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ABSTRACT

ADRsare a major cause of patient morbidity and mortality. Chemically

reactive drug metabolites have been implicated hypothetically as essential causal

factors in many drug-associated clinical toxicities. The detection of chemically

reactive metabolites early in drug discovery and safety assessment is a major

concern. Various methodsare available for identification of reactive metabolites in

in vitro systems. A major problem for risk assessment has been the lack of

bioanalytical tools that can be used for characterization and quantification of

bioactivation in patients and animal models of drugtoxicity.

Nevirapine (NVP), a dipyridodiazepin-6-one, non-nucleoside reverse

transcriptase inhibitor is the first member ofits class to be approvedfor the use in

patients with HIV-1 infection. NVP is associated with idiosyncratic skin reactions

and hepatotoxicity. An immune-mediated mechanism of toxicity has been proposed,

together with possible metabolic pathways of hapten formation. The primary aim of

this thesis was to fully investigate the metabolism of NVP in different in vitro and in

vivo compartments in rats and humans with regard to the formation of chemically

reactive metabolites which may play a role in NVP-inducedtoxicities. An integrated

NMRand mass spectrometry approach has been developed to discover and quantify

stable urinary metabolite biomarkers indicative of NVP bioactivationin patients.

Complete metabolic investigation of a drug requires good quantitative and

qualitative methods. The primary aim for the development of new methods was to

identify and characterize the thioether conjugates of NVPin different human and rat

systems. Analytical HPLC-UV methods were developed for the separation of NVP

metabolites. These methods were found to be useful for the identification of NVP

metabolites in RLM and HLM incubations. LC-MS methods were developed for

metabolite identification in complex systems (bile and urine). Development of LC-

MS/MSscreening methods were undertaken in an attempt to identify thioether

conjugates present at trace levels and were undetectable by LC-MS analysis.

Preparative HPLC methods were developed for the isolation and purification of

thioether conjugates from Wistar rat bile with the ultimate aim of chemical

characterization and quantitative standardization by NMR.Thesubstitution positions

of the thioether conjugates foundin rat bile were definitively characterized by NMR.

These samples were then used for the characterization of the thioether conjugates

formed in rat and human systems.

Metabolism of NVP wasinvestigated in in vitro and in vivo systems of rats

and humans. NVP underwentbioactivation to form one mercapturate (NVP-M2) and

one GSH conjugate (NVP-G2) in HLM and RLM. Two mercapturate conjugates

(NVP-M1; minor and NVP-M2; major) were found in humanurine,rat urine,rat bile

and hepatocytes. Rat bile and hepatocytes also contained two GSH conjugates (NVP-

G1; minor and NVP-G2; major). NVP-M2 and NVP-G2 were consistently 5-10 fold

and 10-30 fold more abundant than NVP-M1 and NVP-G1, in vivo. NVP-M1 and

NVP-M2 were characterized as NVP C-12 and NVP C-3 mercapturates by NMR.

The major GSH conjugate (NVP-G2) was characterized by NMRas NVP C-3 GSH

conjugate, whereas the minor GSH conjugate (NVP-G1) was characterized by LC-

MS/MS as NVP C-12 GSH conjugate. It is proposed that NVP undergoes

bioactivation to both arene oxide and quinone methide intermediates. This thesis also

describes an attempt to quantify the bioactivation of NVP in HIV-patient urine by



using mercapturate conjugates as potential biomarkers of bioactivation. The purified

mercapturate conjugates were quantified by NMR and used to calibrate a mass

spectrometric assay of the corresponding metabolite in patient urine.

To conclude, the metabolic activation of NVP has been characterized in

human and rat systems. The study described in this thesis forms thefirst direct

evidence for metabolic activation of NVP in vivo in rats and humans, and only the

second minimum estimate in patients of bioactivation of a widely prescribed drug

associated with idiosyncratic toxicities. The analytical strategy presented in this

thesis for identification, characterization and quantification of thioether conjugates of

NVPcan be used as a template for characterization and comparative estimations of

bioactivation for any drug in patients.

VI
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Chapter 1: General introduction

1.1 INTRODUCTION

Adverse drug reactions (ADRs) are defined as a response to a drug that is

noxious, unintended or undesired occurring at doses normally used for the

prevention, diagnosis or treatmentof disease (Edwards and Aronson, 2000). Despite

intensive investigation in the fields of chemical toxicology and molecular biology,

ADRs remain a major complication of drug therapy (Lazarou et al., 1998;

Pirmohamed et al., 1998). ADRs account for a significant number of hospital

admissions each year and contribute to patient morbidity and mortality (Pirmohamed

et al., 2004). A pilot study investigating hospital in-patient ADR development found

that 19% of patients suffered an ADR,the majority of which were avoidable (Davies

et al., 2006). In addition, ADRs represent a major issue for pharmaceutical

industries, accounting for 30% of compoundattrition during the drug development

process (Greene and Naven, 2009). Drug toxicity can mimic natural disease and

almost any body system can be adversely affected by drugs (Parketal., 2000).

ADRscan beclassified as ‘on-target’ or ‘off-target/ idiosyncratic’ reactions

(Park, 2009; Antoineet al., 2009; Testa and Kramer, 2009). On-target reactions can

be predicted from the known primary or secondary pharmacology of the drug and

often represent an exaggeration of the pharmacological effect of the drug. They show

simple and clear dose-responserelationships and, therefore, can usually be avoided

by dose reduction and are only rarely life-threatening (Liebler and Guengerich, 2005;

Testa and Kramer, 2009). In contrast, idiosyncratic adverse reactions cannot be

predicted from knowledge of the basic pharmacology of the drug. They are

extremely host-dependent and uncommonreactions (Uetrecht, 2008). Idiosyncratic

drug reactions represent a major problem for the pharmaceutical industry because

they add significant uncertainty to the process of drug development and can lead to
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the candidate failure (Lasser et al., 2002; Kola and Landis, 2004). They are

particularly difficult to deal with because they are likely to be discoveredlate in

development or after the drug has been approved; the later a drug fails, the more

expensiveis the failure (Uetrecht, 2003; Uetrecht, 2006).

The exact mechanisms of idiosyncratic drug reactions are still unclear;

howeverit is believed that some idiosyncratic reactions are initiated by reactive drug

metabolites (Smith and Obach, 2006; Uetrecht, 2008), which bind covalently to

macromolecules and either cause direct cell damage or trigger an immune response

leading to cell death (Williams and Park, 2003; Uetrecht, 2006; Guengerich, 2006).

Therefore, the propensity of a new chemical entity to undergo bioactivation needs to

be determined at an early stage of the drug development process. Considerable

efforts have been made to develop screening systems for reactive drug metabolites

based on subcellular liver fractions (Gan et al., 2009; Bauman et al., 2009) or

isolated hepatocytes (Bauman et al., 2009). What is currently lacking is a non-

invasive, generic, and quantitative method for assessing bioactivation of drugs in

experimental animals, human volunteers andpatients.

The research presented in this thesis was conducted on an antiretroviral drug

nevirapine (NVP), which causes idiosyncratic liver and skin toxicities in patients

(Patel et al., 2004). NVP undergoes bioactivation to form a glutathione (GSH)

conjugate in human liver microsomes (HLM) (Wenet al., 2009). It is proposed that

toxicities associated with NVP are immune-mediated and involve the metabolic

pathways of hapten formation (Shentonetal., 2007; Chen etal., 2008). The aims of

the work presented in this thesis were to further examine the potential for the

bioactivation of NVP in vitro and in vivo in animals, to gain insight in to the

chemical nature of the reactive metabolites of NVP and to quantify the levels of
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NVP  bioactivation in HIV-infected patients. An integrated nuclear magnetic

resonance (NMR)and massspectrometry (MS) approach was developed to discover

and quantify stable urinary metabolite biomarkers indicative of NVP bioactivation.

Thestrategy developed forms a unique bridge between clinical studies in patients, in

vivo animal models and in vitro cellular studies. Although investigations presented in

this thesis concentrate on one compound,the present study may serve as a template

for the quantitative assessmentofbioactivation of any drugin patients, in the context

of severe adversereactions.

