/kg) of TMP
maleate was used and bile was collected for &h period and

stored at -20°C until analyzed.

Drug-drug interaction studies were conducted in three
phases with intermittent washout periods. First, blank urine
samples from drug-naive rats were collected and analyzed to
cdetermine whether endogencus compounds had retention times
similar to TMP and/or its metabolites. In phase I, individual
rats received a single ip dose of TP maleate (equivalent to
5.0 mg base/kg) and 72h urine samples were collected and
stored at -20°C. Before starting the second phase of study
day 10 urine samples from individual rat were collected and
analiyzed [or the presence of any residual TMP and/or its
metabolites. The second phase of study was started on the

lth day of the drug-free period, in which each rat received
either a single ip dose of IPR hydrochleride (equivalent to
12.5 mg base/kg) or a po dose of QND sulfate (21.7 mg
base/kg) ,cr QNN sulfate (21.7 mg base/kg) in normal saline
daily for three days and urine samples were collected on the
third day for 24h and analyzed to determine the possibility
that a metabolite of either IPR or QND or QM had a retention
time similar to that of TMP. The third phase of study started

ih after the administration of last dose of either IPR or QD
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nr QII, by administering a single 1p dose c¢f TMP maleate
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=11 € 5.0 mg kase/kg; and TzZh urine samplses were
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collacred and stored at -26°C until analyzed.

Q

3.10.3 Isclatiocn of THMP and its metabolites from liver

tissues

2t the end of the in vitro studies with liver microsomes
{socticns 4.1.3 and 4.4.1), the protein was precipitated with
20% trichloroacetic acid and centrifuged. To an aliquot of
tile supernatant the internal standard IPR hydrochloride (1000
ng base), was added and the solution basified with 0.1M NaOH
to pPH 10.0-11.0. The basified mixture was extracted twice
with 5 ml volumes of diethyl ether/methylene chloride (14:11
by vol.; solvent A) (Coutts et al., 1976). After vortexing
and centrifuging, the combined crgezi:ic layer was dried under
a stream of dry nitrogen. The dried extract was dissolved in
2 ml of 0.1M HCl and washed twice with 5 ml of diethyl ether.
The acidic aqueous layer, which now contained the basic drug
and metabolites, was readjusted to pH 10.0-11.0 with 0.1M
NH,;0H and extracted twice with 5 ml volumes of solwvent A. The
combined organic laver was Jdivided into two equal portions
and both were evaporated t¢ drynegs under a stream of dry
nitrogen at ambient temperature. Cne portion of the dried
extract was derivatized by acetylaticn as described in
section 3.9.2 and the acetylated extract was evapcrated under

nitrogen. Both the underivatized and acetylated residues were

separately reconstituted in 50 ul of ethyl acetate and a 0.5-



2.0 ul aliquot of each of these sclutions was used for GC and

GC-MS analyses.

3.10.4 Isolation of TMP za2nd metabolites fiom urine

samples

Urine samples were first hydrolyzed enzymatically and
then the drug and metabolites were extracted with a suitable

organic sclvent as described below.
3.10.4.1 Hydrolysis procedure

Aliquots {0.5-5 ml) of urine samples from drug-treated
individual rats were separately adjusted to pH 5.0 with 0.1M
sodium acetate buffer (pid 5.0) and incubated with 500 units
of f-glucuronidase, type H-1 enzyme (contains both
glucuronidase and arylsulfatase) per ml urine at 37°C for
20h. A 0.2% sodium chloride solution was used to prepare 500
units PB-glucuronidase enzyme per 1 ml of solurion. A standard
incubation mixture usually contained urine, 1 vol; 0.1M

sodium acetate buffer, 2 vols; and enzyme solution, 1 wvol.
3.10.4.2 Extraction of acidic metabolites

The pH of the cooled incubation mixture was adjustzd to
1.5-2.0 with C.1M HCl and extracted twice with 5 ml volumes
of solvent A (section 3.10.3). After centrifuging, the
agueous layer was retained for the extraction of basic
metabolites, and the combined organic layer, which contained

tiie acidic metabolites, was dried under a stream of nitrogen.

1l
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The dried urine extcracts were disscolved in 0.1M 1TaOH and
washed twice with 3 ml wvolumes cf diethyl ether. The pH of
the agueous layer was readjustced to 1.0-2.0 with 0.1M HC1l and
extracted twice with 5 ml volumes of solvent 2 (secticn
3.10.2). Evaporation o¢f the combined orgeanic layver under
nitrogen gave a residue that was derivatized by
esterification (section 3.9.1 ). The derivatized residue was
reconstituted in 1.5 ml of ethyl acetate, and an aliguot (0.5

ul) of this solution was subjected to GC-MS analysis.

3.10.4.3 Extraction of kasic metabolites

To the agueous layer (the residual urine remaining after
the remcval of acidic metabolites) the internal standard,
(IPR hydrochloride, 1000 ng base) was added and the pH was
adjusted to 10.0-11.0 with 0.1M NaOH solution. TMP and basic
metaboelites were then extra.:.t2d by the procedure described in
section 3.10.3. Derivatization o<¢f +the extracted basic
metabolites is described in section 3.9.2. Dried residues
(underivatized and acetylated) were separately reconstituted
in 50ul of ethyl acetate and 1 ul aliguot of each of these
solutions was analyzed by GC-NPD and the combined GC-MS

method.



3.10.5 Bnzyme hydrolysis and extraction of metabolites

from bile sawmples

3.i0.5.1 Isolation of totcal (phase I and phase

=4
by

metabolites

Aliguots of bile samples {1 ml) from individual rats
(n=3) were separately adjusted to pH 5.0 with 3l acetic acid
and 2 ml of 0.1M sodium acetate buffer (pH 5.0) were added.
The mixture was then incubated with 700 units of {3-
glucuronidase, type H-1 enzyme (contains both glucuronidase
and arylsulfatase) at 237°C for 20h. At the end of the
incubation period, internal standard (IPR hydrochloride, 1000
ng base) was added to the mixture and pH was adjusted to
10.0-11.0 with 0.1M NaOH sclution. TMP and basic metabolites
were then harvested as described in section 3.10.4.3. One

TN
b/\./& e

icn cf the dried extract was acetylated (section 3.9.2)
and the underivatized and acetylated residues were separately
reconstituted in 25 pul of ethyl acetate and a 1 pl aliquot of
each reconstituted solution was employed for GC-1TPD and GC-MS

analyses.
3.10.5.2 Isolation of phase I metabolites

To a 2 ml portion of bile sample, 2 ml distilled water
and 1000 ng IPR, as the internal standard, were added and the
PH value was adjusted to 10.0-11.0 with 0.1M 1laOH. TMP and
its phase I metabol..es were then exhaustively extracted

three times with 7 ml volumes of sclvent A (section 3.10.275.
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The aqueous laygr which c¢Onraing phyge 1T metabolites was
reserved for E£urpeh€r gXtraCtion. Ti:& ~ombined Organic layer
was evaporated py basSage Of 2@ gtTegm of dry Nitrogen at
ambient temperaryre. The residue oPtgined was dissolved in
6.1M HCl acid ang bPack extracted (geCtion 3.9.5.1). A portion
of the dried ragjdue was derivatized by anhydrous acetylation
(section 3.9.2), Rgth the acetylated and underivatized
residues were separately reconstiruteg into 100 M1l of ethyl
acetate and aligyot (0-5-1-0 pul) of each of these solutions

was used fOr anyjlyses,
5.10.5.3 Hydrolygi$ and extraction of phase II métabolites

The residugi Pije (2ml) remgjining after the removal of
phase I metaboljtesS, was divided jnto two egual Portions and
nydrolyzed separately with Pure B\glucuronidase ang sulfatase

enzvmes as follgys-

p-Glucuronidase pydrolySis: To Olg pPOryjon (1 ml) of the bile
1 ml of distilleg Water was added gnd pH was adjusted to 6.8
with potassium pnosppate buffer (PN 4.8). The mixture was
inCubated with 550 ypits of purs f-giucnronidase, type VII

enzyme at 37°C for 20h.

sulfatase hydrojysis. The Second reSigual bile sample (1 ml)
wa® adjusted to pg 5 o With ammenjym gcetate and 1 ml of 0.1M
sodium acetate pyffer (PH 5.0) Wag adged. To this mixture 42
units of aryl syifatsge. tyPe VIII @nzyme were 2dded and the

miXture was incypateqg £or 20h at 37°C,



Afrar hydrolysis i@icher with sulfarvase DY
Jiucy: nidase) of the residual bile, the internal standard
(IE: irochloride, 1000 ng bkase! was added and tnhe
mecabolites which had been conjugated were extracted by the
technique descvibed in section 3.10.5.2. The combined organic

layer was dried and a portion of it was acetylated (section

D

3.9.2), Residues (underivatized and acetylated) wers
reconstituted separately in 50 ul ethyl woetate and an
aliquot (1 ul) of each reconstituted sample was employved for

GC-IIPD and GC-MS analyses.
3.10.6 Assay procedure

The determinations were carried out on a Varian Vista
6000 GC coupled to a VG-7070E analytical organic mass
spectrometer, eqguipped with a computerized work station. The
mass spectrometer was in the electron ionization (EI) mode.
The ionization energy was 50 eV and the GC-MS interface
temperature was kept at 260°C, while the GC was in splitless
injection mode. Chromatographic separation of TMP and its
metabolites was achieved on a DB-17 (30 m x 0.25 mm. i.d.;
film thickness 0.5 micron) fused silica capillary column at a
column temperature of 100°C that was increased to 280°C at a
rate of 16°C/min. The initial temperature was held for 2 min
and the final temperature for 30 min. The injection port
temperature was set at 250°C and the detector temperature was
300°C. Helium was used as carrier gas and the flow rate was 1

ml/min. The column head pressure was kept at 0.8 kg/cmz. The
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assay procedure permitted the simultanecus determination of

T™P and its major metabolites.

3.11 Nortrimipramine (norTMP) and 2-hydroxy trimipra-

mine (2-OH-TMP) experimental
3.11.1 Dose and sample collectiomn

Two groups rats (n=6 in each group) were used in this
study. Individual rats in each group raceived either a single
ip dose of norTMP maleate (5 mg base/kg) or 2-OH-TMP fumerate
(5 mg base/kg) in normal saline. Urine samples were collected

for a period of 72h and stored at -20°C until analyzed.

Drug-drug interaction studies involving norTMP and QND
were conducted by the procedure described in section 3.10.2.
In phase I, individual rats received a single ip dose of
norT™P maleate (equivalent to 5 mg base/kg) and 72h urine
samples were collected and stored at -20°C. The gecond phase
of study was started on the 1lth day of drug-free period, in
which each rat received a single po dose of QND sulfate (21.7
mg base/kg) dai.y for 3 days. The third phase of study
started 1h after the administration of last dose of QND, by
administering a single ip dose of norTMP maleate (eqguivalent
to 5 mg base/kg) in normal saline and 72h urine samples were

collected and stored at -20°C until just prior to analysis.



3.11.2 Hydrolysis and extraction procedure

Aliguots (0.5-1.0 ml) of urine samples from t
(norTMP or 2-OH-TMP) rats were hydrolyzed enzymatical
extracted as described previously in sections 3.10.4

3.10.4.3 respectively.
3.11.3 Gas chromatography

The analyses were performed on a gas chromat
equipped with a NPD. The chromatographic separati«
norTMP and 2-OH-TMP and their metabolites were achieve
DB-5 fused silica capillary column (30 m x 0.20 mm
0.25um film thickness). The oven temperature was ini
maintained at 100°C for 2 min and then increased at a vt

8°C per min to 280°C and held for 2 min.
3.12 IPR experimental

3.12.1 Treatment of animals

Rats (n=6), weighing 200-225 g, were used in this
A single ip dose (10 mg base/kg) of IPR as its hydrock
salt in 200-225 pl of isotonic saline was administe
individual rats. Contrecl rats received only 200-225
isotonic saline. I.p. injections were reproducible a
dose level selected did not distress the animals.
samples were collected over a period of 48h and store

20°C until analyzed. In iIin vitro studies with

microsomes, 300 nmol (85.2.0 ug base) of IPR hydroch



2.12.2 Incubation and extraction procedure

~

Indi-ridual urine samples {5 ml) were separately adjust

.D

to pH 5.5 with sodium acstate buffer (prH 5.5) and incuia

(t
(D

d

with 709 units 92f a mixture of glucurcnidace an

o}

arylsulfatase (B-glucuronidase, type H-1 enzyme) per mlil of
urine at 237°C for a period cf 2Ch. The pH of the cooled
incubation mixture was adjusted to 2.0 with 0.iM HC1l, washed
with an equal volume cf diethyl ether then centrifuged and
the ether laver was discarded. Th:2 aguecus laver was adjusted
to pH 8-8.5 with C.5M llaOH and extracted twice with 7.5 ml
volumes of a mixrure of dichloromethane/iscpropancl/eciyl
acetate (1:1:3 by wvol.). The combined organic layer was
evaporated to dryness in a stream c¢f nitrogen at ambient
temperature. One portion of the dried residue was derivatized
by acetylation and the resulting mixture was evaporated as

described in section 3.9.2. Acetylated and underivatized

dried urine extracts were separately reconstituted in 100 ul
of ethyl acetate and an aligquot (2 pl) of each o©of these
solutions was injected onto a gas chromatograph which was

couplied to a mass spactrometer.



3.12.3 Isolaticn of IPR metabolites from liver tissues

the li-rer tissues by addition
of 500 ul of ice-cold 20% trichlorcacstic acid, the resultant

miwrire wasg ~entri £

Zn aliguot (1 ml) of tnh

ITaOH to pE 8.0-8.5 and IPR and metabolites were extracted as
befcre (see section 3.12.2). A portion of the dried residue
was derivatized by acetylation {secrtion 2.9.2). The
underivatctizad «.d acetyliated dried residues were analyzed

separately by a combined GC-MS method.

3.12.4 Extraction of IPR metabolites from rat bile

sample

Eliguots ©f ktile samples (2 ml) from individual racs
(n=3) were separately adjusted to pH 5.0 with ammonium ac-
state and 3 ml of 0.1M sodium acetate buffer (pH S5.0) was
addedG. The mixture was then incubat=sd witil 750 unics of  j-
glucuronidase, type H-1 enzyme at 27°C for 20h. At rthe end of
the incubation pericd the pH of the cooled incubation mixture
was adjuscted to 8.0-8.5 with ¢.1M 1ja0OH. Extraction and
derivatization procedures for IPR and its basic metabolites
are described in sections 3.12.2 ndé 3.9.2 respectively. The
underivatized and acetylated extracts were reconstituted
separately in 100 pl of ethyl acetate and a 2 uyl aliquot of
each reconstituted solution was employed for a combined GC-MS

analysis.



3.12.5 Analytical method

Electcron icnization mass spectra (EIMS) were recorded on
a JVG-7070E mass spectrometer interfaced with a Varian Vista
£C00 gas chromazcgraprh and linked to a PDP 11 data system.
The ionization energy was 60 eV and the GC-MS interface
cemperature was kept at 250°C. A DB-17 fused silica capillary
column (30 m x 0.25 mm. i.d.x 0.5 um £ilm thickness) was used
to achieve the chrcmatographic separation c¢f IPR and its
meraboclites. The initial oven temperature was maintained at
100°C for 2 min and then programmed to rise at a rate of
8°C/min to 280°C and was held at that temperature for 10 min.
The injection port 2nd detector temperatures were set at
250°C and 300°C respectively. Helium was used as carrier gas
and the flow rate was 1 ml/min. The column head pressure was

kept at 0.8 kg/cmz. The analytical met 10od provided for the

simuitaneous analysis of IPR and its major metabolites.
3.13 Imipramine (IMI) experimental

3.13.1 Dose and sample collection

3.13.1.1 Human study

2 24h urine sample from a 26 year old female patient,
who received an oral dose of 150 mg/day (3x50 mg) of
imipramine (Tofranil®), was supplied by Dr K.F. McKenna,

Department of Psychiatry, University of Alberta. The urine



sample was stored at -20°C until the time of the GO-MS
analiysis.
2.13.1.2 Biliary excrecion study

LAfter bile duct cannulation, as described in section

2.8, individual rats (n=3) received a single ip dose of 10 mg

base/kg IMI hydrochloride in normal saline. Bile
collected for a period of 6h and stored at -20°C wi:. .l
analyzed.

3.13.2 Hydrolysis and extraction procedures
3.13.2.1 Human urine sample

A portion (50C pl) of the urine sample was hydrolyzed

3

2

rzymatically by a methcd similar to that described in

+

section 3.10.4.1. To the cooled incubation mixture, the
internal standard (TMP maleate, 1000 ng base) was added and
the pH was readjusted to 9.0-10.0 with 0.1M laOH solution.
IMI and basic metabolites were then extracted and the organic
layer was dried by a similar method used for TMP in section
3.10.4.3. One portion of the dried residue was derivatized by

acetylation (3.9.2) and the underivatized and acetylated

residues were separately reconstituted in 50 ul cof ethyl

acetate and an aliquot (1 ul) cf each of thess solutions was

used for GC and GC-MS analyses.



102

Ly

.2.2 Ratr bile sampie

b
\a}

Eliquots of bile samples (2 ml; from individual racs

were separately adjusted to pH 5.0 with ammonium acetate and

h 1
2o cf o.M

odium aretate buffer pH 5.0} were added. The

s

N

mixcure was then incubated with 750 units of B-glucuronidase,
type H-1 enzyme at 37°C for 20h. At the end of the incubation
period IMI and metabolites were extracted from the cocled
incubation mixture as before (3.13.2.1). The dried urine
extracts were derivatized and dried (section 3.9.2), and
reconstituted in 100 ul ethyl acetate. An aliguot (1 upl) of
the reconstituted sclution was then subjected to GC-MS

analysis.

3.13.3 Assay method

GC-MS conditions were similar to those used for TMP and
its metabolites and mentioned in section 3.10.6. A D3-1
capillary <c¢olumn having 100% dimethyl polysiloxane
crosslinked and bonded stationary phase, i.d. 0.20 mm, filr

thickness 0.25um, length 30m was employed for the

chromatographic separation of IMI and its metabolites

A GC-NPD was used to guantitate IMI and its major
metabolites in human urine. & DB-17 fused silica capillary
column (0.32 mm i.d., 0.25 um film thickness, 30 m long) was
used for the chromatographic separation of IMI, its major

metabolites and the internal standard. The initial column
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emperacure was neld at 100°C for 2 min and then increased to

280°C at a rate of 8°C/min and held for 5 min.
3.14 N-n-butylamphetamine (NBA) experimental

3.14.1 Animals and treatment

Rats (250-450g) were housed individually in plastic
metabolic cages (model E1000, Maryvland Plastic Inc., UNew
York) . Water and Lab Chow (Wayne Rodent Blox, Tekland/Premier
Labocratory Diets, Bartonville, Illinois) were provided ad
libitum. The foliowing ctreatments were conducted: (I) rats
(n=14) received a single dose of NBA hydrochloride (0.104
mmol /kg) intraperitoneally (ip); (II) rats (n=6) were first
dosed ip with QIND sulfate (0.031 mmol/kg) and lh latter with
a single ip dose of NBA hydrochloride (0.104 mmol/kg; (III)
rats (n=8) were administered daily a single ip dose of QIID
sulfate (0.031 mmol/kg) for 3 days and on the third day 1h
after QND treatment, each rat received a single ip dose of
NBA hydrochloride (0.104 mmol/kg). Total urine was collected
for 48h and stored at -20°C until analyzed. Blank urine
samples from vehicle-treated rats and from rats treated with
QD only were collected and analyzed to determine whether
endogenous substances or QND and/or its metabolite had a

similar retention time to that of INRA.
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3.14.2 Extraction procedure

Total urine volumes were measured and an aliquot (1 ml)
from each sample was separately adjusted to pH 5.0 with 0.1

U B
scaium ac

tate buffer and hydreolyzed with 700 units of -

m

glucuronidase, type H-1 enzyme at 37°C for 20h. To each
hydrolyzed urine sample, internal standard [4-methoxy-lIBA
hydrochloride (4-OCH3-lIBA), eguivalent to 500 ng base] was
added. The pH of each urine sample was adjusted to 11.5-12.0
with 2M HaOH and extracted twice with 5 ml of ethyl acetate.
The combined organic layer was dried under a stream of dry
nitrogen gas. Each dried extract was dissolved in 1ml of 0.1M
HC1l and washed with 2ml of diethyl ether; the mixture was
centrifuged and the organic layer discarded. The pH oi the
agqueous layer was readjusted to 11.5-12.0 with 2M NaOH and it
was extracted twice with 5 ml volumes of diethyl ether. The
combined organic extract was again dried under a stream of
dry nitrogen at ambient temperature. Residues were separately

reconstituted in 50 ul of ethyl acetate and a 1 pl aligquot of

each of these solutions was emploved for GC-NPD analysis.

