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- ABSTRACT

The objective of this study was to examine aspects of carbamazepine
metabolism, in order to contribute to a long term goal of a thorough
examination of how the metabolism of carbamazepine is influenced by other
drugs.

The first set of experiments were designed with the intent of determining
values for the pharmacokinetic parameters of carbamazepine metabolism in
male New Zealand white rabbits. Values were obtained for tmax (60-90 min),
t1/2 (90-122 min), clearance (46.2-142.4 ml/min/kg), and the elimination
constant (0.0057-0.0077 min~!) in five test cases. In the remainder of
cases, unexpected results were observed which did not allow calculation of
these parameters. The plasma carbamazepine concentration was either delayed
in reaching its peak concentration or it reached an apparent peak, but
maintained that level for an extended period of time. It is thought that
these differences between kabbits may have been due to differences in the
rates of gastric emptying, a factor that may have been influenced by the
food eaten by the animals in a period in excess of the 12 hours that some of
the rabbits were fasted prior to the experiments. Alternatively, the time
period of required sampling may have been underestimated. In addition, it
is also possible that some degree of enterohepatic circulation is taking
place. The relative positions of the curves for carbamazepine and for
carbamazepine-10,11-epoxide suggest that there may be differences in the
activities of hepatic monooxygenases and glucuronysyl transferases

responsible for the metabolic fates of carbamazepine.



The second set of experiments examined the influence of isoniazid and
some of its principal metabolites on the conversion of carbamazepine to
carbamazepine-10,11-epoxide in the S9 fraction of rat Tliver homogenate.
This study is a prelude to planned in vivo studies of the interaction in
rabbits. Three concentrations of each of isoniazid, acetylhydrazine,
acetylisoniazid, hydrazine, and isonicotinic acid were tested in a system
containing constant concentrations of carbamazepine and of essential
co-factors. The results indicated that there was a concentration dependent
inhibition of carbamazepine metabolism by 1isoniazid, hydrazine, and
isonicotinic acid. These types of experiments should expanded to include a
range of carbamazepine concentrations so that an evaluation of fhe type of

inhibition can be determined, as can be done Michaelis-Menton kinetics.
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1 PHARMACOKINETICS OF CARBAMAZEPINE IN RABBITS:

1.1 INTRODUCTION:

The first portion of this'fhesis examines the pharmacokinetics of carba-
mazepine in rabbits. In our 1laboratory, there is an ongoing study of the
hepatotoxicity of isoniazid in rabbits. One of the future goals of that
study is to examine the influence of carbamazepine. To do so, a knowledge
of the pharmacokinetics of carbamazepine, 1in the same animal model, is
required. Since the appropriate pharmacokinetic parameters were not avail-
able in the literature and since an appropriate 1liquid chromatographic assay

procedure had been developed, the study was done as part of this project.

1.1.1 PHARMACOKINETICS:

The study of pharmacokinetics involves the investigation of the kinetics

of drug absorption, distribution, and elimination (i.e., metabolism and
excretion). There are sensitive, accurate and precise analytical methods
for the direct measurement of drugs in biological samples, such as plasma
and urine. These measurements of drug concentrations can be used to deter-
mine pharmacokinetic parameters such as bioavailability, the elimination

rate constant, the apparent volume df distribution, and the elimination
half-life.

Bioavailability is defined as the fraction of unchanged drug reaching
the systemic circulation following administration by any route (Benet,
1987). Thus, for an intravenous dose, the bioavailability will be equal to
one. For an oral dose, the bioavailability may be less than one for any of

several reasons. The most obvious reason is the incomplete absorption of
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the drug. As well, the drug may be metabolized during absorption. The
intestinal mucosa contains sulphate-conjugating enzymes which may inactivate
certain drugs during their absorption. The drugs may also be susceptible to
the effects of gastrointestinal secretions and they may be subject to meta-
bolism by bacteria residing in the intestines. Drugs may also undergo meta-
bolism in the portal blood or in the liver without ever being able to reach
the systemic circulation. As a result, the bioavailability can be signifi-
cantly decreased from unity.

The apparent volume of distribution (Vd) of a drug is the volume of
fluid it would occupy if the total amount in the body were in a solution at
the same concentration as in the plasma. The volume of distribution may
vary widely depending on the pKa of the drug, the degree of plasma protein
binding, the partition coefficient of the drug in the fatty tissues, and the
degree of binding to other tiésues within the body. For example, a drug
that is tightly bound to b]asma protein may have a volume of distribution of
0.06 L/kg, which corresponds to the plasma volume per kilogram of body
weight. In contrast, some drugs that are selectively bound to constituents
of tissues or are taken up selectively by cells can have an apparent volume
of distribution that is several hundred times body volume.

The elimination half-Tife (tl/z), an expression of the relationship
between volume of distribution and clearance (t1/2=0.693 X Vd/Cl), is a
useful kinetic parameter in that it indicates the time required to attain
steady state or to decay from steady state conditions after a change (i.e.,
starting or stopping) in a particular rate of drug administration (dosing
regimen). However, it has little value as an indicator of drug elimination
or distribution.

Clearance is the measure of the body's ability to eliminate a drug. The
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organs of elimination can only clear drug from the blood or plasma that is
in direct contact with the organ. Thus, the time course of drug in the body

will depend on both the volume of distribution and the clearance.

1.1.2 CARBAMAZEPINE:

Carbamazepine [5-carbamyldibenz-(b,f)-azepin], an iminostilbene deriva-
tive related to imipramine (Figure 1), was first synthesized by Schindler in
the 1ate 1950's and it was patented in 1961 (Schindler, 196la). It was first
introduced for the treatment of trigeminal neuralgia (Blom, 1962, 1963), and
it was approved for use as an anticonvulsant agent in the United States in
1974. Carbamazepine has been studied extensively, particularly with respect
to its metabolism and pharmacokinetics, its toxicities, and its potential

mechanisms of action.

1.1.2.1 DEVELOPMENT AND CHEMI STRY:

Iminodibenzyl (10,11-dihydro-5H-dibenzo[b, f]azepine), shown in Figure 2,
first described by Theil and Holzinger in 1899, may be considered histori-
cally as the precursor of carbamazepine. Schindler and Hafliger (1954)
synthesized a number of iminodibenzyl derivatives that possessed 7local
anaesthetic and antihistaminic properties and some modest anticonvulsant
activity. When a carbamyl (carboxamide) group was added at the 5-position
of iminodibenzyl, considerable anticonvulsant activity was observed. The
strongest anticonvu]sant properties were observed when a carbamyl side chain

was combined with iminostilbene (Figure 3), a structure analagous to imino-
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dibenzyl, but having a doubie bond between the 10 and 11 positions. This
structure has become known as carbamazepine, and its synthesis was described
in 1961 (Schindler, 1961b).

Carbamazepine (5-carbamyl-5H-dibenzo[b, flazepine; 5H-dibenzol[b, flazepine-
5-carboxamide) (Figure 4), an iminostilbene derivative with an empirical
formula C15H12N20 and a molecular weight of 236.26 g/mol, appears as a
white crystalline compound with a melting point between 190°C and 193°C
(Kutt and Paris-Kutt, 1982). It is a neutral lipophilic substance. It is
virtually insoluble in water, but it dissolves in ethanol, chloroform,
dichloromethane, and other solvents.

X-ray diffraction studies of carbamazepine have produced measurements
that are characteristic of tricyc]ic psychoactive drugs. In the three
dimensional structure the angle of flexure, «, is 53°, the angle of annela-
tion, 8, is 30°, and the angle of torsion, y, is 3° (Figure 5). The
distance between the centres of the benzene rings measured 4.85 Angstroms
(Gagneux, 1976). The similarity to imipramine is obvious in the steric

parameters, except for the torsion angle which is 20° for imipramine.

1.1.2.2 THERAPEUTIC USES:

Carbamazepine was first introduced in the early 1960's, when it was
administered to patients suffering from trigeminal neuralgia (Blom, 1962,
1963), a disorder that is also referred to as tic douloureux. By far the
most dramatic, if not the most common, of all the painful disorders that
afflict the human face, trigeminal neuralgia was described in detail by
Fothergill (1773), who compiled, with thoroughness, the clinical features of
fourteen patients with trigeminal neuralgia. In a short time following

Blom's reports, a number of clinical investigators published similar obser-
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)—— 15=485A
f =30
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Three—dimensional structure of carbamazepine as
revealed by X-ray diffraction

Above: frontal view

Middle: top view

Below: side view
Note that the carbamazepine molecule is bent and
slightly twisted. (from Gagreux, 1976)
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vations (Taylor, 1963; Bonduelle, et al., 1963; Dalessid and Abbott, 1966;
Amols, 1966). Carbamazepine is now the drug of choice in the treatment

of trigeminal neuralgia. Later investigations indicated that carbamazepine
is also effective in the treatment of glossopharyngeal neuralgia (Ekborn and
Westberg, 1966).

Carbamazepine has also been used to treat lightning pains associated
with tabes dorsalis (Ekbom, 1966, 1972). The basis of carbamazepine use in
this disorder was the similarity between tabetic 1lightning pains and the
pains in trigeminal neuralgia. The pains are paroxysmal, brief, and very
intense. Tabes dorsalis presents symptoms and signs of demyelination of the
posterior columns, dorsal root, and dorsal root columns of the spinal cord.

In 1974, carbamazepine was approved for use in the United States as an
anticonvulsant. It is useful in patients with generalized tonic-clonic and
both simple and complex partial seizures. Its efficacy is comparable to
that of phenytoin and phenobarbital for the treatment of grand mal epilepsy
and especially for psychomotor attacks (Meinardi, 1972; Cereghino, et al.,
1974; Livingston, et al., 1974). Carbamazepine is now a first-line drug in
the treatment of most forms of epilepsy.

In recent years, the therapeutic indications for carbamazepine have
broadened. Carbamazepine has been suggested for use in cases of bipolar
depression (Post, et al., 1984), excited psychosis (Klein, et al., 1984),

and alcohol withdrawal syndrome (Ritola and Malinen, 1981).

1.1.2.3 MECHANISMS OF ACTION:

The elucidation of the mechanism of action of carbamazepine is not an
easy task. Carbamazepine has several clinical effects, but the time course

of onset of action and the dose required for these effects varies greatly.
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This suggests that there may be different mechanisms of action for the
different clinical effects. In fact, carbamazepine exerts a plethora of
biochemical effects on a variety of neurotransmitter, neuromodulator, second
messenger, and neuropeptide systems (Post, 1988). The differential time
course of carbamazepine's anticonvulsant, antinociceptive, antimanic, and
antidepressant effects may provide insight into the mechanisms of action
relevant to each syndrome.

The anticonvulsant and antinociceptive effects of carbamazepine are
readily apparent within hours to days, whereas improvement in sleep occurs
in the first week, and maximal antimanic and antidepressant effects tend to
occur within two and three weeks, respectively (Post, 1988). The availabil-
ity of suitable animal models for seizure and pain disorders has allowed
partial elucidation of the anticonvulsant effects of carbamazepine. The
anticonvulsant effects appear to be closely tied to mechanisms involving
“peripheral-type" benzodiazepine receptors (Weiss, et al., 1986), inhibition
of sodium currents (Willow, et al., 1984; MacDonald, et al., 1985),
noradrenergic potentiation (Post, et al., 1985), and, possibly, decreased
glutamate responsivity (Olpe, et al., 1985; Volger and Zeiglgansberger,
1985). As well, chronic treatment with carbamazepine has been associated
with a significant reduction in cerebrospinal fluid somatostatin in
affectively 111 patients (Rubinow, et al., 1985) and in epileptic patients
(Steardo, et al., 1986).

It has been suggested that the antinociceptive effects of carbamezepine
are exerted via a mechanism that involves GABAB receptors (Terrence, et
al., 1983). Foong and Satoh (1985) also implicated noradrenergic and dopa-

minergic mechanisms.
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The relative lack of suitable animal models for mania and depression
makes the task of 1linking the psychotropic effects of carbamazepine to
specific biochemical mechanisms difficult. Carbamazepine affects almost
every neurotransmitter-modulator system hypothesized to be involved in mania
and depression (Post, 1988), though a significant dose range is required,
ranging from therapeutic to high to toxic. The time course analysis
performed by Post (1988) suggests that adenosine and substance P should be
added to the large range of candidates for its putative antimanic and anti-

depressant effects.

1.1.2.4 BIOTRANSFORMATION:

The term "biotransformation" is applied to the chemical changes which
substances undergo in biological systems. These changes are almost invari-
ably catalysed by enzymes, so the form they take and the rate at which they
occur are dependent on the physico-chemical properties of the substance
concerned and the enzymatic complement of the biological system (Faigle, et
al., 1976).

As stated previously, carbamazepine is classified as a neutral lipophilic
substance based on the characteristics of 1its solubility and partition in
organic and aqueous media. Since the lipophilicity of carbamazepine is a
property conducive to diffusion of the active substance through the body's
various lipid membranes and barriers, it also facilitates the transport of
the drug to its sites of action. The body possesses no mechanism by which
exogenous Tlipophilic substances, particularly those of a neutral -character,
can be readily excreted in unchanged form (Weiner, 1967). In fact, at most

2 percent of a dose of carbamazepine can be recovered unchanged in human
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urine or bile (Levy, et al., 1975; Pitlick, 1975). As a result, such
substances must first be transformed within the organism to more highly
hydrophilic metabolites which can be more readily excreted through the
kidney. Thus, biotransformation is important for both the intensity and the
duration of pharmacologic effects, since the elimination of carbamazepine
from the organism is controlled by the primary metabolic reactions rather
than by renal or biliary excretion of the unchanged drug (Faigle and
Feldmann, 1982).

Carbamazepine was introduced in the early 1960's but the first identifi-
cation of a metabolite was in 1972, when the 10,11-epoxide was identified
(Frigerio, et al., 1972). Since then, more than thirty metabolites have
been identified (Lertratanangkoon and Horning, 1982). While the overall
rate of biotransformation in man is drastically different from that in animal
species, as reflected by the elimination half-lives of carbamazepine
determined in plasma, it would appear that they metabolize carbamazepine by
the same basic mechanisms, making it apparently permissible to extrapolate
certain biochemical findings from animal models to man (Faigle and Feldmann,
1982).

Radiotracer studies (Faigle and Feldmann, 1975; Faigle, et al., 1976;
Richter, et al., 1978) of carbamazepine administration reveal metabolite
structures that suggest that the biotransformation of carbamazepine in man
proceeds by four major pathways (Figure 6). Taking the total urinary
radioactivity as 100 percent, the following approximate percentages are
attributable to the different pathways or the corresponding metabolites:
epoxidation of the 10,11 double bond of the azepine ring, 40 percent;
hydroxylation of the six-membered aromatic rings, 25 percent; direct

N-glucuronidation at the carbamoyl side chain, 15 percent; and substitution
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of the six-membered rings with sulfur-containing groups, 5 percent. The
remaining radioactivity excreted by the kidneys can be attributed to intact
drug and to products of combined metabolic attack. For example, there may
be metabolites that have been both hydroxylated and N-glucuronidated.