1.1.1 Drug Metabolism and Reactive Metabolites

The biotransformation of lipophilic compounds into water-soluble derivatives

that are more readily excreted is the physiological role of drug metabolism

(Parkinson, 1996). The principal site of drug metabolism is the liver. The liver is

exposed to xenobiotics immediately after their absorption from the gastro-intestinal

tract and has a high capacity for both phase I and phase II biotransformations.

Usually, this conversion of the xenobiotic from a lipid soluble to a more water

soluble form results in loss of pharmacological/biological activity (Testa and

Kramer, 2008). Such metabolic reactions are, therefore, regarded as true

“detoxication reactions”, but certain xenobiotics additionally undergo

biotransformation to toxic/reactive metabolites that can interfere with cellular

functions and may have intrinsic chemical reactivity towards certain types of cellular

macromolecules (Rose and Levi, 2004). Such biotransformations are therefore

termed as “intoxication”reactions.

The propensity of a molecule to form either toxic and/or chemically reactive

metabolites is simply a function of its chemistry (Kalgutkar etal., 2005; Nelson,

2001). Such metabolites are typically short-lived, with half-lives of generally less
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than a minute, and are not usually detectable in plasma (Gardner et al., 1998).

Toxicophores are functional groups present in drugs which can be transformed into

reactive species by normal biotransformations (Williams, 2006). The concept that

small organic molecules can undergo bioactivation to electrophiles and free radicals,

andelicit toxicity by covalent modification of cellular macromolecules, has its basis

in chemical carcinogenicity and the pioneering work of the Millers (Miller and

Miller, 1947; Miller and Miller, 1952), who studied the hepatotoxic effects of p-

dimethylaminoazobenzenein the rat and found that aminoazo dyes becometightly

boundto the protein constituents of liver tissue. The application of such concepts to

human drug-induced hepatotoxicity was established through the studies of Brodie,

Gillette and Mitchell (Brodie et al., 1971; Gillette et al., 1974) on the covalent

binding to hepatic proteins of toxic (over) doses of the widely used analgesic

acetaminophen (APAP).

Reactive metabolites may be broadly classified as either electrophiles or free

radicals (Williams et al., 2002). In the vast majority of cases the ultimate reactive

species is electrophilic in nature (Kalgutkar et al., 2005), for example, epoxides and

quinoids. Electrophiles are reactive because they are electron deficient and have

either a high positive charge density (hard electrophiles) or a lowerpositive charge

density (soft electrophiles) at the electrophilic centre (Pearson and Songstad, 2002).

Reactive metabolites that possess unpaired electrons are free radicals. Free radicals

usually abstract a hydrogen atom from other molecules rather than becoming

covalently bound, however, they can also add to double bonds (Rose and Levi,

2004). Free radical reactions can beself propagating: abstraction of a hydrogen atom

from a lipid can initiate a chain reaction leading to lipid peroxidation, oxidative
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stress or modification of other types of biological molecules by free radicals

(Uetrecht, 1995).

Formation of chemically reactive metabolites is mainly catalyzed by

cytochrome P450 (Guengerich, 2006). Quantitatively, the P450 isoforms in the

endoplasmic reticulum are the most important group of enzymesinvolved in this

process. Products of phase-II metabolism canalso lead to toxicity (Rose and Levi,

2004). Additionally, non-cytochrome P450 oxidative enzymes, such as

myeloperoxidase and prostaglandin H synthetase, have been implicated in the

bioactivation of drugs and other chemicals (Uetrecht, 1995), the metabolites of

which are thought to be responsible for observed toxicity, e.g. clozapine and

agranulocytosis, benzene and aplastic anaemia (Fischer et al., 1991; Mason and

Fischer, 1992; Ross et al., 1996; Smith et al., 1989). Cytochrome P450 isoforms are

present in different proportions in many organs, though most abundantin the liver,

and thus can bioactivate chemicals to cause organ-specific toxicity (Kao and Carver,

1990; Pelkonen and Raunio, 1997; Uetrecht, 1992).

1.1.2 Reactive Intermediates and Toxicity

Reactive metabolites have the ability to interact with cellular proteins, lipids

and nucleic acids, leading to protein dysfunction, lipid peroxidation, DNA damage,

and oxidative stress (Fig.1.1) (Park et al., 2005). Additionally, the metabolites may

induce disruption of ionic gradients and intracellular calcium stores, resulting in

mitochondrial dysfunction and loss of energy production. This impairment of

cellular function can result in cell death and possible liver failure (Parket al., 2005).
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Fig.1.1 Relationship between drug metabolism andtoxicity.

Toxicity may accrue through accumulation of parent drug or, via metabolic
activation, through formation of a chemically reactive metabolite, which, if not
detoxified, can effect covalent modification of biological macromolecules. The
identity of the target macromolecule and the functional consequence of its
modification will dictate the resulting toxicological response (Park etal., 2005).
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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 anddisrupting the cell structure and function (Fawthrop et

al., 1991; Uetrecht, 1995). Reactive metabolites can also cause alteration of the

energetic balance in the cell by increasing ATP consumptionand/or reducing ATP

production (Tirmenstein and Nelson, 1989). 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 GSH oxidation, lipid peroxidation, DNA damage, and protein oxidation

(Jaeschke, 1990). Protein binding can cause chemical modification affecting protein

function and therefore cause 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 (Park etal., 2005).

A number of simple chemical compounds such as APAP (Mitchell et al.,

1973), bromobenzene (Jollow et al., 1974), furosemide (Williams et al., 2007),

methapyrilene (Graham et al., 2008), and thiobenzamide (Ikehataet al., 2008) (Table

1.1) produce hepatotoxicity in one or more rodentspecies after a single dose or a

short-term regimen. The reproducibility of these injuries permits detailed

mechanistic investigations that are impractical or unachievable in the case of

idiosyncratic reactions; however, they may provide crucial insights into the

mechanismsofsuch reactions.
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Table 1.1. Bioactivation of model hepatotoxins

The structures of the toxic metabolites that are formed from oxidative metabolism of

APAP, bromobenzene, carbon tetrachloride and furosemide are given alongside the

requirement for GSH depletion and covalent binding.

 

 

 

 

 

Parent Compound Reactive Metabolite GSH

_|

Covalent

Depletion |Binding

° oO

yovcu, wate,

c Required Yes

on

=

APAP oO NAPQI*

Br Br Br

Oo, CO Required Yes

oO Oo
Bromobenzene Quinone Epoxide

CCl, CCl; May occur] Yes

CarbonTetrachloride Trichloromethy]radical

Cl cl

H2NO2S H2NO2S

NH NH May occur] Yes

1 |
Y oO

Furosemide Furosemide epoxide       
*NAPQI= N-acetyl-p-benzo-quinone imine

The metabolic activation of the above compounds (Table 1.1), and the

covalent modification of cellular, sub-cellular, and blood plasmaproteins by reactive

metabolites, in general, has received considerable attention (Caldwell and Yan,

2006; Kalgutkar and Soglia, 2005, Park et al., 2005). Nevertheless, the structure of

the metabolite-protein adduct has been determined in only a few cases (Baeretal.,

2007; Bambal and Hanzlik, 1995; Damstenet al., 2007; Slenoet al., 2007; Yukinaga

et al., 2007; Zhang et al., 2003), and identification of the modified amino acid

residue(s) in vivo remains a major analytical challenge (Koen et al., 2006). Greater

progress has been madein identification of the cellular proteins that are modified in

10
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vivo (Druckovaet al., 2007; Ikehata et al., 2008; Koen et al., 2007; Qiu et al., 1998;

Shipkova et al., 2004). Potential targets within individual organelles can now be

identified by using modelelectrophilesin cell fractions (Shin et al., 2007; Wong and

Liebler, 2008). Adducted amino acid residues of hepatic proteins are likely to be

more easily identified in vivo if an intrinsically reactive compoundis administered

(Nerland et al., 2003). However, the usefulness of this approach for identifying

potential binding sites of reactive metabolites has not been established. Nevertheless

it has the potential to confirm the association of selective modification of liver

proteins with loss of critical enzymeactivities (Campian et al., 2002) suggested by

various studies on APAP(Parket al., 1998). The extent to whicha particular loss of

activity in vivo is due to adduction by a reactive metabolite or drug-induced

oxidative modifications of amino acid residues is a complex analytical problem

(Andringa et al., 2008). Despite these difficulties, the expectation is that a

comprehensive database of cellular proteins modified covalently by reactive

metabolites in vivo should ultimately facilitate elucidation of the mechanisms of

associated toxicities (Hanzlik et al., 2007). It is already apparent that, although each

bioactivated xenobiotic may modify a uniqueset of hepatic proteins, there is a partial

commonality with the proteins modified by other compounds(Koenetal., 2007). A

similar selectivity is seen with model electrophiles in vitro (Shin etal., 2007). The

proteins modified perform a great variety of biological functions, with corresponding

potential for disruption of those functions. The relationship of the adduction of these

proteins to the toxicity of reactive metabolites has been discussed in terms of

inhibition of enzymescritical to maintenanceof cellular energy and homeostasis, the

unfolded protein response, and interference with kinase-based signaling pathways

(Ikehata et al., 2008). The targeting of components of signaling pathways and

11
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metabolic networks has been proposed, alongside the need to understand

mechanismsof damageat a systemslevel (Liebler, 2008).

