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ABSTRACT

Adverse drug reactions lead to drug withdrawal and attrition in drug development. A
major adverse drug reaction is drug induced liver injury which can lead to patient
mortality accounts for the majority of drug withdrawals from the market. The liver is the
clearance organ for many drugs due to the high number metabolising enzymes. These
detoxification pathways involving Phase I and II metabolism usually prevent toxicity but
the clearance of the drug may lead to toxicity due to formation of reactive metabolites.
Methapyrilene (MP) has been used to investigate mechanisms of liver toxicity but to date
the cause of MP induced liver toxicity has not been fully defined. MP induced
hepatotoxicity is dose-dependent, mild to moderate periportal damage, which includes
hepatocellular necrosis. The work presented in this thesis has used both in vitro and in
vivo methods to clarify and define the metabolic involvement in MP induced liver injury.

Wistar rats administered doses of 150mg/kg/day for 3 days elicited hepatotoxicity
measured by glutamate dehydrogenase (GLDH), values were 3 fold greater than in
control animals. A pre-dose of l-aminobenzotriazole (ABT) (50mg/kg/day), a non-
selective P450 inhibitor, inhibited MP induced hepatotoxxclty with GLDH values reduced
from 18.4 to 1.3 (U/l). Following an intravenous dose of [PH]MP (17.5mg/kg; 10uCi), a
monooxygenated glutathione (GSH) conjugate of MP (MP-SG) was detected in rat bile,
accounting for 19.9%=3.7 of total radioactivity in bile.

To examine metabolism in greater detail microsomal incubations were performed.
Rat liver microsome (RLM) incubations (1mg/ml; 1h) with MP (20pM) and GSH (1mM)
also showed formation of the metabolite MP-SG. Incubations with other thiols (GSH
ethyl ester, N-acetyl cysteine or f-mercaptoethanol (1mM)) also formed conjugates with
MP. LC-MS/MS analyses provided fragmentation patterns which suggested bioactivation
of the thiophene ring. Retention of fragments m/z 72 and 121 were attributable to the
dialkyl side chain and pyridine ring and therefore a thiophene epoxide or S-oxide is the
reactive intermediate of MP. In liver microsomes, formation of MP-SG correlated with
irreversible binding and species susceptibility to MP induced hepatotoxicity,
RLM>>MLM>HLM.

To investigate the relationship between metabolism and toxicity, rat hepatocytes
were utilized. Following rat hepatocyte incubations (6h) with [H]MP (200uM;1puCi)
increasing irreversible binding to hepatic protein correlated with increasing cytotoxicity
and a depletion of total GSH content. The metabolite MP-SG accounted for 15.99%=+1.66
of recovered radioactivity. A pre-dose of ABT (1ImM) inhibited [P’H]MP turnover and
MP-SG could not be detected. Cell viability increased by 59% as measured by trypan
blue exclusion and irreversible binding was reduced by 4.31nmol equiv/mg protein so
that values were similar to control.

More detailed analyses of [’H]MP irreversible binding were carried out to further
define the link between irreversible binding and toxicity. The majority of rat liver
irreversible binding following one dose (150mg/kg) was displayed in the cytosolic
fraction (0.009%) compared to 0.002 and 0.003% bound in the mitochondrial and
microsomal fractions respectively. Following three doses (150mg/kg/day) the cytosolic
fraction showed the lowest percentage of dose bound (0.0003%), compared to the
mitochondrial and microsomal fractions (0.001%). The mitochondrial fraction had 2.2-
4.7 fold greater binding than the cytosolic and microsomal fractions when considering the
protein content. Over the three day dosing period the percentage of dose bound decreased
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by 80% which coincided with a 2.2 fold increase of total hepatic GSH content 24h after
the third dose.