The reaction producing carbamazepine-10,11-epoxide (the first inter-
mediate of pathway 1) is catalyzed by hepatic monooxygenase (Frigerio, et
al., 1976). Most of the epoxide is enzymatically converted to trans-10,11-
dihydro-10,11-dihydroxycarbamazepine in the liver by epoxide hydrase (Oesch,
1973). The epoxide accounts for only one percent of excreted radioactivity,
while the diol accounts for approximately 35 percent. In urine, the diol is
partly present as such and partly as its mono-O-glucuronide. A smaller
portion of the epoxide intermediate is converted to a ring-contracted
compound, 9-hydroxymethyl-10-carbamoylacridan by a mechanism that has yet to
be elucidated. In addition, it is not yet known whether this reaction
proceeds directly or via the diol. The acridan 1is almost completely
conjugated with glucuronic acid at the hydroxymethyl group before excretion
(Faigle, et al., 1976).

The second pathway, also thought to be catalyzed by monooxygenases,
starts with the hydroxylation of carbamazepine at various positions of the
six-membered rings. Single substitution results in all four possible
phenols, 1i.e., 1-, 2-, 3-, and 4-hydroxycarbamazepine. Two other
intermediates of this pathway carry a hydroxy group in postion 2 and,
additionally, a methoxy group in position 1 or in position 3 (Richter, et
al., 1978). The bulk of these metabolites are excreted by the kidney as
0-glucuronate and O-sulfate conjugates in a ratio of about 2:1, while only

trace amounts of the phenols are excreted unconjugated. Additional
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metabolites have been found by other investigators, including three
hydroxymethoxy compounds and three dihydroxy compounds (Lynn, et al., 1977,
1978), all of which were glucuronidated.

The third important route of biotransformation is direct conjugation of
carbamazepine with glucuronic acid. In the conjugate, the ligand is bound
to the amino group of the carbamoyl side chain. It has been assumed that
the conjugation is metabolized by a hepatic glucuronyl transferase (Faigle
and Feldmann, 1982). The enzyme pg-glucuronidase is able to cleave the
glucuronide from most conjugated species, but it is unable to do so in this
case.

The fourth major pathway involves the introduction of a sulfur-containing
substituent into one of the six-membered rings of the carbamazepine molecule.
Four products resulting form this pathway were found in human urine: 2- and
3-methylsulfinylcarbamazepine and 2- and 3-methylsulfonylcarbamazepine
(Faigle and Feldmann, 1982). The mechanism by which these conjugates are
generated is unknown.

Additional products formed by pathways 1, 2, and 4 have been described
by Lertratanangkoon and Horning (1982). Such products will reduce the
unidentified fraction in urine, but they are relatively minor components.

A study has been done to examine the steric course of the enzymatic
hydrolysis of carbamazepine-10,11-epoxide, a primary metabolite of carbama-
zepine (Bellucci, et al., 1987). buring the study, the intention was to
subject the epoxide to the action of microsomal epoxide hydrolase from animal

liver in vitro. However, attempts with microsomes from rabbit, rat and

guinea pig and with cytosolic fractions from rat and guinea pig showed that
their hydrolytic activity on the epoxide was very low, with only traces of

the diol being formed after protracted incubations. As a result, the
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investigators were forced to isolate the diol from the urine of patients
under carbamazepine treatment. Both the free diol, and that obtained after
treatment with g-glucuronidase/arylsulfatase, were found to be formed in an
enantiomeric excess of 80 percent, the prevalant enantiomer having the
(-)-108,11S absolute configuration. This finding 1is an indication of
pronounced enantioselectivity of the microsomal epoxide hydrolase toward
meso-and racemic substrates, but is in contrast with the prevalent formation
of (R,R)-diols in most other known cases of enzymatic hydrolysis of epoxides

(Bellucci, et al., 1987).

1.1.2.5 ADVERSE EFFECTS:

It has been estimated that 33 to 50 percent of adults and children being
treated with carbamazepine experience side effects and/or toxicities. Side
effects seem to be more common with polytherapy than with monotherapy
(Masland, 1982). In general, the adverse effects of carbamazepine can be
divided into two classes - clinical side effects and laboratory abnormali-
ties.

Most of the clinical side effects are mild, transient, and reversible if
the dosage is reduced or if initiation of treatment is gradual. The most
common side effects include nausea, drowsiness, vertigo, ataxia, blurred
vision, diplopia, and slurred speech. A1l but the first are neurotoxic in
origin. These side effects are serious enough to warrant discontinuation of
therapy in only five percent of cases (Pellock, 1987). The carbamazepine-
associated side effect that is most frequently reported to Geigy Pharmaceu-
ticals and the FDA in the United States are skin and allergic reactions such

as Stevens-dohnson syndrome, Lyell's syndrome, exfoliative dermatitis, and
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erythema multiforme. Certain movement disorders and seizure increases have
been attributed to carbamazepine therapy. The movement disorders, which
include chorea, dystonia, asterixis, and myoclonus, are very rare and have
usually been observed in conjunction with toxic plasma levels of carbamaze-
pine, most commonly in patients receiving polytherapy for hard-to-control
seizures and having significant neurologic dysfunction (Masland, 1982).
There have been a number of reports of carbamazepine associated seizure
increase (Shields and Saslow, 1983; Johnson, et al., 1984; Sachedo and
Chokroverty, 1985; Snead and Hosey, 1985; Hurst, 1985; Horn, et al., 1986).
Most of these involved patients with generalized nonconvulsive seizures with
slow spike and wave generalized electroencephalographic abnormalities. The
seizures that arise are generally atonic, myoclonic, and absence-type
seizures, but these can progress to generalized tonic-clonic seizures.

A variety of laboratory side effects have been observed with carbamaze- -
pine therapy, the most important of which are hematologic and hepatic abnor-
mé]ities. Although hematologic reactions to carbamazepine are rare, they
are very important, since carbamazepine can produce serious and potentially
fatal cases of protracted bone marrow depression. Agranulocytosis and
aplastic anemia are perhaps the most serious hematologic side effcts, but
they are not the most common. Those most frequently reported to Geigy
Pharmaceuticals, in order of frequency, include thrombocytopenia, aplastic
anemia, agranulocytosis, pancytopenia, and bone marrow depression. As well,
leukopenia is a condition estimated to occur in approximately 10 percent of
children and adults treated with carbamazepine (Hart and Easton, 1982). The
most common hepatic and pancreatic abnormalities reported to Geigy Pharma-
ceuticals include hepatitis, abnormal liver function tests, jaundice/chole-

static icterus, Tliver dysfunction, hepatomegaly/hepatosplenomegaly, and
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pancreatitis. The most common observations are transient elevation of liver
enzymes, reported to occur in 5 to 10 percent of patients receiving carbama-
zepine (Pellock, 1987).

In view of the known cytotoxic, teratogenic, mutagenic, and carcinogenic
properties of some aromatic polycyclic hydrocarbons (Oesch, 1976), carbama-
zepine and some of its metabolites have been examined with respect to these
factors. Carbamazepine-10,11-epoxide was found to be neither cytotoxic to
human cells in vitro and to mice bearing leukemia L1210 (i.e., there was no
effect on the survival rate of the mice) (Frigerio and Morselli, 1975) nor
mutagenic to bacterial tester strains (Glatt, et al., 1975). In teratogeni-
city studies in mice, some studies reported positive results (Eluma, et al.,
1981) while other studies yielded negative results (Fritz, et al., 1976;
Wray, et al., 1982). In humans, no increase in congenital malformations was
observed in offspring of mothers treated with carbamazepine during pregnancy
(Livingston, et al., 1974; Nakane, et al., 1980). Recently, the mutagenic
effects of carbamazepine have been studied by examining its ability to
induce sister-chromatid exchanges (SCE) and structural aberations in the
chromosomes (Schaumann, et al., 1985). In such studies, there was no
correlation observed between chromosome breaks and SCE in either in vivo or
in vitro studies. The studies produced negative in vivo results, indicating
an absence of detectable chromosome damaging effects of carbamazepine in
monotherapy in epileptic human subjects who had been administered carbamaze-
pine at therapeutic levels for a minimum of 18 months. The serum carbamaze-
pine concentrations of the subjects in the study ranged from 4.3 to 9.0

ng/ml.
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1.1.3 PHARMACOKINETICS OF CARBAMAZEPINE:

The pharmacokinetics of carbamazepine in humans has been studied exten-
sively, and very thorough reviews of the information are available (Morselli
and Frigerio, 1975; Bertilsson and Tomson, 1986). In addition, the pharma-
cokinetics of carbamazepine have been examined in the rhesus monkey (Wedlund
and Levy, 1983; Levy, et al., 1984), in the rat (Chang and Levy, 1986) and
in the rabbit (Siegers, et al., 1982; Sumi, et al., 1987).

In healthy human subjects, the apparent plasma half-life, following
single doses, has been reported to be 35-37 hours (Palmer, et al., 1973),
40-41 hours (Faigle and Feldmann, 1975), 31-55 hours (Morselli, et al.,
1975), a mean of 35 hours with a range of 20-65 hours {Strandjord and
Johannessen, 1975), and 26.2 # 6.1 hours (Eichelbaum, et al., 1985). The
immense variation of this parameter between individuals is obvious. The
volume of distribution has been reported as 1.3 L/kg (Palmer, et al., 1973)
and as 0.82-1.04 L/kg (Morselli, et al., 1975). This value can be explained
in part by the level of plasma protein binding of carbamazepine being 70 to
80 percent (Bertilsson, 1978) and the hydrophobicity of the drug which could
lead to its partitioning into fatty tissues.

There have been two studies involving the pharmacokinetics of carbamaze-
pine in rabbits. In one study carbamazepine was administered intravenously
(Sumi, et al., 1987) and in the other it was administered orally (Siegers,
et al., 1982). The intravenous administration produced a half-life of 0.648
+ 0,143 hours, a clearance rate of 1.219 *# 0.470 L/hr/kg, and a volume of
distribution of 1.086 #* 0.287 L/kg. When carbamazepine was administered

orally, the half-life was 2.35 ¥+ 1 hour. Since these studies either used
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the wrong route of administration or did not determine all of the desired
parameters for the experiments planned for our laboratory, the current study

was initiated.

1.1.4 INDUCTION OF CARBAMAZEPINE METABOLISM:

It is well established that carbamazepine is subject to autoinduction
and to heteroinduction. During long term therapy, carbamazepine induces its
own metabolism (Bertilsson, et al., 1980; Eichelbaum, et al., 1975). Con-
comitant treatment with phenobarbitone or phenytoin further induces the
metabolism (Christiansen and Dam, 1973; Eichelbaum, et al., 1979, 1985).
The epoxide-diol pathway is the metabolic route that is induced during both
auto- and heteroinduction (Eichelbaum, et al., 1985). There are indications
that it is not only the epoxidation but also the formation of the trans-diol
metabolite that is induced (Bourgeois and Wad, 1984; Eichelbaum, et al.,
1985; Tybring, et al., 1981; Wedlund, et al., 1982).

The time course of autoinduction of carbamazepine kinetics has been
studied in three children with a recently developed psychomotor epilepsy
(Bertilsson, et al., 1980). Tetradeuterium-Tabelled carbamazepine
(CBZ-D4) was given as a single dose before maintenance therapy, and on
three occasions, part of the regular carbamazepine dose was replaced by
CBZ-D4. On day 6 (second dose of carbamazepine given during maintenance
therapy), the clearance of CBZ-D4 was greater than it was for the initial
CBZ-D, dose. The clearance of CBZ-D; was doubled from 21 to 36 days and
was not further increased after five months, when the last CBZ-D; dose was
given. Thus, in children at 1least, the autoinduction of carbamazepine

metabolism seems to be complete during the first 3-5 weeks of treatment.
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Autoinduction of carbamazepine metabolism has also been studied in human
adults (Eichelbaum, et al., 1985). The first group in the study consisted
of healthy volunteers that received a single oral dose of 200 mg of A
carbamazepine. The second group consisted of epileptic patients who had
received carbamazepine monotherapy for at least six months. Compared with
healthy subjects, the plasma clearance was 3-fold higher in patients on
carbamazepine monotherapy. The idincreased plasma clearance was mainly
attributed to the induction of the epoxide-diol pathway. Thus, in human
adults, a significant degree of induction occurs within six months.
Unfortunately, the influence prior to the six month time point is not as
clearly defined.

The induction of microsomal enzymes in rat liver by carbamazepine has
also been examined (Wagner and Schmid, 1987). The animals were treated for
four days with daily oral equimolar doses of 315 umol/kg. The rats were
killed by decapitation 24 hours after the last dose of carbamazepfne. The
livers were excised, and it was found that carbamazepine significantly
increased the Tliver weight and the concentration of cytochrome P450, but.
not the concentration of microsomal protein. This indicates that, in rats,

an inductive effect is occurring within four days.

1.1.5 STATEMENT OF PROBLEM:

As stated at the beginning of this introduction, the goal of this study
was to determine the pharmacokinetic parameters associated with carbamaze-
pine metabolism in rabbits. The information presented in the introduction
indicates that knowledge of the parameters for this species is sparse,
despite the fact that the metabolism has been studied extensively in man and

in other species. Thus, the basis of this study is justified.
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1.2 EXPERIMENTAL:

1.2.1 MATERIALS:

Carbamazepine, heparin, and ethanol were obtained from Sigma Chemical
Co. Acetonitrile and methanol were obtained from BDH Chemicals. Dextrose
(5 percent) was obtained from Abbott Laboratories, and Hoffman-LaRoche was
the supplier of nitrazepam. NaH2P04 was obtained from 'Fisher Scientific
Co.

Male New Zealand white rabbits (2-3 kg) were obtained from the Animal

Care Unit of the University of British Columbia.

1.2.2 ADMINISTRATION AND SAMPLING:

Carbamazepine, suspended in lmL of Tween 20 (0.5 mg/mL) and 5 percent
dextrose as required, was administered orally to male New Zealand white
rabbits (2-3 kg). This size of rabbit was chdéen because animals from the
local supplier weighing uhder 2 kg are susceptible to a frequently 1lethal
subclinical respiratory infection when transported and handled. Administra-
tion of the suspension was by syringe to the back of the throat of the
rabbit. The rabbits were administered doses of 12.5 mg/kg or 25 mg/kg, and
they were either fasted or fed ad 1ib. prior to administration of the drug.
The doses were chosen based on the fact that rats are often administered a
dose in the range of 80 mg/kg and that rats have a much more rapid rate of
metabolism. In the one available reference in which a comparable study was
done (Siegers, et al., 1982), the carbamazepine dose was 40 mg/kg. Inci-
dently, the existence of the study by this group was not discovered until

the current study was essentially complete. In studies 1in which
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carbamazepine was administered intravenously, the dose was generally about
10 mg/kg (Rimerman, et al., 1979; Sumi, et al., 1987). As further justifi-
cation for the doses used, in one experiment of the current study a dose of
250 mg/kg was accidently administered to a rabbit, but the maximum plasma
carbamazepine obtained was very similar to the concentration obtained as a
result of a 25 mg/kg dose, as was the rest of the time profile of carbamaze-
pine concentrations. Each rabbit underwent two administrations, with at
least seven days separation between the administrations. This period
allowed complete elimination of the drug so that there was no carryover
effect, allowing each animal to be used as its own control.