1.2 BIOMARKERSOF DRUG BIOACTIVATION

Clearly, drug metabolism can play an important initiating step in the

development of ADRs, and chemically reactive metabolites have been correlated

with the toxicity of several drugs. Therefore, a major interest in biological and

analytical techniques has been to minimize metabolic activation of drug candidates

during the drug discovery process (Kalgutkar and Soglia, 2005). A variety of

experimental approaches have been developed and applied from early optimization

of lead compoundsto characterization of development candidates. These studies are

largely based on the discovery and quantitation of drug conjugates with endogenous

molecules and in vitro ‘trapping agents that serve as indicators of drug safety (Wen

and Fitch, 2009). By allowing for improved decision-making, these indicators,

referred to as biomarkers, can dramatically improvethe efficiency of drug discovery

and development. However,these studies are time consuming and in some cases may

delay the process of drug discovery without sufficient improvementin the safety of

new chemical entity.

Generally, chemically reactive metabolites are detected and estimated

indirectly through the irreversible binding of uncharacterized radiolabelled material

to hepatic protein (Evanset al., 2004) and/or the formation of stable metabolites such

as GSH conjugates (Masubuchiet al., 2007). Until recently, most assays of reactive

metabolite formation in vivo andin vitro depended on measuring irreversible binding

of radioactivity; using relatively laborious methods of exhaustive solvent extraction

(Evanset al., 2004; Masubuchiet al., 2007; Takakusaet al., 2008).
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1.2.1 Trapping Agents andin vitro Biomarkersof Bioactivation

Mostreactive metabolites are electrophilic in nature because of the inherent

reactivity and instability, and can readily be trapped with a suitable nucleophile to

form stable adducts; the strategy of trapping these intermediates in vitro is widely

used (Maet al., 2008; Argoti et al., 2005). The in vitro assay most widely used to

screen for reactive metabolites is liver microsomes supplemented with a

NADPH/NADPH regenerating system, as co-factor for CYP 450-catalyzed

reactions, and a trapping agent (Evans et al., 2004; Kalgutkar and Soglia, 2005).

Table 1.2 presents chemical traps that have been used in microsomalincubations for

several reactive intermediates.

Table 1.2 Examples of reactive intermediates and trapping agents in

microsomal incubation

 

Trapping agents Reactive

intermediate

GSH, GSHethyl ester, mercaptoethanol, cysteine, quinones, enones

N-acetyl cysteine

GSH(ester), mercaptoethanol, cysteine thiophenes

cyanide iminium ions

Semicarbazide, methoxylamine aldehydes, furans

lysine imides, aryl halides

lysine + cysteine furan, epoxide

TEMPO free radical trap

 

Methodsoftrapping reactive metabolites commonlyinclude the use of GSH,

GSH-ethyl ester and N-acetyl cysteine (NAC), because oftheir nucleophilic nature

they are able to conjugate spontaneously with electrophilic compounds. The most
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widely used trapping agent, GSH,contains a free sulfydryl group, a soft nucleophile,

that can react directly with soft electrophiles, including quinones, epoxides,

nitrenium ions, alkyl halides, Michael acceptors etc. to form stable GSH adducts

(Wen and Fitch, 2009; Evanset al., 2004). GSH is present in a concentration of

approximately 10 mMin the liver and can conjugate readily with metabolites with an

electrophilic centre, generated through the bioactivation by CYP 450 enzymes.

Hence, GSHserves as a natural trapping agent for chemically reactive metabolites

and has been routinely used in vitro to screen and evaluate reactive metabolite

formation (Masubuchiet al., 2007).

B-Mercaptoethanol has been used successfully to trap several reactive

metabolites generated by microsomes and isolated enzymes. In mostcases, where

the structure of the intermediate can be deduced, the precursor of the B-

Mercaptoethanol adduct has been an a,f-unsaturated carbonyl (Madden et al.,

1995), a quinone(Soglia et al., 2004) or a quinone imine (Soglia et al., 2004).

GSH-ethylester has been used as a more lipophilic thiol (Soglia et al., 2004),

and was shown to increase the MSsensitivity by approximately tenfold in the

detection of reactive metabolites (Soglia et al., 2004). Trapping of free radicals

employs spin trapped reagents, for example, electron paramagnetic resonance

spectroscopy in the presence and absenceofthe spin trap, 5,5-dimethyl-1-pyrroline-

N-oxide (Sanders et al., 2000). Iminium ions can be trapped with cyanide as well as

detection of the trapped intermediate and commonly the incorporation of radiolablled

cyanide is used as confirmation of iminium formation (Argoti et al., 2005; Gorrod et

al., 1991). Hard electrophiles such as aldehydes are trapped with hard nucleophiles

such as semicarbazide (O'Donnell et al., 2003; Dalvie et al., 2002) and
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methoxylamine (Chauretet al., 1995; Zhang et al., 1996). Semicarbazide has also

been used to identify furan ring opening and thiophene bioactivation.

While the detection of adducts (GSH/NAC/cyano etc.) early in the drug

discovery process provides the information about reactive metabolite formation, the

data needto be placed in proper context before discarding drug candidates associated

with this liability. There are numerous examples of drugs which form GSH

conjugates in these assays and also exhibit covalent protein binding, are not

associated with significant incidence of toxicity. Moreover, toxic drugs which form

reactive metabolites through non CYP-mediated bioactivation process will not be

detected by the routinely used microsomal assays (Kalgutkaret al., 2008).

1.2.2. Mercapturate (NAC) Conjugate as in vivo Indicators of Drug

Bioactivation

A common mechanism for the detoxification of toxic electrophilic

compounds occurs viaGSH conjugation (Williams et al., 2002). The GSH

conjugates can be further processed into breakdown products such as mercapturate

conjugates (Fig.1.2) and are excreted in urine (Jan et al., 1998). Therefore,

mercapturate conjugates are potential biomarkers of bioactivation that are not

dependent upon cell death to be released into an accessible compartment (e.g. urine)

(Kuiper et al., 2008). GSH conjugates are unsuitable biomarkers of metabolic

activation in vivo because they are only very rarely eliminated in urine, and

seemingly only at very low concentrations (Johnson and Plumb, 2005). They have

been found as N-acetylated derivatives (Tsuruda et al., 1995).
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Fig.1.2 Mercapturate biosynthesis pathway.