3.14.3 Aralytical procedure

A gas chromatograph equipped with a NPD was used to

quantify NBA and its twe phenolic metabolites, 4-OH-IMNBA and

4-OH-3-0OCH;-NBA. Chromatographic separation of NBA, 4-OH-NBEA,

4-OH-3-0CH;-NBA and the internal standard 4-OCH,;-NBA was

achieved on a DB-5 fused silica capillary coiumn (0.32 mm



i.d4., 0.25 um fiim thickness, 30 m lengch). Helium was us-d
as the carrier gas a: a flow rate of 1 ml ‘min. The initial
oven temperature was held at 100°C for 2 min, then increased
at a rate of 8°C/min to 240°C and held at that temperarure

for 3 min. The injection pcrt and detector temperatures were

250°C and 300°C respectively.
3.15 Phenotyping experimental
3.15.1 Subjects and method

A total of 53 adult subjects (42 female and 11 male)
whose ages ranged from 21 to 63 years, took part in the
study. Thirteen were healthy volunteers while the rest were
patients of Drs. Kenneth Skeith and Kevin F. McKenna of the
University of Alberta Hospitals. However, at the time of
phenotyping none i the subjects was on any other medication.
After voiding their bladder, each subject received a single
oral dose of Benylin DM ®syrup at bed time (equivalent to 50
mg DM), and two urine samples (0-8h and 8-12h) were collected
unless otherwise stated. The urine samples were stored at

-20°C until aralyzed.
3.15.2 Hydrolysis and extraction procedure

Aliquots (. ml) of urine samples from individual
subjects who received DM were separately adjusted to pH 5.0

with 0.1M sodium acetate buffer (pH 5.0) and incubated with

750 units cf PB-glucuronidase, type H-1 enzyme per ml urine at
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7% for 24h. E standard incubation mixture usually contained
Lurine, 1 wvol; 0.1M sodium acetate buffer, 2 vols; and enzyme

solution, 1 vol.

The pH of the cooled incubation mixture was adjusted to
10.0-11.0 with 0.1M llaOH solution and extracted twice with 6
ml volumes of diethyl ether. The combined organic layer was
dried under a stream of dry nitrogen. The dried extract was
dissolved in 0.1M HC1l (pH 2.0) and washed twice with 4 ml
volumes of diethyl ether. The aqueocus layer was adjusted to
pH 10.0-11.0 with 0.1M NaOH and extracted twice with 6 ml
volumes of diethyl ether. The combined organic layer was
evaporated to dryness under a stream of dry nitrcgen atc
ambient temperature. The dried residues were separately

reconscituted in 100 ul of ethyl acetate and a 0.5 pul aliguot

of these solutions was used for gas chromatographic analysis.
3.15.3 Gas chromatography

A GC-NPD was used for the analysis of DM and DR in urine
extracts. Chromatographic separation of DM and DR was
achieved on a DB-17 capillary column (0.32 i.d., 0.25 pm film
thickness, 10 m long). The initial oven temperature was
maintained at 150°C for 2 min and then increased at a rate of
16°C per min to 250°C and held there for 1 min. The injection
port and detector temperatures were kept at 250°C and 300°C,

respectively. The analytical method provided rapid



determination of DM and DR. In fact the total analysis

U ime

was less than 7 min.

3.16 Calibration graphs

To guantitate drug and metabolites in biological
matrices, standard calibration graphs were prepared using the

internal standard method.

The graphs were prepared by adding varving amounts of
the authentic samples of drug and metabolites (equivalent to
100-2000 ng of the free base) and a fixed amount of the
internal standard (equivalent to 500 -1000 ng of the free
base) to 1 ml of appropriate drug-free biological fluid. Peak
area ratics (drug or metabolite/internal standard) were
plotted against concentrations of drug or metabolite to
produce calibration graphs that were linear over the desired
concentration range. The concentration of drus and each
metabolite in the biological fluid extract from drug-treated
rats was determined from the equation of the straight line
derived from each calibration graph. The assay methods were

reproducible and the inter-assay coefficients of variation

were <10%.
3.16 Statistical analyses

Where applicable the standard error of the means
(S.E.M.) 1is represented by error bars on figures. Unless

otherwise stated data were analyzed by the paired Student’s
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t-cest (u=0.05) . AIIOVA followed by the llewman-Keuls test was

employed in section 3.14 (u=0.05}) and the statistical

analysis was performed by Dr. Mathew Martin-Iverson,

Department of Psychiatry, University of Zlberta
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4. RESULTS AND DISCUSSION

4.1 studies conducted on TMP

4.1.1 In vivo metabolism studies
4.1.1.1 Metabolic studies of TMP in the rat

The underivatized and the acetylated metabolites of TMP
were gas chromatographically separated and their chemical
structures were deduced by detailed interpretations of the
fragmentation patterns apparent in each electron ionizatcion
mass spectrum (EIMS). Many hydroxylated metabolites of TMP
were identified. In man TMP undergoes aromatic hydroxylation
in addition to other metabolic pathways, but no alicyclic
hydroxylation has Dbeen observed (Maurer, 1989). It is oOf
interest that in the present study it has been observed that

in rat TMP undergoes preferential C , or C,, hydroxylaticn in

addition to aromatic hydroxylation.

The identities of the alicyclic and aromatic
hydroxylated metabolites were readily deduced from the
fragmentation patterns in the EIMS of the underivatized and
acetylated samples, and by comparison of mass spectra with
the spectrum of TMP itself (EIMS 1, Figure 4-3). Of
particular assistance in the identification of metabolites
was the observation that TMP itself and all the metabolites

that retained an intact N,N-dimethyl-2-methylpropylamine

[-CH2CH(CH3)CH2N(CH3)2] side cha'n at Ny gave rise to mass



spectra that contained prominent diagnostic ions of m/z (M-
as)*, [M-60]', 99, 84 and 58, which are identified in Figure
4-4. The ion of m/z 58 is most often the base peak in these
spectra. This observation permitted the conclusion that EIMS
1, 8, 9, l2, 13, 14, 15 and 20-26 [Figure 4-3], were all of
metabolites that retain an intact 1 side chain. Similar
reasoning allowed the conclusion that mono-N-demethylated
metabolites (nor-TMP and derivatives) that possessed a
CH,CH (CH3) CH2NHCH3 side chain at Ny may be characterized by
the presence of diagnostic fragment ions of m/z M-31 [M-
NHCH3]*, [M-46]%, 85 and 70; these ions correspond to ions
m/z [M-45]1%, [M-60]1%, 99 and 84 in TMP (Figure 4-4). This
structural feature is clearly present in the EIMS 2, 10, 16

and 18 (Figure 4-3).

Location of a hydroxyl moiety at C;; or C;, in TMP
metabolites was deduced from the ocbservation that the mass
spectra of these metabolites, before derivatization, contain
an [M-18]1"%" fragment ion due to elimination of water from the
molecular ion (EIMS 6, 8 and 10; Figure 4-3). However, when
derivatized by acetic anhydride, these C,, or C;; hydroxylated

metabolites were dehydrated to products that contained a

double bond at C,, (EIMS 7, 9 and 11; Figure 4-3):

50°C, 30 pun

H




In contrast, the m2ss spectra of aromatic hydroxyla
metabolites did not contain fragment ions resulting from
elimination of water (EIMS 4, 12, 16 and 22; Figure 4-3) .,
addition, aromatic hydroxylated metabolites read
acetylated when reacted with acetic anhydride (EIMS s, 13

and 23; Figure 4-3) :

AcO -
[ J-on - > @m OCOCH ,
e S50°C. 30 min \
R

The exact position of the aromatic hydroxy, acetoxy «

!
R

in one instance (metabholite that produced EIMS 26; Figure
3), methoxy moieties on the tricyclic system could not
determined unequivocally from the mass spectral da
However, by analogy with the findings of Fraser et al. (1l¢
and Suckow et al.(1984), aromatic mono-hydroxylation n
prcbably occurred at C,. Further confirmation of t
conclusion was obtained from the mass spectral fragmentat
patterns of the authentic sample of 2-0OH-TMP, which

identical with the EIMS 12, Figure 4-3.

GC traces of the underivatized and acervliated
metabolites are depicted in Figures 4-1 and 4-2 respective
In figure 4-1, the peak 363 was due to endogen
cholesterol. Both the underivatized and acetyvlated ur
extracts were analyzed under identical GC-MS conditions.
peaks due to TMP and its metabolites were detected in t

the traces. They are identified in Figure 4-1 and 4-2



of the isclated metabolites and their EIMS are
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interpretation of the EIMS obtained by scanning eacnh GC peak.
Important mass fragmentation pathways cf TMP are shown in
Figure 4-4. Structures of the common and major diagnostic
fragment ions of all TMP metabolites are provided in Figure
4-5. Structures of urinary metabolites of TMP are shown in

Figure 4-6.

Peak 354 [Fig.4-1; retentiorn tim (ty) 14.20 min ] and peak
353 [Fig.4-2; ¢tz 14.15 min ]. Scanning of both the peaks gav=
similar mass spectra [EIMS 1; Figure 4-2] that ccntained
diagnostic fragment ions cf m/z 294 (M%) , m/z 249 [M-45]7,
234 [M-60]%, 208, 193, 99, 84, and 58. Appropriate structures
for all these fragment ions are depicted in Figure 4-4. The
mass fragmentation patterns confirmec tnat this peak was tne
parent drug TMP. Its mass spectrum [EIMS 1, Figure 4-3] was
identical to the published spectrum of TMP (Maurer, 158%) and
with that of authentic sample of TMP. The identities of most
of the TMP metabolites can be readily deduced by comparing
their EIMS with that of TMP. In this study it has also been
obgserved that the EI mass spectra of monohydroxylated TMP
metabolites contain diagnostic fragment ions many of which

are 16 amu higher than those in the spectrum of TMP, while



47 . The absence of diagnostic fragment ions of m/z 99, 84
and 58 showed that the 1N,N-dimethyl-2-methylpropylamines
[-CH2CH(CH3)CHQIN(CHE3)2] side chain at N; of TMP was modified
ir: this metabelite. The presence cof ions <of m/z 280 (M?t), &8s
and 70, each 14 amu less than the corresponding diagnostic
fragment ions of m/z 292, 99 and 84 in TMP, indicated that
this peak was mono-li-demecnylated-TMP (nor-TMP) ({Figure 4-4].
The mass spectrum of an autnentic samplis of norT™™PR was

identical to EIMS 2; Figure 4-3.

The identityv of this metabolite was further supported b
the mass fragmentation patterns of its acetylated derivative,
[peak 681, tz 22.43 min (Figure 4-2)]!. Scanning of this peak
gave EIMS 3 [Figure 4-3]. The molecular ion of m/z 222 (M%)
[Figure 4-3] in the spectrum was 42 amu (CCCHz) greater in
mass tvhan the molecular ion of nor-TMP, while other impertart
fragment ions of m/z 249 [M-CH3ITHCOCH3]*(VIc), 224 (IlvJc,
[Figure 4-5]1, 208 (base peak in both EIMS 2 and 3) and 193
{[Figure 4-4] were identical to fragment ions in the spectrum

of nor-TMP. Peak 681 is clearly the lti-acetylated derivative
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Peak 424 [Fig.<4-1; tz 16.01 mirz]. Inspection of the mass spec-
trum EIME 4; Figure 4-3; of this peak revealied itTs molecular
ion to be of m/z 211 {(Figure 4-3). This was consistent with a
monc-oxygenated structure that lacked the Iy side chain. It

was tentatively identified as 2-0H-5H-dibenz (b, f]jazepine.

The fragmentation pattern of its acetylated derivative,
[peak 456, fty 16.50 min (Figure 4-2); EIMS 5 (Figure 4-32)1,
confirmed this ¢ 1clusion. The mass spectrum of the
acetylated metabolite was virtually identical to that of 2-
hydroxy-5H-dibenz [b, £]lazepine, except for the presence of the
expected molecular ion of m/z 253. Absence of dehydration
during derivatization with acetic anhydride provided evidence
cof aromatic hydroxylation. These observations indicated that
:C peak 456 was the 0O-acetvliated derivative of 2-nvidroxy-5H-
dibenz b, £flazepine. The -NH moiety o©of the dibenz(b,flaze-

pine ring was not a site for acetylation. The lone pair of

O

lectrons on the N-atom would be delocalized in this ring

-

Y

4]
('0

em making the N-atom much less basic than that o0f a

7]

secondary aliphatic amine. As a conseguence the ring -OH
group was preferentially acetylated. This deduction was
further confirmed by direct comparison of EIMS 5 with the

published spectrum of this compound (Maurer, 1989).
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Feax €63 [Fig <-i; Tz 17.02 min!. EIMS scanning of this peak
indicated that it contained a new, though minor, metabolire
of TMP. Its mass spectrum (EIMS 6; Figure 4-3) contained

— ione of miz 227 NPy

)

e $ . 2 o~
~gaxr = 2y

(

(Ib) and 194 !(IX) (Figure 4-5). The mclecular ion is 16 amu
greater than that ©cf 2-hydroxy-5H-dibenz (b, flazepine (EIMS 4:
Figure 4-3) suggestive of a dihydroxy-sH-dibenz[b,flazepine
metabolite. The fragment ion of m/z 209 was the result of the
expulsion of a molecule of water from ti.: molecular ion and
is of particular diagnostic wvalue. Its presence indicated
that one of the hydroxy groups of this metaboclite was located

at C,, or C,, in the ring system. This novel metabolite is

identified as 2,10- or 2,1l-dihydroxy-SH-dibenz|[b, flazepine.

The identity of this metaboclite was further established
from the mass spectral behavior of its acetylated derivative,
[peak 484, ty 17.35 min (Figure 4-2); EIMS 7 (Figure 4-3)].
During derivatization with acetic anhydride one of the two
hydroxy groups of this metabolite was involved in a
dehydration reaction with the consequent introduction of a C, .
double bond while the other hydroxy group was acetylated.
This reaction is consistent with one hydroxy group being
located on an alicyclic carbon (C,; or C,.) and the other on
an aromatic ring. Diagnostic ions in this spectrum are of m/z

251 (Mt) [Fig.3] and 209 (Ib) (Figure 4-5).

Peak 432 (Fig.4-1; tg 16.14 min ]. Scanning of this GC peak

revealed it to be another new metabolite of THMP .



Interpretatiocn of its mass spectrum (EIMS §&; Figure 4-3)
confirmed its identity as 1C-hydroxy-TMP. Its molecular ion
was of m/z 310 (Figure 4-3), 16 amu greater than that of TMP.
The ions of m/z 292 [M-H20]l* (Ij) and of m/z 265 [M-a5]*
(XII) (Figure 4-3), 9%, 84 and 58 (Figure 4-4), the lattev
indicating an intact -CH2CH (CH3)CH2MN(CH3)2 side chain, are of

particular diagnostic value.

The identity of this metabolite was further esr ablished
from the fragmentation patterns of the product cbrained by
the action of acetic anhydride, I[peak 359, tz 14.20 min
(Figure 4-2); EIMS 9 (Figure 4-3)], which 1is readily
identified as 5- (3-dimethylamino-2-methylpropyl) -5H-dibenz
{b,flazepine, i.e. 10,l1ll-dehydro-TMP. A molecular ion of m/z
292 (Figure 4-3) is consistent with this structure as is the
presence of diagnostic fragmeat ions of m/z 247 [M-435]% (Ie),

232 [M-60]* (IIIc) (Figure 4-5), 99, 84 and 58 [Figure 4-4],

a~ain indicative of an intact Ng side chain.

Peak 469 ([Fig. 4-1; tp 17.11 min]. EIMS scanning of this GC
peak showed it to be another new metabolite of TMP. Its mass
spectrum [EIMS 10; Figure 4-3] contained diagnostic fragment
ions of m/z 296 (M?%) (Figure 4-3), 278 [M-H20]*" (Ig), 265 [M-
NHoCH3]*%Y (XII), 247 (Ie), 232 (IIIc), 206 (IITIa) (Figure 4-
5), 193, 85 and 70 (Figure 4-4). The presence of the fragment
ion of m/z 278 suggested that the metabolite contained an
alicyclic hydroxyl group. The absence of ions of m/z 99, 84

and 58 and the presence of fragment ions of m/z 265, 85 and



70 provided evidence of mono-ll-demethylation of the II. side

chain in TMP. These facts are

0

onsistent with this metabol

being the result of concurrent alicyclic hydroxylation and II-

10-hydroxy-nor-TMP. The mass spectrum of its acetylated
derivative, I[peak 705, tz 23.15 min (Figure 4-2); EIMS 11

{(Figure 4-3)1 supported this conclusion.

During derivatization with acetic anhydride, C.,.-C..
dehydration occurred and the N-methylamino group of the side
chain was acetylated. The diagnostic fragment ions present in
the mass spectrum of this metabolite are m/z 320 (M%) (Fiqure

4-3), 247 [M-73]1% (Ie), 234 (Id)) and 206 (IiIa) (Figure 4-

5).

Peak 515 [Fig.4-1; t; 18.20 min]. This GC peak's mass spectrum
(EIMS 12; Figure 4-3) contained diagnostic fragment ions of
m/z 310 {(M?t) (Figure 4-3), 265 [M-45]* (vid), 250 [M-601"*
(IVe), 224(IVb) and 209 (Ib) (Figure 4-5), all of which are 16
amu greater in mass than the corresponding fragments ions in
the TMP spectrum (EIMS 1; Figure 4-3). The presence of
acdditional characteristic fragment ions of m/z 99, 84 and the
base peak of m/z 58 (Figure 4-4), indicated that this
metabolite retained an intact side chain [-CHzCH(CHz3)
CH2N(CH3) 2] . Thus, this metabolite is a ring-hydroxylated
derivative of TMP. In contrast to EIMS 10 (Figure 4-3) which
also contained a molecular ion of m/z 310, the EIMS of this

peak did not contain [M-H20]* fragment ion of m/z 292. This



indicared that the metabolic oxidation had taken place in an
aromatic ring, and the metabolite, therefore, was a phenolic
derivative cof TMP. The mass spectrum of an authentic sample

nf 2-0H-TMP was identical to EIMS 12; Figure 4-3.

When the broad GC peak 531 (Figure 4-2; tyz 19.10 min)
was repetitively scanned it was clear that it contained at
least three TMP metabolites. Scanning of the early part of
the peak (519) gave a mass spectrum (EIMS 13; Figure 4-3)
which contained a molecular ion of m/z 352 (Figure 4-3), 42
amu greater than that of 2-OH-TMP. Other diagnocstic fragment
ions were m/z 307 (M-45)* (vIh). 265 (VId), 250 (IVe)
{Fig.5], 99, &84 and the base peak of m/z 58 (Figure 4-4).
Formation of a molecular ion, after derivatization with
acetic anhvdride, which was 42 amu greater tbk.i: that of the
metabolite indicated that the metabolite was phenolic.
Confirmation of its identity was obtained from the
observation that EIMS 13 was identical with the published

spectrum of 2-acetoxy-TMP (Maurer, 1989).

Peak 533 [Fig 4-1; typ 18.44 min]. Repetitive scannings of this
intense GC peak indicated that it contained a single and
abundant new metabclite of TMP. Its mass spectrum (EIMS 14;
Figure 4-3) contained diagnostic fragment ions of m/z 308
(M%) (Figure 4-3), 263 [M-45]% (vc), 248 [M-60]% (VIIc) and
222 (VIIa) (Figure 4-5), all of which are 14 amu greater than
the corresponding ions of TMP (EIMS 1). The formation of the

fragment ions, m/z 263, 248, 99, 84 and 58, confirmed the



o]

resence of -CH2CH(CH3)CH2N(CH3),> moiety at M. of the ring

n
0

(]

ystem. The formation of fragment ions derived from the
tricvclic ring that are 14 amu greater than the corresponding
ions cf TMP provided evidence of the metabolic introduction
of a keto group at an alicyclic carbon {(C,. or C..) in thne
ring system. Since these two locaticns in TMP are equivalent,

this metabolite is identified as 10 -oxo-TMP.

Peak 531 (Figure 4-2; tp 19.10 min) was also abundant in
the GC scan of the acetylated extract, and its mass spectrum
(EIMS 15; Figure 4-3) was virtually identical to that of EIMS
14; Figure 4-3. This observation is consistent with the
proposed 10-oxo-TMP structure.This metabolic pathway has not

been detected in man (Maurer, 1989).