Ten blood samples were taken over a period of up to six hours, to
monitor the levels of carbamazepine and of its primary metabolite, carbama-
zepine-10,11-epoxide, over time. Blood samples (approximately 0.7-0.8 mL)
were taken from the ear vein through a catheter (Jelco 22g) that remained 1in
place for the duration of the experiment. Blood volume was kept relatively
constant by flushing the catheter with a volume of heparinized saline that
was approximately equivalent to the volume of blood removed. The blood
samples were centrifuged in microcentrifuge tubes for one minute using an
Eppendorf Centrifuge 3200. The plasma was collected and was stored at -20°C

until extracted.

1.2.3 EXTRACTION:

Carbamazepine and carbamazepine-10,11-epoxide were extracted from the
plasma samples using a solid phase extraction procedure described by Hartley,
et al. (1986). This type of extraction was chosen over a liquid-liquid

extraction because the latter have a tendency to form emulsions that decrease
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the efficiency of the extractions. On the other hand, the column method was
a relatively simple procedure that was quick and reasonably efficient.
Hartley and co-workers reported recoveries in the range of 90 to 93 percent,
and it was these values and the ease of the technique that led to the deci-
sion to use this method. The recoveries obtained during the current study
were similar to those reported by Hartley's group. Reversed-phase octade-
cylsilane bonded silica columns, with a 2.8 mL capacity, were used. Both
Bond-Elut (manufactured by Analytichem International, Harbor City, CA) and
Clean-Up (manufactured by Worldwide Monitoring, Horsham, PA) C18 columns
were utilized, with no significant difference in efficiency between column
types. The vacuum apparatus used was a Baker-10 SPE system (J.T. Baker
Chemical Co., Phillipsburg, NJ). The columns were conditioned immediately
prior to use by drawing through, under vacuum, two column volumes each of
acetonitrile and water. With the vacuum released, 250 uL of the plasma
sample and 25ul of internal standard (nitrazepam, 100 ug/mL, in ethanol)
were applied and a]]oWed to equilibrate for one minute. The vacuum was
applied to transport all of the plasma into the column. Upon release, there
was a two minute equilibration period before washing with one volume of
water and one volume of water/acetonitrile (80:20). The compounds of
interest (Carbamazepine and its epoxide metabolite) were eluted with 750 uL
of ethanol, and this extract was evaporated to dryness under a nitrogen
stream at 55°C. The residue was reconstituted in 250 uL of mobile phase and
stored at -20°C until analysed. Nitrazepam was chosen as the standard in
this procedure since it is similar to carbamazepine and the epoxide with
respect to hydrophobicity and will, as a result, elute from the extraction

column under the same conditions and provide a similar recovery. In
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addition, the compounds of interest have similar extinction coefficients at
the wave length used for detection following their separation by 1iquid

chromatography.

1.2.4 ANALYSIS OF SAMPLES:

The samples were analysed by reversed-phase high performance 1liquid
chromatography (HPLC) using a Spectra-Physics SP8000B 1iquid chromatograph.
A 125 x 4.6 mm bore column was packed with Spherisorb 5 um 0DS2. The oven
temperature was set at 48°C. The mobile phase was 42 percent methanol with

a 0.01M NaH PO4 buffer. The flow rate was ImlL/minute. Detection was by

2
a Spectra-Physics SP8400 uv/vis detector set at 210 nm, allowing the detec-
tion of both carbamazepine and carbamazepine-10,11-epoxide, its primary
metabolite (Rambeck, et al., 1981). The results were obtained as peak areas

as determined by the data system of the chromatograph.

1.3 RESULTS:

The results of the study of carbamazepine pharmacokinetics in rabbits
are shown in Figures 7, 8, and 9, with a sample chromatogram being displayed
in Figure 10. Figure 7 shows the results in animals administered a dose of
25 mg/kg and allowed free access to food. For those trials shown in Figure
8, the animals were also given a dose of 25 mg/kg, but they were fasted.
The animals used to get the data in Figure 9 were also fasted, but they were
administered a dose of only 12.5 mg/kg.

Initially, the period over which samples were taken was five hours.
When this did not seem adequate for rabbit D1 (25 mg/kg, fed ad 1ib.), the

time period was extended to six hours for rabbit D2 (25 mg/kg, fed ad 1ib.),
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Figure 7: Seum carbamazepine and carbamazepine—10,11—epoxide in
rabbits administered carbamazepine (25 mg/kg) and fed ad lib.
The data for each animal is presented in an individual frame.
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Figure 9: Serum carbamazepine and carbamazepine—10,11—epoxide in
rabbits administered carbamazepine (12.5 mg/kg) and fasted
The data for each animal is presented in an individual frame.
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Figure 10: Sample chromatogram from carbamazepine
pharmacokinetics study in rabbits. The
sample shown was taken at 120 min from
a rabbit fed ad lib. and administered a dose
of 25 mg/kg. The chromatogram shows
carbamazepine— 10,1 1—epoxide (293),
nitrazepam (579), and carbamazepine (632).
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at which time an appropriate profile was obtained. This was also observed
for rabbit D3. But, as more animals were tested, it became obvious that a
usable concentration-time profile could not be obtained in all cases.
Subsequently, the tests were repeated with the rabbits fasted overnight
prior being administered carbamazepine, and for at least one hour after drug
administration (most animals did not eat during the period of blood
sampling). The animals were allowed free access to water for the duration
of the experiment. The idea was that the presence of food in the stomach
may have delayed gastric emptying, and as a result delayed presentation of
the drug to the site of absorption, namely the small intestine. But, an
extended plateau was again seen in the pharmacokinetic profile for several
animals (Figure 8). Tests at a Tower dose (12.5 mg/kg) displayed a similar
phenomenon (Figure 9).

As a result of the phenomenon that was observed, it was not possible to
accurately determine the pharmacokinetic parameters, outlined in the objec-
tives of this study, for all of the animals in the study groups. In the
group that was fed ad 1ib. and administered a dose of 25 mg/kg (Figure 7),
rabbits D2 and D3 produced a usable type of profile. For these tests, the
values for thax were 60 and 90 minutes, for the apparent half-life
(tl/z) were 90 and 98 minutes, for clearance were 91.6 and 46.2 mL/min/kg,
and for the elimination constant (kel) were 0.0077 and 0.0071 min'l,
respectively. Of the rabbits administered a dose of 25 mg/kg and fasted
(Figure 8), rabbits D3 and D8 gave usable profiles. The values for toax
were 60 and 90 minutes, for the apparent half-life were 90 and 122 minutes,
for clearance were 142.4 and 101.0 mL/min/kg, and for the elimination
constant were 0.0077 and 0.0057 m1'n'1 for rabbits D3 and D8, respectively.

In the group administered a dose of 12.5 mg/kg (Figure 9), only rabbit D8
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gave a standard profile. The tmax was 60 minutes, as in the previously

mentioned test. The half-life was 110 minutes. The clearance rate was

1

121.8 m. /min/kg, and the elimination constant was 0.0063 min ~. These

results are summarized in Table I.

Table I: Pharmacokineti; parameters for those trials for which the para-

meters could be determined.

Treatment Rabbit tmax t, clearance elimination
2 constapt
min min mL/min/kg min

25 mg/kg D2 60 90 91.6 0.0077
Ad 1ib. D3 90 98 46.2 0.0071
25 mg/kg D3 60 90 142 .4 0.0077
Fasted D8 90 122 101.0 0.0057
12.5 mg/kg D8 60 110 121.8 0.0063
Fasted '

1.4 DISCUSSION:

The pharmacokinetics of carbamazepine in rabbits had been previously
been examined by two teams of investigators. The first (Siegers, et al.,
1982) administered the drug orally (40 mg/kg), as was done in the current
study. But, the only parameters that were determined were the time at which
the maximum plasma concentration was achieved (Qnax)’ which was 2 hours,
and the half-life (tl/z)’ which was 2.35 hours. The values for t_
were similar to those obtained from animals exhibiting conventional one

compartment pharmacokinetic profiles in the current study. This held true
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for each of the dosing/feeding regimens. The half-Tlives measured in the
current tests were all less than the average reported by Siegers and
co-workers, but they still fell within the reported range. The profiles
used to determine the values of the pharmacokinetic parameters in this study
closely resembled those obtained by the Seigers group, which they described
as conforming to the single compartment model. In single dose studies in
man, those studies in which solutions or suspensions have been administered
have displayed results that could be described by the one compartment model
(Bertilsson, 1978; Pynnonen, 1979), whereas when commercially available
tablets have been administered the disposition of the drug follows the two
compartment model (Ronfeld and Benet, 1977). The second team of investi-
gators (Sumi, et al., 1987) administered the carbahazepine intravenously (10
mg/kg) and they determined values for clearance (1.219 L/hr/kg), volume of
distribution (1.086 L/kg), and half-l1ife (0.684 hr). These values are all
significantly less than those in the current studies. The differences in
the values obtained in these various studies may be attributed, in part, to
differences in strains of animals used.

When an intravenous dose is administered the entire dose enters the
blood stream at once, giving an immediate peak concentration. From this
point, the only activity occurring is elimination. On the other hand, when
the drug is administered oka]]y, there is a delay before the peak plasma
concentration is attained. As well, elimination is occurring at the same
time as uptake for a period of time. Normally, when there is rapid uptake
of an orally administered drug, the elimination will be the same for both
the oral and intravenous routes of administration. It is possible that, in
the current situation, the uptake of the drug was slowed, resulting in

concurrent uptake and elimination. If this is occurring, the values
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obtained for clearance, volume of distribution, and half-life for the
intravenous dose would all appear to be less than for an orally administered
dose. This is the result that was actually observed, with respect to the
values of the parameters.

A recurrent pattern emerged in several anima]s which indicated that the
single compartment model was not satisfactory in all cases. In several
cases, the plasma concentration of carbamazepine reached a peak at 60-90
minutes, began to decrease, and either plateaued or increased again. This
pattern was observed for animals in each of the dosing/feeding groups that
were tested.

The most Tlikely explanation for this observation may be obvious if the
expériments were to be repeated employing a longer time course of sampling.
The reasoning behind this statement may be obvious if one considers the
sequence of steps involved in the uptake of an orally administered drug.
Following ingestion of the drug, it must be dissolved in the stomach, in the
case of tablets. This is not a problem in the current case since the carba-
mazepine was administered as a suspension of fine particles. The stomach is
lined by a thick, mucus-covered membrane with small surface and high
electrical resistance. Its primary function is digestion. On the other
hand, the epithelium of the small intestine has an extremely large surface
area. It is thin, has low electrical resistance, and its primary function
is facilitating the absorption of nutrients. Carbamazepine, being a
hydrophobic drug, should be absorbed quite readily in the small intestine
since it is highly 1lipid soluble. Thus, it will be quickly taken by the
epithelial cells of the small intestine. The drug must then diffuse through
the cell, again pass through the cell membrane, and then make its way across

the membrane of the portal vasculature and into the portal circulation.
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From this point the drug is transported to the liver, where it undergoes
first pass metabolism, and then on to the systemic circulation. Of the
processes described, the only one that displays any significant degree of
variability is the rate of gastric emptying.

Since the stomach is the organ responsible for the majority of diges-
tion, while the rest of the gastrointestinal tract is responsible primarily
for absorption, the presence of food in the stomach will necessarily slow
the rate of gastric emptying. Should this process be delayed, the rate at
which the drug enters the small intestine and is able to be absorbed will
also be slowed. It was thought that fasting the animals overnight prior to
the experiment would be adequate to alleviate any worries about differential
gastric emptying between animals, but it is possible that rabbits require a
long period for the emptying of food contents from the stomach. As a
result, the observed results may have been influenced by the feeding of the
animals prior to the period of fasting.

It is also possible that carbamazepine itself may have been responsible
for slowing gastric emptying in some of the animals. It is well known that
fatty foods generally require a greater period to be passed through the
stomach than do carbohydrates and proteins. This has been attributed to the
caloric content of the food, but the exact mechanism by which the signal to
slow gastric emptying is initiated is unknown. It is possible that there
are "detectors" that are specific for some chemical feature of the different
food types. If this is the case, perhaps a parallel can be drawn to
carbamazepine. Since it 1is very hydrophobic, carbamazepine shares a key
chemical property with fat. As a result, carbamazepine itself may be
responsible for delayed gastric emptying. Alternatively, the presence of

the surfactant Tween in the suspension may have been resposible, due its
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structural similarity to fatty acids. If caloric content is really a major
determinant of the rate of gastric emptying, it is possible that the
dextrose used to make the suspension was sufficient to slow emptying.

One of the metabolic fates of carbamazepine is glucuronidation. Glucur-
onidated compounds can be excreted in the bile. Based on this fact, the
possibility that enterohepatic circulation is occurring must be considered.
Due to the lipophilicity of carbamazepine, most of its uptake occurs in the
small intestine. If the glucuronide of carbamazepine is excreted in the
bile, it is possible that intestinal microflora are able to hydrolyze the
glucuronides using glucuronidase enzymes. This being the case, the parent
drug can be regenerated in the small intestine and it can again be free for
uptake. The result will be an apparently much slower elimination (the
observed plateau) or even an increase in the circulating concentration of
the drug. This postulation can and should be tested in the future. The
amount of carbamazepine 1in the bile, presumably as the glucuronide
conjugate, can be determined by cannulating the bile duct and collecting
samples of bile. A technique for this type of procedure has been described
for rats (Johnson and Rising, 1978), wherein biliary excretion and
enterohepatic circulation can be assessed. This technique could easily be
adapted for use in rabbits. The excretion of carbamazepine in the bile of
man has been evaluated and only about 1 percent of the administered dose of
carbamazepine was excreted in the bile (Terhaag, et al., 1978). Based on
this information, enterohepatic circulation might ruled negligible in man.
In fact, it has not been described as occurring to any measurable extent in
man. Enterohepatic circulation cannot be ruled out in other species, such
as the rabbits being used here, particularly since the bile measurements

note the level of carbamazepine only and neglect to refer to conjugated
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metabolites. In addition, the intestinal flora of the rabbit is very likely
different from that in man, and it may be better able to hydrolyze the
conjugating connection. This factor would increase the importance of there
being a high glucuronysyl transferase activity, since if there were more
conjugate. excreted in the bile the degree to which enterohepatic circulation
is occurring would be more pronounced. If one were to compare the profiles
displaying a plateau with those that show the traditional type of profile,
it would be reasonable to estimate that 15 to 20 percent of the dose is
experiencing enterohepatic circulation in order to produce the observed
plateau.