Steps are catalyzed by (a) y-glutamyltranspeptidase; (b) dipeptidase: csteineglycine

dipeptidase and aminopeptidase; (c) cysteine conjugate N-acetyltransferase; (d) N-

deacetylase (Jan et al., 1998). (RX= reactive species, Glu= glutamate, Gly= glycine)

Human urinary mercapturates have been recognized for many years as

particularly useful biomarkers in assessments of human exposure to chemically

diverse environmental and biogenic electrophiles (Seutter-Berlage et al., 1977;

Henderson et al., 1989; Jan et al., 1998). Recently, through the employment of

advanced MS techniques (Scholzet al., 2005), there has been a revival of interest in

the bioanalytical possibilities of mercapturates (Norrgran et al., 2006; Wagneret al.,

2007). Mercapturate biosynthesis (Fig.1.2) has been modelled as an inter-organ

pathway,with the liver serving as the majorsite of GSH conjugation and the kidney

as the primary site for conversion of GSH conjugates to cysteine conjugates (Inoue

et al., 1982; Jan et al., 1998), however, in some cases it can be an entirely

intrahepatic process even in rats (Hinchman and Ballatori, 1994). Bendamustine’s

GSH adducts are metabolized completely in humanliver, only the mercapturates and
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further metabolites appearing in bile (Teichert et al., 2009). The cysteine adductis

the sole thioether metabolite of APAP eliminated in human bile, with the APAP

cysteine adduct and mercapturate being excreted in urine (Siegerset al., 1984). Any

drug mercapturate produced extrahepatically might also be eliminated in bile: rat

liver possesses an efficient mechanism for uptake and biliary excretion of circulating

mercapturates (Hinchmanet al., 1998). Although the metabolism of GSH adducts

can yield numerous S-linked products via modifications of the tripeptide moiety

(Teichert et al., 2009; Tsurudaet al., 1995), as in the case of carbamazepine (Amore

et al., 1997; Maddenetal., 1996) mercapturates are not invariably found amongst the

excreted metabolites, and there is evidence for a species-selective absence of

carbamazepine mercapturates from human urine (Amoreet al., 1997; Maggs et al.,

1997). When taken with the frequent observation that a compound can be

metabolized to several GSH adducts (Amoreet al., 1997; Bu et al., 2007; Maddenet

al., 1996; Rousu et al., 2009; Wanget al., 2009), these findings commendcareful

analysis of a drug’s metabolites to identify a thioether derivative suitable for use as a

biomarker of metabolic activation.

S-phenyl mercapturic acid and N-methylcarbamoyl mercapturic acids have

been proposed by ACGIH (American Conference of Governmental Industrial

Hygienists, 2001) as biomarkers for purposes of evaluating exposure to benzene

and N,N-dimethylformamide, respectively. Among the human pharmaceuticals the

mercapturate conjugates (Fig.1.3) of APAP (Siegers et al., 1984), phenacetin

(Veroneseet al., 1985), felbamate (Dieckhausetal., 2002) and valproic acid (Gopaul

et al., 2003) have been usedfor the quantitative assessmentof in vivo bioactivation.
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Fig.1.3 Structures of APAP, phenacetine, valproic acid, felbamate and their

mercapturate conjugates.

(*APAP= Acetaminophen, VPA= Valproic acid, FBA= Felbamate)
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13 BIOANALYTICAL METHODS’ FOR INVESTIGATION OF

METABOLISM

MS and NMRspectroscopy are the most important methods for discovery

and quantification of drug conjugates with in vitro trapping agents and in vivo stable

metabolite biomarkers of drug bioactivation (Prakash et al., 2007). While in many

instances a full structure elucidation of unknown compounds is only possible by

NMRtechniques, the NMR or high performance liquid chromatography (HPLC)-

NMRcoupling suffers from low sensitivity (Walker and O'Connell, 2008), and in

general only allows for structure elucidation of the major metabolites, MS is useful

in the identification of metabolites present at low concentrations (Jones, 2008; Yan

et al., 2005). However, only limited structural information is obtained by MS

(Prakashet al., 2007). An integrated approach utilising HPLC-MS and NMRcould

be useful for full structural characterization of metabolites present in trace quantities

(Yang, 2006). Since metabolic activation followed by thioether conjugation is only a

minor route of biotransformation for many drugs dueto the high affinity of reactive

metabolites towards the cellular/microsomal protein, this integrated approachis vital

for the structural characterization of thioether conjugates and elucidation of the

chemical nature of reactive metabolites.

1.3.1 LC-MSAnalysis as a Tool for Identification of Drug Metabolites

MScoupled with liquid chromatography (LC) is a preeminent analytical tool

for the identification and determination of xenobiotics. It combines the detection

power of MS with the separation efficiency of the chromatographic columns. LC is

very useful during the drug metabolite identification process, mainly for the

structural discrimination of positional isomers (Cisaretal., 2005) and stereoisomers

(Nobilis et al., 2007), based on their differential retention times. In the drug
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metabolite identification process, the structure of the parent molecule is always

known;hence, the ionization and fragmentation pattern of unknown metabolites can

be studied in relation to the parent drug and, if available, standards of phase I

metabolites. Then this knowledge is applied by analogy for their identification. Each

metabolic reaction leads to a characteristic change in the MWsofthe metabolites,

which is the first indication for the identification of metabolites and determination of

respective biotransformation pathways.

1.3.2 LC-MS/MSas a Toolfor Reactive Metabolite Screening

LC-MS/MStechniques play a dominant role in the detection, identification

and quantification of reactive metabolites (Castro-Perez et al., 2005; Wen etal.,

2008; Zhenget al., 2007). It is a very useful tool for the A) rapid screening and

characterization of reactive metabolites in in vitro ‘trapping experiments’(Chen et

al., 2006; Wenet al., 2009); B) quantitative analysis of in vitro reactive metabolites

trapped by small nucleophiles (Soglia et al., 2006) and for; C) evaluation of in

vivo bioactivation in toxicology in both animal species and humans (Chenetal.,

2006). LC/MS/MSanalysis of reactive metabolites trapped by GSH is a common

practice in screening for reactive metabolites whenradiolabeled test compounds are

not available (Baillie and Davis, 1993; Maetal., 2008). For this purpose various

MS/MSsurvey scans with a triple quadrupole MS are employed. Traditionally, the

most widely used MS/MSsurvey scan has been constant neutral loss (NL) scanning

for 129 Da, which is based on loss from the [M+H]* ion of the elements of

pyroglutamic acid, derived from the glutamate residue of the conjugate (Samuel et

al., 2003; Chen et al., 2001). GSH adducts detected by this method are structurally

characterized further by a product ion scan in a second LC/MS/MSrun. The NL

scanning method provides a practical means for increased throughput and is
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especially useful when protonated molecules of the GSH adduct cannotbe predicted.

However, this method suffers low LC/MSsensitivity andlimited selectivity resulting

from the interference of endogenous compounds and background noise (Dieckhaus

et al., 2005; Castro-Perez et al., 2005), as a result, false positives are routinely

detected by the NL scan analysis. Furthermore, a fundamental drawback of the NL

scan at m/z 129 is that this NL is not observed for all classes of GSH adduct under

collision-induced dissociation (CID) conditions (Wen and Fitch, 2009), for example

aliphatic and benzylic thioethers may eliminate the elements of GSH ({M+H]*—307)

as a neutral ion, and/or yield the GSH)* product ion ([M+H]*—308), while thioester

conjugates typically fragment by loss of glutamic acid (({M+H]*—-147) (Mahajan and

Evans, 2008; Grillo et al., 2003), and consequently escape detection. To overcome

this drawback, Dieckhaus et al. demonstrated that a precursor ion (PI) scan of m/z

272 (deprotonated y-glutamyl-dehydroalanyl-glycine) in negative-ion mode enables

broader screening for unknown GSH conjugates belonging to different structural

classes (Dieckhaus et al., 2005). Under negative-ion conditions collision induced

dissociation (CID) of GSH and all major classes of GSH conjugates afforded a

common fragment ion at m/z 272 (elimination of HS, deprotonated

glutamyldehydroalanylglycine). An extension of this methodology was recently

reported, where simultaneous dual negative PI scan for m/z 272 and 254 (the

dehydrated form of m/z 272) were incorporated (Mahajan and Evans, 2008).

Moreover, GSH adduct screening by using a mixture of GSH and stable-isotope

labeled GSH (1:1 ratio) as the trapping agent (Yan and Caldwell, 2004; Mutlibetal.,

2005; Yanet al., 2005) has also been shownto improvethe selectivity of NL scan.

One major disadvantage of using these NL and PI methods for detection and

characterization of GSH adducts is a requirement for multiple-step processes.
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Recently, hybrid quadrupole-linear ion trap MS was employed to improve the

throughput of PI scanning analysis of GSH adducts (Maet al., 2008; Wenetal.,

2008; Zheng etal., 2007). The hybrid mass spectrometer not only retains the MS/MS

scan functionsoftraditional triple quadrupole instruments, but also has the capability

of linear ion trap instruments, including the full scan MS-based data-dependent

MS/MSanalysis and the acquisition of MS?spectra. Additionally, it allows for the

use of NL, PI, or multiple reaction monitoring (MRM)as the survey scan to trigger

the information-dependent acquisition of enhanced product ion (EPI) spectra (Zheng

et al., 2007; King and Fernandez-Metzler, 2006).