Peak 567 [Fig. 4-1; trg 19.44 min]. The mass spectrum (EIMS
16; Figure 4-3) of this GC peak contained diagnostic fragment
ions of m/z 296 (M%) (Figure 4-3), 265 [M-NH2CH3]* (vIid), 250
[M-46]% (IVe), 224 (IVb), 211 (VIa) {(Figure 4-5), 85 and 70
(Figure 4-4). The formation of fragment ions of m/z 265, 85
and 70 indicates metabolic N-demethylat:on. In contrast with
the spectrum of the isomer 10-hydroxy-norTMP (EIMS 10; Figure
4-3), also of molecular mass of m/z 296, the EIMS of GC peak
567 did not contain ion of m/z 278 [M-H2C]*. Thus, the
metabolically introduced oxygen atom is located in the
aromatic ring system. Two concurrent metabolic pathways,
namely, N-demethylation and aromatic hydroxylation, are

obviously involved in the formation of this metabolite. The



metabolite was identified as 2-OH-norTMP. EIMS 16; Figure 4-3

was identical to EIMS of an authentic sample of 2-CH-norTMP.

A metabolite of this structure would form a diacetylated
derivative when reacted with acetic anhydride and peak 1300
[tr 38.22 min (Figure 4-2)] is that diacetylated product. Its
mass spectrum (EIMS 17; Figure 4-3) contained diagnostic ions
of m/z 380 (M*t) (Figure 4-3), 84 amu greater than that of 2-
hydroxy-nor-TMP (2 H atoms replaced with 2 COCH3 group), 266
(IVh), 250 (IVe) and 224 (IVb) (Figure 4-5). When all these
data are considered, the most likely structure for this
metabolite is 2-OH-nor-TMP. EIMS 17 is identical with the

published spectrum of the acetylated species (Maurer, 1989}.

Peak 580 ([Fig.4-1; tg 20.05 min]. This is a new, minor
metabolite of TMP. Its mass spectrum (EIMS 18; Figure 4-3)
contained a molecular ion of m/z 294 and fragment ions of
m/z 263 [M-NH2CH3]* (If), 248 [M-46]* (IIIe), 235 (VIIIa),
222 (IIIb), 209 (Ib), 194 (IX) (Figure 4-5), 85 and 70
(Figure 4-4]}. The presence of fragment ions of m/z 263, 85
and 70 showed it to be a derivative of n»nr-TMP. Most of the
other fragment ions in the spectrum are 2 amu less than the
corresponding fragments ion~ in the EIMS 16; Figure 4-3. This
minor metabolite appears to be the product of three metabolic
reactions, namely, N-demethylation, aromatic hydroxylation
and alicyclic hydroxylation of TMP followed by dehydration

(Maurer and Pfleger, 1984; Testa and Jenner, 1976) to produce

a double bond at C,,.

[
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The mass spectral properties of the acetyvliated
metabolite, [peak 13210, t; 39.10 min (Figure 4-2); EIMS 19
(Figure 4-3)] are consistent with this conclusion. Diagnostic
fragment ions present in this spectrum are of m/z 378 (M%)
(Figure 4-3), 264 {(IIIf), 222(IIIb) and 209{(Ib) (Figure 4-5).
The molecular ion is 84 amu greater than that of the
unacetylated species, and this provided evidence of the
presence of an aromatic hydroxy group in addition to the

secondary nitrogen atom of the side chain.

Peak 725 [Fig.4-1; tgz 23.51 min]. The EIMS scanning of this GC
peak revealed the existence of another new, minor metabolite
cf T™™MP. Its mass spectrum (EIMS 20; Figure 4-3) contained a
molecular ion of m/z 324 (Figure 4-3) and fragment ions of
m/z 279 [M-45]1% (vd), 264 [M-s80]1* (VIId) (Figure 4-5), 99, 84
and a base peak of m/z 58 (Figure 4-4), indicative of an
intact Mg side chain. Additional fragment 1ons of m/z 251
[279-CO1* (XI), 236 [264-CO}* (IIc) and 210 (238-CO]l* (IIb)
(Figure 4-5) may have the identities indicated, which would
be ccnsistent with this metabolite being a C.,- or C,. -ox0O-

aromatic ring-hydroxylated-TMP derivative, and most probably

the C,, or C;;-ketone derivative of 2-OH-TMP.

Further evidence in favour of this identification was
obtained from the mass spectral behavior of its acetylated
derivative and also from related observations by Koppel et

al.(1988). The acetylated derivative ([peak 730, ty 24.0 min

(Figure 4-2); EIMS 21 (Figure 4-3)] is monoacetylated (M?,



m/z 366). Its mass spectrum contains other ions of diagnostic
—~value 42 amu greater in mass than those of unacetylated
species, namely 321 [M-45]7 (Ve), 306 [M-60]% (VIIf), and 293
(XITI) and ions of m/z 279(vd), 264(VvIId), 251(XI), 238
(VIIb), 225 (Vb) (Figure 4-5), 98, 84 and 58 (Figure 4-4)
which are also present in the mass spectrum of the

unacetylated species.

Peak 874 (Fig.4-1; tg 27.43 min]. The mass spectrum (EIMS 22,
Figure 4-3) of this GC peak contained fragment ions of m/z
326 (M%), 281 [M-451% (VIf), 266 [M-60]F (IVg), 240 (IVd),
227 (VI™) and 225 (Ic) (Figure 4-5), all of which were 32 amu
greater than equivalent fragments in the spectrum of TMP. An
intact -CH2CH(CH3)CH2N{(CH3)2 side chain is obviously retained
in this metabolite. The absence of a fragment ion peak due to
elimination of water from the molecular ion, and the presence
of an intact side chain indicated that metabolic oxidation of
the TMP molecule had been confined to the aromatic ring(s).
From these data the metabolite was concluded to be a

dihydroxy- (aromatic) derivative of TMP.

Consistent with this conclusion is the formation of a
diacetyl derivative, ([peak 890, ty 28.06 min (Figure 4-2);
EIMS 23 (Figure 4-3)]. After derivatization with acetic
anhydride the GC peak of this derivative contained
diagnostically important fragment ions of m/z 410 (MT)
(Figure 4-3), 365 [M-45]* (VIm), 350 [M-60]%" (VIk), 323 [365-

CH3=C=0]"* (VIi), and other fragments of m/z 281 (VIf), 266
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(Ivg), 240 (Ivd) [Fig.5]., 99, 84 and the base peak of m -z 58
[Fig.4] which are also present in the mass spectrum cf the
underivatized metabolite. This metabolite is identified as
2,%x-dihydroxy-TMP. The spectrum of its diacetylated

derivative (EIMS 23; Figure 4-3) 1s identical with a

published spectrum of this metabolite (Maurer, 1989).

Peak 778 [Fig.d4-1; tg 25.14 min]. This metabolite of TMP (EIMS
24; Figure 4-3) contains an intact Ny side chain as indicated
by the presence of fragment ions of 279 [M-451% (Ih), 264 [M-
601% (IIIg) (Figure 4-5), 99, 84 and the base peak of m/z 58
(Figure 4-4). The molecular ion (m/z 324) and many fragment
ions present in the mass spectrum of this metabolite (m/z
279, 264, 251(VIIIb), 238(IIId) and 225(Ic); Figure 4-5) are
2 amu less in mass than those of the metabolite having EIMS
22, Figure 4-3. A plausible explanation of these data is that
this metabolite is the product of di-aromatic hydroxylation

and mono-alicyclic hydroxylation of TMP, followed by

dehydration to introduce a double bond at C,,.

The mass spectrum of the acetylated metabolite, [peak
815, tg 26.15 min (rigure 4-2); EIMS 25 (Figure 4-3)], was
consistent with this explanation. Its mass spectrum contained
a molecular ion of m/z 408 (Figure 4-3) and appropriate
fragment ions that permit the identification of the

metabolite as 2,x-dihydroxy-9,10-dehydro-TMP.



rdditional metabolites of TMP were detected only in the

derivatized urine extract.

Peak 624 [Fig.4-2 ; tg 21.14 min]. This GC peak was of a minor
metabolite of TMP. The characteristic ions present in its
mass spectrum (EIMS 26 ; Figure 4-3) were of m/z 382 (MT)
Figure 4-3]1, 337 ([M-45]% (VIj), 322 M-60]17F (IV3), 295 (VIg),
280 (IVi), 254 (IVE), 240(X) [Fig.5]1, 99, 84 and 58 (Figure 4-
4). From this mass spectral data and by comparison with a
published spectrum (Maurer, 1989) it was identified as the
acetylated derivative of the hydroxy-methoxy-TMP metabolite.
The formation of this metabolite provided evidence of the in
vivo formation of a catechol derivative of TMP (cf. EIME 22,

Figure 4-3).

Peak 327 [Fig.4-2 ; tyz 13.45 min]. The mass spectrum (EIMS 27;
Figure 4-3) o<f this peak was identical to that of 5H-
dibenz [b,flazepine, a known minor metabolite of imipramine
(Maurer and Pfleger, 1984) but not of TMP. TwO metabolic
pathways, namely M-dealkylation of the entire side chain at Ng
of the ring system, and C,;p- or C;;- alicyclic hydroxylation
are involved in the formation of this metabolite. C,0-Cy,
dehydration may occur biochemically (Testa and Jenner, 1976;
Maurer and Pfleger, 1984) or during derivatization with
acetic anhydride. As this species was detected only after
derivatization, it is plausible that the dehydration occurred

chemically during the acetic anhydride treatment.

Ul
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Peak 658 [Fig.4-2 (tyz 22.07 min ); EIMS 28, Fig.4-3]. Th

molecular don in this gspectrum is of ms sz 306. Qthe
diagnostic fragment ions are of m/z 206 (ITIa)Y and 19
(Ia) (Figure 4-5). The presence of these ions suggests tha

this metabolite is the product of N,N-didemethylation an
alicyclic hydroxylation, and that during derivatization wit
acetic anhydride the alicyclic hydroxy group was dehydrate.

with consequent introduction of a double bond at C,;,. Thi

metabolite is tentatively identified as N,N-didemethyl-10

hydroxy-TMP.

Peak 831([Fig.d-2 (tg 26.37 min ); EIMS 29, Fig.4-3]. The
diagi.ostic fragment ions present in the mass spectrum of thi
GC peak are of m/z 311 (M%), 269 [M-CH>=C=0]* (VIe) and 22-
[M-2CH2=C=0]* (VIb) (Figure 4-5). The presence of base pea
of m/z 227, which is 16 amu greater 1in mass than the bas
peak of m/z 211 in EIMS 4 and 5 (Figure 4-3), indicates tha
the metabelite is a dihydroxy derivative of SH
dibenz [b, flazepine. A lack of evidence of dehydration durin
derivatization suggests that both the hydroxy groups ar
located in an aromatic ring. From the mass spectral data, th
acetylated metabolite is identified as an aromatic diacetoxy
5H-dibenz (b, flazepine. The EIMS 29 is identical with th
published spectrum of a derivatized metabolite of T™P, als

deduced to possess the same structure (Maurer, 1989).

Peak 1085 [Fig.4-2; tg 33.30 min]. Scanning of this peal

revealed the existence of a new, minor metabolite of TMP. It
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mass spectrum (EIMS 3I5; Figure =-3) Coltained Clagnostil 10LnS
£ — - - - - - - —_ - y— - — = - ) R ol .

o Sz 3924 NMTL 2 J=,, 220 JZIer anc 23Xz JTTD) (Figure

1-5), all of which are consistern® witrn the analyte being the
il-acerylated, li-demethylated homolog of metabolite EIMS Z1i,

1v concluded £rom thesc

r can be stentativ

[t)]

Abservations thart 2-CH-10-o0x0-nor-TMP is a minor metabolite

”

Peak 1200 ([Fig.4-2; ¢k .12 min] Interpretation of the

Ly

spectrum (EIMS 31; Figure 4-3) of this GC peak revealed that
it is the acetylated derivative of 17,17-didemethyl-2-hydroxy
T™™P. ibr~ance of dehydration during acetylation indicated that
the hydroxy group was located in the aromatic ring. Th
Aiagnostic ions in the spectrumn are 366 (MT) {(Figure 4-3)
“66 (IVh), 224 (IVb) and 209 (Ib) (Figure 4-3). The mas
spectrum is identical with the published spectrum of thi

merabolite (Maurer, 198%).

FEdAX 1440 [(Fig.= Z; tz 37.4
cared the presence of yet another new, but minor metabolit
0of TMP. The diagnostic fragment 10ns presert in the mas
spectrum {(EIMS 32; Figure 4-3) of this metabolite are of nv
364 (M?), 264 (IIIf) and 222{(IIIb) (Figure 4-5), ail of whic
are 2 amu less in masc than the corresponding fragment ior
in ETMS 3i1. It is suggested that this metabolite is the proc
uct of three metabolic pathways, namely, aromatic hydroxyl:
tion, N,N-didemethylation and alicyclic hydroxylation. Ti

alicyclic hydroxyl group 1is removed as a result of dehydr:



ticn during derivatization with acetic anhydride with the 1

»d
|

zr2>duction cf a double bond at C. ..

Peak 531 [Fig.4-2; Zz 22.i0 min]. Repetitive scanning of the

latter part cof this intense GC peak indicated cthat ic

contained a third metabolite of TMP. The presence cof ions of
m/z 305 [M-45]% (I3), 29C {M-60]7 (IIih) (Figure 4-5;, 99, 54
and a base peak of m/z 58 (Figure 4-4) 1in 1its mass spectrum
(EIMS 233; Figure 4-3) again confirmed the retention of an
intact !: side chain. Other ions present in the spectrum [m/z
2€3 (If), 248(IIIe), 2'22(I1Ib) and 209 (Ib); Figure 4-5] had
masses 2 amu less than the corresponding ions in EIMS 13;
Figure 4-3. It is believed that this metabolite was formed as
a result of aromatic and alicyclic hydroxylation of TMP,
focliowed by C.-.-C.. dehvdration during derivatization. From

rthese data, 1t 1s concluded that

tJ

,10 {or 1i)-dihydroxy-TMP

is a significant m=trabolite of TMP in the ract.
Postulated metabolic pathways

AS a result of the observations and structural assign-
ments just described, it can be concl:ided that four concur-
rent metabolic pathways have been idencified for T™MP in the

-~

ratc:

\

aj alicyclic (C., or C. ) hydroxylation.

D) aromatic hydroxylation.
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mono- and di-ll-demethylation of the dimethylamincmethyl-
cropyl side chain (-CH_CH{CH3)CH2II(CH3)2) located at I

~f the SH-dibenz|[b,flazepine ring.

d) Il-dealkylation of the entire side chain at 1li; of the 5H-

dibenz  .,flazepine ring.

2 plausible metabolic pathway o¢f TMP could ©be
deamination leading to 2-substituted-propionic acid
derivative. Many antiinflammatorv drugs, of course, are Z-
arylpropionic acids {e.g. fenoprofen, ibuprofen, ketoprofen).
It is pertinent to suggest that this putative propionic acid
metabolite of TMP is the agent that possesses the ability of
TMP administration to reduce joint pain and tenderness in
arthritic patients. However, mno acidic metabolite was
identified in the urine extract from racts dosed with TMP,

indicating that metabolic deamination does not take place.

2.1.1.2 Biliary excretion study

Biliary excretion of TMP and metabolites was studied
using bile duct cannulated rats as described in section 3.8.
Mo biliary excretion study has been reported for TMP in any
species. Since structurally similar drugs IMI (Bickel and
Minder, 1970; Sallee ané Pollock, 1990), AMI and NT (Baier-
Wweber et al., 1388) undergo biliary excretion in rat, it 1is
plausible that TMP also undergoes excretion via bila. The
piliary excretion of TMP was investigated to Jdetermine

whether this was a significant route of elimination.
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L single ip dose of TMP maleate was adminisctered to the

biie duct cannulated rats (250-275 g) and bile was collected

for 8h as described in section 3.10.2. TMP and its phase I

and phase II metabolites were extracted from the bile by the

procedures stated in section 3.10.5. Both the underivatized

and acetvylated metabolites of TMP were gas
chromatographically separated and theilir structures were

determined by interpretations of the fragmentation patterns
apparent in each EIMS, as well as by comparing witch those
spectra obtained from urine extract (Figure 4-3; section
4.1.1.1). The conditions used for GC-MS are described in
section 3.2.2. TP and 12 of its metabolites were identified
in the bile extract. The structures of the biliary

metabolites of TMP are listed in Figure 4-7.

To quantitate phase I metabclites and th- metabolites

that were conjugated, a GC-NPD anal " .. method was

employed. Chromatcgraphic separati - . TMP and 1ts
metaboliter was achieved cn a DB-5 r .. silica capillary
column.

The results of the guantitative study shcwed that the
total % recovery of TMP and metabolites in the hydrolyzed
bile extract was 14.86%, of which 0.22 = 0.032% was reccvered
as unchanged TMP, 1.C8 = 0.05% as norTMP, 5.88 * 0.24% as 2-
OH-TMP and 7.68 = 1.37% as 2-OH-norTMP. Out of a total of
14.86% 1isolated, 13.17% was recovered as glucuronide

conjugates, 0.29% as sulfatase conjugate and 1.32% was

&}



igolatred as unconjugated metabolites. The major biliary
meraboclite of TMP in rat is 2-OH-norTMP, while the major
urinary mecabclite in this species is 1C-2x0-TMP (cf. section
4.1.1.1). The 2-0OH-norTMP was excreted solely as its
glucurcnide conjugate. It was neitner excreted as sulfate
conjugate nor as unconjugated species. It can thus be
concluded that glucuronidation is the most important phase II
metabeolic reaction involved in the excretion of TMP
metabolites in rat bile. Other biliary metabolites,
especially 10-OH-TMP, 10-CH-norTMP as well as 10-0x0-2-0H-
TMP, were also excreted as conjugates in appreciable amounts.

Due to the non-availability of the authentic samples the

quantitation of these metabolites was not possible.

It is evident from the above results that TMP and many
of its metabo’ es undergo biliary excretion. It 1is
plausible, therefore, that some TMP metabolites undergo
enterohepatic circulation. Further scudles are reguired to
determine the extent of enterohepatic recirculation in the

rat.

4.1.1.3 Metabolism of TMP in man

The total ion chromatogram of an underivatized urine
extract is shown in Figure 4-9. The structures of TMP and the
metabolites were deduced from mass spectral fragmentation
patterns and by comparing the EIMS of individual metabo’..tes

with those derived from urine extracts (Figure 4-3; section

’._.4



1.1.1.1;. Comparisons wa2re also made with the EIMS of

SOonme

authentic metaboliites of TMP

In man TMP is known to undergoc aromatic hvdroxylation
and Ill-dealkyliation, put no alicyclic hydroxylation at the C .
position has so far been reported (Maurer, 1989; Cowan et
al., 1988; Koppel and Tenczer, 1988, Abernethy et al., 1984).
In the study now reported, in addition to unchanged TMP, 9
metabolites (Figure 4-10) were identified of which 2 are

novel and are tie result of alicyclic hydroxylation at the C,,

position.

An unexpected observation was made in this study. The
non-acetylated urine extract from one healthy volunteer

contained one extra metabolite whose mass spectrum {(Figure 4-

tJ)
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In vive acetylation of crimazcy amines (e.qg.
procainamide, sulfonamides, reduced clonazepam), alcchols
(e.g. choline) and thiols (e.g. CoA-SH;) is well known (Testa
and Jenner, 1976). Tn a more recent study, Ganes and Midha
(1987 reported an in vivo acetylation pathway for I-

dealkylated metabolites of doxylamine in humans.

The present metabolism study of TMP has provided
evidence that, in addition to the known N-dealkylation and
aromatic ring hydroxylation reaction, TMP also undergoes
alicyclic hydroxylation and in vivo lT-acetylation in man. The

pharmacological properties of these metabolites are unknowrn.



4.1.2 In vitro metabolism studies of TMP

i
-

to
.
a3

Rat liver microsomes

Ma 1

1]

Sprague-Dawley rat livar microsomes were used in
this study. The substrate TMP was incubated at 37°C with 1 ml
fortified liver microsomes containing the reqgquired cofactors

for various time intervals between 0 and 120 min.

The structures of the in vitro metabolites of TMP were
determined by the interpretation of EIMS of individual
metabolites and by comparing spectra with those of authentic
metabolites a.nd those obtained in in vivo metabolism studies
(section 4.1.1.1). Besides unchanged TMP, 5 metabolites were
characterize¢ . The structures of in vitro metabolites of TMP
are depicted in Figure 4-13. MNorTMP was the major in vitro
metabolite. In contrast, 10-0xo-TMP, the major in vivo

metabolite of TMP in rat (section 4.1.1.1) is absent 1in in

vitro studies. Demethylation and aromatic and alicyclic (C |
or C,,) hydroxylations are important 1in vitro metabolic
pathways for TMP in rat. The structurally similar drug IMI
also undergoes demethylation followed by aromatic and
alicyclic hydroxylation when incubkated with human liver

microsomes {(Brosen et al., 1991).
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The time course of formation of different TMP
metabolites is illustrated in Figures - .4 to 4-14d. It is
evident from Figures 4-14a and 4-14b that 2Z2-OH-norTMP 1is
formed from norTMP and nct from 2-OH-TMP. Disappearance of
norTMP is associated with increase in formation cf 2-0H-
norT™P (Figure 4-14a). In ccontrast, formaticn of 2-OH-norTMP
1s not associated with disappearance of 2-OH-TMP. The
concentration of 2-OH-TMP remains virtually constant for the
duration of the experiment with a slight decrease 1in
concentration with time (Figure 4-14b). Therefore, the major
precursor of 2-OH-norTMP is the metabolically formed norTMP.
In a similar manner, the disappearance o©of norTMP 1is
associated with the formation of 10-OH-norTMP. The
concentrations of both 10-OH-TMP and 10-OH-norTMP increase
with time and as such one metabolite cannot be the precursor
of the other. Threrfore, 1l0-CH-norTMP is alsc metabolically
formed from the metabolite norTMP (Figures 4-14c¢) and not

from 10-OH-TMP (Figure 4-14d).