The differences between rabbits in this study are quite clear, in that
some display usable single compartment concentration-time profiles, while
-others obviously do not. While the reasons for this observation are not
entirely clear, it 1is quite possible that a genetic factor may be
responsible. For example, those animals which are suspected of experiencing
enterohepatic circulation may have a genetic complement that produces a
greater rate of glucuronide conjugate formation (i.e., the activity of
glucuronysyl transferase is greater). Alternatively, those rabbits that
have a more conventional pharmacokinetic profile may have a slower rate of
conjugation (or, possibly a faster rate of oxidation). Since the reaction
forming the glucuronide conjugates is under enzymatic control, it is quite
possible that a genetic influence on activity can exist. Thus, a rabbit
producing a greater proportion of glucuronidated metabolites will excrete
more metabolite in the bile and will experience a greater degree of entero-
hepatic circulation. On the other hand, a rabbit with a greater proportion
of the metabolites excreted in the urine will not experience recirculation

of carbamazepine and will display the conventional single compartment
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profile. The presence of a genetic polymorphism, of the nature described
above, is not often found within a strain of a given species. By defini-
tion, a strain should have a fairly high degree of genetic uniformity which
would, in effect, negate the proposal presented in this paragraph. Despite
the supposed uniformity of a strain, investigators in our laboratory have
been able to obtain rabbits, from the same strain that was used in this
study, that have had differential phenotypes with respect to rates of
acetylation activity. This indicates that genetic polymorphisms do exist
amongst the population of rabbits that were used in this study and that the
explanation put forth is possible.

The apparent genetic polymorphism may also arise from the activity of
the hepatic monooxygenases that convert carbamazepine to carbamazepine-10,
11-epoxide. Using Figure 7 as an example, differences in the relations of
the epoxide curves to the carbamazepine curves can be seen. For rabbits D2,
D3, and D4 the concentration of epoxide increases to a level that is greater
than the concentration of carbamazepine at the same time and does not
decrease in a manner that parallels the decrease of plasma carbamazepine
concentration. It is possible that the animals noted above have a faster
rate of oxidative metabolism which may be due to genetic differences in the
cytochrome(s) Pusg that s (are) responsible for the metabolism of
carbamazepine in. individual animals. It would be quite 1likely, if these
polymorphisms do exist for glucuronysyl transferase and for hepatic
monooxygenases, that the resultant observations are due to the combined
influences of two genetic factors. Alternatively, it 1is possible that
auto-induction is occurring over the time course of the experiment, though
the time course seems to be too short for such an occurrence. That is, it

is possible that carbamazepine is able to induce its own metabolism in the
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rabbits noted. This effect may also have a genetic predisposition, since
the apparent induction occurs in some animals and not in others, despite the
fact that they were all administered the same dose. However an examination
of the initial rates of reaction indicates that the former explanation is
more likely to be true, since those animals displaying an apparently greater
rate of oxidative metabolism over time also had the fastest initial rates of
reaction. In addition, if, as stated in the introduction, the autoinduction
of carbamazepine metabolism can take over 3 weeks in human children, the
likelihood of it occurring over a single dose in rabbits is slim at best.
In fact, Siegers and co-workers (1982) attempted to examine the carbamaze-
pine autoinduction phenomena in rabbits and found no differences 1in the
maximum concentrations at the expected tmax' The problem with their study
was that only a single daily oral dose (10 mg/kg) was administered and blood
samples were only taken prior to and 2 hours after drug administration. As
a result, essentially complete clearance of carbamazepine is allowed between
doses, and any inductive effects may have time to reverse. These phenomena
must be examined further, since any insight can only be gained by increasing
the data base significantly.

As this discussion indicates, the work in this field is by no means
complete. A great deal of research must be done to answer the questions
that remain. One might be tempted to explain the observations for which
Figure 7 was used as an example by claiming that, since the animals were fed
ad 1ib., there may have been differential uptake of the drug, based on the
food content of the gastrointestinal tract. But, if Figures 8 and 9 are
examined, it is obvious that similar patterns are seen for these trials
where the animals were fasted overnight prior to and for at least one hour

following drug administration (most animals did not eat during the period of
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blood sampling after the carbamazepine was administered). Thus, as stated
previously, the data base must be expanded using the method employed in the
current study, a longer time course, and a longer period of fasting prior to
the administration of carbamazepine. If a series of experiments were done
under these conditions, the issue of the effect of gastric contents on the
results can be conclusively settled. The situation regarding enterohepatic
circulation in the rabbit should be examined in detail. In addition, the

time course of carbamazepine auto-induction must be elucidated.
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2 THE INFLUENCE OF ISONIAZID ON THE IN VITRO METABOLISM OF CARBAMAZEPINE:

2.1 INTRODUCTION:

The second portion of this thesis examines the influence of isoniazid on
carbamazepine metabolism in rat liver microsomes, rather than the originally
planned extension of the pharmacokinetic study to the examination of in vivo
metabolic interactions between isoniazid and carbamazepine in the rabbit.
The change in plans was a result of an illness that prevented me from working
the intensive 12-15 hour days that wbu]d have been required.

Instead, an in vitro study using rat liver microsomes was done. The
series of experiments are closely related to the original route of
progression, but they did not require such extremely long wokking days. The
in vitro model had been developed in our laboratory by undergraduate summer
students Christian Band and Lawrence Selby. This study was able to provide
a more complete analysis of the scenario than did their preliminary
observations.

It has been suggested that isoniazid is an inhibitor of carbamazepine
metabolism, as indicated by clinical reports wherein coadministration of
normally therapeutic doses of carbamazepine and isoniazid produced signs of
carbamazepine intoxication and/or isoniazid hepatotoxicity (Block, 1982;
Wright, et al., 1982; Valsalan and Cooper, 1982; Barbare, et al., 1986).
The observed signs of carbamazepine intoxication included headaches, nausea,
vomiting, blurred vision, drowsiness, and confusion. The onset of these
symptoms of toxicity occurred in conjunction with an increase 1in serum
carbamazepine concentration to levels well above that which is generally
considered sufficient for therapeutic effectiveness. Thus, it would appear

valid to postulate that isoniazid either inhibits carbamazepine metabolism
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or alters the distribution of carbamazepine. Inhibition of metabolism is a
much more likely postulation since distribution tends to be a diffusionary
process that is difficult to alter.

Carbamazepine is metabolized by a hepatic microsomal system that can be
readily inhibited (Pippenger, 1987). Drug clearance is decreased, drug
half-lives are prolonged, and steady state serum drug concentrations are
elevated as a result of inhibition. Symptoms of drug intoxication appear as
soon as the serum concentration rises above the minimum toxic concentration.
The changes in metabolic pattern begin as soon as the inhibiting drug is
added to the patient's therapeutic regimen. This situation occurred in the
reports indicated above where the patients were undergoing chronic carbama-
zepine therapy for the control of seizure-causing disorders, and the admini-
stration of isoniazid, in addition to the carbamazepine, led to the observed
symptoms of intoxication. Wright and co-workers (1982) reported a 45
percent decrease in carbamazepine clearance 3-5 days after isoniazid admini-
stration.

In vitro studies of the influence of isoniazid in rat Tliver microsomes
(S9 fraction) indicated that the rate of metabolism of carbamazepine, in
this system, is dependent on the concentration of isoniazid, with the rate
being slowed by greater concentrations of isoniazid (Webster, et al.,
1989). This thesis will examine the results of the studies with isoniazid
and those of experiments with the primary metabolites of isoniazid, including
acetyl isoniazid, acetyl hydrazine, hydrazine, and isonicotinic acid. The
goal of testing the metabolites was to determine which were responsible for
the inhibition of carbamazepine metabolism and, possibly, to relate this

information to the production of hepatotoxicity by isoniazid.
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2.1.1 CARBAMAZEPINE:

The development and chemistry, therapeutic uses, mechanisms of action,
biotransformation, and toxicities of carbamazepine were discussed in the
introduction to the previous section. As such, this information will not be

repeated here.

2.1.2 ISONIAZID:

Isoniazid is the primary drug for the chemotherapy of tuberculosis, and
all patients with tuberculosis caused by isoniazid-sensitive strains of
tubercle bacillus should receive the drug if they can tolerate it (Mandel)
and Sande, 1985). Isoniazid, the hydrazide of isonicotinic acid was intro-
duced in 1952 (Bernstein, et al., 1952). Despite a great deal of work since
then, its mechanism of action has not been conclusively e]ucidafed. Isonia-
zid has been tested for its therapeutic value in a number of disorders.

The extensive use and testing of isoniazid has provided the opportunity for
the observation and description of many toxicities and adverse effects, one

of the most important of which is isoniazid-induced hepatotoxicity.

2.1.2.1 DEVELOPMENT AND CHEMISTRY:

The synthetic tuberculostats, i.e., those which were devised in the
chemical laboratory, lend themselves readily to creative manipulation and
limitless potential. For this reason, the first half of the twentieth
century saw a great deal of synthetic chemistry performed in an attempt to

pfoduce a therapeutically effective agent against tuberculosis (Fox, 1953).
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The first compound to exhibit marked in vivo activity against the

tubercle bacillus was 4,4-diaminophenylsulfone, but it proved to be Tless
effective in man than in laboratory animals. In addition, it exhibited
considerable toxicity. Subsequently, many attempts were made to synthesize
sulfones with increased activity and solubility and decreased toxicity.
Most of the compounds that were synthesized were more soluble and Tless
toxic, but they also lacked the necessary activity.

In the early 1940's, certain benzoates and salicylates were found to
decrease the oxygen uptake and inhibit the growth of tubercle bacillus, the
organism responsible for tuberculosis. The most common of these was
p-aminosalicylic acid, commonly known as PAS (Lehmann, 1944).  Many
variations in the PAS structure were investigated, but none were found to be
superior to the parent compound.

In the late 1940's, the tuberculostatic activity of the thiosemicarba-
zones was discovered as a result of a systematic investigation of the sulfa
drugs in tuberculosis. Behnisch and his co-workers (1950) tested a series
of thiosemicarbazones and found them to be strongly tuberculostatic. The
best known compound of the series is p-acetamido benzaldehyde thiosemicarba-
zone (Tbl), which was the most active synthetic tuberculostat in use until
the advent of the hydrazides (Fox, 1953).

A series of pyridine carboxylic acid derivatives were synthesized and
tested in the late 1940's. The tuberculostatic activity of nicotinamide,
the parent compound of this group, was discovered by Kushner and his
co-workers in 1948. This was followed by the discovery of pyrazinamide, a
compound with approximately three times the tuberculostatic activity of
nicotinamide or PAS. But, resistant strains rapidly emerged. The desire to

study pyridine carboxylic acid derivatives closely related to nicotinamide
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led to attempts to prepare isonicotinaldehyde thiosemicarbazone (Fox,
1952). Since isonicotinoyl hydrazide (isoniazid) (Figure 11) is a pyridine
carboxylic acid derivative, and thus related to the structures being
studied, it was investigated for tuberculostatic activity and was found to
be more active than any known substance - whether synthetic or antibiotic.
Extensive chemical and chemotherapeutic studies showed that, unlike 3-amino-
isonicotinic acid or pyrazinamide, isonicotinoylhydrazide could be modified

in many ways without abolishing its activity.

2.1.2.2 THERAPEUTIC USES:

Isoniazid is the primary drug for the chemotherapy of tuberculosis, and
it has been since its introduction by Bernstein's group in 1952. In
addition, isoniazid has been tested for its therapeutic value in several
other disorders. The justification for testing isoniazid in different situ-
ations arises from the physiological influences of the drug in the subject
to which it is administered. To an extent, this takes advantage of the
structural relationship between isoniazid and endogenous compounds.

For example, isoniazid has been tested for its value in the treatment of
Huntington disease (Perry, et al., 1979, 1982). In this disease, there is a
marked loss of small neurons in the caudate nucleus and putamen, most of
which probably belong to a population of cells that utilize y-aminobutyric
acid (GABA) as an inhibitory neurotransmitter. A marked decrease in GABA
content in the affected areas has been observed in patients with the disease
(Perry, et al., 1973). When large doses of isoniazid are given to animals,
brain GABA content increases (Perry and Hansen, 1973; Perry, et al., 1974),
a result that was thought to be due to the inhibition of GABA-aminotrans-

ferase, the first of two sequential enzymes that degrade GABA in the brain.
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WEBSTER, D. S. 49

However, in a double-blind clinical trial (Perry, et al., 1982), while the
Cerebrospinal fluid GABA concentrations were markedly increased during ison-
iazid therapy, there was a lack of clinical improvement in most Huntington
disease patients.

In recent years, isoniazid has been examined for its usefulness against
tremors associated with multiple sclerosis (Sabra, et al., 1982; Duquette,
et al., 1985; Hallett, et al., 1985; Francis, et al., 1986; Bozek, et al.,
1987). The early studies of this type gave contradictory results that were
due, in part, to the mechanism of evaluation, which was subject to patient
and observer bias. The 1later studies used techniques such as polarised
Tight goniometry (Francis, et al., 1986) and tremograms (Bozek, et al.,
1987) to evaluate the effectiveness of isoniazid. Polarised light gonio-
metry demonstrated a two to three-fold reduction of tremor when standard
methods of clinical assessment showed only marginal improvement. Bozek's
group found that, although isoniazid appears to have a Timited therapeutic
role, a clinical trial is warranted in mu]tip]e sclerosis patients with
postural tremor.

In addition to those disorders already discussed, isoniazid has been
tested for its value in the therapy of Parkinson's disease (Gershanik, et
al., 1988) and rheumatoid arthritis (when administered with rifampicin)

(McConkey and Situnayake, 1988)

2.1.2.3 MECHANISMS OF ACTION:

The mechanism by which isoniazid is effective in the treatment of tuber-
culosis 1is unknown, but there are several hypotheses. For example, the

cellular mycolate synthetase activity of Mycobacterium tuberculosis H37Ra
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has been shown to be very sensitive to isoniazid (Wang and Takayama, 1972).
~ a-Mycolic acid, a major mycolate component of Mycobacterium tuberculosis, is
one of a homologous series of C74-C84 fatty acids containing a long
aliphatic chain at the a-position, a hydroxyl group at the g-position, and
two cyclopropane rings (Minnikin and Polgar, 1967). These fatty acids are
present in the cell wall. (Lederer, 1971). It has been shown that isoniazid
inhibits the synthesis of saturated fatty acids greater than C26 and of
unsaturated fatty acids greater than C24 (Takayama, et al., 1975). These
fatty acids are thought to be precursors of the mycolic acids, and thus
inhibition of their formation will disrupt the cell walls of growing cells.