The superior sensitivity of the MRM-EPI approach is also demonstrated in

analyzing mercapturate conjugates in rat and human urine (Scholz et al., 2005;

Wagner et al., 2007). Mercapturates afford the NL of 129 Da (loss of N-acetyl

dehydroalanine) as a single major fragmentation pathway in the negative ion

electrospray mode (Scholz etal., 2005). The unique fragmentation has been used in

screening for urinary mercapturate conjugates using the negative MRM-EPI scan

with a Q-trap instrument (Scholz et al., 2005). Very recently Jian et al. (2009)

reported an attempt to develop a generic LC-MS/MSscreen for drug mercapturates

in urine. They used 4000 Q-trap and employed linked survey scan-EPI scan

techniques with polarity switching to enhance sensitivity and structural

characterization (Jian et al., 2009). The techniques were employed on NAC adducts

of diclofenac and clozapine generated in microsomal incubations, whereas in

vivo verification work was conducted on APAP in human

_

volunteers.

They demonstrated the ability of the method to find previously unknown NAC

conjugates of two known minor APAP metabolites (3-hydroxyl and 3-methoxyl

APAP).
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Advanced MStechniques now enable not only high-throughput screening of

GSH-trapped reactive metabolites but also structural characterization of adducts,

which provides fundamental insights into the identities of the reactive metabolites

(Maet al., 2008; Wenet al., 2008). A complementary method exists for cyanide

trapping of iminium ion intermediates generated in microsomal incubations (Argoti

et al., 2005) As an alternative technique, a peptide-based in vitro method for the

detection of reactive metabolites, in which covalently bound adducts are detected by

MS,has been developed (Mitchell et al., 2008). A recent study on the mechanism-

based inactivation of cytochrome P450s by 17-B-ethynylestradiol illustrated how the

characterization of GSH adducts of reactive metabolites can compliment parallel

analyses of modified proteins (Kentet al., 2006). However, the structure of a GSH

adductofa reactive species is not invariably analogousto that of the protein adduct

(Koenigset al., 1999).

1.3.3 NMRasa Tool for Characterization and Quantification of Metabolites

LC-MS/MS,is clearly the most powerful technique for the investigation of

stable and reactive drug metabolites, however it has limitations in its ability to

precisely identify sites of metabolic modifications (Prakash et al., 2007). To

overcome this problem, NMR, especially in combination with MS and other

hyphenated techniques, is used to fully elucidate structures of previously

uncharacterized metabolites (Bernadou et al., 1985; Malet-Martino and Martino,

1992: Moazzamiet al., 2007). NMRnotonly provides definitive information about

the structure of metabolites but also provides quantitative information on thelevels

of the isolated metabolites (Espinaetal., 2009). NMRhas beenused in the past as an

analytical tool to determine concentrations of synthetic and biosynthetic products

23



Chapter 1: General introduction

(Henderson, 2001; Hays, 2005), metabolites, catabolites, and endogenous

compoundsin biological fluids (Serkova and Christians, 2005).

To examine the bioactivation potential of NVP in various human andrat

systems, a complete investigation of its metabolism by the above described

techniques is required. Searches need to be conducted not only for in vitro and in

vivo mercapturates/GSH conjugatesbut also for known and unknown metabolites of

NVP, which maybe helpful in the assessment of mechanism of NVPbioactivation.

1.4 NEVIRAPINE

NVP, a  dipyridodiazepinone antiretroviral developed by Boehringer

Ingelheim Pharmaceuticalsis the first non-nucleoside reverse transcriptase inhibitor

to be approved by the FDA.It is widely used for the treatment of human

immunodeficiency virus I (HIV) infections in the developing world (Watersetal.,

2007). It binds directly to an allosteric site on reverse transcriptase and inhibits both

the RNA- and DNA-dependent DNA polymerase activities (De, 2004). NVP has

been proven effective in prevention of mother to child transmission of HIV

(Volmink et al., 2007). NVPis also widely used in children and neonates (Bardsley-

Elliot and Perry, 2000). As NVPis a cheap drug and doesnot require refrigeration,it

is the main option for thefirst-line treatment of HIV-1, together with two nucleoside

reverse transcriptase inhibitors, in countries with limited financial resources.
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1.4.1 Metabolism and Possible Routes of Bioactivation of NVP

Thestable products of oxidative metabolism (Fig.1.4) of NVP in humansare

2-hydroxy NVP (2-OH NVP), 3-OH NVP, 8-OH NVP and 12-OH NVP(Riska et

al., 1999a), formed mainly by CYP3A4 and CYP2B6 (Ericksonet al., 1999). 12-OH

NVP is metabolized to 4-carboxy NVP. These hydroxy metabolites are excreted in

urine as glucuronide conjugates. 12-OH NVP is further metabolized to form 4-

carboxy NVP (4-carboxy NVP; Riskaetal., 1999a).
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Fig.1.4 Metabolic pathways of NVP in humans.(Riskaet al., 1999a; Erickson et

al., 1999 )
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Metabolism of NVP canresult in to various reactive metabolites (Fig.1.5).

12-OH NVPis a substrate for sulphotransferase in rats (Chenet al., 2008), andit has

been proposed that the sulphate ester dissociates to form a reactive quinone methide

intermediate (Chen et al., 2008; Uetrecht, 2006). The quinone methide (Fig.1.5)

could also be generated, additionally or alternatively, by enzymic oxidation (Wenet

al., 2009). Hydroxyheteroaryl metabolites (Riska et al., 1999a) are potential

precursors of reactive quinoneimines (Wen et al., 2009). The cyclopropylamine

group has the potential via N-dealkylation to become bioactivated to an aminium

cation radical (Shaffer et al., 2001; Takakusaet al., 2008). Finally, NVP might form

one or more heteroarene epoxide intermediates in either of the pyridine rings

(Fig.1.5). Nevertheless, evidence for metabolic activation of NVP is limited to the

NADPH-dependentirreversible binding of radiolabeled drug to rat liver microsomes

(Takakusa et al., 2008), mechanism-based inhibition of microsomal CYP3A4 (Wen

et al., 2009) and the metabolism of NVP by HLM and CYP3A4to a single GSH

adduct (Wenetal., 2009).
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Fig.1.5 Possible bioactivation pathways of NVP.
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1.4.2. Skin and Liver Toxicity of NVP

NVP is associated with two serious clinically restrictive side effects: skin

reactions and hepatotoxicity (Patel et al., 2004). Although these may occur

simultaneously (Claes et al., 2004), cutaneous hypersensitivity can develop in the

absence of liver toxicity and vice versa (Vitezica et al., 2008). NVP-induced

hypersensitivity has received the most attention owing to high frequency (15-17%)

and severity of rash. Serious skin reactions, including those associated with

blistering such as Stevens-Johnson syndrome, may occur in up to 1% of patients

(Fagotet al., 2001). Increases in serum liver enzymes during therapy with NVP are

not uncommon but are usually mild-to-moderate (Bruck et al., 2008). However,

severe, life-threatening, and in some rare cases fatal, hepatotoxicity has been

reported in both HIV-infected patients (Buyse et al., 2006; Maniaret al., 2006) and

non-HIV-infected individuals (Patel et al., 2004) taking NVP. For this reason NVP

has been given a black-box warningfor hepatotoxicity by the FDA.