In the in vitro studies, it was also observed that in
the absence of co-factors, most of TMP remained unchanged

except for the formation of small amounts of 10-hydroxyTMP.

un



Therefore, co-factors are needed for the ip virr o
metabolism of TMP. This provided further evidence of the well
known fact that cvtochrome P450Q0 cannot alone transfer ar acom
of oxygen to the substrate without the involvement of an

ITADPH- generating system.
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4.1.3 Drug-drug interaction studies
4.1.3.1 Effects of IPR on the metabolism of THMP -

The second generation TCA IPR was introduced clinically
in 1967, but its mechanism of action is still not known. What
114

ity to inhibit metabolic ring

is known of IPR 1s its abi
oxidation of aromatic compounds (e.g. amphetamine) {(Freeman
and Sulser, 1972; Fuller and Hemrick-Luecke, 1980; Sterar ..a,
1382), and this has lead researchers to study in more detail

the effects of IPR on the metabolism of different substrates.

11 et al.(1928) demcnstrated thac IPR 1s an inhibitor of
rat phosphatidylinositcol synthetase. but the therapeutic
significance of this observation is not known. Additioa

+ha+~ TDE wag ~rng =Ff

et a2l 112929) rewvezlsed 1

various compounds that partially prctected mouse bhrain
monoamine oxidase from irreversible inhibition by rshene'zine.
It was also demonstrated that IPR significantly redicas bhoain

and plasma concentrations of tyrosine (Edwards et al., L33u).

Of more relevance to the current study are the
demonstrations 1in rats that IFR shares with IMI and its
anaiogs the ability to enhance many central actions of
amphetamine {(Gluckman and Baum, 1969; Miller et al., 19270).

This enhancement of central activity in rats has been shown

ntinuation of studies by the Neurochemical
ty c¢f Alberta, on drug/drug interacticns
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tOo be the result cf inhibitcion by IPR of me+ ibolic B
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hydrcoxylacion 2f amrhetamine, lzading to reatly increased

"l

tissue lsesvels of this CIS stimulant (Freeman and Sulser,

1972; Fuller and Hemrick-Luecke, 1980; Steranka, 1982). In :n
vitro studies with 100,0. g rat liver microsomes it has also
been shown that IPR acts as a competitive inhibi: »r of v iily
hydroxylation of @f-phenylethylamine (ZEA)} t©o -amine
(Mosnaim et al., 1989). These stuudies all indic - 1PR
may be a pntent inhibitor of m=ztabolic aromatic hyc ylatcion

of various substrates in rat.

In one recent study Hec:doren e al.(1990;) demonstcrated
that pretreatment of rats with IPR greatly decreased the
metabolic N-deethylat.on of the anorexiant fenfluramine to
norfenfluramine, a pharmacologically active metabolite. This
was the first indication that IPR inhibits metabolic 1II-

dealkylation.

It is of interest that IFP 1is an arylalkyl tertiary
amine and both aromatic ring hydroxylation and side chain
dealkylariion are likely biotransformation pathways. A further
study '~ -he metabelism of IPR in the rat (section 4.4.1)
suggested that IPR inhibited its own metabolic arcmatic
hyvdroxylation. Many other antidepressant drugs, including IMI
and its congeners, are metabolized to ring-hydroxylated and
N-dealkylated products. The prior or concurrent
administration of IPR with these and other artidepressants

may constitute a significant drug/drug interaction that
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greatly influences the relative importance of prominent
ar- idepressant metabolic pathways, and the pharmacological
srofiles of both IPR and the drug with which it 1is

coadminiscered.

Drug metabolic ring-hydroxylation and MN-dealkylation
reactions are generally catalyzed by cytochrome P450 isozymes
‘Brosen, 1990). In order to learn more about these isozymes
and ways in which they can be inhibited, a study in rats of
the effect of preadministration of IPR on the metabolism of
the IMI congener TMP was unéertaken. A detailed account of
the metabolism of TMP in tne rat 1is described in section
4.1.1.1. The identified dominant biotransformation pathways
of TMP were Aromatic hydroxylation, aliphatic hydroxylation,
both with and without N-demethylation. It was of interest to
determine whether one or more of these pathways was/were
significantly inhibited by prior administration of IPR,
before determining which cytochrome P450 isozymes were
associated with each metabolic pathway. Therefore, a study
was designed to delineate the effects of IPR on the
metabolism of TMP in the rat. The structures of TMP and
relevant metabolites are provided in Figure 4-6; section

4.1.1.1.

The study was designed and conducted as described in

section 3.10.2.



Urine samples were hydrolyzed enzymatically and T™P and
metabolites were extracted as described in sections 3.10.4.1
and 3.10.4.3. Fluoxetine (FXI) hydrochloride (equivalent to
1000 ng of the free base) was used as the internal standard.
Quantitation of TMP metabolites was achieved using a gas
chromatograph equipped with a NPD. Calibration graphs for
T™™P, norTMP, 2-OH-TMP and 2-0OH-norTMP were prepared by the

procedure described in section 2.15.

GC traces of urine extracts from rats treated with TMP
and IPR+TMP are shown in Figure 4-15. In GC traces B and B
peaks ccrresponding to t; 9.4, 11.3 and 18.8 min were due to
endogenous substances. In trace B the peaks corresponding to
tg 17.6, 23.9,24.3 and 25.1 min were due to IPR metabolites.

£ was ceonfirmed th

Y

t extracts of control urine

6]

~containod nn
GC peaks that corresgonded to those of TMP, its metabolites
and the internal standard. Arnalysis of day-10 urine samples

revealed the absence of either TMP or any of its metabolites.

The most abundant urinary metabolites isolated from male
Sprague-Dawley rats that had received TMP were 2-OH-TMP, 2-
CH-norTMP, 10-oxo-TMP, and 2-0OH-10-oxo-TMP, indicative of the
dominance of alicyclic oxidation (10-oxo formation) and
aromatic hydroxylation (2-hydroxylation) (sectira 4.1.1.1).

The extent of N-demethylation, revealaed mainly by the

formation of 2-CH-norTMP, was less important than ring

oxidation.
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In the present study, the preadministration cf IPR ©oO
racts that su:i suently received TMP clearly affeccsed both
cyclic oxida=-ion reactions. Visual inspecticon of the
resulting GC tracz2 (Figure 4-15B) revealed a virtual absence
of peaks corresponding to 10-oxo-TMP and 2-OH-10-oxo-TMP.
From this, it was immediately apparent that the IPR
pretreatment had resulted in almost complete inhibiticon of
alicyclic l0-oxidation of the TMP nucleus. In additiecn, the
relative guantities of 2-0H-TMP and 2-CH-norTMP were
significantly altered from those produced in the abs2nce cf
IPR. The quantitative results of the analysis revealed that
0.89 + 0.11% of the administered dose was recovered as
unchanged T™™P, 0.8> * 0.13% as norTMP, 19.37 = 2.87% as 2-."7-
T™P and 25.77 % 4.36% as 2-OH-norT™™P from rats that rad
received only TMP. Pratreatment 2f rats with three doses of
IPR prior to THMP administratior altered che reccoveries of
TMP, norT™MP, 2-OH-THP and 2-0OH-norTMP to 1.42 = (0.13%, 0.67 =
0.11%, 5.7 * 0.66% and 31.77 = 3.14%, respectively. Figure 4-
16 shows the urinary concencrations of TMP and its two major
metabolites before (Phase 1) and after (Phase 2} IPR

treatment.

Thus, pretreatnent with IPR resulted in a statistically
significant large decrease ivi the zwmounc of urinery 2-0OH-TMP.
The recnreries of norTMP were rnc. altered significantly by
IPR pretre.: len . sugges. . -ng thar PR 1s 0ot causing

significant di.... oit’ oo . L -desrcelaylation of TMP. In
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contrast, in a recsente study Hegadoren et al. (1991)
demcnstrated that I[FY pretreatment resulted in a considerable

inhibition of 1t Heethylaticn of fenfluramine in rat brain and

livei. These 1t s suggest that the length of the M-alkyl
side chain Aaf -1 as the structure of the substrate might
have an efirs on the ability of IPR to inhibit metabolic N

jealkylati oio. However, the complete inhibition of the isozyme
rasponsib..- for alicyclic oxidation (10-oxo) o©of TMP was the

most significant observation from this study.

The present study suggests that at least three different
isozymes o©of cytochrome P450 family are involved in the 2-
hydreoxylation of TP and norTMP and 10-oxidation of TMP.
Further studies are necessary to establish the identity of

these individual isozymes.



(o2

- dWL-HO-Z-O%0-01 (@ dWLICU-HO-T (P
dWL-0X0-0T (2 dii-HO-T (Q dikl (®

“dull pue ¥dT Y3Tm 1NoJes1d
481 W01} 3IDEIIXD BUTIN U JO weibolrvwoayd seb =€
*auoTe dWL HITA D33edl1d
B2 Wol1j 10vLIX3 8ulan ue Jo weibolemoiyo seb =¥

:ganers o TedtrdlL G1-v ainbt g

o~ |
/ ,._27/
@ \
|
\
{
\
|
| -
> -
.r; ~
o -
I * N
£=3 mﬂ N
@ N
N
o -
®
b , >
“
N
“
- o
> > —
o 2 z
¥ 5 . y
e
d v
~ w )
S ¥ S
) w
U q q .
NN
A
R




-~ ~ \,‘
-
oH /\’\/,
.
NN
ly 7 7
h NN N~ o
a /\/ 7/ /\.”\/
N 4
@ s PN TP
> T ol NNE
8 s el 7o ] B >-cH-TMP
m /\4‘ s \/ e
L ~ ~ Y - L
o s g 2-0On-ncriMr
‘e ’ Vv 7 7
o N LN N o~y
10 ~ N s 7]
PP N
. NN 5
e, -
A S P
s 77 e
AR B
PR .
. NN h
0 v

Phases: 1=TMP, 2=IPR+TMP

Figure 4-16. Recoveries of TMP and metabolites from rat urine
(72h) [Mean * S.E.M.].
*gignificantly different from phase 1 values.
p<0.05.




d.1.3.2 Effects of QND cn the metabolism of TMP

The cytochrome P450 isozyme F450IID6 catalyzes the ring
hydroxylaticn of many aromatic Pbasic drugs of diverse
structures (Brosen, 19906; Rcbbins and Wedlund, 1950; Brosen

and Gram, 1989%a; Jacgz et al., 1985; Eichelbaum, 1982). The

antiarrhythmic drug QND is a potent competitive inhibitor of
P45S0IICE isozyme (Avesh et al., 19%1; Boobis et al., 1930;
Brosen and Gram, 1989%9a and 1989b; Kobayvashi et al., 1989).
Therefore, in humans QND strongly inhibits the aromatic ring
hydroxylation of NT (Ayesh et al., 1%91), IMI (Brosen and
Gram, 198%b), DMI ( Ayesh et al., 1991; Brosen and Gram,

1989b; Spina et al., 1989), and propranolol (Zhou et al.,

1990). In rat QND also inhibits the ring oxidation of
methoxyphenamine (Muralidharan et al., 1989b) and amphetamine
(Moody et al., 1990). Examples of other drugs whose ring

hydroxylation is impaired by QND are listed in section 1.4.
QND is a much more potent competitive inhibitor of P450IID6
activity in humans than in rats (Kobayeshi et al., 1989). QND
binds strongly to P450IID6 isozyme, but is not itself
metabclized by it. QND is metabolized by cytochrome P450IXIA4

isozyme (Guengerich et al., 1986).

The effect of QND on the metabolism of IMI and DMI has
only recently been investigated {(Ayesh et al., 1991; Brosen
and Gram, 1989b). The studies were conducted on healthy human

volunteers, and it was found that a dose of 200 mg/day of QND

|,_.4



greatly reduced the 2 -hydroxylation of IMI and DMI tO such an
extent that an EM becomes a PM. Similarly, Ayvesh et al.{(1991)
have shown that concomitant administraticn of QND reduces the
2-hydroxylation of both NT and DMI and converts an EM to a PM
phenotype. The conclusion from these observations was that
ring hydroxylation of IMI, DMI, HNT was under the influence of
cytochrome P450IID6 isozyme. All studies so far reported on
the effect of QND on P450IID6-catalyzed drug oxidative
metabolism indicate that it is an effective inhibitor of this

metabolic process (Ayesh et al., 1991; Boobis et al., 19%20).

This observed inhibitory effect of QND on the 2-
hydroxylation of IMI, DMI and NT prompted the investigator to
question whether QND would have any effect on the 2-
hydroxylation of structurally related drug TMP. Brosen and
Gram (1989) have demonstrated that QND inhibits the 2-
hydroxylation of IMI and DMI but not the demethylation ot
IMI. Since TMP undergoes both metabolic 2-hydroxylation and
N-demethylation it was of interest to determine what effect
QND would have on the metabolism of TMP. SO, & study was
designed to determine the effect of QND on the overall
metabolism of TMP in the rat. The present study would help

determine the role of P450IID6 isozyme in the metabolism of

T™P.

Urine samples from drug-treated rats were hydrolyzed
enzymatically and TMP znd its metabcelites were extracted from

an aliquot of urine samples as described in sections 3.10.4.1

[\8]
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and 3.10.4.3 respectively. Quantitation of TMP metabolites

was achieved using a GC-IIPD.

~hromatographic separation of TMP, norTMP, 2=-OH-TMP, Q-
OH-norTMP and the internal standard, IPR, was achieved on a
DB-5 fused s lica capillary column and the analytical methed
used was identical to that used in section 4.1.3.1. The
extracts from control urines contained no GC peaks that
corresponded to those of TMP, its metabolites and tha=

internal standard. Analysis of day-10 urine samples revealed

+he absence of either TMP cor any of its metabolites.

Quantitation of TMP and the three metabolites in 72h
urines collected from rats that had received only TMP showed
that 2.20 = 0.52% of the dose was recovered as unchanged TMP,
0.29 * 0.03% as norTMP, 8.9 = 0.89% as 2-OH-TMP, and 13.96
1.39% was isolated as 2-OH-norTMP. Pretreatment of rats with
a single dose of QND daily for 2 days prior to the
administration of TMP altered recoveries of TMP, norTMP, 2-
OH-TMP and 2-OH-norTMP to 1.35 = 0.16%, 0.40 = 0.09%, 3.27 *

0.49% and 38.87 * 2.64%, respectively.

The urinary recoveries of TMP, 2-OH-TMP and 2-CH-norTMP

before and after QND treatment are shown in Figure 4-17.
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Figure 4-17. Recoveries of TP and metabolites from rat urine

{(72h) [Mean = S.E.M.].

*Significantly different from phase 1 values;
**Significantly different from phase 1 values.
p<0.05.




Statistically significant 1large decreases (relative to

ssehicle + TMP-treated rats) were observed in the levels of 2

<

OH-TMP as expected, but, unexpectedly, the Z-OH-norTMP levels
were profoundly increased. Clearly the formation of 2-OH-TMP
and 2-0OH-norTMP are under the influence of two different
isozyme systems. As the formation of 2-OH-TMP was
significantly reduced Dby QND pretreatment, it can be
concluded that, like IMI, DMI and NT, the 2-hydroxylation of
TMP is catalyzed by the cytochrome P450IID6 isozyme. But,
since the formation of 2-OH-nor TMP was greatly increas=d by

QND pretreatment, another conclusion from this study is that,

the P450IID6 isozyme is mot involved in the formation of 2-

OH-norTMP.

4.1.3.3 Effects of QNN on the metabolism of TMP

Like OND, its diastereoisomer QNN i< also an inhibitor of
the cytochrome P450IID6 isozyme. It uas been demonstrated
that QNN is a much less potent inhibitor of cytochrome
PASOIID6 isozyme in humans (Ayesh et al., 1991; Kobayashi et
al., 1389, Muralidharan et al., 1989a) . However, in rat QNI
is a more potent inhibitor of P4S50IID6 than is QND (Boobis et
al., 1990; Kobayashi et al., 1989). This 1is because the
active site of debrisoguine 4-hydroxylase, i.e. P450IID6, in
the rat is qualitatively different from thav nf the human

icozyme (Boobis et al., 1986).



I+ was of interest to see the effects of QM on the in
vivo metabolism of TMP in the rat. The study was conducted
according to the protocol described in section 3.1.3.2 for
QIID, except that in place of QIID, a po dose of QNN was
administered. The dose of TMP remained same. Similar
extraction, derivatization and assay methods were employed 4s

stated in section 3.1.3.2.

The bar graph illustrating the % recovery of T™MP and two
metabolites in 72h wurine 1is supplied (Figure 4-18).
Quantitation cf TMP and metabolites in urine extracts from
rats that had received only TMP showed that 2.06 * 0.38% was
recovered as unchanged T™P, 0.49 = 0.08% as norT™P, 7.66 =
0.83% as 2-OH-TMP and 16.39 * 1.16% was isolated as 2-OH-
norT™P. Pretreatment of rats with three doses of QNN altered
the % recovery of the metabolites. Therefore, after QNN
pretreatment, 1.75 = 0.29% was recovered as unchanged TMP,
0.27 + 0.05% as norTMP, 1.85 * 0.31% as 2-0OH-TMP and 28.33 =

3.03% as 2-OHnorTMP.

Pretreatment of rats with QNN resulted in a greater than
400% decrease in the 72h-urinary excretion of 2-OH-TMP, while
pretreatment of rats with QND (section 4.1.3.2} resulted in a
271% decrease in the formation of 2-OH-TMP. These results
clearly demonstrate that in rat QNN 1s a more potent
inhibitor of P450IID6 isozyme than 1is QND. This is in
agreement with other published results (Boobis et al., 1990;

Kobayashi et al., 1989).
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Like QIID, Qi1 pretreatment also resulted in a
significant decreacse in the formation of 2-OH-TMP, suggesting
again that P4501ID6 isozyme is involved in the aromatic
hydroxylation of TMP. since QNN pretreatment also resulted in
an increase in the formation cf 2-OH-norTMP, 1t can Dbe
concluded that metabolic formation of 2-OH-norTMP 1is not

under the influence of P450IID6 isgzyme.
4.2 Studies conducted on 2-0OH-TMP
4.2.1 Urinary metabolites of 2-0H-TMP in the rat

This study, as well as the study described latter in
section 4.3, were performed in order toO delineate the in vivo
pathway of formation of >.0OH-norTP in the rat. It has been
demonstrated in sections 4.1.3.1 and 4.1.3.2 that challenging
rats with QND and QNN prior to TMP administration increased
the metabolic formation of 2-OH-norTMP; at the same time the
formation of 2-0H-TMP was markedly reduced. These
observations suggested that different isozymes of the
cytochrome P450 family are involved in the formation of 2-OH-
T™P and 2-OH-norT™™P. It is probable that 2-OH-norTMP is
formed metabolically either from 2-OH-TMP by demethylation,
or from norT™MP by aromatic hydroxylation. It was of interest
to investigate the pathway of formation of 2-OH-norTMP by
dosing rats separately with 2-OH-TMP and norTMP. Studies
conducted on 2-OH-TMP are described here, while those with

norTMP are described in the following section 4.3.
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Pats were dosed ip with 2-OH-TMP fumerate and urine
sarples were collected as described in section 3.11.1. The
urine samples were enzymatically hydrclyzed and extracted as
stacted in section 23.11.2. The metabolites were identified by
interpretation of the fragmentation pattern apparent in each
mass spectrum and also by comparison of mass spectra with
those of authentic metabolites. The identity of each

metabolite was also confirmed by comparing the retention time

of each in vivy metabolite with that of the authentic samplie.

The identified major in vivo metabolite of 2-OH-TMP was
10-0x0-2-0OH-TMP. Another metabolite was 2-OH-norTMP, but it
was isolated in low amounts. Quantitation of 2-OH-TMP and 2-

OH-norTMP was performed using a GC-NPD. TMP was used as tne

internal standard.

The results of the quantitative study showed that 30.78
- 4.32% of the dose was recovered as unchanged 2-OH-TMP and
only 4.39 = 0.56% was isolated as 2-OH-norT™™P. Due to the
nonavailability of an authentic sample of 10-oxo0-2-0H-TMP,

the guantitation of this metabolite was not performed.