Because of the structural similarity between isoniazid and nicotinamide,
many of the proposed mechanisms of action involve pathways where nicotin-
amide adenine dinucleotide (NAD+) or reduced NAD (NADH) are important
intermediates. For example, relatively high concentrations of isoniazid
inhibit NAD synthesis by cell-free extracts of both isoniazid sensitive and
resistant Mycobacterium tuberculosis var. homonis H37Rv, the human virulent
strain (Sriprakash and Ramakrishnan, 1969). In addition, isoniazid is able
to inactivate the inhibitor of NAD glycohydrolase of H37Rv, the enzyme
responsible for the degradation of NAD. The result is the release of NADase
(Gopinthan, et al., 1966). The inhibitor present in an isoniazid resistant
strain of H37Rv, however, is not inactivated by isoniazid (Bekierkunst and
Bricker, 1967). Thus, a direct correlation exists between the lethality of
isoniazid and the Towering of intracellular concentrations of NAD. DNA
ligase of bacteria depends on NAD as a cofactor (Olivera, 1971) and since
DNA 1igase is essential for elongation of polydeoxynucleotide chains formed
in DNA synthesis, the unavailability of NAD for this vital reaction may lead
to inhibition of DNA synthesis.
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It has been postulated that the bacteriostatic effect of isoniazid is
related to its ability to complex certain essential heavy metals such as Cu
and Fe. The inhibitory effects of 1isoniazid on hepatic catalase
(Middlebrook, 1954; Arora and Krishna Murti, 1960), on the succinoxidase
system of pigeon breast muscle (Arora and Krishna Murti, 1954), or on the
organic nitroreductase of gram-negative bacteria (Arora, et al., 1959) are

presumably related to sequestering of essential metal ijon moieties from the

enzymes.

2.1.2.4 BIOTRANSFORMATION:

Since the introduction of isoniazid for the treatment of tuberculosis in
the early 1950's, there has been a great deal of work done to elucidate its
metabolic pathway, particularly as it relates to isoniazid-induced 1liver
injury. The relevant aspects of the currently accepted scheme of the
metabolic fate of isoniazid are shown in Figure 12. The first published
identification of isoniazid metabolites occurred in the same year as the
introduction of the drug, when studies in dogs identified isonicotinic acid
as a major metabolite (Kelly, et al., 1952). This was followed, in 1953, by
the first studies in man (Cuthbertson, et al., 1953), in which nicotinic
acid, isonicotinic acid, nicotinamide, isonicotinamide, nicotinic acid
hydrazide, isoniazid, nicotinoylglycine, and isonicotinoylglycine were
identified in urine. |

By the mid 1960's it had been established that acetylation is the major
route of isoniazid inactivation in man, with work having been done to purify
and characterize the N-acetyltransferase enzymes responsible for catalyzing

the conversion (Jenne, 1965). Production of acetylisoniazid was found to be
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the step that is solely responsible for the differences in isoniazid metabo-
1ism between rapid and slow inactivators (Peters, et al., 1965). It was
established that these differences in inactivation capacities are under
genetic control.

In the mid 1970's, when much work was being done with respect to isonia-
zid-induced hepatotoxicity, a-ketoglutarate isoniazid hydrazone and pyruvate
isoniazid hydrazone had been identified as metabolites (Mitche11,‘et al.,
1975). At the same time, hydrazide metabolites, particularly acetylhydra-
zine, were identified as the metabolites responsible for production of the
"reactive intermediate" which led to hepatic injury. Hydrazines and their
derivatives were known to be hepatotoxins, mutagens, and carcinogens {Black
and Thomas, 1970; Druckrey, 1973). Subsequently, it was observed that
acetylhydrazine is eliminated from the body by at 1least three routes
(Timbrell, et al., 1977). First, it is excreted in the urine as free
acetylhydrazine and as the a-oxoglutaric acid and pyruvic acid hydrazones.
Second, it is acetylated to diacetylhydrazine, which is excreted in the
urine. Third, the acetylhydrazine is e]imiﬁated by metabolism by the
hepatic microsomal enzyme system, a pathway that is thought to produce the
reactive intermediate which is responsible for the hepatotoxicity (Mitchell,

et al., 1976; Nelson, et al., 1975).

2.1.2.5 ADVERSE EFFECTS:

The adverse effects of isoniazid are dose related, with a rate of occur-
rence of 1 to 2 percent at conventional low dose therapy (3 to 5 mg/kg/day)
and 15 percent at 10 mg/kg/day (Goldman and Braman, 1972). The most common

reactions are rash, fever, jaundice, and peripheral neuritis (Mandell and
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Sande, 1985). The range of reactions to isoniazid is quite broad, inclu-
ding: hypersensitivity reactions, such as fever, skin eruptions, hepatitis,
and mobilliform, maculopapular, purpuric, and urticarial rashes; hematologi-
cal reactions such as agranulocytosis, eosonophilia, thrombocytopenia,
anemia, and vasculitis; and arthritic symptoms such as back pain, bilateral
proximal interphalangeal joint involvement, and arthralgia of the knees,
elbows, and wrists. There have also been reports of optic neuritis, muscle
twitching, dizziness, ataxia, parasthesias, stupor, toxic encephalopathy
(may terminate fatally), and mental abnormalities such as euphoria,
transient impairment of memory, separation of ideas and reality, loss of
self-control, and florid psychoses (Mandell and Sande, 1985).

One of the most common, and certainly the most extensively studied, of
the side effects of isoniazid is toxic hepatitis, which occurs in less than
5 percent of those treated (Girling, 1982). It is manifested as hepatic
necrosis, with increased levels of liver enzymes in the serum being evident.
It was first suggested, in 1974, that the species responsible for the liver
necrosis is acetylisoniazid (Snodgrass, et al., 1974). It was Tlater sug-
gested that the hepatocellular injury is due to the metabolic activation of
acetylhydrazine to a reactive intermediate (Nelson, et al., 1976; Mitchell,
et al., 1976; Timbrell, et al., 1980). Detoxification is by a further
acetylation to the non-toxic diacetylhydrazine (Wright and Timbrell, 1978).
Thus, the key determinant of the toxicity of isoniazid may be the balance
between metabolic activation and acetylation, i.e., between acetylhydrazine
production and metabolism to diacetylhydrazine (Lauterburg, et al., 1985).
Based on this, one would expect acetylator phenotype to play a significant
role in the incidence of toxicity, with rapid acetylators being at a greater

risk (Mitchell, et al., 1975). But, there is abundant clinical evidence to
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show that the risk of hepatic reactions during treatment with isoniazid is
no greater in rapid than in slow acetylators (Dickinson, et al., 1981;
Riska, 1976). In fact, some studies have shown that slower acetylators may
be at higher risk (Lal, et al., 1972; Smith, et al., 1972), including one
pubiished by Lauterburg and co-workers (1985) who were invoived in the
studies proposing the opposite hypothesis. In support of the latter obser-
vations, there has been a recent report in which hepatic necrosis was histo-
logically demonstrated in rabbits as a result of induction by hydrazine
itself, rather than acetylhydrazine (Noda, et al., 1983). This is of
interest since hydrazine is produced by a different metabolic pathway whose

relative proportion of isoniazid metabolism is increased in slow acetylators.

2.1.3 STATEMENT OF PROBLEM:

As stated at the beginning of this introduction, the goal of this study
was to examine the influence of isoniazid and its major metabolites on the
metabolism of carbamazepine in rat liver microsomes. This will, hppefu11y,
provide a better understanding of the nature of the clinical interaction and

resultant toxicities that were noted.

2.2 EXPERIMENTAL:

2.2.1 MATERIALS:

Carbamazepine, NADP+, glucose-6-phosphate, and glucose-6-phosphate
dehydrogenase were obtained from Sigma Chemical Co. Isoniazid, acetonitrile,
methanol, and KC1 were obtained from BDH Chemicals. Fisher Scientific was
the supplier of MgCl,, hydrazine, tris (hydroxymethy1) aminomethane (TRIS)
buffer, and NaH,PO4. Acetylhydrazine was obtained from Aldrich Chemical
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Co. and isonicotinic acid was obtained from Eastman Kodak Co. Acetylisoni-
azid was synthesized from materials supplied by BDH, according to the method
of von Sassen, et al. (1985), wherein isoniazid was reacted with a four-fold
excess of acetic acid anhydride at room temperature for 1.5 hours with
continous stirring, and the synthesized product was recrystallized in
methanol - diethyl ether (1:4).

Male Sprague-Dawley rats (265-340g) were obtained from the Animal Care

Unit of the University of British Columbia.

2.2.2 MICROSOME PREPARATION:

The microsome preparation and the subsequent incubation were based on

the methods of Grasela and Rocci (1984).
| Rats were sacrificed by a blow to the head, an incision through the neck
to the spinal cord, and thorough exsanguination. The mid-section was
exposed and the liver was slowly perfused (0.1M NaH,P0, buffer, pH 7.4)
via the portal vein. When the liver ceased to expand, the superior vena
cava was occluded. Further perfusion allowed the 1liver to expand
completely, attaining a tan colour. The Tliver was excised and was
homogenized using a Potter-Elvejhem apparatus, with a 4:1 vratio of
homogenizing buffer (20mM TRIS; 1.15 percent KC1) to Tiver (v:w). The
homogenate was centrifuged at 10,000 g for 15 minutes at 4°C using a Beckman
Model JA21 rotor. The S9 microsome fractioh was obtained as the supernatant
and kept on ice until used. The cytochrome P450 content of the prepara-
tions was determined using the method described by Mazel (1971). In this
method, 2 mL of the microsome suspension was placed in each of two matched

cuvettes with teflon stoppers. An LKB Ultrospec 4050 spectrophotometer was
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used to determine the baseline absorptions at 450 and at 480 mnm. Carbon
monoxide was gently bubbled into the sample cuvette for 20 seconds, a few
milligrams of solid sodium dithionite (Na23204) were added, the cap
was placed on securely, the cuvette was inverted, and then the sample was
gassed again with carbon monoxide for an additional 20 seconds. The
reference was treated only with a few milligrams of sodium dithionite and
mixed well. The absorptions of each cuvette were again measured at 450 and
at 480 mm. The quantity of cytochrome P450 was calculated from the
optical density difference (450-480 nm) and the molar extinction coefficient
of 91 mMlcm

cm ~. Total protein concentration was determined using the

method of Bradford (1976).

2.2.3 INCUBATION:

Each incubation mixture consisted of 150 uL of 10mM NADP+ (0.721 mM
final concentration), 150 uL of 60 mM glucose-6-phosphate (4.327 mM final

concentration), 36 ul of 250 mM MgCl, (4.327 mM final concentration), 150

2
uk of 10 I.U./m. glucose-6-phosphate dehydrogenase (0.721 I.U./mL final
concentration), 34 uL of 60 mM carbamazepine (0.981 mM final concentration),
and one of 60 uL of homogenizing buffer, or 60 uL of 4 mM (0.115 mM final
concentration) or 17 mM (0.490 mM final concentration) of isoniazid, or of
one of 1its metabolites (acetylisoniazid, hydrazine, acetylhydrazine, or
isonicotinic acid). For isoniazid and each metabolite there were three
assays (control, 0.115 mM, and 0.490 mM) on microsome samples from each of

four male Sprague-Dawley rats (that is, the sample size was four). The

incubation mixtures were incubated in a shaking water bath (37°C) for 40

minutes, with 100 uL samples being removed at 0, 5, 10, 15, 20, 30, and 40
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minutes and being placed into microcentrifuge tubes containing 200 uL of
acetonitrile. The samples were then centrifuged in an Eppendorf Centrifuge
3200 for one minute. The supernatants were removed, placed in storage

vials, and stored at -20°C until analysed.

2.2.4 ANALYSIS OF SAMPLES:

The samples were analysed using the same apparatus, solvents, and
temperature as described previously for the rabbit pharmacokinetic study.
The sole difference was that standards were run frequently to allow the
production of standard curves and the determination of concentrations of the

samples. An example of the chromatograms obtained is shown in Figure 13.

2.3 RESULTS:

The epoxide metabolic ratio-time profiles in the S9 liver microsome
preparations at three different concentrations of isoniazid, acetylisoni-
azid, acetylhydrazine, hydrazine, and isonicotinic acid are presented in
Figures 14 to 18. In the trial with isoniazid (Figure 14), the metabolism
of carbamazepine was apparently inhibited by isoniazid in a dose dependent
manner. The Tlines representing the three concentrations on the figure
diverge with the progression of time, a very good indicator of the trend.
Significant differences were observed between the blank and 0.490 mM isoni-
azid samples at the 30 and the 40 minute marks (using student's t-test).

There were no points displaying significant differences in the trials
with acetylisoniazid (Figure 15) or acetylhydrazine (Figure 16). In fact,
the use of three concentrations of acetylisoniazid did not even produce a

concentration related pattern. Instead, there is some degree of variability
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Figure 13: Sample cl"r‘omatogram from the in vitro interaction study.
the left is a standard sample of carbamazepine (769) and

carbamazepine— 10,1 1—epoxide (339) and on the right is a

sample taken at 40 minutes.
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Figure 14: Influence of isoniazid (INH) on the conversion of carbamazepine
(CBZ) to carbamazepine—10,11—epoxide (CE) in the SO fraction
of rat liver homogenate. Data represent mean +/— SEM. (n=4)
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CBZ/AcINH INTERACTIONS
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Figure 15: Influence of acetylisoniazid (AcINH) on the conversion of
carbamazepine (CBZ) to carbamazepine—10,11—epoxide (CE) in
the S9 fraction of rat liver homogenate.

Data represent mean +/— SEM. (n=4)
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CBZ/AcHz INTERACTIONS
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AcHz AcHz
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Time (min)
influence of acetylhydrazine (AcHz) on the conversion of

carbamazepine (CBZ) to carbamazepine—10,11—epoxide (CE) in
the S9 fraction of rat liver homogenate.
Data represent mean +/— SEM. (n=4)
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CBZ/Hz INTERACTIONS
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Figure 17: Influence of hydrazine (Hz) on the conversion of carbamazepine
(CBZ) to carbamazepine— 10,1 1—-epoxide (CE) in the S9 fraction
of rat liver homogenate. Data represent mean +/— SEM. (n=4)
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CBZ/INA INTERACTIONS
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Figure 18: Influence of isonicotinic acid (INA) on the conversion of
carbamazepine (CBZ) to carbamazepine—10.11—epoxide (CE)
in the S9 fraction of rat liver homogenate.

Data represent mean +/— SEM. (nh=4)
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in the relative positions of the points at each time of measuremment. This
is not true in the case of acetylhydrazine, where the control sample clearly
has the greatest values for the metabolic ratio over the complete time
course, although there are no significant differences between specific
points.

In the cases of hydrazine (Figure 17) and isonicotinic acid (Figure 18),
the line representing the control is clearly distinct from those represen-
ting incubation mixtures containing metabolite. In fact, in the hydrazine
trials, there are significant differences at 30 and at 40 minutes, while in
the isonicotinic acid trials, there is a significant difference observed at
the 20 minute point. Thus, it would appear that both hydrazine and isonico-
tinic acid are capable of inhibiting the metabolism of carbamazepine.