For the first time, evidence is presented in this thesis which links CYP450
dependent metabolic activation of the thiophene ring in MP with hepatotoxicity. The
formation of MP-SG in vivo in rat bile and in vitro in rat liver microsomes and rat
hepatocytes, indicates the importance of in vitro models of drug bioactivation. A direct
relationship between irreversible drug-protein binding, GSH depletion and cytotoxicity
seen in rat hepatocytes indicates the value of hepatocyte systems as a bridge between the
chemical reactions occurring in microsomal models and the complex in vivo situation.
These studies highlight the need for greater understanding of mechanistic drug safety
linking chemical formation of a metabolite with pathology observed in animal models.

IV
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1.1 INTRODUCTION

All drugs on the market present with a risk benefit scenario and an accurate prediction of
the safety profile of new drugs will benefit both the patient and pharmaceutical industries.
Adverse drug reactions account for a significant of number of hospital admissions each
year and contribute to patient morbidity and mortality (Pirmohamed et al., 2004).
Adverse drug reactions in a small number of patients can lead to drug attrition which can
impede the drug development process and withdrawal after licensing.

Adverse drug reactions can be classed as Type A (augmented) or Type B (idiosyncratic).
Type A reactions can predicted from the known primary or secondary pharmacology of
the drug. These reactions usually represent an exaggerated pharmacological effect and are
dose dependent. They can usually be avoided by selection of the appropriate dose for the
patient. Inter individual variation in pharmacokinetics and pharmacodynamics may be
confounding factors. Such reactions account for approximately 80% of all ADRs. Type B
reactions are not predictable from the basic pharmacology of the drug and display marked
inter individual susceptibility. They do not show a simple dose response relationship but
may be important for the susceptible patient. Drugs which are associated with
idiosyncratic toxicity which have been identified once licensed tend to have a dose above
10mg/day (Uetrecht, 1999). Their unpredictable nature makes type B reactions more
dangerous to the patient. They are also difficult to predict from screening assays due the
unknown nature of the mechanisms of reaction.

Work presented in this thesis is using the model hepatotoxin methapyrilene (MP) to
further examine the relationship between metabolism and drug induced liver injury. This

provides an understanding of initiators and causes of adverse drug reactions that can
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occur and can therefore be employed to prevent similar pathways in new compounds in
drug development. MP is a rat hepatotoxin and carcinogen with effects not idiosyncratic
and displays species selectivity. This selectivity allows further interrogation of
mechanism differences and consequences which can be utilised in examining new
compounds with little knowledge of species selectivity. Although investigations
presented in this thesis concentrate on one compound, the clarification of mechanism can
be applied to the drug development process to assess the risk and therefore minimise and
prevent adverse drug reactions for new compounds.

1.1.1 Drug Induced Liver Injury (DILI)

Drug-induced liver injury is the most frequent reason for the withdrawal of an approved
drug from the market, and it also accounts for more than 50% of cases of acute liver
failure in the United States (Lee, 2003).

There are several examples of current drugs causing liver injury including diclofenac
which causes rare but serious hepatotoxicity, it is unclear whether the incidence of
hepatotoxicity is higher with this drug compared with other nonsteroidal anti-
inflammatory drugs. Diclofenac undergoes acyl glucuronylation (Kretz-Rommel et al.,
1993) acyl thiolation (Grillo et al., 2003), and multiple P450-catalyzed oxidations
producing two p-benzoquinoneimines via phenols and an as yet uncharacterized
intermediate—possibly an epoxide—of mechanism-based inhibition (Masubuchi et al.,
2002; Shen et al., 1999; Tang et al., 1999). Amodiaquine produces idiosyncratic toxicity
in man where the metabolism has been clearly implicated. Amodiaquine (AQ) is a 4-
aminoquinoline antimalarial, which is effective against many chloroquine-resistant

strains of Plasmodium falciparum. Clinical use of AQ has been severely restricted
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because of life-threatening agranulocytosis and hepatotoxicity seen in about 1 in 2000
patients during prophylactic administration (Hatton et al., 1986, Larrey et al., 1986;
Neftel et al., 1986).