These quantitative results show that the substrate 2-OH-
TMP was excreted mainly in the unchanged form. The amount of
2-0OH-norTP formed was very little. It is apparent from the
above study that demethylarion of 2-OCH-TMP toO 2-OH-norT™™P 1is

not a dominant metabolic pathway in the rat. An alternate

pathway for the metabclic formacisa of 2-OH-ncecrTMP might be
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the aromatic hydroxylation nf norTMP. With a view to
exploring the validity cf this hypothesis the following study

was conducted.
4.3 Studies conducted on norTMP
4.3.1 In vivo metabolic study in rat

The major in vivo metabolites of norTMP isolated were 2-
OH-norTMP and 10-OH-norTMP together with a small amcount of
unchanged norTMP. Essentially most of the administered norTMP
was metabolized by aromatic hydroxylation toO 2-OH-norTMP and
alicyclic oxidation toO 10-OH-norT™P. The result cf the
quantitative study showed that 0.94 = 0.06% of the dose was
recovered as unchanged norTMP, 21.87 £ 2.12% as 2-0OH-ncrTMP
and probably a similar amount was excreted as 10-OH-norTMP.
Because of the non-availability of authentic 10-OH-TMP
sample, Qquantitation of only norTMP and 2-OH-norTMP was
performed. However, the peak areas o©Of 10-CH-TMP and 2-0H-
norT™P in the GC trace were similar, suggesting that

approximately equal amounts of each metabolite were formed in

vivo.

It is clear from the above study that the major
metabolic pathway for the formation of 2-OH-norTMP in rat is
aromatic hydroxylation of norTMPE and not the demethylation of
5-OH-TMP. This is in agreement with the results obtained from
the in vitro studies described in section 4.1.2.1. It 1is

concluded that the major precursor of 2-OH-norTP is norTMP.



It was demcnstrated in section 4.1.3.2 that precreatment
of rats with QUD greatly increased rthe aromatic hydroxylation
of norTMP. It was pertinent at thils stage to investigate the

af fect of QND pretreatment on the metabolismn of norTMP in the

rat.

4.3.2 EBffects of OND on the metabolism of norTMP

The study was conducted 1in three phases with

intermittent washout periods as described in section 3.11.1.

The urine samples from drug-treated rats were hydrolyzed
and norT™P and metabolites were extracted as described in
section 3.11.2. Quantitation of norTMP and the metabolite 2-
OH-nNorTMP was performed utilizing a GC-NPD. The assay method
used is described in section 3.11.3. No interfering peaks
were observed in the analytical region of the GC chromatogram
of the urine extracts from drug-naire rats or from QNDG-

treated rats.

Quantitation of norTMP and its metabolitie 2-OH-norTMP in
72h urines collected from rats that had received only norTMP
showed that 0.94 % 0.0.06% of the dose was recovered as

unchanged norTMP, and 21i.87 * 2.12% was isolated as 2-OH-

norT™P. Pretreatment of rats with three doses of QND prior to
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norT™P administraticn altered the reccoveries of norTMP and

p

-QH-norT™P to 1.48 - 0.15% and 44.12 - 2.0% respectively.

+]

rherefore, QD pretreatment resulted in a marked increase in

(t

he metabolic formation of 2-OH-norT™P. These results agree

with those obtained in secticn 4.1.3.1.

QD is a known inhibitcor of cytochirome P450IID6E-
catalyzed idrug oxidations, including aromatic oxication cf
phenolic metabolites {(Bocbis et al., 1990). Roth CHD and QIinl
significantly inhibited the formation of 2-OH-TMP, but at the
same time the formation of 2-OH-norTMP was increased
(sections 4.1.3.1 and 4.1.3.2). In contrast, aromatic
hydroxylation of IMI and DMI are under the influence of the
same cytochrome P450IID6 isozyme and both metabolic pathways
are inhibited by prior administration of QIID (ayesh et al.,
1891; Brosen and Gram, 1989b) . Since the aromatic
hydroxylation of norTMP is significantly enhanced in the
presence of QMD, it can be concluded that unlike DMI, the
aromatic hydroxylation of norTMP to a phenolic metabolite 1is

under the influence of an isozyme other than cytochrome

P450IID6.
4.4 Studiesg conducted on IPR
4.4.1 In viveo metabolism study

The underivatized and the acetylated metabolites <f IPPR

cemamn memmAararEaAaAd rcdimne ac
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s-ructures were deduced by detailed interpretations cf the

fragmentation patterns apparent in each EIMS.

1lo0 authentic reierence samples of any of IPR'S
metabolites were available. Thus, to assist 1in the
identification of the urinary metabolites of this drug in the
rat, an efficient igsolation/gas chromatographic separatcion
procedure was developed for IPR metabolites, during which the
mass spectra of each metabolite and its acety ated derivative
were recorded and che chemical suTuctures of these

metabolites were deduced from their fragmentation pathways.
2.2.1.1 Mass spectral cobservations of general application

Information on the mags spectral behavior of IPR and
some of its simple derivatives is required at the outset toO
permit comparative interpretations of spectra of metabolites.
The EI mass spectrum of the parent drug IPR contains eight
diagnostic ions of m/z 284 iM*°1, 213, 212, 171, 170, 145,
144 and 58 (base peak), and appropriate structures for these
ions are suggested in Figure 4-20. Of particular diagnostic
value is the presence of ions of m/z 13 (M-711%, 212 [M-721*%
and 58. The first two ions are indicative of an intact ring
system, while the ion of m/z 58 is derived from the 5-{3-
dimethylaminopropyl] side-chain of IPR. The presence of an
abundant fragment ion of m/z 58 in the mass spectrum of an

TPR metabolite will indicate that the metabolite retains a

terminal CH,oN(CH3) o moiety on the side-chain attached to the



ring M atom. By employing similar reasoning. the spectrum of
noriPR, the prcduct of metabolic mcno-ll-demethylation of IPR
which has a CH,CH,CH,INHCHL chain attached at the ring N atom,
would be expected to contain diagnostic M-571% and [M-s81°
fragment ions, but no m/z 58 fragment, and this 1i1s what
occurs {Peak 5171; Table 4-1). The mass spectra of other IPR
metabolites that possess a CH,CH,CH,NHCHS side-chain at I,
therefore, should be readily identifiable because of the
presence of [M-571% and M-581% fragments in their EI mass

spectra.

The fragment ions of m/z 171, 170, 145, and 144 in the
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i~ s2alue. The mass spectra of
all metabolites which possess an underivatized aromatic ring

should provide EIMS which contain these fragment ions.

Acetylation of drug metabolites prior to combined GC-MS
analysis can be a very 1important procedure 1in the
identification of 2 metabolite's structure. If acetylation is
performed under anhydrous conditions, primary and secondary
NH groups and alcoholic and phenolic OH groups are all
acetylated. 0Of particular relevance to the present study are

drugs and metabolites that possess a CH.CH,CH,INHCH, side-

chain. On acetylation, this side-chain is converted to a
CH2CH2CH2N(CH3)COCH3 moiety, and a drug or metabolite that
possesses this grouping will produce an EI mass spectrum in
which a fragment ion of m/z 114 is prominent and often the

base peak. such 1is the case with N-acetylated-DMI
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{carrington & Frigerio, 1977; COuUtLLSs & Jones, 1980). The
mechanism of fcrmatiocn of the m/z 114 fragment is illustrated
in Figure 4-21. In addition tO the m/z 114 ion, the

complementary [M-114]* fragment and an [M-100]1" ion ([M-

CHZCHzn(CHE)COCh3]+ will also be present in the mass spectra
of acetylated metabolites that possess a CH2CH2CH2N(CH3)COCH3
side-chain. Both ions are prominent, for example, in the
spectrum of N-acetyldesipramine (Carrington and Frigerio,
1977) . The [M-100]* ion in the spectrum of N-acetyl-norIPR
(#9532) is of mass m/z 212, and is identical to the ion of

that mass in Figure 4-20.

In a similar manner, acetylated drugs ana ~atabolites
that contain a CH2CH2CH2NHCOCH3 group on the heterocyclic N
atom may be expected to produce EI mass spectra that contain
an apundant ion of m/z 100 and the complementary M-100]"%*
fragment ion (Figure 4-21). In contrast, the equivalent ions
of m/z 128 and [M-.z81* in the spectrum of acetylated N-
demethylated TMP which has a bra:schesd CHZCH(CHZ)CHzNHCOCH3
group located on the heterocyclic N axca are of ilow abundance
and of little diagnostic value (EIMS #3, Figure 4-3, section
4.1.1.1). Branching in the side-chain is apparently a

deterrent to this fragmentation pathway.

Phenolic and alcoholic O-acetates can also be

distinguished by their EI mass spectral behavior. Phenolic
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acetates readiliy expel a ketene molecule 4+l amu; 1n the

manner indicated in Figure 4-22a.

Figure 4-22a. Expulsion of a ketene molecule from a cyclic

phenclic acetate.

Acetic acid (60 amu) is not eliminated during fragmentation
of phenolic acetates. In contrast, it is known that 1,2-
elimination of acetic acid is a dcminant process in acetates
of cyclic alcohols (Budzikiewicz et al., 1967) in the manner

shown in Figure 4-22b. Such esters do not fragment by

expelling ketene.

CCOCH,

R B — R

- &0 amu

Figure 4-22b. Expulsion of an acetic acid molecule from a

cyclic alcoholic acetate.
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4.4.1.2 Identification of site of metapclic aliphatic f{or

alicyclic) oxidation

The GC-MS behavior of acetates formed by anhydrous
acetylation of metabolically produced alcohols is of value in
identifying the site of aliphatic (or alicyclic) oxidation.
Acetylated aliphatic and alicyclic alcohols readily expel a
molecule of acetic acid, corresponding to dehydration of the
original alcohol, only if a conjugated product results. This
dehydration is most likely in allylic systems. In contrast,
vinylic acetates are much more resistant to the expulsion of
acetic acid during GC analysis. Some examples are listed

below.

- CH,COCH /
CH,-CH-CHy ———————b SU=CH - TH,

OCOCH,

2-hcetoxy - 1-phenylpropane 1-Phenylprop-l-ene

Figure 4-23a. Loss of acstic acid molecule from 2-acetoxy-1l-

phenylpropane.

1. Anhydrous acetylation (section 3.9.2) of 2-hydroxy-1i-
phenylpropane produced 2-acetoxy-l-phenylpropane. When the
product, 2-acetoxy-l-phenylpropane, was chromatographed under
conditions identical to those used for the separation of IPR

metabolites (section 3.12.5), the on-column expulsion of
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acetic acid was complete and the product detected by the mas

i

spectrometer was l-phenylprop-l-ene (Figure 4-23a).

In contrast, when the isomer l-acetoxy-l-phenylpropane,
a wvinylic acetate, was subjected to GC, it was detected
mainly intact; very little on-column loss of acetic acid was

observed (Figure 4-23L).

GC MS
Q—CH'CH:.'C“H o Little on-column loes of ace-tic acid
l was observed.

- COCH,

l-Acetoxy - 1-phenylpropane

[m/z 178]

Figure 4-23b. GC-MS behavior of l-acetoxy-l-phenylpropane.

2. Wwhen cholesterol acetate was similarly subjected to GC-
MS analysis, complete loss of acetic acid was ocbserved, with

the formation of a conjugated product (Figure 4-23c).

% ] 5
Tholestercl acaetate 3 -Dehydro-

cholasternl

Femy /
Im/z 428]) {m/z 368)

Figure 4-23c. Loss of acetic acid molecule from cholesterol

acetate.



Similarly, P-sitosterol acetate lost a moiecule of

when subiected to GC-MS, using

aceric acid (Figure 4-223d)

conditions identical to those used for the separation of IPR

metabolites.

3-Dehydro-f-eitosterol acetate

- $itosterol acetate

Im/2 456] {m/z 398]

Figure 4-23d. Loss of acetic acid molecule from P-sitosterol

acetate.

VE
J,
I
2

Ethynodicl diacetate

Im/z 32i1]
[m/z 384}

Figure 4-23e. GC-MS behavior of ethynodiocl diacetate.
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3. However, when erhynodicl diacetate was chromatographed
under conditions ‘cal £o those used for the separation
of IPR metabolites, 1ts mass spectrum possessed a molecular
ion and the expulsion of one of the acetate groups as acetic

acid was not complete (Figurw 4-23e).

It is even possible that the partially expelled acetate
moiety was the one located at the C,, position of the
ethynodiol diacetate molecule, because this expulsion of

acetic acid would result in a conjugated product.

4.4.1.3 GC-MS spectral studies

GC traces of underivatized and acetyliated 1IPR
metabolites were recorded under identical GC-MS conditions,
and are provided (Figures 4-24 and 4-25). GC peaks of IPR and
its metabolites were detected in both traces, but the
resolution of peaks was much supericr in the crace of
acetylated metabolites (Figure 4-25). Information derived
from the mass spectra of acetylated metabolites was of more
value in the elucidation of the chemical structures of
metabolites (see Table 4-1). Confirmatory interpretive
infoermation is obtainable, Yowever, from the mass spectra of

nonacetylated metabolites.
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Table 4-1. Mass spectral data omn iprindole metabolites in ra

‘percentage relative abundances are given in parenthesis).
a) llon-acetylated (I} metabolites (see Figure 4-24,:

(CioHp M1; 144 (12) [CyoH oMl 58 (100) [CyHgHNI.

«peak # S17N: 270 (100) (M'1; 213 (45); 212 (53); 198 (34);

145 (35); l4a4 (42); 143 (25) [ClOHQN]

pecak # S576N: 300 (24) [M'1; 282 (4); 229 (9); 198 (5); 197

(17); 170 (10); 158 (33); 144 (23); 58 (1GO0;.

Peak # S83N: 298 (13) (MY]; 227 (11); 226 (5); 171 (18); 170

(16); 58 (100).

peak # 586N: 298 (24) [M"1; 227 (20); 199 (14); 198 (il);

171 (l4); 170 (23); 58 (100j.

Peak # S923N: 300 (18) (M*Y]; 282 (3); 225 (12): 198 (10); 170

(17); 144 (17); 58 (100).

«Deak # 609N: 284 (37) [M']; 227 (32); 226 (10); 199 (12)

143 (100) ([C;qHgNI.

Peak # 629N: 300 (45) ([MT1; 282 (14); 229 (43); 228 (30);
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K i SIT: 284 {(47) [MT1; 227 (33); 226 {l4); 199 (1i2);

198 (11); 184 (23); 171 (67);:; 170 1D0); 156 (23); 15% (IZ6);

Peak £ 62611: 286 (637 [(M']1; 268 (8); 229 (29); 228 (28); 198
(22); 171 (22Yy; 170 {(59); 169 (Zy1); 158 (40); 45 {(15Yy ;. 114
(100) .

Pegk # 624N: 286 (100) [M'1; 268 (5); 229 (40); 228 (73};
216 (31); 185 (20)};: 171 {(30); 170 (64); 169 (30); 158 (64);

145 (37); l4a4a (92); 130 (30).

Peak # 665N: 286 (81) [M']; 229 (65); 228 (80); 198 (43);

186 (100).

b) 2cetylated (A) metabolites (see Figure 4-25):

Peak # 516a: 284 (35) [M¥]; 213 (31) [M-711; 212 (l1) [M-

721; 171 (9); 170 (37); 145 (13); 144 (9); 58 (100).

Peak # 625A: 282 (35) [MT]; 211 (34) [M-71]1; 210 (16) ([M-

72]; 182 {(10); 58 (100).

peak # 6472: 298 (21) [MY]; 227 (12) [M-71]; 226 (5; [M-72];

109 (5); 198 (5); 171 (23); 170 (20); 58 (100).

Peak # 6512: 298 (20) [MY1; 227 (14) IM-71]; 226 (5) [M-72];

199 (13); 198 (10); 171 (15); 170 (20); 58 (100).

Peak # 704A: 342 (24) [MY1; 271 (:r0) [M-711; 212 (12); 211

(41); 170 (20); 144 (13); 58 (100).



DPegl # 723L: 242 (286) [M+] 271 (183 (M-711; 229 (38); 228
(3G ; 186 (18); =8 (100) .

3 772 142 (34) [MY]; 271 (26) [M-71]; 229 (38); 228
(ag8) ; 186 (16); 58 (100) .
DPealk # 3534: 312 (70) [M+}; 2g¢ {(14); 157 (15y)y; 212 (64) ;
198 (21) [M—ll4]; 170 (24); 144 (19); 114 (1L00) .
peak = 1334A: 370 (20) [M¥]; 210 (58); 270 (6); 210 (42);
196 (24); 168 (12); 144 (1L1); 114 (100) .
Peak # 1408A: 312 (100) [M*1; 284 (11); 255 (54); 226 (27);
212 (9) [M-100]; 170 (33); 157 {38); 156 (37); 143 (15); 142
{20); 100 (97).
*Peak # 1497A: 326 (68) [M', CogHpgN5021: 298 (8)

(7) [M-114, Cj4H;4NO}; 170 (22) [CyoH)pNl; 114 (100)
[CgHy4NOJ .
+*Poak # 1S514Ac: 326 (67) [M*, CogH,gN5,051; 298 (9)

114 (100) [CgH;,NO]}.

Peak # 1572A: 370 (42) [M"]; 310 (14); 270 (17); 210 (17);
196 (20); 144 (14); 114 (100) .

Peak # 1612A: 370 (40) [M']; 310 (6); 282 (14); 270 (17);
210 (10):; 196 {(9); 170 (1l1),; 144 (10); 114 (100} .
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Peak # 1869Z4: 370 (43) [M']; 328 (14); 315 (Z2); 296 (1l1);

-~ 4

270 (12); 253 (24); 228 (33); 196 (12); 1la (1l00).

* Accurate mass measurements were determined to confirm the
elemental compositions of fragment ions in the spectra of IPR
(# 497N) and its most abundant metabolites (acetylated
derivatives # 1497A and 15142), and of selected ions in the

spectra of metabclites # 517N and 609N.

4.4.1.4 Structure elucidation

Peak # 516A (Figure 4-25). This peak had GC and mass spectral
properties identical to those of peak #497N (Figure 4-24),
indicating that this metabolite does not acetylate. The mass
spectrum of an authentic sample of IPR was also identical.

This peak is identified as IPR.

Peak # 625A (Figure 4-25). The mass spectrum of this peak was
very simple and contained only five ions of relative
abundance 10% or greater: m/z 282 [M*'], 211 [M-71]1%, 210 (M-
721%, 182 and 58. The presence of [M-71]1%, [M-72]1% and m/z S8
ions indicates the retention of an intact 5-[3-
dimethyvlaminopropyl] side-chain. The mass of this metabolite
is 2 amu 1less than that of IPR. It 1is clearly a
dehydrogenated derivative of IPR. The resulting double bond
must be located in the cyclooctyl ring, but its location is
uncertain. Based on the experience with the metabolism of TMP
(secticn 4.1.1.1), the IPR metabolite 625A is not a primary

metabolite. The iritial metabolite is most likely to be an



202

alicyclic ring monohydroxylated species that is readily
dehydrated after acetylation and during 1itTs subseguent GC
analysis. As ready dehydration only occurs if a conjugated
product results {(Section 4.4.1.2), the double bond in the
alicyclic ring must be located in the 6-7 or 10-11 positions.
Thus the primary metabolite is identified as 6-, or 7- or 10-
or 1l1-hydroxy-IPR (Figure 4-26, structure I). The complete
loss of acetic acid during chromatography, however, strongly
supports the identification of this metabolite as 7- and/or
10-hydroxy-IPR. The nonderivatized chromatogram contained
two peaks, #576N and 593N (Figure 4-24), which gave mass
spectra consistent with either one being this primary

metabolite.

pPeaks # 647A and 65iAa (Figure 4-25). When scanned, these
partially overlapping peaks provided very similar mass
spectra, each containing ions of m/z 298, 227 M-711%, 226
(M-721%, 199, 198, 171, 170, and 58 (base peak). They are
isomers of mass 14 amu greater than that of IPR. rpplication
of the mass spectral informatica provided above indicates
that both metabolites possess an intact 5-13-
dimethylaminopropyl] side-chain and an underivatized aromatic
ring. To accommcdate all of these observations, these
metabolites must both be oxidized products of IPR in which a
CH, group in the cyclooctyl ring of IPR is replaced with a
C=0 moiety (Figure 4-26, structure II). The exact locations

of these ketone groups are not yet known. In support of this



conclusion, the same two peaks are observed in the spectrum

nf the urdesrivatized metabeolites (#583NMN and S8&M; Figure 4-

24) .

Peaks # 7044, 723A and 772A (Figure 4-25). The metabolites
that are acetylated to give these three peaks are minor ones.
Comparisons of their mass spectra reveal that they are
acetylated derivatives of monooxygenated products of IPR.
Their mass spactra are similar, but there are significant
differences. Simple perusal of these mass spectral data
reveal that the spectra of peaks #723A and 772A are virtually
identical, but differ from the spectrum of peak #704A. 1In
particular, the spectra of metabolites #723A and 772A contain
relatively abundant fragment ions of m/z 229, 228 and 186
which are insignificant in the spectrum of metabolite #704A.
In contrast, the spectrum of metabolite #704A contains

relatively abundant fragment ions of m/z 212, 211, 170 and

144 which are not significant in the spectrum of metabolites

#7232 and 772A.