In an effort to achieve a comparison of the whole spectrum of points
between doses, another type of analysis was also attempted. A nonlinear
estimation analysis was performed using the Systat software package with the

modelling equation being MR=a(1—ebt),

where MR represents the metabolic
ratio and t is the time. The variables a and b are the values for which
estimates were obtained, with a representing the theoretical maximum
metabolic ratio attained (i.e., the plateau value) and b representing a
combined rate constant of several first order rate processes that infers the
rate of exhaustion of essential components in the reaction mixture. The
first order process was chosen because the results displayed what appears to
be a satur- ating functioning and first order functions are the usual
observed for this type of experiment. One would not expect to see a great
deal of variation in the value obtained for a, since the level of isoniazid

or of one of its metabolites would not be the Timiting factor in the

reaction. In contrast, one would expect to see differences in the value of
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b, since if any inhibition is occurring the rate of reaction will
necessarily be altered. Values were obtained for a and b for those tests in
which the t-tests showed significance at one or more points. The estimates
obtained using the software package are shown in Tables II - IV. If the
numbers are examined closely, it is obvious that the software package was
unable to make appropriate approximations. The values for a appeared to be
less than the values of the metabolic ratio at the 40 minute time point.
That is, the program seems to be ignoring the increase in the value of the
metabolic ratio that occurs between 30 and 40 minutes.

The values of a and b for each individual run were tested by analysis of
variance on each interaction group. By this method of analysis, significant
differences were observed only for the group in which carbamazepine - isoni-
azid interactions were tested. For this group, the analysis of a yielded
p.0.25, but for the analysis of b, p,0.0005. For the tests with hydrazine,

the analysis yielded 0.10.p.0.05 for both parameters. For the tests with

Table Il: Estimates of a and b for tests with isoniazid.

Concentration of isoniazid

Trial Parameter Control 0.115 mM 0.490 mM
1 " a 0.041 0.041 0.037
b -6.897 -6.903 -6.892
2 a 0.052 0.053 ' 0.046
b -6.927 -6.919 -6.896
3 a 0.043 0.034 0.032
b -6.912 -6.888 -6.875
4 a 0.042 0.044 0.044
b -6.911 -6.911 -6.907
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Table III: Estimates of a and b for tests with hydrazine.
Concentration of hydrazine
Trial Parameter Control 0.115 mM 0.490 mM
1 a 0.084 0.056 0.059
b -7.027 -6.940 -6.955
2 a 0.059 0.049 0.042
b -6.948 -6.929 -6.903
3 a 0.073 0.047 0.036
b -6.987 -6.916 -6.899
4 a 0.048 0.038 0.045
b -6.924 -6.895 -6.927
Table IV: Estimates of a and b for tests with isonicotinic acid.

Concentration of isonicotinic acid

Trial Parameter Control , 0.115 mM 0.490 mM
1 a _ 0.069 0.049 0.043

b -6.970 -6.924 -6.923

2 a 0.040 0.036 0.046

b -6.915 -6.908 -6.926

3 a 0.060 0.043 0.045
b -6.953 -6.903 -6.914

B a 0.039 0.035 0.038

b -6.980 -6.885 -6.896

isonicotinic acid, the results of the analysis gave p=0.25 and p.0.25 for a
and b, respectively. This is somewhat unexpected. If the figures for the
tests done with each of these compounds are examined visually, it is quite
apparent that over the course of the experiment there are dose related
differences developing. The problem 1is that these differences are not

reflected in the statistical procedures presented thus far.
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If the probability procedure of run analysis is employed, the results
are somewhat different. In this type of analysis, the probability of two
points of adjacent lines being different is 0.5. These probabilities can be
multiplied over the course of the line. For example, if this procedure were
done on the curves from the carbamazepine/isoniazid interaction study, the
p-value for the comparison of the control to the 0.490 mM curve would be
(0.5)5 or 0.03, since the points of the control line are above the points

of the 0.490 mM 1ine at 5, 15, 20, 30, and 40 minute points.

Table V: P-values from run analysis of in vitro interaction studies.

P-value for:

: Control Control 0.115 mM
Treatment VS Vs Vs
0.490 mM 0.115 mM 0.490 mM
Isoniazid 0.03 0.03 0.02
Acetylizoniazid 0.03 0.03 0.06
Acetylhydrazone 0.02 0.02 0.06
Hydrazine 0.02 0.02 0.13
Isonicotinic acid 0.02 0.02 0.13

2.4 DISCUSSION:

The results presented in this study would appear to provide an in vitro
confirmation of the clinicél observations that isoniazid is able to inhibit
carbamazepine metabolism, as reported by Wright and co-workers (1982), by
Block (1982), and by Valsalan and Cooper (1982). In addition, the results
suggest that hydrazine, isonicotinic acid, and possibly even acetylhydrazine
are metabolites of isoniazid that inhibit carbamazepine metabolism by S9

liver microsome fractions.
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It is not possible to determine the exact nature of the inhibition of
carbamazepine metabolism at this point in time, but the concentration
dependent nature of the inhibition would suggest a competitive interaction,
particularly since isoniazid metabolism has been reported to be impaired
when carbamazepine and isoniazid are coadministered in a clinical situation
(Barbare, et al., 1986). It is also possible that an irreversible inter-
action is taking place, but a definite conclusion cannot be made without
doing binding studies. An irreversible interaction is less 1likely, though,
since plasma concentrations of carbamazepine seem to return to normal within
a few days after isoniazid administration is ceased (Block, 1982; Wright, et
al., 1982). Despite this observation, subsequent observations of the effects
of isoniazid on acetaminophen metabolism suggest that isoniazid is a suicide
inhibitor of certain cytochrome P450's capable of causing a 70 percent
decrease in acetaminophen metabolism (Epstein, et al., in press).

The potent inhibiting capability of isoniazid described above was not
observed in the current study. The carbamazepine concentration used in this
series of experiments was chosen because it provided the best response in
preliminary studies done in the absence of any inhibiting species. The lack
of a more potent difference in the presence of isoniazid suggests that the
chosen carbamazepine concentration may have been too high and not a reflec-
tion of what is occurring in the clinical situation. In fact, when compared
with other studies where a similar procedure was used, the concentration
used in this study were towards the high end, but not out of range. The
concentrations of carbamazepine used in some other studies ranged from 0.05
mM (Tybring, et al., 1981) to 1.0 mM (van Boxtel, et al., 1977). The higher
carbamazepine may have resulted in the systems adopting a zero-order, or
close to zero-order, kinetic profile, with the inhibitor having very little

effect.
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When discussing these experiments, one must remain aware that the
conversion of carbamazepine to carbamazepine-10,11l-epoxide is not the only
process that is able to occur in the system. In the S9 preparation epoxide
hydrolase, the enzyme responsible for the conversion of the epoxide to the
diol, is still present. As well, the enzymes responsible for glucuronid-
ation and for the conversion of the epoxide to the acridan are also present,
but these are minor. Each of these processes is first order with respect to
the epoxide. Thus, a plateau of the metabolic ratio curve has to arise from
a balance of processes. In fact, it is the activity of the epoxide
hydrolase that is responsible for the curve not quite being exponential. If
the reaction had been allowed to proceed for Tlong enough, it is quite
possible that the metabolic ratio may have decreased, since the ratio is the
consequence of a balance of several enzymic processes.

Based on an examination of the structures of the two compounds, one
might expect the aromatic ring structure to be an important recognition
factor at the active site of the enzyme responsible for metabolism of the
drugs, provided that the mechanism of inhibition is a competitive process.
It is possible that the side chains of the two drugs, namely the carbamoyl
side chain of carbamazepine and the hydrazide group of isoniazid, are, in
part, responsible for positioning the compounds on the enzyme. If this
combination of influences was occurring, one would expect to see inhibitory
activity from the metabolites that result from the simple breakdown of the
isoniazid compound, namely hydrazine and isonicotinic acid. Such an action
was observed. If the mechanism of inhibition is not a competitive process,
the same postulations about the relative importance of the structural
features of isoniazid and its metabolites would likely hold true for a regu-

latory site, rather than for the active site.
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The slight effect displayed by acetylhydrazine may be due to one of two
reasons. First, the structural similarity between acetylhydrazine and
hydrazine may play a role, with the presence of the acetyl group decreasing
the effectiveness of acetylhydrazine at inhibiting carbamazepine metabo-
lism. The second possible reason is that a small proportion of the acetyl-
hydrazine is being converted to hydrazine in the preparation. Such a
conversion has not yet been described, but it is possible that such a
reaction may occur. Acetylisoniazid, on the other hand, displayed no
apparent inhibition of carbamazepine metabolism. This is likely due to the
prevention of access to the required recognition sites by the acetyl group,
a factor not influencing the actions of isoniazid or isonicotinic acid.

An evaluation of the relative effectiveness of each of the compounds
tested for their ability to inhibit carbamazepine metabolism reveals that
the hydrazine moiéty is likely to be most responsible for the activity. If
the trials with hydrazine and isonicotinic acid (Figures 15 and 16) are
compared, it is obvious that hydrazine exerted a greater effect. This might
lead one to surmise that the hydrazide moiety of isoniazid is responsible
for a greater proportion of the observed inhibitory activity.

The results obtained, with regard to the identity of the species
primarily responsible for the inhibition of carbamazepine metabolism, do not
correlate well with the results of studies examining the toxic effects of
isoniazid and its metabolites. In studies of isoniazid-induced hepatoxic-
ity, acetylhydrazine has been shown to be the metabolite that is primarily
responsible (Mitchell, et al., 1975; Nelson, et al., 1976). There is
evidence that acetylhydrazine is oxidized by a microsomal cytochrome P450
enzyme to produce the reactive acylating agents in in vitro studies with rat

and human 1liver microsomes (Nelson, et al., 1976). Subsequent results
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showed that the entire acetyl group of acetylhydrazine is trapped by
cysteine, thereby eliminating ketene as the reactive acetylating agent
formed during the oxidation of acetylhydrazine by liver microsomes (Nelson,
Hinson, and Mitchell, 1976). Based on this information, acetylhydrazine
would be expected to be the most effective of the metabolites tested at
inhibiting carbamazebine metabolism, due to its ability to covalently bind
proteins, such as cytochrome P450's that metabolize carbamazepine. But,
in the experiments being presented currently, acetylhydrazine did not have a
significant effect. Thus, it would appear that there 1is some degree of
specificity with respect to the protein species that can be covalently bound
as a result of acetylhydrazine reactivity. The enzyme responsible for
carbamazepine metabolism would seem to be one such protein. The most likely
reason for the exclusion of a protein from being covalently bound by the
mechanism described would be the lack of exposed cysteine moeities, or at
least of any that are positioned so as to alter carbamazepine metabolism if
acylated. It cannot be confirmed if this in fact is the case, since the
structure of the enzyme responsible for carbamazepine epoxidation has yet to
be elucidated. It ié reasonable to postulate, though that there are no
cysteines present in the active or regulatory sites of the enzyme, since
acylation at such a site would likely lead to the inhibition of carbamaze-
pine metabolism.

The results obtained in this study are consistent with a number of
studies wherein a metabolic interaction or competitiveness has been observed
between carbamazepine and other drugs with cyclic moeities that undergo
hepatic oxidative metabolism, such as erythromycin (Barzaghi, et al., 1987),
imipramine (Daniel and Netter, 1988), and cimetidine (Grasela and Rocci,

1984). The obvious route to pursue in the future would be to continue
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studying the interactions between compounds that fit the criteria stated
above. It is hopeful that information derived from these types of studies
will assist clinicians in making wise decisions about the co-administration
of drugs. This may result in fewer patients that experience the adverse
effects that sometimes result from drug interactions.

With respect to the system examined in the current study, it is necessary
to examine the interactions over a wide range of carbamazepine concentra-
tions. If this is done, it will be possible to examine the kinetics of the
reaction more thoroughly by plotting Michaelis-Menten and Lineweaver-Burke
plots. This should provide more information about the nature of the inhibi-
tion that 1is observed, i.e., the question of whether the inhibition by
isoniazid is competitive or of a suicide-type should be answered. In
addition, if studies are done with chemically synthesized compounds that are
specifically designed for specific types of interactions at the active site
of the enzyme, it should be possible to get a better idea about the struc-

ture of the active site.



WEBSTER, D. S. 73

3 REFERENCES:

Amols W. 1966. A new drug for trigeminal neuralagia: Clinical experience
with a large series of patients over two years. Trans. Amer. Neurol.
Ass. 91: 163-167.

Arora K.L. and Krishna Murti C.R. 1960. Enzyme inhibition studies in

relation to drug action. Part IX. Action of certain anti-bacterial
agents on catalases. J. Sci. Ind. Res. (India) 19C: 103.

Arora K.L. and Krishna Murti C.R. 1954. Enzyme inhibition studies in
relation to drug action. Part VI. Action of certain anti-bacterial
agents in the succinosxidase system. J. Sci. Ind. Res. .(India) 13A: 482.

Arora K.L., Krishna Murti C.R., and Shrivastava D.L. 1959. Studies in the

enzyme make-up of Vibrio cholerae. Part XIV. Organic nitroreductase.
J. Sci. Ind. Res. {India) 18C: 105.

Back K.C. and Thomas A.A. 1970. Aerospace problems in pharmacology and
toxicology. Ann. Rev. Pharmacol. 10: 395-412. :

Barbare J.C., Lallement P.Y., Vorhauer W., and Veyssier P. 1986.

Hepatotoxicite de 1'isoniazide: Influence de la carbamazepine? Gastro-
enterologie Clinique et Biologique 10: 523-524.

Barzaghi N., Gatti G., Crema F., Monteleone M., Amione C., Leone L., and

Perucca E. 1987. Inhibition by erythromycin of the conversion of
carbamazepine to its active 10,1l-epoxide metabolite. Br. J. Clin.
Pharmacol. 24: 836-838.

Bekierkunst A. and Bricker A. 1967. Studies on the mode of action of
isoniazid on mycobacteria. Arch. Biochem. Biophys. 122: 355-392.

Bellucci G., Berti G., Chiappe C., Lippi A., and Marioni F. 1987. The

metabolism of carbamazepine in humans: Steric course of the enzymatic
hydrolysis of the 10,11-epoxide. J. Med. Chem. 30: 768-773.

Benet L.Z. 1987. Pharmacokinetics: I. Absorption, distribution, ?
excretion. In: Basic and Clinical Pharmacology, 3rd Edition (edited by
B.G. Katzung). Appleton » Lange. pp 23-35.

Bernstein J., Lott W.A., Steinberg B.A., and Yale H.L. 1952. Chemotherapy
of experimental tuberculosis: V. Isonicotinic acid hydrazide (nydrazid)
and related compounds. Amer. Rev. Tuberc. 65: 357-364.

Bertilsson L. 1978. Clinical pharmacokinetics of carbamazepine. Clinical
Pharmacokinetics 3: 128-143.

Bertilsson L. and Tomson T. 1986. Clinical pharmacokinetics and

pharmacological effects of carbamazepine and carbamazepine-10,
1l-epoxide. Clinical Pharmacokinetics 11: 177-198.



WEBSTER, D. S. 74

Bertilsson L., Hojer B., Tybring G., Osterloh J., and Rane A. 1980.
Autoinduction of carbamazepine metabolism 1in children examined by a

ggagée isotope technique. Clinical Pharmacology and Therapeutics 27:

Block S.H. 1982. Carbamazepine-isoniazid interaction. Pediatrics 69:
494-495,

Blom S. 1962. Trigeminal neuralgia: Its treatment with a new
anticonvulsant drug (G32883). Lancet 1: 839-840.