The pattern of NVP-inducedliver injury varies, not only in terms of severity

(Buyseet al., 2006; Centers for Disease Control and Prevention., 2001; Maniaretal.,

2006) but also in time to onset (Clarke et al., 2000; de Maat et al., 2003). For

instance, some reactions occur early while others occurlate after prolonged exposure

and, indeed,are not always accompanied by hypersensitivity manifestations, such as

fever and eosinophilia. It is possible that the late-occurring reactions may be non-

immune in nature, while those occurring early (e.g., within the first three months)

may have an immune pathogenesis (Pirmohamedet al., 2007). NVP-reactive T cells

have been observed in a patient with early-onset hepatitis in the absence of any

cutaneous manifestations. The patient’s T cells proliferated in vitro on exposure to

NVPbutnotits stable metabolites (Drummondetal., 2006).
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Although the role of an immune-mediated mechanism in the skin rash and

hepatotoxicity has been advocated strongly (Chen et al., 2008; Pirmohamedetal.,

2007; Shenton et al., 2007). It is not clear whether this immune induction is due to

(reactive) metabolites or NVP itself. Highly circumstantial evidence for reactive

metabolite involvement comes from a case reported by Claes et al.(2004). A patient

suffering from NVP-induced toxic epidermal necrolysis and toxic hepatitis was

successfully treated with intravenous human immunoglobulins and high doses of N-

acetylcysteine (300 mg/kg per day in a continuous infusion until recovery). As a

precursor of GSH, N-acetylcysteine may have helpedto restore levels of GSH (De

Rosaet al., 2000), thus enhancing detoxification of reactive metabolites, and resulted

in exceptionally fast clinical recovery in this case (Claes et al., 2004). Chenetal.

(2008) have suggested that the hepatotoxicity of NVP in humansis due to quinone

methide formed in situ by P450. Also, a number ofantiretroviral drugs inhibit bile

acid excretion by hepatocytes — a potential mechanism of hepatotoxicity — but NVP

has no effect (McRaeetal., 2006).

1.4.3. Risk Factors Associated with NVP-Induced Toxicities

NVP-induced skin and liver toxicities are idiosyncratic in nature (Taiwo,

2006) and no clear mechanistic understanding of human toxicity exists. Thus, it is

impossible to predict which patients will suffer from hepatic damage. However,

patients having concomitant infection with hepatitis viruses and a higher CD4 cell

countpriorto starting NVP (2250 cells/mm?in females and 400 cells/mm’ in males)

are at a higher risk of developing hepatotoxicity (Boehringer-Ingelheim

International, 2005; de Maat et al., 2003; de Maat et al., 2005; Piliero and Purdy,

2001). Multivariate analysis in a study showedthat the independentrisk factors for

severe hepatotoxicity were a body mass index lower than 18.5, female sex, serum
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albuminlevel of less than 35 g/l, mean corpuscular volume above 85fl, plasma HIV-

1 RNAload of lower than 20,000 copies/ml, aspartate aminotransferase level of less

than 75 IU/I andlactate dehydrogenase level of less than 164 IU/1.It is unclear why

low baseline enzymelevels should act as predictive factors for hepatotoxicity (Sanne

et al., 2005).

Risk factors associated with NVP-induced skin rash include higher CD4cell

count and female sex (3.5 times higher than male) (Antinori et al., 2001). However,

slow introduction of NVP and concomitantcorticosteroids intake reducesthe risk of

rash (Barreiro et al., 2000; Barreiro et al., 2001). Barreiro et al. (2001) have shown

that the addition of loratadine (at 10 mg twice daily for the first 2 weeks) or

prednisone (at 50 mg onalternate days during the first 2 weeks) in to NVPbased

treatmentor use of a slowerescalating dose regimen (starting at 100 mg oncedaily

NVP) results in reduction of incidence of NVP-induced skin rash by 53%, 55% and

40%, respectively.

1.4.4 Genetic Factors Associated with NVP-induced Toxicities

The main CYP450 enzymesinvolved in the biotransformation of NVP are

CYP3A4 and CYP2B6 (Fig.1.4) (Erickson et al., 1999). These enzymes show

considerable variation in expression and activity (Wojnowski, 2004; Daiet al.,

2001). CYP3A4is the most variable enzymatic complex, and displays a wide range

of inter-individual polymorphic expression (Dai et al., 2001). In one study,

association between the frequent CYP2B6 variant (516G—T) and NVP

pharmacokinetics has been observed (Rotgeret al., 2005). Patients homozygousfor

the variant allele (516G—>T/T) presented 1.7-fold higher NVP plasmalevels than

those homozygous for the commonallele (516G—G/G) (Rotger et al., 2005). The

clinical implication of this observation remains unclear, however, high NVP plasma
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levels have been associated with an increased risk of skin and liver toxicity (Nunez

et al., 2003; De Requenaet al., 2005). Although this variable expression may result

in hepatotoxicity in patients homozygous for the variantallele, the relationship

between NVPplasmaconcentrations,the risk of skin rash and hepatic injury appears

to be unclear since contradictory reports also exist (Almond et al., 2004). The

association of these adverse effects with a higher starting dose, low BMI and

increased age (all of which are associated with higher plasma concentrations) would

suggest that there is a relationship with NVP pharmacokinetics (Pirmohamedet al.,

2007).

Studies in Australian (Martin et al., 2005) and French (Vitezica et al., 2008)

populations demonstrated that HLA-DRB1*0101 acts as a predisposing factor for

NVPhypersensitivity. Moreover, additional HLA alleles have been associated with

NVP hypersensitivity in Sardinian (HLA-Cw*08/HLA-B*14) (Littera et al., 2006)

and Japanese (HLA-Cw*08) (Gatanagaet al., 2007) patients. Recently, Chantarangsu

et al. (2009) reported a strong association between HLA-B*3505 and NVP-induced

skins rash in HIV-infected Thai patients. Another recent study in Thai patients has

reported significantly higher levels of HLA-Cw*04 alleles in NVP-induced rash

cases (Likanonsakulet al., 2009). Although these studies provide interesting findings

with regard to the association of various HLAalleles with NVP hypersensitivity in

different ethnic populations, the predictive value for NVP-induced hypersensitivity

does not appearto be sufficiently robust to implementin clinical practice. In the case

of abacavir, genetic screening for HLA-B*570/ in patients prior to initiating an

abacavir containing regimenis usedroutinely in clinical practice to reducetherisk of

a hypersensitivity reaction to abacavir (Mallaletal., 2008).
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In a study it is shown that MDR1 3435C—>T wassignificantly associated

with a decreased risk of hepatotoxicity (Haaset al., 2006). This gene is thought to be

associated with altered expression of the P-glycoprotein. It is possible that altered P-

glycoprotein activity in the intestine associated with MDR1 variants alters

disposition of NVP and/or its metabolites, which in turn affects intracellular

concentrations of NVP and/or its metabolites and ultimately toxicity in the liver

(Saitoh and Spector, 2008).

1.4.5 Animal Model of NVP-induced Skin Rash

Amongst idiosyncratic, pharmacotherapy-associated, skin reactions in

humans, those linked with NVP are exceptional because they have been modelled

successfully in experimental animals (Popovic et al., 2006). Uetrecht and colleagues

have characterized extensively a dose-dependent, NVP-induced, skin rash in female

Brown Norway (BN) rats (Fig.1.6) that resembles the idiosyncratic cutaneous

reaction seen in humans (Popovicet al., 2006; Shentonetal., 2003; Shentonetal.,

2004) and appears to be immune-mediated (Shenton et al., 2007; Shenton et al.,

2005). Shenton et al. (2003) have proposed that skin rash in man is similar to the

skin rash in female BN rats due to following reasons: A) time to onset of rash in rats

is similar to that in humans (2-6 weeks); B) Both BN rats and humansexhibit sexual

dimorphism with regard to incidence of skin rash (females are at higher risk than

male counterparts); C) in both rat and man a lower initial dose leads to tolerance to a

higher dose and higherinitial dose results in higher incidence of skin reaction; D)

rechallenge in both rats and humansresults in more severe rashes than on initial

exposure; E) the appearanceof the skin rash in rats was similar to humans.

Chenetal. (2008) have proposed that the skin rash produced in BN rats by

NVP and 12-OH NVP may be due to NVP quinone methide (Fig.3.11) formed
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through dissociation of 12-OH NVPsulphonate in the skin. It was found that 12-

OH-NVPcauseda rashat a lower dose than required for NVP (Chenetal., 2008).

A fully robust animal model of NVP-induced hepatotoxicity has yet to be

developed (Walubo et al., 2006). A mild hepatotoxicity, assessed by

histopathological and plasma enzymeindicators, is induced in male Sprague-Dawley

rats pretreated with NVP or dexamethasone (Waluboet al., 2006). This implies one

or more NVP metabolites are causal agents of hepatotoxicity but no mechanistic

explanation of the liver injury has emerged. However, the study by Waluboetal.

(2006) did not monitor metabolism of the drug, or any parameters of the liver’s

metabolic status. Chenet al. (2008) have suggested that the hepatotoxicity ofNVP in

humansis due to quinone methide formedin situ by P450 (Chenetal., 2008).