These spectra are readily interpreted. All three
metabolites retain the 5- [3-dimethylaminopropyl] side-chain,
as indicated by the presence of ions m/z 271 (M-71]1% and 58
(base peak) in each spectrum. In spectra #723A and 772A, a
ketene molecule is expelled from the m/z 271 ion, producing
the ion m/z 229 which fragments further by the loss of a
hydrogen atom to give fragment m/z 228. This facile expulsion

of ketene is characteristic of acetylated phenols (Figure 4-
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22a) . Eppropriate structures for fragment 1io0ns, m/z 271, 229
and 228 are easily deduced (Figure 4-27). Thus GC peaks #7232
and 772 are acetylated derivatives cf two isomeric primary
metabolites of IPR, each of which is a phencl (Figure 4-26,
structure III). To determine the exact locations of these

phenolic groups requires further study.

The third metabolite (#704A) is not a phenolic acetate.
The presente cf the fragment m/z 211 in its spectrum is
informative. This fragment represents the loss cf 60 amu
(acetic acid) from the ([M-711% ion. As discussed above,
elimination of acetic acid in this way is characteristic of
acetates of cyclic alcchols. It can be concluded that analyte
#704A is the acetate of an alicyclic ring monohydroxylated
metabolite of IPR. The metabolically introduced hydroxyl
group must be located at one of the positions C4z, Ty, Cy OF
c,, (Figure 4-26, structure I}. Its location at the other
alicyclic ring positions (C;, C;4) 1is not likely since
spontaneocus and complete expulsion of acetic acid during GC-
mass spectral analysis of its acetate would have occurred for

the reason discussed earlier (section 4.4.1.2).

It is difficult to equate unequivocally peaks in the
nonacetylated GC trace with the three peaks just discussed.
In Figure 4-24, however, two peaks are present (#593N and
629N) whose mass spectra are consistent with each being an
alicyclic hydroxylated derivative of IPR. Both spectra

contain a base peak of m/z 58, a molecular ion of m/z 300, 16
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amu greater than that ¢f IPR, and both have fragment i1ons ot
m/z 282 [M-H.O]l". No isolated peaks were detected in the

nonacetylated GC trace (Figure 4-24) that corresponded to the

acetylated peaks #723A and 772A.

Peaks #9534, 1334A, 14397A, 1514A, 1572A, 1612A and 1i869A
(Figure 4-25). The EI mass spectra of all of these peaks have
the fragment ion of m/z 114 as the base peak. As indicated in
the mass spectral information of general application provided

above, all peaks are derivatives of N-acetylated norIPR.

The mass spectrum of peak #953A contains important
fragment ions of m/z 212 [M-100]1%, 170, 144 (Figure 4-20),
198 [M-11417 and 114 (Figure 4-21), and is readily identified
as N-acetyl-norIPR, derived from the primary metabolite

norIPR [Figure 4-26, structure VIII}. Underivatized noriIPR is

peak #517N in Figure 4-24.

The mass spectrum of peak #1334A indicates that this
metabolite has a molecular weight of 370 amu. As with the
acetvlated metabolite #704A (Figure 4-25), this spectrum
contains diagnostic fragment ions that confirm the presence
of an acetylated hydroxyl group in the cyclooctyl ring
system: a fragment of mass 60 amu (CH,CCOH) is expelled from
the molecular ion to produce the major fragment ion of m/z
310, and, in a complementary manner, the fragment ion of m/z
270 also eliminates an acetic acid molecule in the production

of the abundant m/z 210 ion. These observations permit the



conclusion that the structure of compound #1334A 1is x-
acetoxy-norIPR which was formed by acetylation of the
merabolite x-hydroxy-norIPR (Figure 4-26, structure IV) in
which x is one of the locations Cg, Cg Cy Oor C;;, but not C;

or C (contrast peak #625SA; Figure 4-25).

1y

The mass spectra of peaks #1572A and 1l612A are very
similar to that of metabolite 1334A, and they are deduced to
be isomeric N,O-diacetylated derivatives of cyclooctyl ring-
hydroxylated norIPR, differing only in the location of the

cyclooctyl ring hydroxyl group.

The component of peak #1869A is also isomeric with
acetylated metabolites 1334A, 1572A and 1612A, but its mass
spectral behavior is clearly different. Compound 1869A is a
phenolic acetate; ketene is expelled during its fragmentation
(m/z 370 — m/z 328; m/z 270 — m/z 228}, and rthere is no
indication that a molecule of acetic acid is eliminated. The
metabolite from which analyte #1869A is derived is clearly a
phenolic derivative of norIPR (Figure 4-26, structure V).
While the position occupied by the OH group in the aromatic
ring cannot be deduced from the present study, its most
probable location is C,, since the analogous drugs IMI and
DMI are readily hydroxylated at C,; (Rudorfer and Potter,

1985).

ITn the nonacetylated spectrum, peaks #626N and 634N

(Figure 4-24) have mass spectra which indicate that they are
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both monohydroxylated derivatives of norIPR. It can be

deduced that the hydroxyl group is located in the cycloocty .

ring in both metabolites, since each spectrum contains
abundant ions of m/z 170 and 171, indicative of an
unsubstituted aromatic ring, and each spectrum contains an

[M-H,0]1% ion (m/z 268) of low abundance. These peaks

correspond to two of the three acetylated species 1334A,
1572a, and 1612A. The third nonacetylated metabolite was not
detected. The peak in Figure 4-24 that corresponds to peak
#1869A is #665N. It is of particular relevance that in the
spectrum of 665N the diagnostic fragment ion m/z 170,
indicative of non-substitution in the aromatic ring, 1is

absent, while an abundant ion 16 amu greater in mass (m/z

186) is present.

Three ions of diagnostic value are present in the mass
spectrum of peak #1497A. These are the ions of m/z 114, [M-
114]1% and [M-100]% which have already been identified. Most
fragment ions in the EI mass spectrum of this MN-acetylated
derivative of norIPR are 14 amu greater in mass than those
observed in the mass spectrum of acetylated norIPR. This
observation can be explained by the presence of a ketone
group in the cyclooctyi ring. The conclusion is that ccmpound
1497A is an N-acetylated derivative of norIPR in which one of
the ring CH, groups has been replaced with a C=0 group, and
the actual metabolite (Figure 4-26, structure VI) is probably

the norIPR homologue of compounds #647A ang E51A. Peak #609MH



(Figure 4-24) in the GC trace of nonacetylated metabolites

presumably corresponds to acatylated peak #1497A.

Peak #1514A is an abundant one 1in the acetylated
metabolite GC trace (Figure 4-25), as 1is the corresponding
peak (#615M) in the GC trace of nonacetylated urine extract.
The mass spectrum of peak #1514A is very similar to that of
peak #1497A; the metabolites which gave rise to these peaks
are readily concluded to be iscmeric (Figure 4-26, structure
vi), differing only in the position occupied by the
introduced ketone group in the cyclooctyl ring. Such a
conclusion would be compatible with acetylated metabolites
being related in the same manner that metabolites #647A and

6514 are related.

Diagnostic ions in the mass spectrum oOf the
nonacetylated metabolite 615N are of m/z 284 [M*Y'], 227 [M-
571%, 226 [M-581%, 171 and 170. The diagnostic value of these

ions has already been discussed.

The fragment ions in the mass spectrum of peak #1408A
are generally cf 14 amu less than those observed in the
spectrum of peak 1497A. The structure of the abundant
fragment m/z 100 in spectrum #1408A has already Dbeen
identified. A further comparison of spectra #1408A and 1497A
indicates conclusively that they are of analogous compounds,

and that the former is the N-acetylated derivative of nor-

didemethyl-IPR in which a cyclooctyl ring CH,; group has been



oxidized to C=0. This metabolite is therefore 5S-aminopropyl-
§,7,8,9,10,1l1-hexahydro-5H-cyclooct (bl indole-x-one (Figure 4 -
26, structure VII), where X is one of positions C, to C,,. No

isolated peak corresponding to #1408A was detected in the GC

trace of the nonacetylated metabolites.

This combined gas chromatographic-mass spectrometric
study has shown that IPR is metabolized in vivo in the rat by
three major pathways: alicyclic oxidation to produce a
variety of cyclic alcohols and ketones:; aromatic oxidation to
produce various phenols; and N-demethylation and N,MN-
didemethylation of the Ny side-chain. Some metabolites are
products of more than one of these metabolic pathways. Ir

total, 14 different metabolites have been characterized.
4.4.2 Biliary excretion study

Structures of IPR and its biliary metabolites were
determined by interpretation of the fragmentation patterns
apparent in each EIMS and by comparing the spectra with those
of urinary metabolites (section 4.4.1). In addition to
unchanged IPR, 17 metabolites were identified in the bile
extract (underivatized and acetylated). The structures of the
biliary metabolites of IPR are depicted in Figure 4-28. The
major Dbiliary metabolites (from detector respoense) include
isomeric aromatic ring hydroxylated derivatives of IPR as
well as alicyclic (cyclooctyl ring) hydroxylated derivatives

of IPR and norIPR. In contrast, the major in vivo metabolites



~f IPpR, iscmeric cyclooctyl ring ketonic derivatives of
AorIPE (Section 4.4.1), were absent in the bile extracec,
suggesting that they are excreted mainly via kidney in this
zpecies. Metabolites # VII, VIII, IX and X (Figure 4-28) were
not detected in the urine extract (see secticn 4.4.1)

indicating that these metabolites undergo mainly biliary

excretion in the rat.

Three concurrent metabolic pathways wece identified for
IPR in rat bile, namely alicyclic oxidatiocn, 1-dealkylaticon
and aromatic oxidation. The present study indicated that
appreciable amounts of TIPR metabolites undergo biliary
excretion in this species. It is plausible that, 1like other
ADs {e.g. IMI), IPR and some of its nydroxylated metabolites
also undergo enterohepatic recirculation. Further work 1is
needed to determine the extent and chemical species involved

in enterohepatic recirculation.
4.4.3 In vitro metabolic studies
4.4.3.1 Rat liver microsomes

The structures of the in vitro metabolites of IPR were
determined by interpreting the EIMS of individual metabolite,
as well as by comparing them with those obtained from urinary
and biliary metabolites (sections 4.4.1 and 4.4.2). Besides
unchanged 1IPR, 6 metabolites were characterized. The

crvi~rnirac ~f +he metahnlites are depicted in Figure 4-29.
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4.5 Studies conducted on NBA

4.5.1 Effects of QND on the metabolism of NBA in the

rat-

It has been demonstrated by Coutts ¢ al.(1978) that iIn

vivo metabolism of NRZ in rats produced 4-OH-NBA and 4-0OH-3-
OCH, - NBA (Figure 4-30). It was reported earlier in this
thesis ({(secticons 4.1.3.2 and 4.3.2), that QND pretreatment
increased the metabolic formation of 2-OH-norTMP and at the
same time the formation of 2-CH-TMP was decreased in the rat.
For comparison purposes the following study was conducted to
delineate the effects of QND pretreatment on the in vivo
metabolism of NB2Z in the rat and determine whether QlID

pretreatment could result in a increase of aromatic ring-

hydroxylation of other substrates.

Studies on the metabolism of li-alkylated amghetamines in
man have shown that the length or bulk of the N-substituent
has a profound effect on the amount of administered drug that
can be accounted for. With amphetamine (AMP) , M-
methylamphetamine (NMA), and N-ethylamphetamine (NEA), total
recovery of drug as unchanged N-alkylated drug or as AMP was
in the 40-78% range; with N-n-propylamphetamine (MPA), 27-65%
of the dose could be accounted for, but with HNBA, 1II-

benzylamphetamine and N-o-chlorobenzylamphetamine, 9%0% or

or. F. Malik regan the study rerortad in chis chapter but was unable



greater cof the administered drugs Was unaccounted for, even
under conditions of acidic urinary pH (BReckett and Shenoy,
1973; Gorrod, 1972). Of particular reference to the current
study is 182, of which only 10% has been accounted for in
man, 7% as aMP, and 2% as unmetabolized drug, when sul“=cts
were maintained under acidic urinary conditions. Studizs on
the metabolism of NPA and NBA in rats and man (Coutts et al.,
1976; Coutts and Dawsorn, 1977; Coutts et al.. 1978) confirmed
that the extent of N-dealkylation to AMP is negligible if
urine is not acidified, and also revealed that phenolic
metabolites of NPA and NBA (4-hydroxy and 3-methoxy-4-hydroxy
derivatives) accounted for additional amounts {up to 17%) of
the administered N-alkylamphetamines in man, but most of the
dr -~ especially NBA, remained unaccounted for. With NPA,
res. .rs from rats and man were comparable as far as the
formation of phenolic metabolites were concerned. From this
one observation, the rat appears to be a suitable model of
metabolic ring hydroxylation of N-alkylamphetamines in man.
Previous studies (Coutts et al., 1978) also revealed that
NEA, NPA and NBA were each metabolized in the rat to 4-
hydroxy and 3-methoxy-4-hydroxy derivatives, the latter via
catecholamine intermediates, whereas AMP and NMA formed only
4 -hydroxylated metabolites. Clearly the 1length of the
amphetamine N-alkyl substituent has a significant effect on

the nature and extent of aromatic ring hydroxylation.
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The cytochrome P450 isczyme P450IID6 catalyzes the ring-
hyvdroxylation of many aroratic basic drugs of diverse
structures (Brosen, 1990; Robbins and wWedlund, 1990; Nebertc
et al., 1989; Brosen and Gram, 198%a; Kalow, 1986; Jacgz &t
al., 1986; Eichelbaum, 1982). In humans, ring hydroxylation
catalyzed by this isozyme is strongly inhibited by prior
administration of QND, a potent competitive inhibitor of
P450IID6 (Ayesh et al., 1991; Bocbis et al., 1990; Brosen and
Gram, 1989%9a and 1989Db; Kobayashi et al., 1989) .
Methoxyphenamine (MPA), the ring 2-methoxylated derivative of
NMA, undergoes metabolic aromatic hydroxylation catalyzed by
cytocchrome P450IID6 in human, and this metabolic pathway 1is
inhibited by the prior administration of QND (Muralidharan et
al., 1989a). MPA is similarly metabolized by ring
hydroxylation in two species of rat [Lewis; Dark Agouti] ;
again, this metabolic pathway is significantly inhibited by
the prior administration of QND (Muralidharan et al., 1989b).
The bictransformation of MPA in rat was apparently catalyzed
by the P450IID6 isczyme, Or a structurally closely related
isozyme of the P450IID family. The effect of QND on the
metabolism of AMP has only recently been reported {(Moody et
al., 1990). This investigation was conducted in male Lewis
rats, and it was shown that the extensive ring hyadroxylation
of AMP that occurred in rats receiving no other drugs was
greatly reduced by the administration of QND 2h prior to the
AMP challenge. The conclusion from these observations was

that ring hydroxylation of AMP in Lewis rats was under the
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influence of cytochrome P450IID6. All studies so far reported
on the effect of QIID on P450IID6-catalyzed drug oxidative
metabolism indicate that it is an effective inhibitor of this

metabolic process (Ayesh et al., 1991; Boobis et al., 1990).

This observed inhibitory effect of QND on the metabolism
of mMP and its analog MPA in rat, and the cbservation that
the 1length o¢f the N-substituent in N-alkylated AaMP
derivatives greatly influences the nature and extent of
metabolic ring hydroxylation prompted the question whether
the length of the N-substituent on the AMP nucleus wouid also
have an effect on the ability of QND to inhibit i"2tabolic
ring hydroxylation. Thus, a protocol was designed to study
the metabolism of (%)-NBA in the rat, in both absence and
presence of QND and compare the results with those obtained

in sections 4.1.3.2 and 4.3.2.

NBA and its two phenolic metabolites were extracted from
hydrolyzed urine samples from drug-treated rats and analvzed
by GC-NPD and GC-MS methods. The analytical procedure
permitted the simultaneous determinations of NBA and its two
phenolic metabolites, 4-OH-NBA and 4-OH-3-OCH,-NBA (Figure 4-
30): structures of these three compounds were confirmed by a
comparison of their GC and MS behaviors with those of the
synthesized authentic compounds. For qgquantitation of
metabolites, 4-methoxy-uBA (4-OCH;-NBA) was used as the

internal standard.
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Quantitation of IMBA and the two phenolic metabolites in
48h urines cocllected from rats that had received only HNBA
showed that 1.1% of the dose was recovered as unchanged NBA,
8.8% of the NBA administered was recovered as 4-0OH-NBA, and
2.9% was isolated as 4-OH-3-0OCH,4-NBA (total amount recovered
i2.8%) (Figure 4-32). These quantities are comparable to
those of the corresponding phenolic metabolites isolated in
previous studies on NPA metabolism in rats (Coutts et al..
1976) and man (Coutts and Dawson, 1977) . Pretreatment of rats
with a single dose of QND 1h prior to the administration of
NBA altered the amounts of NBA, 4-OH-NBA, and 4-OH-3-O0CH;-NBA
recovered to 2.2%, 11.7% and 4.5%, respectively (total amount
recovered 18.4%), while three pretreatments with QND were
more dramatic in effect, the recovered amounts of INBA, 4-0OH-
NBA, and 4-OCH-3-OCH;-NBA now being 3.4%, 18.9% and 2.1%,
respectively (total amount recovered 24.4%). These results
are in distinct contrast with those obtained for AMP. The
study by Moody et al. (1990) showed that pretreatment of rats
with one larger dose of QND (0.102 mmol/kg) 2h prior to the
administration of AaAMP sulfate (15 mg/kg) resulted in a
greater than 85% decrease in the 48h-urinary excretion of 4-
OH-AMP and a greater than 50% increase in the 48h-urinary

excretion of unchanged AMP.

QND is a known inhibitor of cytochrome P450IID6-
catalyzed drug oxidations, including aromatic oxidation to

phenolic metabolites (Boocbis et al., 1990). It has been



concluded that this cytochrome P450 isozyme is involved in
che aromatic 4-hydroxylaticn of RMP Mocdy et al., 1990), and
also in the ring oxidation of MPA (Muralidharan et al.,
1589b) . Since the ring nydroxylation of NBA is significantly
enhanced in the presence of QND, one conclusion from the
study now reported is that, unlike aMP and MPA, the metabolic
oxidation of NBA to phenolic preoducts is not catalyz<d by
P4SOIID6. It appears from this study that the length of the
N-alkyl substituent not only influences the recovery of
amphetamines and their metabolites from urine (Beckett and
Shenoy, 1973; Gorrod, 1973; Coutts et al., 1978), but also
has some influence on the cytochrome P450 isozyme involved in

their oxidative metabolism.

Similarly, it has also been reported earlier in this
thesis (sections 4.1.3.2 and 4.3.2) that pretreatment of rats
with gquinidine prior TMP or norTMP administration
significantly enhanced the ring hydroxylation of norTMF. One
conclusion from these observations is that, as w_th NBA, the
aromatic hydroxylation of norTMP is mot catalyzed by the

cytochrome P450IID6 isozyme.



HC — CHo - TH-MH =~ 1 CH- ) 4 CHa
\ / ! -
CH,
4 -SH-IIBA
CH,O

Figure 4-30. Chemical structures of

and 4-OH-3-OCH,-NBA.

ITBA, 4-OH-JBA




1l.04p

> 2,650 0
13,706

v

7.818

a. NBA

b. 4-QOCH3-NBA

C. 4 QH-NBA

d. 4-OH-3-OCH3-NBA
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4.6 sStudies conducted on IMI
4.6.1 Metabolism of IMI in human

The first generation TCA drug IMI has Dbeen used
effectively for over 30 years and several studies on the
analysis of IMI and its metabolites in biological matrices
have been reported (Weder and Bickel, 1968; BRickel and Weder,
1968; Crammer et al., 1969; Gram €t al., 1983; Maurer and
Pfleger, 1984; DeVane and Simpkins, 1985; Potter and Manji,
1990) . DevVane and Simpkins (1985) used high performance
liquid chromatography to quantify IMI and 3 of its major
metabolites (DMI, 2-OH-IMI and 2-OH-DMI) in rat plasma.
Because of its sensitivity and relative ease in operation, GC
has proven to be a popular analytical procedure for the
analysis of IMI and metabolites in biological specimens.
Wweder and Bickel (1968) identified seven metabolites of IMI
in rat tissues (liver, 1lung, kidney and fat tissues) using a
GC-FID. In this study the metabolites were identified by a
comparison of their retention times with those of authentic
samples of metabolites. One disadvantage of this method is an
inability to deduce structures for the separated metabolites.
Combined GC-MS is now the method of choice for the rapid
determination and structural characterization of drugs and
metabolites in biological matrices. In one reported study
Maurer and Pfleger (1984) identified IMI and 4 of its in vivo

metabolites (2-OH-IMI, DMI, 2-OH-DMI, IDB) in human urine
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using GC-MS technigque. The identified metabolites were not
quantified. The paper neither described the fragmentation
patterns of the individual metabolites nor included a GC

trace of separated metabolites.