Blom S. 1963. Tic douloureux treated with new anticonvulsant: Experiences
with G32883. Archives of Neurology 9: 91-96.

Bonduelle M., Houdart R., and Bouygues P. 1963. The treatment of

trigeminal neuralgia with a derivative of iminostilbene, G-32883. Rev.
Neurol. 108: 61-65.

Bourgeois B.F.D. and Wad N. 1984. Carbamazepine-10,11-diol steady-state
serum levels and renal excretion during carbamazepine therapy in adults
and children. Therapeutic Drug Monitoring 6: 259-265.

Bozek C.B., Kastrukoff L.E., Wright J.M., Perry T.L., and Larsen T.A.

1987. A controlled trial of isoniazid therapy for action tremor in
multiple sclerosis. J. Neurol. 234: 36-309.

Bradford M.M. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Analytical Biochemistry 72: 248-254.

Cereghino J.J., Brock J.T., Van Meter J.C., Penry J.K., Smith L.D., and
White B.G. 1974. Carbamazepine for epilepsy: A controlled prospective
evaluation. Neurology 24: 401-410.

Chang S.-L. and Levy R.H. 1986. Inhibitory effect of valproic acid on the

disposition of carbamazepine and carbamazepine-10,11-epoxide 1in the
rat. Drug Metab. Dispos. 14: 281-286.

Christiansen J. and Dam M. 1973. Influence of phenobarbital and
diphenylhydantion on plasma carbamazepine 1levels in patients with
epilepsy. Acta Neurologica Scandinavica 49: 543-546.

Cuthbertson W.F.J., Ireland D.M., and Wolff W. 1953. Detection and
identification of some metabolites of isonicotinic acid hydrazide
(isoniazid) in human urine. Biochem. J. 55: 669-671.

Dalessio D.J. and Abbott K.H. 1966. A new agent in the treatment of tic
douloureux: A preliminary report.. Headache 5: 103.

Daniel W. and Netter K.J. 1988. Metabolic interaction between imipramine

and carbamazepine in vivo and in vitro in rats. Naunyn-Schmiedberg's
Arch. Pharmacol. 337: 105-110.



WEBSTER, D. S. 75

Dickinson D.S., Bailey W.C., Hirschowitz B.I., Soong S.-J., Eidus L., and
Hodgkin M.M. 1981. Risk factors for isoniazid (INH) induced Tliver
dysfunction. J. Clin. Gastroenterol. 3: 271-2709.

Druckrey H. 1973. Specific carcinogenic and teratogenic effects of

indirect alkylating methyl and ethyl compounds, and their dependency on
stages of ontogenic development. Xenobiotica 3: 271-303.

Duquette P., Pleines J., and du Souich P. 1985. Isoniazid for tremor in
multiple sclerosis: A controlled study. Neurology 35: 1772-1775.

Eichelbaum M., Ekbom K., Bertilsson L., Ringberger V.A., and Rane A. 1975.

Plasma kinetics of carbamazepine and its epoxide metabolite in man after
ging1e and multiple doses. European Journal of Clinical Pharmacology 8:
37-341.

Eichelbaum M., Kothe K.W., Hoffmann F., and von Uruh G.E. 1979. Kinetics

and metabolism of carbamazepine during combined antiepileptic drug
therapy. Clinical Pharmacology and Therapeutics 26: 366-371.

Eichelbaum M., Tomson T., Tybring G., and Bertilsson L. 1985. Carbamazepine
metabolism in man: Induction and pharmacogenetic aspects. Clinical
Pharmacokinetics 10: 80-90.

Ekbom K. 1966. Tegretol, a new therapy of tabetic 1lightning pain:
Preliminary report. Acta Med. Scandinav. 179: 251-252.

Ekbom K. 1972. Carbamazepine in the treatment of tabetic lightning pains.
Arch. Neurol. 26: 374-378.

Ekborn K.A. and Westerberg C. 1966. Carbamazepine in glossopharyngeal
neuralagia. Arch. Neurol. 14: 595-596.

ETluma F.0., Sucheston M., Hayes T., and Paulson R. 1981. The teratogenic
§§£ects of carbamazepine (CMZ) in the CD-1 mouse fetus. Teratology 23:

Faigle J.W. and Feldmann K.F. 1982. Carbamazepine: Biotransformation.
In: Antiepileptic Drugs (edited by D.M. Woodbury, J.K. Penry, and C.E.
Peppinger). Raven Press, New York. pp 483-495,

Faigle J.W. and Feldmann K.F. 1975, Pharmacokinetic data of carbamazepine
and its major metabolites in man. In:  Clinical Pharmacology of
Antiepileptic Drugs (edited by H. Scheinder, D. Janz, C. Gardner-Thorpe,

H. Meinardi, and A.L. Sherwin). Springer-Verlag, New York. pp 159-165.

Faigle J.W. and Feldmann K.F. 1975. Pharmacokinetic data of carbamazepine
and its major metabolites in man. In: Clinical Pharmacology of
Anti-Epileptic Drugs (edited by H. Schneider, D. Janz, C. Gardner-
Iggrggé H. Meinardi, and A.L. Sherwin). Springer-Verlag, New York. pp



WEBSTER, D. S. 76

Faigle J.W., Brechbuhler S., Feldmann K.F., and Richter W.J. 1976. The

biotransformation of carbamazepine. In: Epileptic Seizures - Behavior
1 Paizo(edited by W. Birkmayer). University Park Press, Baltimore. pp
27-140.

Foong F.W. and Satoh M. 1985. Antinociceptive effect of intracisternal

carbamazepine evidenced by the bradykinin-induced biting-like response
in rats. Exp. Neurol. 90: 264-267.

Fothergill J. 1773. Of a painful affection of the face. Medical
Observations and Inquiries 5: 129.

Fox H.H. 1952. Synthetic tuberculostats: III. Isonicotinaldehyde
thiosemicarbazone and some related compounds. J. Org. Chem. 17: 555-562.

Fox H.H. 1953. The chemical attack on tuberculosis. Trans. N.Y. Acad.
Sci. 15: 234-242.

Francis D.A., Grundy D., and Heron J.R. 1986. The response to isoniszid of
action tremor in multiple sclerosis and its assessment using polarised

lggh§7 %ﬁyiometny. Journal of Neurology, Neurosurgery, and Psychiatry

Frigerio A. and Morselli P.L. 1975. Carbamazepine: Biotransformation.
Adv. Neurol. 11: 295-308.

Frigerio A., Cavo-Briones M., and Belvedere G. 1976. Formation of stable

epoxides in the metabolism of tricyclic drugs. Drug Metab. Rev. 5:
197-218.

Frigerio A., Fanelli R., Biandrate P., Passerini G., Morselli P.L., and
Garattini S. 1972. Mass spectrometric characterization of carbamaze-
pine-10,11-epoxide, a carbamazepine metabolite isolated from human
urine. J. Pharm. Sci. 61: 1144-1147.

Fritz H., Muller D., and Hess R. 1976. Comparative study of the
teratogenicity of phenobarbitone, diphenylhydantoin, and carbamazepine
in mice. Toxicology 6: 323-330.

Gagneux A.R. 1976. The chemistry of carbamazepine. In: Epileptic
Seizures - Behavior - Pain (edited by W. Birkmayer). University Park
Press, Baltimore. pp 120-126.

Gershanik 0.S., Luquin M.R., Scipioni 0., and Obeso J.A. 1988. Isoniazid
therapy in Parkinson's disease. Movement Disorders 3: 133-139.

Girling D.J. 1982. Adverse effects of antituberculosis drugs. Drugs 23:
56-74.

Glatt H.R., Oesch F., Frigerio A., and Garattini S. 1975. Epoxides

metabolically produced from some known carcinogens and from some
c1inig?1}g7used drugs: I. Differences in mutagenicity. Int. J. Cancer
16: 787-797.



WEBSTER, D. S. 77

Goldman A.L. and Braman S.S. 1972. Isoniazid: A review with emphasis on
adverse effects. Chest 62: 71-77.

Gopinathan K.P., Ramakrishnan T., and Vaidyanathan C.S. 1966. Purification
and properties of an inhibitor for nicotinamide-adenine-dinucleotide
from M. tuberculosis H37Rv. Arch. Biochem. Biophys. 113: 376-382.

Grasela D.M. and Rocci M.L. 1984. Inhibition of carbamazepine metabolism
by cimetidine. Drug Metab. Dispos. 12: 204-208.

Hallett M., Lindsey J.W., Adelstein B.D., and Riley P.0. 1985. Controlled

trial of isoniazid for severe postural tremor in multiple sclerosis.
Neurology 35: 1374-1375.

Hart R.G. and Easton J.D. 1982. Carbamazepine and hematological monitoring.
Ann. Neurol. 11: 309-312.

Hartley R., Lucock M., Cookman J.R., Becker M., Smith I.J., Smithells R.W.,
and Forsythe W.I. 1986. High-performance 1liquid chromatographic
determination of carbamazepine and carbamazepine-10,11-epoxide in plasma

and saliva following solid-phase extraction. Journal of Chromatography
380: 347-356.

Horn C.S., Ater S.B., and Hurst D.L. 1986. Carbamazepine-exacerbated
epilepsy in children and adolescents. Pediatric Neurology 2: 340-345.

Hurst D.L. 1985. Carbamazepine-induced absence and minor motor seizures.
Neurology 35: 286.

Jenne J.W. 1965. Partial purification and properties of isoniazid
transacetylase in human liver. Its relationship to the acety]at1on of
p-aminosalicylic acid. J. Clin. Invest. 44: 1992-2002.

Johnsen S.D., Tarby T.J., and Sidell A.D. 1984. Carbamazepine-induced
seizures. Ann. Neurol. 16: 392-393.

Johnson P. and Rising P.A. 1978. Techniques for assessment of biliary

e;c;gtion and enterohepatic circulation in the rat. Xenobiotica 8:
27-36.

Kelly J.M., Poet R.B., and Chesner L.M. 1952. Observations on the
metabolic fate of Nydrazid (isonicotinic acid hydrazide). Amer. Chem.
Soc. Abstr. 122nd Meeting. page 3C.

Klein E., Bental E., Lerer B., and Belmaker R.H. 1984, Carbamazepine and

haloperidol vs. placebo and haloperidol in excited psychosis. Archives
of General Psychiatry 41: 165-170.

Kushner S., Dalalian H., Cassell R.T., Sanjurjo F.I., McKenzie D., and

Subbarow Y. 1948. Experimental chemotherapy of tuberculosis: I.
Substituted nicotinamides. J. Org. Chem. 13: 834-836.



WEBSTER, D. S. 78

Kutt H. and Paris-Kutt H. 1982. Carbamazepine: Chemistry and methods of
determination. In: Antiepileptic Drugs (edited by D.M. Woodbury, J.K.
Penry, and C.E. Pippenger). Raven Press, New York. pp 453-463.

Lal S., Singhal S.N., Burley D.M., and Crossley G. 1972. Effect of
rifampicin and isoniazid on 1iver function. Br. Med. J. 1: 148-150.

Lauterburg B.H., Smith C.V., Todd E.L., and Mitchell J.R. 1985.
Pharmacokinetics of the hydrazino metabolites formed from isoniazid in
humans. J. Pharmacol. Exp. Ther. 235: 566-570.

Lede;er E.5 1971. The mycobacterial cell wall. Pure Appl. Chem. 25:

Lertratanangkoon K. and Horning M.G. 1982. Metabolism of carbamazepine.
Drug Metab. Dispos. 10: 1-10.

Levy R.H., Lockard J.S., Green J.R., Friel P., and Martis L. 1975.
Pharmacokinetics of carbamazepine in monkeys following intravenous and
oral administration. J. Pharm. Sci. 64: 302-307.

Levy R.H., Moreland T.A., Morselli P.L., Guyot M., Brachet-Liermain A., and
Loiseau P. 1984. Carbamazepine/valproic acid interaction in man and
rhesus monkey. Epilepsia 25: 338-345.

Livingston S., Pauli L.L., and Berman W. 1974. Carbamazepine in epilepsy:

Nine year follow-up with special reference on untoward reactions. Dis.
Nerv. System 35: 103-107.

Livingston S., Pauli L.L., and Berman W. 1974. Carbamazepine (Tegretol) in
epilepsy. Dis. Nerv. Syst. 35: 103-107.

Lynn R.K., Bowers J.L., and Gerber N. 1977. Identification of glucuronide
metabolites of carbamazepine in human urine and in bile from the
isolated perfused rat Tiver. Fed. Proc. 36: 961.

Lynn R.K., Smith R.G., Thompson R.M., Deinzer M.L., Griffin D., and Gerber
N. 1978. Characterization of glucuronide metabolites of carbamazepine
in human urine by gas chromatography and mass spectrometry. Drug Metab.
Dispos. 6: 494-501.

MacDonald R.L., McLean M.J., and Skerrit J.H. 1985. Anticonvulsant drug
mec hanisms of action. Fed. Proc. 44: 2634-2639.

Mandell G.L. and Sande M.A. 1985. Antimicrobial agents: Drugs used in the
chemotherapy of tuberculosis and leprosy. In: The Pharmacological
Basis of Therapeutics, 7th Ed. (edited by A. Goodman Gilman, L.S.
Goodman, T.W. Rall, and F. Murad). MacMillan Publishing Co., New York.
pp 1199-1218.



WEBSTER, D. S. 79

Mandell G.L. and Sande M.A. 1985. Antimicrobial agents: Drugs used in the
chemotherapy of tuberculosis and leprosy. In: The Pharmacological
Basis of Therapeutics, 7th Ed. (edited by A.G. Gilman, L.S. Goodman,
T.W. Rall, and F. Murad). MacMillan Publishing Co. pp 1199-1218.

Masaland R.L. 1982. Carbamazepine: Neurotoxicity. In: Antiepileptic

Drugs (edited by D.M. Woodbury, J.K. Penry, and C.E. Pippenger). Raven
Press, New York. pp 521-531.

Mazel P. 1971. Experiments illustrating drug metabolism in vitro. In:
Fundamentals of Drug Metabolism and Drug Distribution (edited by B.N.

LaDu, H.G. Mandel, and E.L. Way). The Williams a Wilkens Company,
Baltimore. pp 546-582.

McConkey B. and Siturayake R.D. 1988. Effects of rifampicin with and

thggut isoniazid in rheumatoid arthritis. Journal of Rheumatology 15:

Meinardi H. 1972. Carbamazepine. In: Antiepileptic Drugs (edited by D.M.

Woodbury, J.K. Penry, and R.P. Schmidt). Raven Press, New York. pp
487-496.

Middlebrook G. 1954. Isoniazid-resistance and catalase activity of
tubercle bacilli: A preliminary report. Am. Rev. Tuberc. 70: 922-923.

Minnikin D.E. and Polgar N. 1967. The mycolic acids from human and avium
tubercle bacilli. Chem. Commun. 916-918.