The liver is the primary organ for metabolism and biotransformation of endogenous and
exogenous compounds. These reactions are important in the elimination or detoxification
of drugs and include oxidation, reduction, hydrolysis, hydration, conjugation and
condensation. Phase I reactions ‘functionalise’ the drug by producing or uncovering a
chemically reactive group and these then undergo phase II reactions generally
conjugation. Phase II reactions can also occur with the parent compound. Both these
reactions are primarily performed by hepatic enzymes, with phase I reactions mediated
by cytochrome P450 monooxygenases. The safety profile of a drug depends upon the
qualitative and quantitative nature of the metabolites present both at the site of primary
and secondary pharmacology. The nature of the short lived and chemically reactive
metabolites will be discussed in the following sections.

1.1.2 Bioactivation and reactive intermediates

Reactive intermediates are generated by phase I metabolism and should be inert but some
are chemically active. The P450 enzymes are extremely versatile and with the reactivity
of their oxygen intermediates relatively inert substances can be functionalised. Reactive
intermediates are generally unstable and can be intermediates to more stable metabolites.
They can often be predicted from the chemical structure of the compound. Reactive
intermediates are short-lived and can be classed as electrophiles, polarised double bonds
or free radicals (Nassar et al., 2004). The identification of reactive intermediates is

essential early in drug development, however assessing the toxicity potential of a reactive
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intermediate is more difficult. In 1998, the pharmaceutical industry spent more than $20
billion on drug discovery and development research, with more than one-fifth of this total
being used on screening assays and toxicity testing (Michelson et al., 2000). To try to
identify these bioactivation mechanisms, metabolism of the compound can be studied. In
vivo experiments provide a complete system with urine, bile and plasma often analysed
for identification and quantification of metabolites. However often several mechanisms
are involved in a drug’s toxicity potential (Budroe et al., 1984).  Biomnactivation
pathways include conjugation with the thiol glutathione (GSH) by glutathione S-
transferases to allow excretion of the reactive species. Epoxide hydrolases can hydrate
arene oxides to dihydrodiols to remove their toxicological threat. = However
bioinactivation pathways cannot always prevent toxicity due to reactive intermediates.
1.1.3 Reactive intermediates and toxicity

Reactive intermediates can elicit toxicity by binding to cellular macromolecules causing
chemical modification. Binding targets include functional groups in DNA, lysine or
cysteine residues in proteins and lipids which initiates lipid peroxidative chain reactions.
Toxicity caused by lipid peroxidation results in the oxidation of polyunsaturated fatty
acids in cell phospholipids causing a change in the lipid structure of the membrane and
disrupting the cell structure and function. Reactive metabolites can also cause alteration
of energetic balance in the cell by increasing ATP consumption and/or reducing ATP
production. Oxidative stress is generally associated with production of a reactive oxygen
species and these species are formed by consecutive one-electron reduction of molecular
oxygen. This mechanism may lead to glutathione (GSH) oxidation, lipid peroxidation,

DNA damage, and protein oxidation, and iron may be important in their catalytic
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formation. Protein binding can cause chemical modification therefore affecting protein
function and therefore cell damage. Not all reactive intermediates or irreversible binding
leads to toxicity and therefore prediction and identification of a reactive intermediate
target and toxicological consequence is essential for understanding of toxicity
mechanisms.

Acetaminophen is a major cause of drug-related morbidity and mortality in humans,
producing massive hepatic necrosis after a single toxic dose. Acetaminophen has been
widely studied as a model hepatotoxin and at therapeutic doses, acetaminophen is
deactivated by glucuronylation and sulphation to metabolites, which are rapidly excreted
in urine. However, a proportion of the drug undergoes bioactivation to N-acetyl-p-
benzoquinoneimine (NAPQI) by CYP2EI, CYP1A2, and CYP3A4 (Raucy et al., 1989;
Thummel et al., 1993). At therapeutic doses of acetaminophen, NAPQI is rapidly
quenched by a spontaneous reaction with hepatic glutathione (GSH). After a toxic (over)
dose, excessive NAPQI depletes hepatic GSH and covalently binds to cellular proteins,
resulting in oxidative stress reactions, dysfunction of mitochondria, and DNA damage.
GSH depletion has been shown to be an obligatory step for covalent binding and toxicity
(Davis et al., 1974). The chemical stress associated with acetaminophen overdose leads
to an immediate adaptive defense response in the hepatocyte. This involves various
mechanisms, including the nuclear translocation of redox-sensitive transcription factors
such as Nrf-2, which “sense” chemical danger and orchestrate cell defense (Park et al.,
2006). With respect to acetaminophen, Nrf-2 genes of immediate significance are those
involved in glutathione synthesis such as y-glutamylcysteine synthetase (y-GCS), GSTs,