Most studies (Gram et al., 1983; DeVane and Simpkins,
1985; Potter and Manji, 1990) identified IMI and metabolites
in human plasma. Crammer et al.(1969) used thin laver
chromatography followed by colour tests to identify most of
the urinary metabolites in man. But the technique is time-
consuming and not sensitive enough for quantitative metabolic
studies. Therefore, a computerized GC-MS study was designed
to identify and quantify the urinary metabolites of IMI in
human after a therapeutic dose. The study was also conducted
to determine the contribution of alicyclic oxidation in the

total metabolism of IMI.

The urine samples were hydrolyzed enzymatically prior to
extraction of IMI and its metabolites and their amnalysis. The
chemical structures of the metabolites were deduced by in-
depth interpretation of the fragmentation patterns apparent
in each EIMS, as well as by comparisons with the EIMS of some

authentic samples of metabolites.

Total ion current chromatograms of the underivatized and
acetylated urine extracts are depicted in Figures 4-33 and 4-
34 respectively. GC peaks due to IMI and its metabolites were

identified in both the traces. Both the underivatized and

isd



erylaced urine extracts were . nalyzed under identical

v
O

conditions. The mass fragmentation pathways of IMI an
are depicted in Figure 4-35. ~appropriate chemical struc

rhe isolated metabolites and their EI mass spectr

(o]
rh

shown in Figure 4-36. The identities of the underivatize
a .etylated metabolites of IMI were deduced by interpret
of the EIMS obtained by scanning each GC peak. Structuz
the common and major diagnostic fragment ions of al

metabolites are provided in Fig.4-37.

During the interpretation of EI mass spectra of dnrm
metabolites it was observed that IMI itself and al
—~arz2bnlites that retained an intact N,N-dimethylpropy.
[-CH.CH,CH,N(CH,),] side chain at M. gave rise to mass s
that contained prominent diagnostic ions of m/z [M-45
and 58, which are identified in Figure 4-35. The iocn
£5g g often the base peak in these spectra. For comp
purposes, it may e mentioned here that the spectra
and its metabolites that retained an intact side chair
also contained this diagnocstic ion of m/z 58 and i
cases it is the base peak in the spectrum. Similar rea

allowed the conclusion that mono-N-demethylated metak

(DMT and derivatives) that possessed a [-CH,CH,CH_ NHCH:
chain at Ng; may be identified by the presence of diac

fraoment ions of mfz M-31]%Y and m/z 71, which ar



A comparigon c¢f the GC-MS data deriwved

etylated urine extracts provide

(L

information on sites of metabolic oxidation. Thus
dealkylation oxidations were readily identified and aromatic

and alicyclic oxidations were easily distinguisined.

o3
it

s
iz

spectra of alicyclic (C., or C..) hydroxylated metabolites
usually contain an [M-18]7 fragment ion befcre chemical
derivatization (see section 4.1.1.1). However, when sSubjected
te anhydrous acetylation, these C,, or C,, hydroxvlaced
metabolites were denvdrated to products that contained a
double bond at C.,. In contrast, the mass spectra of aromatic
(C.) hydroxylated metabolites did not contain fragment ion
resulting from the elimination o©of water. In addition,
aromatcic hydroxylated and MN-demethylated metabolites were
readily acetylated when reacted with acetic anhydride under

anhydrous conditions (cf. section 4.1.1.1).
Structure elucidation

IMI (EIMS #1, Figure 4-36) and its metabolites DMI (EIMS
#3 and #4; Figure 4-36), 2-OH-IMI (REIMS #11 and 12; Figure 4-
36), 2-OH-DMI (EIMS #13 and 14; Figure 4-36) and IDB (EIMS
#2; Figure 4-36), were identified by interpreting EI mass
spectra ©f their underivatized and acetylated species by
mer icds similar to those used for TMP metabolites (see

section 4.1.1.1) and alsc by comparison with the spectra of
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Figure 4-356, IMS #4 contained a M™  of m/z 308, while other
important fragment ions in the spectrum are cf m/z 235 [M-
CH IIECCCH,]*,20&8 and 192 (Figure 4-35). The important
diagncstic fragment ion present in the spectrum is of m/z 114
(Ib)} (Figure 4-37), which is absent in the corresponding
undervatized species (EIMS #3, Figure 4-36). The fragment ion
m/z 114 is prominent and often the base peak in the spectra
of ll-acetylated derivatives of DMI (EIMS #10, 14, 16, 17 and
18). Likewise, the EIMS of norIPR and 1its derivatives also
contained a prominent m/z 114 fragment ion in their spectra
(section 4.4.1) The mechanism of formation of m/z 114 is
shown in Figure 4-21 (section 4.4.1). In contrast, acetylated
norTMP and its derivatives do not p 2>duce EIMS which contain
a fragment ion of m/z 114 (EIMS #3, Figure 4-3; section
4.1.1.1). Branching in the side chain 1s apparently a

deterrent to this fragmentation pathway.

The structures of remaining metabolites are identified

by interpreting their EIMS as below.

peak 361 [Figure 4-33; t, 10.23 min]. Inspection of the mass
spectrum #5 (Figure 4-36) of this peak revealed its M¥" to be
of m/z 211 (Figure 4-36), which is the base peak 1in the
spectrum. The M*" is 16 amu greater than the MY (m/z 195) of
sH-dibenz [b, flazepine (EIMS #2,Figure 4-36). This was

consistent with the mono-oxygenated structure that lacked the

M eiAdAa ~hain Tha matabnalite was characterized as 2-hydroxy-

(o)
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metabolite in human urine using thin layer chromatography.
Further evidence of this conclusion is found in the EIMS #46

of its acetylated derivative.

Peak 379 [Figure 4-34; t5; 11.47 minj. EIMS scanning of this
peak produced an EIMS #6 (Figure 4-26) which is wvirtually
identical to that of 2-hydroxy-SH-dibenz (b, flazepine, except
for the presence of the expected MY of m/z 253 (Figure 41-
36), which is 42 amu (COCH,) greater than that of 2-hydroxy-
SsH-dibenz (b, flazepine. Absence of dehydration during
anhydrous derivatization with acetic anhydride provided
evidence of aromatic hydroxylation. These ~bservations

indicated that GC peak 456 was the O-acety!i- - uarivative of

Peak 388 ([Figure 4-33; tgz 11.07 min]. . :-pretation of the
EIMS #7 (Figure 4-36) of this GC peak confirmed its identity
as 10-0OH-IMI. Its MY was of m/z 296 (Figure 4-26), 1lé6 amu
greater than that of IMI. The ions of m/z 278 [M-H,0l" (IIID)
(Figure 4-37), and of m/z 251 [M-45]1" (IIb) (Figure 4-37),85
and the base peak of m/z 58 (Figure 4-35), indicating an
intact -CH.CH,CH,N(CH,), side chain at Ny, are of particular
diagnostic value. The presence of fragment ion of m/z 278
suggested that the metabolite contained an alicyclic hydroxyl
group. Its mass spectrum was identical tc that of the

authentic sample of 10-OH-IMI. Further confirmation of this

structure was obtained from the mass spectrum #8 (Figure 4-
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peak 337 [Figure 4-34; t; 10.21 min]. The EIMS #8 (Figure 4-
32} of this GC peak contained a M™  of m/z 278 (Figure 4-36;,
which is consistent with the metabolite being 10,11-dehydro-
IMI. During anhydrous derivatization with acetic anhydride,

C.,-C., dehydration occurred. The presence of diagnostic

J

fragment ions of m/z 233 [M-45]17 (IV) (Figure 4a-37), 85 and

the base peak of m/z 58 (figure 4-35), is again indicative of

an intact M. side chain.

Peak 416 [Figure 4-33; t, 11.90 min]. EIMS scanning of this GC

peak showed that its mass spectrum #9 (Figure 4-36) contained

diagnostic fragment ions of m/z 282 (M* ) (Figure 4-26), 264
[M-H20] % (IITa), < (M-NH-CH31* (IIb), 233 (IV), 211 (IIa)
(Figure 4-37), 193, and 71 (Figure 4-35). The presence of the

fragment ion of m/z 264, suggested that the metabolite
contained an alicyclic hydroxyl group. The absence of ions cf
m/z 85 and 58 and the presence of fragment ions of m/z 251
and 71 provided evidence of mono-N-demethylation of the I
side chain in IMI. These facts are consistent with this
metabolite being the result o©f <concurrent alicyclic
hydroxylation and M-demethylation. The metabolite was
tentatively identified as 10-hydroxy-DMI_. 1IMI metabolism
reports rarely mentiocned the existence of this species. " ae
identity of this metabolite was further supported by the mass
fragmentation patterns of its acetylated derivative, peak

531, Figure 4-34.
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Figure +4-34; t5; 1£.40 m-2j. Inspection of the ET
mass spectrum #10 (Figure 4-36) of this peak revealed its Mt
to be of m/z 306 {(Figure 4-36). During derivatization with
acetic anhydride, <C,;-C.; dehydration occurred and the 1I-
methylamino group of the side chain was acetylated. Other
diagnostic fragment ions present in the mass spectrum of this
metabolite are of m/z 233 [M‘HN(COCHB)CHj]‘ (IV), 206 (V) and
m/z 114 (Ib) (Figure 4-37). The derivatized metabolite 1is
identified as 10, :1-dehydro-DMI, the metabolite itself as 10-

OH-DMI.

rdditional metabolites of IMI were detected only in the

acetylated urine extract.

Peak 515 [Figure 4-34; t, 14.79 min]. This GC peak was of a
minor metabolite of IMI. The characteristic fragment ions
present in its EIMS #15 (Figure 4-36) were of m/z 294 (M%)
(Figure 4-36), 235 [M-NH,(COCH,)]*, 208, 193 (Figure 4-35) and
100 (Ia) (Figure 4-37). Frcom the mass spectral f ragmentation
patterns the metabolite was identified as the acetylated
derivative of the N,N-didemethylated metabolite of IMI
'DDMI). It is a minor metabolite in this subject. However, it
was demonstrated by Gram et al.(1983) that plasma levels of
DDMI often exceed those of 2-OH-IMI in patients who are pooOr

hydroxylators (PMs) of IMI and DMI.

Peak 716 [Figure 4-34; ti 17.79 min]. When this brcad GC peak

was repetitively scanned it was revealed that it contained at
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jeast two IMI metabolites. Scanning of the early part of the

A-26&"
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peak (710) gave an EI mass spectrum #1454 {Figur nd

]

from mass fragmentation pattern it was identified as 2-0H-
DMI. Scanning of the latter part of the peak (724) produced a

EI mass spectrum #16 (Figure 4-36)} which contained fragment

ions of m/z 324 (M*') (Figure 4-36) and 224 (VI) and 196
[224-CO]* (VII) (Figure 4-37). The iomns of m/z 324 and 224
are 16 amu (one atom of oxygen) greater than the

corresponding fragment ions in the spectrum of N-acetyl-DMI
(EIMS #4, Figure 4-36). The presence of diagnostic fragment
ion of m/z 114 (Ib) (Figure 4-37) indicated that the
metabolite is a derivative of DMI and that metabolic
oxidation did not occur in the side chain. There are several
ways that one atom of oxygen could be metabolically
introduced into the DMI nucleus. TwoO possibilities could be
either N-oxide or epoxide formation. As N-oxides decompose
readily in GC-MS conditions, one of the few remaining
possibilities is epoxide formation or an expanded ring system
(seven membered ring) spontaneously derived from the epoxide.
In support of <chis concept is the observation that
naphthalene is metabolically oxidized to 2,3-epoxide which
spontaneously rearranges irreversibly to 3-benzoxepin in
which the oxygen is contained in a seven membered ring (Testa
and Jenner, 1976). The metabolically introduced oxygen atom
could be located either at the C; or C; position. Presumably
most of the epoxide formed isomerizes to 2-OH-DMI, while some

of it is transformed to an enlarged ring system. This novel



metabolite of IMI is tentatively identified as

analog ~f DMI.

Peak 743 [Figure 4-34; &, 20.95 min]. Scanning of this peak

produced a EI mass spectrum #17 (Figure 4-36) which contained
fragment ions of m/z 380 (M*'), 280 (VIII), 252 ([280-COl"
(IX), 210 (X) and the base peak of m/z 1i4 (Ib) (Figure 4-
37) . The base peak of m/z 114 indicated that it is a mono-il-

demethylated metabolite of IMI. The spectrum 1is virtually
identical to that of 2-OH-DMI (EIMS $#14, Figure 4-36), except
for the presence of MY of m/z 380 and fragment ion of m/z
280, which are 1¢ amu greater than the corresponding fragment
ions of m/z 366 and m/z 266 in the spectrum of 2-acetoxy-DMI.
This provided evidence of the metabolic introduction of a
keto group at an alicyclic carbon (C,, or C,;) in the ring
system. This novel metabolite is identified as either 10 or

1ll-oxc-2-OH-DMI.

Peak 778 [Figure 4-34; tgp 21.98 min]. The EIMS #18 (Figure 4-
36) of this peak of low abundance contains a diagnostic
fragment ion of m/z 114 (Ib) (Figure 4-37}, indicative of a
mono-N-demethylated side chain. The other fragment ions
present are of m/z 396 (M*') (Figure 4-36), 354 [M-CH,=C=0]"~
(XI) and 296 [M-CH,CH,N(COCH,)CH,;]* (XII) and 254 [354-CH;CHl
(COCH,) CH;1 % (XIII) (Figure 4-37). The M*¥' of m/z 396 as well
as fragment ion of m/z 296 are 16 amu (1 oxygen atom) greater
than corresponding ions of m/z 380 and 280 in the spectrum of

10 -oxo-2-OH-DMI. The oxygen atom might have Dbeen
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metabolically introduced in the C.  or C.. pos- n, because
this -OH group will not dehydrate during chemical
acetylation. From the mass fragmentation pacterns this novel
metabolite of IMI is tentatively identified as an acetylated

derivative of 10-oxo-2,11-diOH-DMI Or 1l1-oxo0-2,10-di0CH-DMI.

From mass spectral fragmentation patterns in addition to
unchanged IMI, 11 metabolites were characterized. Three minor
metabolites are believed to be novel and four had undergone

alicyclic oxidation.

From the above GC-MS study four concurrent metabolic
pathways have been identified for IMI in man, namely a)
aromatic hydroxylation, b) alicyclic oxidation (Cyq Ooxr Cy,) <)
mono and di-N-demethylation of the side chain at Ng and d) N-

dealkylation of the complete side chain at Ns.

4.6.1.1 Quantitation of IMI and metabolites in human urine

After structural characterization of the urinary
metabolites of IMI, gquantitation of IMI and its metabolites
DMI, 2-OH-IMI and 2-OH-DMI and 10-OH-IMI in the same human

urine was performed.

The results from the quantitative study showed that 1.3%
of the dnse was recovered as IMI, 2.7% as DMI, 0.5% as 10-OH-
IMI, 15.1% as 2-OH-IMI and 37.8% was isolated as 2-OH-DMI.
n.is is in agreement with published results (Crammer et al.,

1969) . Therefore, aromatic hydroxylation is the major



metabolic pathway of biotransformation for ITMT 1n man.
Because of the non-availability of the authentic samples
guantitation o©of other metaboclites was not perfocrmed. In the
present study 4 alicyclic hydroxylated metabolites of IMI are
characterized. The pharmacological properties of some of
these metabolites are not known. The guantity of DDMI was
negligible in this subject, suggesting that she might be an

extensive hydroxyiatocr of IMI and DMI.
4.6.2 Biliary excretion study

A combined GC-MS technique was employed to determine the
structures of IMI and metabolites in enzymatically hydrolyzed
bile extract {section 3.13). Interpretation of the mass
spectra derived from scanning each GC peak enabled the
jidentification of IMI and 13 of its metabolites in rat bile.
Five novel metabolites of IMI were tentatively characterized
in rat bile, namely 10-ox0o-2-0H-IMI, 10-ox0-2-OH-DMI, 2,2~
diOH-IMI, 2,10-diOH-IMI and 10-OH-IDB, which are consistently
formed in small amounts and are not mentioned in any IMI
metabolism reports (Bickel and Weder, 1968; Crammer et al.,
1969; Erlandsen and Gram, 1982; Gram et al., 1983; DeVane and

Simpkins, 1985).

Structures of the biliary metabolites of IMI are
depicted in Figure 4-38. The major biliary metaboclite of IMI
in the rat is 2 -OH-DMI. However, 10-QH-DMI, 2-OH-IMI and DMI

were also excreted in appreciable amounts.
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4.7 Determination of hepatic cytochrome PASOIIDS

activity in human

Genetric differences in the expression of drug
metabolizing enzymes have been recognized as an imporrtant
determinants in the disposition and responses to certain
therapeutic agents. Although patients are not examined for
their expression of particular drug metabolism enzymes at the
present time, it is important to recognize the degree to

which interpatient variability 1in enzyme expression can

affect drug therapy.

A drug metabolism enzyme which has attracted a
sukbstantial amount of interest is the P45S0IID6 enzyme, an
isozyme of the cytochrome P450 family which is known to exist
in liver. About 5-10% of the Caucasian population exhibits a
deficiency in the expressicn of this isozyme (Eichelbaum et
al., 1979; Kalow, 1982; BRrosen et al., J985). A number of
diseases, including early onset Parkinsons disease, systemic
lupus erythematosis and Balkan nephropathy, have been
associated with the absence of P450IID&6 isozyme (Meyer et
al., 1990; Shahi et al., 1990). Interestingly, this
particular drug metabolism enzyme appears tc be invoived in
the oxidative metabolism of over 50 different drugs (Table 1-

6, section 1.5.2).

Metabolic ¢ . - ns of psychoactive drugs, notably

W



P4S0OIID6 isozyme (Bertilsson et al., 1980, Brosen er ali.,
1986a). It has been demonstrated that poor metabolizers (PMs)
with respect to cytochrome P45CIIDS isozymes activity have a
rendency to develop adverse drug side effeccts (Mever et al.,
1990). It is now known that 10-hydroxylation of AMI and ITT as
well as 2-hydroxylation of IMI and DMI are all catalyzed by
P4a50IID6, but li-demethylation of AMI to NT and IMI toO DMI is
regulated by an isozyme other than P4501I1ID6 (Brosen and Gram,
1989b;: Brosen, 1990; Ayesh et al., 1991). PMS will clear aMI,
NT, IMI, DMI and other drugs whose metabolic oxidation is
under the influence of P450IID6 isozyme very much slower than
those with a normal ccmplement of the isozyme (EMs), and
consequently, PMs suffer from toxic side effects. In
contrast, rapid EMs may never attain therapeutic plasma
concentrations of the drug when a standard dosage regime is
administered to them. It has been estimated that 20-30% of
patients belong to these extreme Jroups (Brosen et al.,

1986a) .

Phenotyping individuals to determine the hepatic
cytochrome P450IID6 activity is based upon the administration
of a probe drug (e.g. dextromethorphan, DM) which is
metabolized by this isozyme to a product which can be
detected in the urine. Although many metabolites of DM have
been identified in urine, the O-demethylated product,
dextrorphan (DR), represents a major pathway for DM

elimination (Koppel et al., 1987). DR 1is produced



predominantliy by the cytochrome PI1SCIIDE6 isozyme and 1is

siiminated -n the urine as a glucuronide conjugate (Robbilns
and wedlund, 1990). The mest common method of obtaining an
estimate of P450IID6 enzyme function is the measurement of a

metabolic ratio (MR) which has an inverse relation to the

activity cf this isozyme.

The procedure for phenotyping individuals with the

substrate DM is described in secticn 3.15.