 
Fig.1.6 Picture showing skin rash induced in female BN rats after 4 weeks of

NVP (150 mg/kg) treatment (obtained from Prof Jack Uetrecht, University of
Toronto, Canada).

82



Chapter 1: General introduction

1.5 AIMS OF THESIS

An immune-mediated mechanism has been proposed for NVP-induced

idiosyncratic hepatotoxicity and skin reactions (Pirmohamedet al., 2007; Shenton et

al., 2007). However,it is not yet clear whether the adverse reaction is due to a

(reactive) metabolite or NVP itself. Based on the studies with the animal model,it

has been proposed, that NVP undergoes bioactivation to form a quinone methide

reactive intermediate, which triggers an immune response leading to the skin

reaction in female BN rats (Chenet al., 2008; Uetrecht, 2006). NVP is metabolized

by HLM to a GSH conjugate (Wen et al., 2009). However, the exact chemical

structure of NVP’s in vitro GSH conjugate is unknown, moreover no reactive

metabolite of NVP, trapped as stable thioether conjugates, has hitherto been

identified in vivo in rats or humans. Therefore,it is importantto fully understand the

bioactivation potential of NVP in different human and rat systems and to

characterize the chemical nature of reactive metabolite(s) in order to gain further

insight in to the possible association between the bioactivation and idiosyncratic

toxicities associated with NVP.

The aimsofthe thesis are

e To further investigate the bioactivation potential of NVP in in vitro systems

of rats and humans

e To determine whether NVP undergoes bioactivation in vivo in rats and

humans

© Toutilize deuterium labelled NVP for characterization of the structures of

thioether conjugates of NVP formedin vitro

e To define unequivocally the structure of thioether conjugates of NVP

e To define the chemical nature of reactive metabolite(s) of NVP
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© To investigate the correlation between HIV patients and the animal model of

NVP-induced skin rash with regard to NVP bioactivation

e To investigate the suitability of urinary mercapturates as in vivo biomarkers

of NVP bioactivation in humans

e To design a bioanalytical strategy for quantitative assessment of NVP

bioactivation in HIV patients

Theresearchpresented within this thesis has been undertaken in an attempt to

fully investigate the metabolic activation of NVP in different in vitro and in vivo

compartments in rats and humans. Additionally, the data presented in this thesis

provides a possible generic bioanalytical strategy for the discovery and

quantification of the biomarkers of drug bioactivation in experimental animals,

human volunteers and patients.
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CHAPTER2

DEVELOPMENTAND VALIDATION OF HPLC, LC-MS/MS AND NMR

METHODSFOR THE IDENTIFICATION AND CHARACTERIZATION OF

THE THIOETHER CONJUGATES OF NEVIRAPINE
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2.1 INTRODUCTION

NVP(Table 2.1), a non-nucleoside reverse transcriptase inhibitor, is widely

used for the treatment of HIV infections. It is the main option for the first-line

treatment of HIV-1, together with two nucleoside reverse transcriptase inhibitors, in

countries with limited financial resources (Waters et al., 2007). NVP is associated

with twoseriousclinically restrictive side effects: skin reactions and hepatotoxicity.

Severe, life threatening, and in somecases fatal hepatotoxicity, including fulminant

and cholestatic hepatitis, hepatic necrosis, and hepatic failure, have been reported in

HIV-infected patients taking NVP (DHHSPanel on Antiretroviral Guidelines for

Adults and Adolescents, 2008). For this reason NVPis given a black-box warning

for hepatotoxicity, and concern has been raised over NVP-based treatment. Serious

skin reactions, including those associated with blistering, such as Stevens-Johnson

syndrome, may occur in up to 1% of patients (Fagot et al., 2001). These toxicities

associated with NVP in humansareoff target and idiosyncratic in nature, the role of

an immune-mediated mechanism has been proposed. (Pirmohamed and Park, 2001).

It is not yet clear whether immune system involvement in patients is due to a

(reactive) metabolite or NVPitself.

The metabolic fate of NVP (Fig.1.4) has been investigated extensively in

humans (Riskaet al., 1999a) and animals (Riska et al., 1999b). In humans, NVP is

metabolised by cytochrome P450 mediated reactions to several hydroxylated

metabolites, which subsequently are glucuronidated. Studies with HLM suggested

that the oxidative pathways were mediated primarily by CYP3A and CYP2B6

families (Ericksonet al., 1999). Recent studies have shown that NVP is metabolized

by rat but not HLM to

a

reactive intermediate that binds irreversibly to protein

(Takakusa et al., 2008) and by HLM to a GSH adduct (Wenet al., 2009). The
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primary routes of metabolism in vivo include hydroxylation of the pyridine and

methylpyrido rings and glucuronide (ether) formation (Riska et al., 1999a; Riska et

al., 1999b). However, no reactive metabolite of NVP, trapped as stable thioether

conjugates, has hitherto been identified in vivo. Takakusa et al., (2008) have

provided indirect evidence for the in vivo bioactivation of NVP in rats by showing

that the ['“C]-labelled drug undergoes irreversible bindingto liver tissue and plasma

protein.

To investigate whether NVP undergoes bioactivation in vivo, a complete

metabolic investigation of the metabolism of NVP, with regard to the formation of

chemically reactive metabolites is required. As reactive metabolites are very unstable

in nature, bioactivation of drugs is usually assessed by the identification of stable

metabolite biomarker(s). Generally thioether conjugates (mercapturates, GSH

conjugates etc.) are used as biomarkers of bioactivation (Masubuchiet al., 2007).

GSH, whichis present at particularly high concentrations in liver cells, conjugates

with electrophilic reactive metabolites to form typically stable thioether conjugates.

Mercapturate conjugates are formed after the enzymatic degradation (Fig.1.2) of

GSH conjugates (Habig et al., 1974). Hence, though depending on experimental

context, both of these metabolites have been routinely used to screen for and

evaluate reactive metabolite formation (Castro-Perez et al., 2005; Dieckhausetal.,

2005; Maet al., 2008; Joneset al., 1993; Kuiperet al., 2008).

Development of exacting and reproducible analytical methods is the key to

the metabolite identification process. In general, complete metabolic investigation of

a drug requires good quantitative, as well as qualitative methods. A qualitative

method should yield the full chemical identity of the target species in the sample,

while, a quantitative method provides the corresponding information regarding the
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amounts of one or more species in the sample. After a qualitative or quantitative

analytical method is developed, it needs to be validated to prove that it fits the

intended purpose. Validation is defined by the International Organization for

Standardization (ISO) as “verification, where the specified requirements are

adequate for an intended use”, where the term verification is defined as “provision

of objective evidence that a given item fulfils specified requirements” (ISO/IEC,

2007).

The aims of the work presented in this chapter were to develop and validate

the new analytical methods which were used for the investigation of NVP’s

metabolism. This chapter describes the developmentof:

e Analytical HPLC methodforthe effective separation of NVP metabolites.

e Preparative HPLC method for the collection of mercapturate conjugates of

NVP for NMRcharacterization.

e Preparative HPLC methodfor the collection of GSH conjugates of NVP for

NMRcharacterization.

e LC-MS method for the identification of NVP metabolites in biological

systems.

e Qualitative LC-MS/MS MRM method for the screening of the thioether

conjugates of NVP.

¢ Qualitative NMR method for the characterization of thioether conjugates of

NVP.
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2.2 MATERIALS AND METHODS

2.2.1 Chemicals

NVP, standards of two known metabolites of NVP (3-OH NVPand 12-OH

NVP) and descyclopropyl NVP (DCP NVP), a hypothetical metabolite, were gifts

from Pfizer Global Research and Development (Sandwich, Kent, UK). They were

99% pure as determined by HPLC and NMR. NVPtablets (Viramune, 200 mg,

Boehringer Ingelheim UK, Bracknell, Berkshire) were purchased from a local

pharmacy. NADPH (tetrasodium salt), methyl cellulose, Hank’s balanced salt

solution (HBSS), pH 7.4, dimethyl sulfoxide (DMSO)and tetradeuteromethanol

(CD3O0D; 99.8 atom % D) were purchased from Sigma-Aldrich (Poole, Dorset, UK).