glucuronyltransferases, and heme oxygenase. Nuclear translocation occurs at nontoxic
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doses of acetaminophen and at time-points before overt toxicity is observed (Goldring et
al., 2004). However, with increasing doses of acetaminophen, there is progressive
dislocation of nuclear translocation, transcription, translation, and protein activity as the

rate of drug bioactivation overwhelms cell defence.

1.1.4 Toxicophores and structural alerts

Toxicity potential can often be related to chemical structure, more specifically, to
particular substructures, which are generally identified as toxicophores. Chemical
structures within a compound can be compared to previous compounds with known
metabolic and toxicity profiles to predict the metabolic pathways and possible reactive
intermediates. Some structures are associated with toxicity but not every compound
containing the structure will cause toxicity due to the particular pharmacokinetic profile
or bioinactivation pathways of the compound in question. Drugs that have the potential to
cause idiosyncratic drug toxicity may share common chemical properties, produce
reactive metabolites, regulate common physiological processes or regulate specific
immunological processes. The patient may cause idiosyncratic reactions due to genetic
polymorphisms, common perturbation of physiological functions or disease specific
perturbation of physiological functions.

An understanding of bioactivation involvement in MP induced liver injury which is
currently not established will provide another model hepatotoxin where the bioactivation

and toxicity links can be drawn on for understanding a drug’s toxicity potential.
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1.2 METHAPYRILENE

1.2.1 Methapyrilene introduction

Methapyrilene [N,N-dimethyl-N’-pyridyl-N’(2-thienylmethyl)-1,2-ethanediamine)] is a
first generation Hj-receptor antihistamine that was widely used in cold remedies and
sleep-aids. It was withdrawn from the market after 25 years of clinical use following
reports of hepatocarcinogenicity in rats subject to chronic administration (Lijinsky et al.,
1980). There is no evidence of hepatocarcinogenesis in mice, guinea pigs or hamsters
(Brennan et al., 1982; Lijinsky et al., 1983). Methapyrilene is classed as a non-genotoxic
carcinogen assessed by short-term toxicity assays (Budroe et al., 1984; Casciano et al.,
1984; Casciano et al., 1988; Kammerer et al., 1986; Lijinsky et al., 1982; McQueen et
al., 1981; Oberly et al., 1984; Probst et al., 1980; Steinmetz et al., 1988)

As well as carcinogenicity, hepatotoxicity has also been reported in rodents with the rat
being the most susceptible species (Kelly et al.,, 1992). MP causes periportal hepatic
necrosis following acute high dose administration to rats (Graichen ef al., 1985; Ratra et
al., 1998b). Hepatotoxicity is considered to be metabolism dependent due to cytochrome
P450 depletion in vivo preventing toxicity in rats (Ratra et al, 1998a) and NADPH
dependence of covalent binding to calf thymus DNA in vitro and its inhibition with CYP
inhibitors (Lampe et al., 1987). However, neither the role of metabolism nor the chemical
species responsible for hepatotoxicity has been defined.

MP contains a pyridine ring, a thiophene ring and a dialkyl side and has several structural
alerts for metabolic activation (Kalgutkar et al., 2005). The tertiary amines numbered 1,
Fig 1.1, may undergo N-oxidation. Tertiary amines can undergo P450 oxidation to form

iminium ions whereas acyclic tertiary amines can also form a N-oxide which may also be
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reactive. The thiophene ring numbered 3, Fig 1.1, may undergo S-oxidation which can be
mediated by P450 oxidation forming a stable or unstable s-oxide which may be reactive.
The substructures 2 and 3 in figure 1.1 can undergo arene oxidation. As well as
hydroxylation, formation of a reactive epoxide is possible by P450 on the thiophene or

pyridine ring and may lead to drug toxicity. (Fig. 1.1).