Mitchell J.R., Thorgiersson V.P., Black M.D., Timbrell J.A., Snodgrass W.R.,
Potter W.Z., Jollow D.J., and Keiser H.R. 1975. Increased incedence of
isoniazid hepatitis in rapid acetylators: Possible relation to hydra-
zine metabolites. Clin. Pharmacol. Ther. 18:70-79.

Mitchell J.R., Zimmerman H.J., Ishak K.G., Thorgeirsson U.P., Timbrell J.A.,

Snodgrass W.R., and Nelson S.D. 1976. Isoniazid Tliver injury:
Clinical spectrum, pathology, and probable pathogenesis. Ann. Intern.
Med. 84: 181-192. ,

Morselli P.L. and Frigerio A. 1975. Metabolism and pharmacokinetics of
carbamazepine. Drug Metab. Rev. 4: 97-113.

Morselli P.L., Gerna M., DeMajo D., Zanda G., Viani F., and Garaffini S.
1975. Pharmacokinetic studies on carbamazepine 1in volunteer and in
epileptic patients. In: Clinical Pharmacology of Anti-Epileptic Drugs
(edited by H. Schneider, D. Janz, C. Gardner-Thorpe, H. Meinardi, and
A.L. Sherwin). Springer-Verlag, New York. pp 166-180.

Nakane Y., Okuma T., Takahashi R., Sato Y., Wada T., Sato T., Inanaga K.,
Fukushima Y., Kumashiro H., Oho T., Takahashi T., Akoi Y., Kazamatsuri
H., Inami M., Komai S., Seino M., Miyakoshi M., Tanimura T., Hazama H.,
Kamakara R., Otsuki S., Hosokawa K., Nakazawa Y., and Yamamoto K.
1980. Multiinstitutional study on the teratogenicity and fetal toxicity
of antiepileptic drugs: A report of a collaborative study group in
Japan. Epilepsia 21: 663-680.



WEBSTER, D. S. 80

Nelson S.D., Hinson J.A., and Mitchell J.R. 1976. Application of chemical
ionization mass spectrometry and the twin-ion technique to better define

a mechanism in acetylhydrazine toxicity. Biochem. Biophys. Res. Commun.
69: 900-907.

Nelson S.D., Mitchell J.R., Timbrell J.A., Snodgrass W.R., and Corcoran

G.B. 1976. lIsoniazid and iproniazid: Activation of metabolites to
toxic intermediates in man and rat. Science 193: 901-903.

Noda A., Hsu K.-Y., Noda H., Yamamoto Y., and Kurozumi T. 1983. Is

Iggn}géid-hepatoxicity induced by the metabolite hydrazinep J. UOEH 5:

Oesch F. 1973. Mammalian epoxide hydrase: Inducible enzymes catalyzing

the inactivation of carcinogenic and cytotoxic metabolites derived from
aromatic and olefinic compounds. Xenobiotica 3: 305-340.

Oesch F. 1976. Metabolic transformation of clinically used drugs to

epoxides: New perspectives 1in drug-drug interactions. Biochem.
Pharmacol. 25: 1935-1937.

Olivera B.M. 1971. The DNA joining enzyme from Escherichia coli. In:
Methods in Enzymology Vol. XXI (edited by L. Grossman and K. Moldave).
Academic Press, New York. pp. 311-319.

Olpe H.-R., Baudry M., and Jones R.S.G. 1985. Electrophysiological and

neurochemical investigations on the action of carbamazepine on the rat
hippocampus. Eur. J. Pharmacol. 110: 71-80.

Palmer L., Bertilsson L., Collste P., and Rawlins M. 1973. Quantitative

determination of carbamazepine in plasma by mass fragmentography. Clin.
Pharmacol. Ther. 14: 827-832.

Pellock J.M. 1987. Carbamazepine side effects in children and adults.
Epilepsia 28(Suppl. 3): S64-S70.

Perry T.L. and Hansen S. 1973. Sustained drug-induced elevation of brain
GABA in the rat. J. Neurochem. 21: 1167-1175.

Perry T.L., Hnasen S., and Kloster M. 1973. Deficiency of y-aminobutyric
acid in brain. New England Journal of Medicine 288: 337-342.

Perry T.L., Urquhart N., Hansen S., and Kennedy J. 1974. y-Aminobutyric

acid: Drug-induced elevation in monkey brain. J. Neurochem. 23:
443-445,

Perry T.L., Wright J.M., Hansen S., and MacLeod P.M. 1979. Isoniazid
therapy of Huntington disease. Neurology 29: 370-375.

Perry T.L., Wright J.M., Hansen S., Baker Thomas S.M., Allan B.M., Baird

P.A., and Diewold P.A. 1982. A double-blind clinical trial of isoni-
azid in Huntington disease. Neurology 32: 354-358.



WEBSTER, D. S. 81

Peters J.H., Miller K.S., and Brown P. 1965. Studies on the metabolic
basis for the genetically determined capacities for isoniazid inactiva-
tion in man. J. Pharmacol. Exp. Ther. 150: 298-304.

Pippenger C.E. 1987. Clinically significant carbamazepine drug
interactions: An overview. Epilepsia 28 {Suppl. 3): S71-S76.

Pitlick W.H. 1975. Investigation of the pharmacokinetics of carbamazepine,

1nc1ud1n8 dose and time dependency 1in dogs, monkeys, and humans.
Thesis, Universtiy of Washington, Seattle.

Post R.M. 1988. Time course of clinical effects of carbamazepine:
Implications for mechanisms of action. Journal of Clinical Psychiatry
49(4;Supp1.): 35-46.

Post R.M., Rubinow D.C., Uhde T.W., Ballenger J.C., Lake C.R., Linnoila M.,
Jimerson D.C., and Reus V. 1985, Effects of carbamazepine on noradren-

ergic mechanisms in affectively i11 patients. Psychopharmacology 87:
59-63.

Post R.M., Uhde T.W., and Ballenger J.C. 1984. The efficacy of
carbamazepine in affective illness. In: Frontiers in Biochemical and
Pharmacological Research in Depression (edited by E. Usdin, M. Asberh,
L. Bertilsson, and F. Sjoqvist). Raven Press, New York. pp 421-437.

Pynnonen S. 1979. Clinical pharmacokinetics of carbamazepine in man.
Ther. Drug Monit. 1: 409-431.

. Rambeck B., Riedmann M., and Meijer J.W.A. 1981. Systematic method of

development 1in 1liquid chromatography applied to the determination of
antiepileptic drugs. Therapeutic Drug Monitoring 3: 377-395.

Richter W.J., Kriemler P., and Faigle J.W. 1978. Newer aspects of the
biotransformation of carbamazepine: Structural characterization of
highly polar metabolites. In: Recent Developments in Mass Spectrometry
in Biochemistry and Medicine, Vol. 1 (edited by A. Frigerio). Plenum
Press, New York. pp 1-14.

Rimerman R.A., Taylor S.M., Lynn R.K., Rodgers R.M., and Gerber N. 1979.
The excretion of carbamazepine in the semen of the rabbit and man:

Comparison of the concentration in semen and plasma. Pharmacologist 21:
264.

Riska N. 1976. Hepatitis cases in isoniazid group and in a control group.
Bull. Int. Union Tuberc. 51: 203-206.

Ritola E. and Malinen L. 1981. A double-blind comparison of carbamazepine

and clomethiazole in the treatment of alcohol withdrawal syndrome. Acta
Psychiatrica Scandinavica 64: 254-259.

Ronfeld R.A. and Benet L.Z. 1977. Interpretation of plasma concentration-
time curves after oral dosing. J. Pharm. Sci. 66: 178-180.



WEBSTER, D. S. 82

Rubinow D.R., Post R.M., Gold P.W., Ballenger J.C., and Reichlin S. 1985.
Effects of carbamazepine on cerbrospinal fluid somatostatin. Psycho-
pharmacology 85: 210-213.

Sabra A.F., Hallett M., Sudarsky L., and Mullaly W. 1982. Treatment of

gﬁ%i8?3 tremor in multiple sclerosis with isoniazid. Neurology 32:

Sachedo R. and Chokroverty S. 1985. Enhancement of absence with Tegretol.
Epilepsia 26: 534.

Schaumann B., Satish J., Barden Johnson S., Moore K., and Cervenka J.
1985. Effects of carbamazepine on human chromosomes. Epilepsia 26:
346-352.

Schindler W. 196la. New N-heterocyclic compounds. U.S. Patent 2,948,718.

Schindler W. 1961b. 5H-dibenz[b,f Jazepines. Chemical Abstracts 55:
1671-1672.

Schindler W. and Hafliger F. 1954. Uber derivative des iminodibenzyls.
Helv Chimica Acta 37: 472-483.

Shields W.D. and Saslow E. 1983. Myoclonic, atonic, and absence seizures

following institution of carbamazepine therapy in children. Neurology
33: 1487-1489.

Siegers V.C.-P., Pentz R., and Younes M. 1982. Influence of (*)-catechin

on the pharmacokinetics of carbamazepine in rabbits. Arzneim.-Forsch.
32: 1440-1442.

Smith J., Tyrell W.F., Gow A., Allan G.W., and Lees A.W. 1972,

Hepatotoxicity in rifampin-isoniazid treated patients related to their
rate of isoniazid inactivation. Chest 61: 587-588.

Snead 0.C. and Hosey L.C. 1985. Exacerbation of seizures in children by
carbamazepine. New England Journal of Medicine 313: 916-921.

Snodgrass W., Potter W.Z., Timbrell J., Jollow D.J., and Mitchell J.R.

1974. Possible mechanism of isoniazid-related hepatic injury. Clinical
Research 22: 323A.

Sriprakash R.S. and Ramakrishnan T. 1965. Isoniazid and nicotinamide

ggegane dinucleotide synthesis in M. tuberculosis. Ind. J. Biochem. 6:

Steardo L., Barone P., and Hunnicutt E. 1986. Carbamazepine lowering

effect on somatostatin-like immunoreactivity in temporal 1lobe epilep-
tics. Acta Neurol. Scand. 74: 140-144,



WEBSTER, D. S. 83

Strandjord R.E. and Johannessen S.I. 1975. A preliminary study of serum
carbamazepine levels in healthy subjects and in patients with epilepsy.
In:  Clinical Pharmacology of Anti-Epileptic Drugs (edited by H.
Schneider, D. Janz, C. Gardner-Thorpe, H. Meinardi, and A.L. Sherwin).
Springer-Verlag, New York. pp 181-188.

Sumi M., Watari N., Naito H., Umezawa 0., and Kaneniwa N. 1987. Influence
of phenobarbital on pharmacokinetics of carbamazepine and its epoxide
metabolite in the rabbit. Yakugaku Zasshi 107: 984-991.

Takayama K., Schnoes H.K., Armstrong E.L., and Boyle R.W. 1975. Site of

inhibitory action of disoniazid in the synthesis of mycolic acids in
Mycobacterium tuberculosis. Journal of Lipid Research 16: 308-317.

Taylor J.C. 1963. Trigeminal neuralgia treated with G-32883. Journal of
Neurology Neurosurgery a Psychiatry 26: 553.

Terhaag B., Richter K., and Diettrich H. 1978. Concentration behavior of

carbamazepine in bile and plasma of man. Int. J. Clin. Pharmacol. 16:
607-609.

Terrence C.F., Sax M., From G.H., Chang C.-H., and Yoo C.S. 1983. Effect

of baclofen enantiomorphs on the spinal trigeminal nucleus and steric
similarities of carbamazepine. Pharmacology 27: 85-94.

Timbrell J.A., Mitchell J.R., Snodgrass W.R., and Nelson S.D. 1980.

Isoniazid hepatoxicity: The relationship between covalent binding and
metabolism in vivo. dJ. Pharmacol. Exp. Ther. 213: 364-369.

Timbre11l J.A., Wright J.M., and Baillic T.A. 1977. Monoacetylhydrazine as
a metabolite of isoniazid in man. Clin. Pharmacol. Ther. 22: 602-608.

Tybring G., von Bahr C., Bertilsson L., Collsle H., Glaumann H., and
Solbrand M. 1981. Metabolism of carbamazepine and its epoxide metabo-
lite in human and rat liver in vitro. Drug Metabolism and Disposition
9: 561-564.

Valsalon V.C. and Cooper G.L. 1982. Carbamazepine intoxication caused by
interaction with isoniazid. British Medical Journal 285: 261-262.

Vogher J. and Zeiglgansberger W. 1985. Effect of carbamazepine and

valproate on cortical neurons of the rat in vivo. In: Abstracts, 4th
Worid Congress of Biological Psychiatry, Philadelphia. p 441.

von Sassen W., Castro-Parra M., Musch E., and Eichelbaum M. 1985.
Determination of isoniazid, acetylisoniazid, acetylhydrazine, and diace-
tylhydrazine in biological fluids by high-performance liquid chromato-
graphy. dJournal of Chromatography 338: 113-122.

Wang L. and Takayama K. 1972. Relationship between the uptake of isoniazid

and its action on in vivo mycolic acid synthesis in Mycobacterium tuber-
culosis. Antimicrob. Agents Chemother. 2: 29-35.



WEBSTER, D. S. 84

Webster D.S., Wong S.M., Wong B., and Wall R.A. 1989. Influence of
isoniazid on carbamazepine metabolism in rat liver microsomes.
Proceedings of the 32nd Annual Meeting of the Canadian Federation of
Biological Societies. page 71.

Wedlund P.J. and Levy R.H. 1983. Time-dependent kinetics VII: Effect of
diurnal oscillations on the time course of carbamazepine autoinduction
in the rhesus monkey. J. Pharm. Sci. 72: 905-909.

Wedlund P.J., Patel I.H., and Levy R.H. 1982. Induction effect of
phenobarbital on carbamazepine-10,11-epoxide kinetics in the rhesus
monkey. Journal of Pharmacokinetics and Biopharmacy 427-435.

Weiner I.M. 1967. Mechanisms of drug absorption and excretion: The renal
excretion of drugs and related compounds. Ann. Rev. Pharmacol. 7: 39-56.

Weiss S.R.B., Post R.M., Marangos P.J., and Patel J. 1986.
"Peripheral-type" benzodiazepines: Behavioral effects and interactions
with the anticonvulsant effects of carbamazepine. In: Kindling III
(edited by J. Wada). Raven Press, New York. pp 375-391.

Willow K., Kuenzel E.A., and Catterall W.A. 1984. Inhibition of voltage
sensitive sodium channels in neuroblastoma cells and synaptosomes by the

anticonvulsant drugs diphenylhydantoin and carbamazepine. Mo1l.
Pharmacol. 25: 228-234.

Wray S.D., Hassel T.M., Phillips C., and Johnston M.C. 1982. Preliminary

study of the effects of carbamazepine on congenital orofacial defects in
offspring of A/J mice. Epilepsia 23: 101-110.

Wright J.M. and Timbrell J.A. 1978. Factors affecting the metabolism of
(14C)acetylhydrazine in rats. Drug Metab. Dispos. 6: 561-566.

Wright J.M., Stokes E.F., and Sweeney V.P. 1982. Isoniazid-induced
carbamazepine toxicity and vice versa - A double drug interaction. New
England Journal of Medicine 307: 1325-1327.