= -

Fifty three adult subjects were enrolled in the study.
only one subject (H052) was a smoker. Except for two (HOO6
and HO007), all subjects were Caucasians. The result of the
study is shown in Table 4-2. X typical GC trace of an urine
extract from a subject (K019) treated with DM is shown in
Figure 4-39. The metabolic ratios (MRs) ranged from 0.0C2 toO
9.6. A rotal of 13 subjects were identified as PM phenotypes,
39 as EM phenotypes, and one subject’s (K017) phenotyping
status was undecided. Except for KO017. the metabolic ratios
in the two urine samples (0-8h and 8-12h) of most of the

subjects were ve:y similar. HoOwever, the GC trace obtained

from an 8-12h urine extract was Ccleaner and therefore

preferred.
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Table 4-2.

e R e b
Clinicadi

characteristics

of subjects

219

and thair

metabelic ratics (MR).
Subject|hAge (yrs)l|SexiClinical Status MR (O-8h)IMR{8-12h)| Result
POO1 36 F Psychiatric 0.004 - EM
POOZ 39 ™M Psychiatric 3.25 - PM
PO03 27 F v'3vchiacric 1.34 - PM
P004 23 F Psychiatric 2.43 - PM
S005 28 M Psychiatric 0.46 - PM
HOQO6 32 13 Healthy 1.04 - PM
HOG7 410 M Healthy +*NO DM 0.021 EM
HOQO8 28 M Healthy 0.01l5 No DM EM
HOO9 58 M Healthy C.045 0.064 EM
KO10 28 F Healthy .029 0.032 EM
KO1ll 35 ¥ Healthy 0.013 0.013 EM
KO12 30 r Healthy 0.015 0.4314 EM
KO13 25 F Healthy G.240 0.200 EM
K014 29 ¥ Healthy 0.004 No DM EM
K015 31 M Healthy 0.061 0.075 EM
K016 34 M Healthy 0.01l6e 0.0032 EM
KG17 24 M Healthy 0.053 3.020 §UD
KQO18 30 ¥ Healthy 0.206 0.125 EM
KQ 19 35 M Healthy C 420 0.304 PM
K020 40 F Arthritic 0.009 - EM
KO21 32 F Arthritic 0.008 - EM
K022 44 F Arthritic 0.046 - EM
K023 32 F Arthritcic 0.009 - M
K024 48 F Arthritic 0.010 - EM
KO25S 36 F Arthritic 0.061 - EM
KQ2¢€ 32 F Arthritic 0.079 - EM
K027 23 F Arthritic 0.010 - EM
K028 42 F Arthritic 0.210 - EM
K029 34 F aArthritic 4.990 - PM
K030 25 M Arthritic c.008 - EM
KO3l 35 F Archritic 0.010 - EM
K032 52 F Arthritic 0.019 - EM
K033 34 F Arthritic 0.125 - EM |
K034 39 F Arthritic 0.022 - EM
KQ35 41 F Arthritic 0.307 - EM
KQ36 48 F Arthritic 0.005 - EM
KQ37 47 E Arthritic 0.056 - EM
K038 47 F Arthritic 0.009 - EM
K039 36 F Arthritic G.005 - EM
K040 30 F Arthritic 0.017 - EM
K041 58 F Arthricic 1.430 - PM

*No DM=No DM detected;

§UD=Undecided



Taple 4-2. Continued.

subject]age (yrs)|SexX Clinical Statcus MR (0-8h)|MR(8-12h)|Result
K042 62 13 Arthritic 0.008 - EM
K043 44 E Arthricic 4.55 - PM
K044 38 F archritic 0.C12 - M
K045 36 F Arthritic 0.96 - PM
K046 53 F arthritic C.005 - EM
K047 36 F Arcthritic 2.510 - PM
K048 29 B Arthritic 0.005 - EM
K049 62 F Arthritic 0.014 - EM
K050 34 F Arthritic 0.020 - EM
PO5 L 28 F Psychiatric 0.34 - M
HOR2 29 M Healthy 0.012 0.020 EM
H053 25 F Dental patient 9.6 - PM

cCase Studies

The first three of the following case studies were performed

in collaboration with Dr. K.F.McKenna, Department of

psychiatry, University of Alberta (McKenna et al., 1991).

case 1l: The subject P004 with a history of depression was

referrad for evaluation following excessive side effects on a

trial of DMI. Her serum level (12h post dose) was noted to be

high (480 ug/l) after a normal single po dose of 150 mg DMI.

The therapeutic range for DMI ig 125-300 upg/1 (Orsulak,

1989). She complained of a dry mouth, dizziness and excessive

sleepiness. The drug was withdrawn and the patient was

phenotyped for hepatic cytochrome P4S0IID6 activity, as it is
known that aromatic hydroxylation of DMI is catalyzed by

P450TIID6 isozyme (Brosen and Gram, 1988; Brosen and Gram,

1989b). At the time of phenotyping the patient was not taking
any medication. Her MR was found to be 2.43, indicating that

she was a PM phenotype. DMI was again instituted but the dose
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was lowered to a single 50 mg po ind the serum level was then

found to Pe in the therapeutic range (Z17 ug/l). Theretore,

in this particular case, phenotypina information was very
useful fonr rational dr.ug therapy.

Case 2: Following a single po dose of 25 mg DMI, subject POOZ
developed marked palpitations and tachycardia. He was
instructed to take a second dose and again noticed marked
tachycardia 6-8h post dose. The medication was discontinued
and was phenotyped for hepatic P4T0IID6 activity. The
phenotyping results clearly showed that he was a PM
(MR=3.25) .

Case 3: wWhen subject P003 was treated with a single po dose
of 75 mg DMI, she suffered from marked cardiovascular side
effects, particularly hypotension. Her serum DMI level was

297 ug/l. She was assessed for her hepatic P4SCIID6 activity

and was found to be a PM (MR=1.34). The drug reinctoitutec

WaAsS -

but the dose was reduced to a daily po dose of 50 mg DMI.

Case 4: Subject HO053 suffered f£rom methemoglobinemia when she
was given prilocaine (a local anesthetic) by her dentisc.
Presumably this was due to an excessive amount of aromatctic
amine metabolite(s) in her system. With the thought that she
possessed a defective metabolic oxidation profile, she was
phenotyped for her hepatic P450IID6 activity. The phenotyping
results revealed that she is an extreme PM phenotype. Her MR
was 9.6, which is well above the reported range for the MR

value of DM (0.0030-5.27) (Henthron et al., 1989).
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5. SUMMARY AND CONCLUSIOFS
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srse of this thesis resaarch several new GC
analytical technigues were developed for the analysis <t
T™MP, IPPR, IMI, 11-n-burylamphecamine, dextromethorphan and
seraral of their metabolites 1in biclogizal matrices. A GC
analytical method was selected because of ics
reproducibility, sensitivity and the relative ease with which
rhe gas ~hromatograph can be linked to a mass spectrometear
for t©ne uneguivocal structural characterization and
Ldencificacion of ths cocmpounds nf intrerest and anvy new
metabolites that may be present in the biological fluids and
tissues. By interpreting GC-MS darta, several novel

merabolices of TMP, IPR, and IMI were identified. The

anhydrous derivatizacion tecnnigue developed nelpsd to

0n

idencify itel(s) of metabolic oxidation. Thus Jdealkylation
oridations were readily identified and aromatic and alicyclic

oxidations were easily distinguished.
5.1 Studies conducted cn THMP

One method of delineating the cytochrome FP-450
isozymel(s) that is(anz) involved in dru=g metaboiir oxidation
react ions is to administer & known inhibitor of —rtabolism
during, or pricr to, administration of the drug of interest.
QND is a knowi inhibitor of the hepatic P450IID6 isozyme

responsible for the metabolic cxidations of a vast number of



IPR is also cliaimed to an inhibitor of metabolic aromat i

ne. In addicion, 1t has also been
rar TPR is an inhibkictor of metapolic il

deerhylation of fenfluramine. These studies all sugges

rt

vnac

TIPR could be a potent inhibitcr of metabolic aromat i

1

hydroxylatiocn and Il-dealkylation of wvarious substrates in
rat. Prior to the commencement of drug-drug interact ion

studies involving TMP in rat, a knowledge of its matabolism

in that species was regquired. To date no comprehensive study

has been reported on the metabolism of TMP in the rat.

2

()

m-S

)

r11 3y was designed toO identify the urinary
metabolites of TMP in male Sprague-Dawley rat. The rasulcs
show that in the rat TMP underwent alicyclic oxidation (C.. oY

C. in addition to aromatic hydroxylation and Il-dealkylatinn.

Besides unchanged TMP, 120 metapolites wer= characterized by a

i

computerized GC-MS technigue. The most abundant metabolitces

were 2-OH-TMP, 2-CH-norTMP, 10-oxc-TMpP and 2-OH-10-oxo-TMP,

indicative cf the dominance of aromatic hydroxyla

t
}_A
~
o/
st
-
?

!

hvdroxylation) and, to a lesser extent, alicyclic oxidation
(10-oxo formation; . The extent of 11-demethylation, revealed
ma:nly by the formation of 2-0OH-norT™P, was less important

than ring oxidatiomn.

In drug-drug interaction studies invol-wring T™P, QIID and
irg Aiasterenisomer QINI, it has been cbserved that both QHD
and OMN significantly inhibited the formation of 2-OH-TMP,

| DR, — — Vo~

~ome +ima fAarmarion of 2-OH-noriMP was enhanced.



OIID had no effect on the formation of alicyciic hydroxylactad

r

merapolites, while QINT inhibited this metabolic pathway tc &
cerrain excent. These results clearly show that two differenc
isozymes, presumably of <the cytcochrome P450 family, are

involved in the formation of 2-CH-TMP and 2-0OH-nocrTMP.

The metabolire 2-OH-norTMP could be formed from either

Z2-OH-TMP b li-demethylation or frocm norTMP by aromatci

=
0

hydroxylaticn. To delineate +he probhable in vivo metaboclic
pathway of formation of 2-OH-nocrTMP in the rat, two separate
studies were conducted. In one study the rats were dosed with
anrTMP Aand the urinarv metabolites were characterized by a
GC-MS method. The second study was performed by treating rats
with 2-OH-TMP. The results from the study showed clearly that
5 _OH-norTMP wss formed metabeolically mainly from noriMp by
aromatic hydroxylation. This <onclusion was also s.roorted by
+he results from an in vitro metabolism study of TMP using
fortified rat liver microsomes. This study demonstrated tha:

rthe precursor for the metabolic formation of 2-CH-norTMP was

norTMp.

Therefore, it was concluded that while the formation of
~-CA-TMP is unde=r the inf.uence of P450IIDE€ isozyme, aromatic
hydroxyletrron of norTMP to form 2-OH-norTP is not catalyzed

by this isozyms=.

In a drug-drug interaction study involving TMF anda IPR,

it wac ohserved that preadministration of IPR to rats thatc
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subseguently received 1MP resultaed in almost <Tompiere

inhibition of peaks corresponding to 10-oxo-TMP and

2-QH-10 -

cxo-TMP. From this, it was immediately apparent that the TPR

precreatment had resulted in almost complete inhibition ot

alicyclic l0-oxidaticon of the TMP nucleus. In addition, the

uxr

}--

nary excretion of 2-OH-TMP was decreasead, as was

anticipated, and that of 2-OH-norTMP was increased, which was

unexpected. However, the total amourit of TMP excreted as -

OE-TMP and 2-0OH-norTMP did not change significantly. These

N

esults also demonstrate that the isozyme involved in the 2

hydroxylation of the secondary amine norT™™P differs from the

one that catalyzes 2-hydroxylation of tne tertiary amine TMe.

The results of the piliary excretion study showed that

T™P and its alcoholic (10-OH-derivatives) and phenolic (Z-OH-

o

=

erivatives) me-abolites could undergc enteroheparic

'..I
R

~
-

culaticn in rat.

Metabolism of TMP in human

In the human TMP 1is known to undergo aromatia
hyvdroxylation and N-dealkylation, but noc alicyclic
hydroxylation at the C,; position has so far been reported. In
this study, in addition to unchanged TMP, ten metabolites
were identified. Three of them were novel, of which two were
the result of alicyclic hydroxylation at the 7;q position (10-
OH-TMP and 10-OH-norTMP) aunl ohne apparently resulted from the

in vivo acetylation of 2-0OH-N,N-didesmethyl-TMP.
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5.2 Studies conducted on IPR

t4

n a repcrred metabolism study on IPR in various species
Sisenwine et al., 1979), only five metakolites were
rentatively identified, althougn the presence of additional
metabolites was indicated Dby thin layer chromatographic
analysis. In the present study fourteen IPR metabolites were
isolared and separated by GC-MS analysis. In their study,
Sisenwine et al.(1979) were unable to confirm the presence of
phenolic metabolites oOr produccs of W,17-didemethylac of
IPR. In the scudy now reported, one M, N-didemethylated and
three phenolic metabolites were isolated although none was a
major metabolic product. Tnis finding clearly <ontrasts with

results of TMP’'s and IMI’'sS metabolism where aromatic ring

oxidation is a dominant biotransformation pathway.

whereas IPR strongly inhibits the deathylacticn of
fenfluramine, its own N-demethylation is a wvery important
metabolic pathway in rats. Eight of the fourteen metabolites,
including the two major acetylated metabolites, were N-

demethylated r -oducts.

While little aromatic hydroxylation of IPR occurs in
rats, alicyclic hydroxylation of IPR is a dominant mctrabolic
reaction. Five isomeric alicyclic alcohols were produced and
they were identified after chemical acetylaticn. It is guite
possible that oxidation occurs to some extent at all

available positions in the cycic~Cciyl ring system. In some
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: the ring locartions of the
wecone groups are not known. Only one metapolite thiat was not

ring-oxidized, viz. noriPR, was isolated. In surmary, six of

[l

he fourteen isclated metabcoclites retain an intact S-[13v-
dimethylamincpropyl] side-chain, and eight are products of II-

demethvlation, one cf which 1is 11, M-didemethylatced. Bas:2d on

rhe GO -race areus of their acetylated derivarives, the majior
metapolites of IPR ir. the rat are isomeric cyclooctyl ring
ketonic derivatives of che li-mcnodemethylated drug. The same
conclusior was derived by Sisenwine et al.(1979). The

pharmacological properties of these ketones are unknown.

Tn a biliary excretion study, in additios o urchanged
IPR, seventecn retabolites were identified by the GC-MS
method. The major biliary metabolites (from relative detector
responses) include igomeric aromatic raing hydroxylated
derivatrives of IPR as well as alicy~lic {cyclcoctyl ring)
nhydroxylated derivatives of IPR and norIPR. In ccntrast, the
major in vivo metaboli~es of IPR, isomeric cyclooctyl ring
kectonic derivatives of norIPR, were absent in bile extract,
suggesting that they are excreted mainly via xidney in this
species. Some metabolites, viz. x,y-diOH-IPR ({(x=alicyclic,
y=aromatic), x-oxo-IPR, 2,3-diOH-IPR, and y-OH-6,7,8,9,10,11"
hexahydro-5H-cyciooct [p] indole, were absent in the urine
extract, indicating that these metabolites undergo mainly

biliary excretion in theas rat.
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5.3 Studies conducted on NBA

This study was conducted tO dectermine whether che
cyrschrome P450ITD6 isozyme was involved in the aromatic
nydroxylation of UBA, since it was known that aromatic
hydroxylarion of amphecamine ({AMP) and 1its analog

machoxyphenamine (MPA) is catalyzed by P450IID6& isozyme. It

.1xe . substituent of amphetamines rad any influence on the
.+ . _anrome P450 isozyme involved in their oxidacive
merabolism as well as their reccvery from urine. QIND is a
known .nhibitor of P4a50IID6-ca-alyzed drug voxidaiions,
including aromatic oxidations toO phenolic metabolites. Since
the ring hydroxylation of MBA was significantly enhanced in
the presence of QND, one conclusion from this study was cha«t,
uniike AMP and MP2, che metab ‘ic ring oxidation of IMNBA tO

phenolic products is not catalyzed by P4501ID6 isozyme.

5.4 Studies conducted on IMI

This brief study was conducted on one human to delineate
the contribution of alicyclic oxidation in the total
metabolism of IMI, as well as tO determine the urinary
excretion of N,N-didesmethyl-IMI (DDMI) in this subject. In
one study Gram et al.(1983) demonstrated that poor
hydroxylators of IMI and DMI had appreciable plasma levels of

LDMI, often exceeding those of 2-OK-IMI.

6]



In the present study eleven mecabolictes of IMI

We e
characrerized; of these four nhad undergone aiicyclic (O o
C. ) oxidation, and three are believed to be novel. One

cbservaricon from this study was t'ait these alicyclic

nydroxylared merabolites are f[ormed ~onsistencly in small

amounts in man and are rarely mentioned in IMT me*

tLooBm

reports. Another observarion from 1.5 otudy was that DDMI 1

¥l

a minor metabolite of IMI in thi:

b
9]
14))

ubjecr. Presumably she was
an extensive hydroxylator o«of IMI .ud DMI, counseguent iy
gquantitative analysis o©f her urine extract yielded major
contributions from 2-0E-IMI and 2-OH-DMI and Olily minor

levels of DDMI.
5.5 Phenotyping experiment

’he effect of polymorphism o©n the expression of the
cytochrome P4:CIICS 1sozyme and 1its nossiblie impact on
adverse drug effects, drug removal from the market place and
altere. drug dosage reguir . =at” <. .rtain therapeutic

agents has attracted the attention of researcners, the

pharmaceutical industry and the regulatory bodies warld-wide.

The case studies described in section 4.7 illustrate che
clinical relevance of phenotypi..; patients prior to their
receiving antidepressant drugs. AS the hydroxylated
metabolites of ADs have potent neurochemical effects, with
Hoth toxic and therapeutic potential, the pharmacodynamic

profiles in PMs would be expected to be different than those
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in EMs. 1in addizion t©o dzneif

--ing PM phenatypes, phenotvoing

may also prevent prolonged therapeutic trials with ub -

i

i

t nerapeut .o drug levels in rapid EMs. It c<an help cut healch
care costs by allowing the clinician to arrive more guickly
ar thne optimal dosage of some drugs, reducing the length of
time to a beneficial response. Phenotyping should cthus e
introduced into the clinical routine for a rational drug

therapy .
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FUTURE PERSPECTIVES

TMP possesses a chiral center and is administerved

racemate. The antidepresc- property appears to reside in

the (+)-enanticmer [or its metacolites(s)]. Surprisingly,
the {(-)-isomer is said to have a depressanr.c actlion 7 owman
and Rand, 1980; Revnolds, 1%82). All TMP metabec.
retained the chiral center will also be rac S .
Proportions of contributing enantiomers are not known.
Further studies on this topic are needed to know the

enantiomeric composition of trnese chiral metabolites.

Metabolites of TMP, IFR and IMI undergo extensive biliary
excretion in rat. These metabolites might undergo
enterchepatic circulaticn. A study could be designed to

identify the metabolites which are 1involved in the

enterchepatic circulation.

*n in vivo metabolism studies of TMP 1in rac 1t was
observed that both QNI and QI enhanced the metabolic
forms of 2-OH-norTMP. This observation indicated that
P4S0IID6 isozyme is not involved in the formation of 2-0OH-

<

norTP. It would be interesting to find out which isozyme

system is catalyzing this metabolic pathway .

I+ was also cbserved in the present study that both QIID
and QNN significantly decreased the metabolic iormation ot

5-OH-TMP in male Sprague Dawley rats. This observation
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~uggests that the P450I1D06 isozyme catalyzes the formacion
£ 2-0OH-TMP. Studies could be designed to investigate thne
metabolism of TMP in Dark agouti rats, which are claimed
ro be models of human PM phenotypes of DQN/SPT, and

compare the results with those obtained in male Sprague-

pawley or Lewis rats before and after QUD treatment.

alicyclic hydroxylation of TMP was completely inhibited by
IPR pretreatment in rat and this metabolic pathway was
virtually unaffected by QND pretreatmenc. This observation
indicated that an isozyme other than P4S0IID6 is involved
in catalyzing this metabolic pathway. Further studies are
needed to delineate the isozyme recponsible for the
formation of alicyclic hydroxylated metabolites (12-0X<-
T™MP and 2-OH-10-oxo-TMP) of TMP Iin male Sprague-Davley

rats.

It would also be interesting toO delineate the effects of
IPR pretreatment on the 4 -hydroxylation (alicyclic
oxidation) of DQN, 10-hydroxylation cf AMI and NT in male
Sprague-Dawley rats. These metabeclic pathways are
catalyzed by the P45011D6 isozyme. I€ IPR does not inhibit
P450IID6, 4-OH-DQN, 10-OH-AMI and 10-OH-NT should proceed

in the presence of IPR.

There is a paucity of information on the metabolism of IPR
in humans. Further studies are needed to learn about its

biotransformation pathways in humans.



IPR inhibits the metabolic N-deethylation of fenfluramine

in ra. Studies cculd be designed to determine the <ffccts

of IPR pretreatment on the metabolism of various I

alkylated analogs of amphetamine (e.g. NEA, NPA and [IBA)

Il

as well as lidocaine and ccher MN-ethyl secondary amine

substrates.

T™P is a widely used antidepressant drug in Canada. Tt 18
claimed that che diverse pharmacological properties of TMP
may be asscciated with its variocus individual metabolites.
It could be hypothesized that its side effects may also
reside in individual metabolites. Above all, its mechanism
of action is yet to be fully understood. Studies could be
Aasigned in future to delineate the effects of low doses

= ™ MArTT
A LY

~ — T
e N o ’ N bl ~ L -

]

o an the metabolism of TMP in humAans.
There are clirical implications to the findings of such
studies. The resultant change in tne metabclic profile of
T™MP in human could ra2sult in a dramatically alrtered

therapeutic and/or side effect profile.
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