Figure 1.1 Structural alerts of MP
Structural alerts for metabolic activation highlighted

1.2.2 Bioactivation of structural alerts within MP

1.2.2.1 Iminium ions

Iminium ions are formed by tertiary amines (Castagnoli et al, 1997) via P450 or
monoamine oxidase (MAQ) catalysed carbon oxidation generating corresponding
iminium metabolites. An example in which an iminium is reported to lead to
neurotoxicity is 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). MPTP undergoes
MAO-B oxidation in the brain and forms a 2,3dihydropyridinium species MPDP+ and

then undergoes two electron oxidation to the corresponding pyridinium species MPP+.
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(Chiba et al., 1985; Chiba et al, 1984; Ottoboni et al, 1989). Selective MAO-B
inhibitors protect monkeys and mice against MPTP induced parkinsons disease (Heikkila
et al., 1984; Langston et al., 1984; Przedborski et al., 2001). The possible iminium ions
of MP have previously been the most thoroughly investigated of the possible reactive
intermediates. Several iminium ions of MP have been postulated (Singer et al., 1987;
Ziegler et al., 1981) but only one has been trapped with cyanide following turnover with
rabbit liver microsomes. Another iminium ion was postulated but could not be trapped
successfully and identified with NMR. However the iminium identified or postulated
have not been directly linked to heptatoxicity of MP.

1.2.2.2 Epoxidation of pyridine rings

As well as possible iminium formation on a pyridine ring, epoxidation of the aromatic
ring could form a reactive intermediate. Two metabolites resulting from hydroxylation of
the pyridine have been previously identified (Kelly et al., 1992; Kelly et al., 1990; Singer
et al., 1987). But there has not been any evidence of a reactive epoxide therefore further
investigation of the toxicity potential of the pyridine ring is required. There is no
evidence of a pyridine ring containing compound causing toxicity via an epoxide
intermediate.

Furosemide (4-chloro-N-furfuryl-5-sulfamoyl-anthranilic acid; FS) is a highly potent loop
diuretic frequently used in the treatment of edematous states associated with cardiac,
renal, and hepatic failure and for the treatment of hypertension (Ponto and Schoenwald,
1990). FS has been shown to produce massive hepatic necrosis in mice by a mechanism
independent of its diuretic action (Mitchell et al., 1974; Liu et al., 1995; Wong et al.,

2000).

11
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Bioactivation of the furan ring represents the mechanism of metabolic activation and
hepatotoxicity of FS. Characterization of FS 7-ketocarboxylic acid, FS-SG conjugate, and
a mixed N-acetyl lysine and N-acetyl cysteine conjugate from in vivo and in vitro studies
indicate furan ring bioactivation. Bioactivation is dependent upon cytochrome P450
enzymes, leading to hepatocellular necrosis, in the absence of glutathione depletion
(Williams et al., 2007).

Demonstration of in vivo metabolism of FS to 7-ketocarboxylic acid and a GSH adduct
directly indicate the formation of an epoxide and a 7-ketoenal reactive intermediate. FS
can be metabolized to Y-ketocarboxylic acid, which is excreted in bile, which further
indicates that FS epoxide is the reactive intermediate. The instability of FS epoxide is
evident in the formation of 7-ketocarboxylic acid. It is suggested electrophilicity of FS
epoxide results in attacks on nucleophilic macromolecules and leads to covalent binding.

(Williams et al., 2007).

1.2.2.3 Thiophene bioactivation

The metabolism of thiophenes is mediated by P450 enzymes (Kalgutkar et al., 2005) and
can undergo hydroxylation adjacent to the sulphur, forming 2- and 5- hydroxythiophene
metabolites. Thiophenes can undergo P450 mediated bioactivation to an S-oxide or
epoxide intermediate and several compounds have had reactive intermediates of

thiophene trapped in vitro and in vivo (Table 1.1, 1.2).

12
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Table 1.1 In Vivo Examples of Thiophene Metabolism

Compound Structure Metabolite/ Species Reference
Postulated
intermediate
Thiophene f: Epoxide Rabbit (Bray et al., 1971)
\ \ Rat
Morantel 5-hydroxylation Bovine (Lynch et al., 1987)
Rat
Dog
Tiquizium O-glucuronide Dog (Nishikawa et al., 1985)
bromide
Tenidap - 5-hydroxy excreted as Rat (Fouda e al., 1997)
glucuronide Monkey
Wy Human
Tenoxicam Uoi’ﬁ: O-glucuronide Rat (Ichihara ef al., 1984)
No_n
ST
LT QO

13




Chapter 1 —General Introduction

Table 1.2 In Vitro Examples of Thiophene Metabolism

Bl

Recombinant
CYP 1A1

Compound Structure Trapping | Postulated System Reference
agent intermediate
Benzothiophene Mercaptoethanol | S-oxide Rat Liver (Mansuy, 1991)
\ Microsomes
Suprofen Semicarbazide Epoxide/S-oxide Human (O'Donnell et al., 2003)
: Recombinant
CYP2C9
oM
Ticlopidine s & Glutathione S-Chloride Activated (Liu & Uetrecht, 2000)
\ | \:@ neutrophils
N
Morantel Glutathione No postulation S-9 fractions — (Lynch er al., 1987)
\"j bovine, rat, dog
/N
Clopidogrel Hy <COOCH, | Acrylonitrile HLM (Pereillo et al., 2002)
éj:)‘):@ incubations with
E c 2-
oxoclopidogrel
2-(4- OMe | Semicarbazide Epoxide HLM (O’Donnell,
methoxybenzoyl) / ) unpublished, see Dalvie
-~ 5 et al., 2002)
thiophene 3
Tienilic Acid o—~""| Mercaptoethanol S-oxide Rat Liver (Mansuy, 1991)
Wu Glutathione Microsomes
3-aroylthiophene & .| Mercaptocthanol | S-oxide Rat Liver (Mansuy, 1991)
(tienilic acid (m T Microsomes
isomer) :
2-phenyl thipohene Glutathione S-oxide and epoxide Rat liver (Dansette et al., 2005)
Microsomes

Thiophenes can also undergo P450 mediated oxidation to the reactive thiophene-S-oxide

metabolite (Dansette et al., 1992; Mansuy et al., 1991). Identification of isomeric

thiophene-S-oxide dimers provided evidence for thiophene-S-oxidation in in vitro and in

vivo studies of thiophene itself (Treiber et al., 1997). A mercapturic acid conjugate of

dihydrothiophene-S-oxide, resulting from a 1, 4-Michael-type addition of thiol on

thiophene-S-oxide, has been identified in the urine of rats treated with radiolabelled

thiophene (Dansette et al., 1992).
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The most extensively described thiophene bioactivation is tienilic acid. It was withdrawn
from US in 1980 due to autoimmune hepatotoxicity ranging from 0.01-0.07% (Dansette
et al., 1998). CYP2C9 produces the tienilic acid reactive intermediates in vivo (Lopez
Garcia et al., 1993; Mansuy, 1991) and a CYP2C9 adduct has been detected (Lecoeur et
al., 1994). Antibodies have also been detected to CYP2C9 (Beaune ef al., 1987; Homberg
et al., 1984). GSH does not inhibit CYP2C9 inactivation therefore binding is thought to
occur at the active site (Mansuy, 1997). The intermediate is generally described as a S-
oxide intermediate however evidence of the S-oxide intermediate of tienilic acid is not
conclusive as LC-MS-ESI-TOF could not definitely discriminate between an S-oxide or
an epoxide (Belghazi et al., 2001). The hypothesis for the formation of 5-hydroxy-TA via
S-oxidation has been further investigated using stable isotopes. Microsomal incubations
of tienilic acid and its 3-aroyl isomer in the presence of NADPH and under %0,
atmosphere results in the incorporation of an '®0 atom in the 5-hydroxythiophene
metabolite (Belghazi et al, 2001). This discovery suggests that the oxygen in 5-
hydroxythiophene metabolites is derived from molecular oxygen, and not water as
previously understood. Similar results have been seen in studies of suprofen and 2-(4-
methoxybenzoyl)thiophene (Kalgutkar et al., 2005; O'Donnell et al., 2003). Such results
provide indirect evidence that 5-hydroxythiophene metabolites can be formed via an
epoxide pathway in addition to the S-oxidation pathway, unless the oxygen of thiophene-
S-oxide rearranges to afford 5-hydroxythiophene.

The trapping agent, mercaptoethanol, has provided evidence of a S-oxide is the

intermediate of the tienilic acid isomer and benzothiophene (Table 1.2) (Mansuy, 1991).
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Further evidence for an epoxidation pathway is provided by the trapping of the
pyridazine derivative in microsomal incubations of suprofen in the presence of NADPH
and semicarbazide (O'Donnell et al., 2003). The formation of the pyridazine derivative
can be rationalized by a pathway involving initial epoxidation of the thiophene ring to the
unstable epoxide metabolite and formation of a reactive y-thioketo-u,pB-unsaturated
aldehyde intermediate by spontaneous ring opening of the epoxide (Kalgutkar et al.,
2005; O'Donnell et al., 2003). Condensation of this aldehyde intermediate with
semicarbazide will lead to the pyridazine adduct (Kalgutkar et al., 2005; O'Donnell et al.,
2003).

Ticlopidine and clopidogrel (structures shown in table 1.2) are two structurally similar
thienopyridine derivatives containing a fused thiophene group. Clopidogrel is a potent
antiaggregating and antithrombotic drug (Savi et al., 1992). It has been shown to have
superior efficacy in comparison to aspirin in preventing thrombotic events, such as
myocardial infarction and stroke, in high risk patients (CAPRIE Steering Committee,
(1996)). Ticlopidine has also been shown to have effective platelet antiaggregating
actions (Saltiel et al., 1987). Common side effects of the drugs include diarrhoea, nausea
and vomiting in 30-50% of patients (McTavish ef al., 1990). Skin rash is also a common
side effect (Quinn ez al., 1999). However, the adverse effects of ticlopidine are of a much
greater severity to those of clopidogrel. Ticlopidine is associated with neutropenia
(2.1%), aplastic anemia (0.8-2.3%), agranulocytosis (1-2%), and cholestatic jaundice
(Gent et al., 1989; Hass et al., 1989; Symeonidis et al., 2002; Yim et al., 1997). No

comparable toxicities have been reported for patients receiving clopidogrel.
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Both clopidogrel and ticlopidine are pro drugs and require metabolism by CYPIA
enzyme systems for activation (Savi et al., 1994). Clopidogrel has been shown to undergo
hydrolysis of the ester function by carboxylesterase to form the carboxylic acid derivative
with S-configuration. This is the main circulating metabolite in plasma (Reist ef al.,
2000). Ticlopidine has been shown to reduce the clearance of a number of drugs, and this
is thought to be due to the inhibition of P450 enzymes, in particular CYP2CI9.
Ticlopidine has been postulated to undergo bioactivation to a reactive S-oxide in the liver,
resulting in mechanism-based inhibition of P450 enzymes as observed with tienilic acid
(Evans et al., 2005; Liu et al., 2000). However, there is no evidence of bioactivation of
the thiophene ring of ticlopidine to a thiophene-S-oxide. Interestingly, ticlopidine has
been shown to generate a glutathione adduct of the thiophene moiety in activated
neutrophils in vitro via formation of a reactive intermediate, ticlopidine-S-chloride. This
reactive metabolite has been postulated to be the cause for the incidence of
agranulocytosis observed in ticlopidine-treated patients (Liu et al., 2000).

Morantel is a tetrahydro pyrimidine used for treatment of gastrointestinal nematode
infections in cattle. An intermediate has been trapped with GSH in S9 fractions of bovine,
rat and dog (Lynch et al., 1987). There is not a postulation of the exact structure of an
intermediate to date but provides another example of possible thiophene bioactivation.
More recent work with phenyl thiophene in RLM has shown bioactivation pathways
which suggest both epoxide and s-oxide intermediates which suggests both could be
produced from one compound and the routes may not be exclusive (Dansette et al.,

2005). This also provided evidence that a S-oxide bioactivation pathway can include
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dehydration as an fragmentation pattern in LC-MS/MS analyses and therefore cannot be
attributed to one intermediate.

The incidence of ADRs and subsequent removal of some thiophene-containing drugs
from the market has led to an increasing understanding of the cause of these ADRs,

particularly in relation to their potential for bioactivation.
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1.3 DETECTION METHODS FOR REACTIVE INTERMEDIATES

1.3.1 Trapping agents

In vitro assays with microsomes and hepatocytes can be used for identification of reactive

intermediates and as described in 1.2 can be essential for a full understanding of

bioactivation pathways. Table 1.3 presents chemical traps in microsomal incubations for

several reactive intermediates.

Table 1.3 Examples of chemical traps in microsomal incubations

Chemical trap

Reactive

intermediates

Examples

lutathione, glutathione ethyl ester,

iercapethanol, cysteine

quinone, enone

Acetaminophen (Chen et al.,

2001)

lutathione (ester), mercapethanol, cysteine thiophene Suprofen (O’Donnell et al., 2003
}Enide [iminium ion [Nicotine (Argoti et al., 2005

smicarbazide

aldehyde, furan

|Prazosin (Evre et al., 2007)

/sine

imide, aryl halide

—

/sine + cysteine

furan, epoxide

Furosemide (Williams et al.,

2007)

EMPO

free radical trap

Methods of trapping reactive metabolites include the use of GSH, N-acetyl cysteine due

to nucleophillic nature of compounds able to conjugate with electrophillic compounds.

The use of microsomes for identification of GSH adducts with LC/MS/MS has been

described and potentially enables a high throughput screen (Chen et al., 2001). GSH-
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ethyl ester has been used as a more lipophilic thiol (Soglia et al., 2004). Trapping of free
radicals uses spin trapped reagents for example, electron paramagnetic resonance (EPR)
spectroscopy in the presence and absence of the spin trap, 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) (Sanders et al., 2000). Iminium ions can be trapped with cyanide as well
as detection of the trapped intermediate commonly the incorporation of radiolablled
cyanide is used as confirmation of iminium formation. This incorporation method has
been utilized to display iminium formation in nicotine, prolintane, viloxazine, flecainide,
tripolidine, thioridazine, dipipanone and clemastine.(Gorrod et al., 1991; Hucker et al.,
1960; Pleece et al., 1980) with the incorporation of radiolabelled cyanide compared to (S)
nicotine. More recently a method utilizing LC-MS/MS techniques has been described
where a neutral loss scan of 27 Da has identified cyanide adducts formed in vitro (Argoti
et al., 2005) utilizing a method commonly used for detection of GSH conjugates scanning
for a neutral loss of 129 (Chen et al., 2001). Semicarbazide has been used to trap
aldehydes but has also been used to identify furan ring opening and thiophene
bioactivation (Dalvie et al., 2002; Erve et al., 2007; O'Donnell et al., 2003). The
identification of reactive intermediates can enable exclusion or flagging of toxic chemical
groups in drug candidate development.

1.3.2 Irreversible binding of reactive intermediates

The irreversible binding of reactive metabolites is thought to involve binding to key cell
macromolecules including nucleic acid leading to teratogenecity or carcinogenicity or
covalently binding to enzyme transporter or signalling proteins possibly leading to
carcinogenicity, necrosis or apoptosis. An approach for universal measurement of

protein binding has been described (Evans et al., 2004). However not all irreversible
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