Methanol, chloroform, water and Acetonitrile (ACN) were HPLCgrade from Fisher

Scientific UK (Loughborough, Leicestershire, UK). All the other solvents were

HPLC grade and unless otherwise specified all of the other reagents were purchased

from Sigma-Aldrich.

2.2.2 Nomenclature of Thioether Conjugates of NVP

Table 2.1 lists the nomenclature of mercapturate and GSH conjugates of NVP

usedin this thesis.

Table 2.1 Nomenclature of thioether conjugates of NVP

 

Metabolite Synonyms

 

NVP-12 mercapturate Minor mercapturate/ NVP-M1

NVP-3 mercapturate Major mercapturate/ NVP-M2/ M9

NVP-12 GSH conjugate

|

Minor GSH conjugate/ NVP-G1

NVP-3 GSH conjugate Major GSH conjugate/ NVP-G2/ M10  
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2.2.3 Extraction of NVP from Tablets

Two Viramune tablets were crushed to a fine powder and the weight of

powder wasrecorded. To the powder, 200 ml of chloroform was added and shaken

vigorously. The mixture was allowedto stand for 1 h. The supernatant wascollected,

and the solvent evaporated under a stream of nitrogen. The dry residue was crushed

to a fine powder and weighed. The content of NVP in this powder (75-80% w/w)

was determined against a standard curve of NVP (1 uUM-1mM, dissolved in 100%

methanol) using the analytical HPLC method described below (Table 2.5).

All the animal experiments carried out for the isolation of preparative quantities of

mercapturates and GSH conjugate for NMR analysis were performed by

administering NVP extracted from tablets. The investigation of NVP metabolism in

rat bile and microsomal incubations was performed by using 99% pure NVP.

2.2.4 Experimental Animals

Adult male Wistar rats were obtained from Charles River Laboratories

(Margate, Kent, UK). The protocols described were undertaken in accordance with

criteria outlined in a licence granted under the Animals (Scientific Procedures) Act

1986 and approvedbythe University of Liverpool Animal Ethics Committee.

2.2.5 Preparation of RLM

RLM were prepared as described previously (Gill et al., 1995). Adult male

Wistar rats were killed by asphyxiation with COz. Livers were excised into ice-cold

0.067 M phosphate buffer, pH 7.4, containing 1.15% (w/v) KCl. After rinsing, any

extraneous tissue was removed. The livers were roughly chopped with a pair of

scissors and homogenised initially with three passes of a motor-driven homogeniser

(Kinematica Polytron PT 3000, Philip Harris, Manchester, UK), and subsequently
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homogenized with a manual tissue homogeniser. This was followed by

centrifugation (Optima L-60 preparative ultra centrifuge and Ti55 rotor; Beckman,

High Wycombe, Buckinghamshire) at 10,000g for 25 min at 4°C to removecellular

debris (nuclei, cell membranes, and mitochondria). The resulting supernatant was

centrifuged at 105,000g for 65 min at 4°C to sediment the microsomes. The

microsomalpellet was then resuspended in phosphate buffer containing KCl and re-

centrifuged at 105,000g for 65 min at 4°C. The supernatant was discarded and the

microsomalpellet resuspended in phosphate buffer minus KCl.

The protein content of the microsomes was measured by the Bradford assay

(Bradford, 1976) using the Bio-Rad Protein Assay Dye Reagent. Bovine serum

albumin (BSA) was used as a standard. CYP450 content was determined by the

method of Omura andSato, (1964).

2.2.6 NVP Incubations with Hepatic Microsomes

Incubations were carried out in a final volume of 1 ml HBSS, pH 7.4,

containing lor 2 mg/ml microsomalprotein and 10 or 25 uM of NVP added as a

methanol solution (final methanolcontent, 0.5% v/v). The reactions were initiated by

the addition of NADPH (final concentration, 1 mM; omitted from control

incubations), and performed by incubation for 1 h in a shaking water bath at 37°C.

The microsomal reaction was terminated by the addition of an equal volumeof ice-

cold ACN.Following overnight precipitation of the protein at -20°C, the incubations

were centrifuged at 870g for 10 min. The supernatant was evaporated to drynessat

40°C under nitrogen. It was reconstituted in 300 yl 50% methanolandleft at -20°C

until analysis.
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2.2.7 NVP Dosing to Rats and Collection of Bile for Investigation of

Metabolites

To investigate NVP metabolites in rat bile, three male Wistar rats (350-450

g) were terminally anaesthetized with urethane (140 mg/kg, isotonic saline,i.p.) and

cannulated via trachea, jugular vein and commonbile duct. NVP (150 mg/kg,

DMSO, 2 ml/kg) was administered i.v. Bile was collected for 30 min before

administration of NVP,and thereafter hourly for 5-7 h.

2.2.8 Solid Phase Extraction

Rat bile (1-4 ml) was concentrated using methanol/water-preconditioned

Waters Sep-Pak classic C18 cartridges (360 mg, 55-105 pm). Loaded cartridges

were washed with distilled water and the crude extract was eluted with methanol (4

ml). The eluate was evaporated under nitrogen at 50°C, and the dry residue

reconstituted in 50% methanol(0.3-1 ml).

2.2.9 Analytical HPLC Methodfor Determination of NVP and Resolution of

NVP Metabolites

The development of HPLC separation methods for the analysis of NVP and

metabolites in different human and rat systems was achieved by using a mixture of

synthetic standards of NVP, DCP NVP, 12-OH NVPand 3-OH NVP.Thestructures

and molecular weights of mixture components are listed in Table 2.2.
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Table 2.2 Some characteristics of the mixture components used for the

developmentof analytical HPLC methods for investigation of NVP metabolism

 

 

 

 

     

Molecular
Compound Name Structure Weight

\ a” \
NVP (‘S “ 266.3

H, HO

Descyclopropyl NUN 7” \
NVP# (. “ 226.2

CH, H 9

12-hydroxy NVP (Ss‘ 282.3
fA

HOwo

NNW‘
3-hydroxy NVP | 2 = 282.3

H
H,H °
 

* Not a metabolite of NVP

A stock solution was prepared in methanol, containing 5nM concentration of

each component. The mixtures of various concentrations were prepared by diluting

the stock solution with 50% methanol.

Combinations of column (Table 2.3) and mobile phase were used under

reversed phase HPLC (RP-HPLC) conditions. Elutions were performed at room

temperature. Various gradient and isocratic conditions were assessed in order to

develop a rigorous analytical HPLC method for effective resolution of the mixture

components. ACN wasused as the organic component in all mobile phases and the

aqueous component wasselected from either ammonium formate buffer (5-15 mM;

pH 4) oracetate buffer (5-15 mM; pH 4). Glacial acetic acid and FA wereused to

adjust the pH of ammoniumacetate and ammonium formate buffers, respectively.
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Table 2.3 General characteristics of the HPLC columnsused for the separation

of NVP, DCP NVP, 12-OH NVP and 3-OH NVP.

 

 

 

 

 

 

  

neturer i. Carbon load Particle size Dimensions

Waters Nova-Pak C18 7.3% 4um 150 X 4.6 mm

Phenomenex sousy ODS: 18.5% 5 um 150 X 4.6 mm

Phenomenex Ultracarb C8 14% 5 um 250 X 4.6 mm

Phenomenex Columbus C18 19 % 5 um 250 X 4.6 mm

Thermo aea 11% 5 um 150 X 4.6 mm

Thermo pees BDS 11% 5 um 250 X 4.6 mm     
 

Mixtures (5-500 uM) of synthetic standards of NVP, DCP NVP and known

metabolites (12- and 3-OH NVP) wereanalysed (50 or 100 pl aliquots) by different

combinations HPLC column and mobile phase, and were monitored at 240 nm. The

peak resolution and the peak shape were examined.

2.2.10 Validation of Analytical HPLC Method

The selected analytical HPLC method was validated for its qualitative and

quantitative applicability. The qualitative applicability of the method wasevaluated

by analysing the separation behaviour of NVP andits metabolites formed in RLM

incubations and the quantitative linearity was assessed by preparing the standard

curve of UV absorbance overa range of concentrations.

A stock mixture was prepared in 50% methanol with NVP, DCP NVP,12-

OH NVPand 3-OH NVPto give 50 uM final concentrations. Appropriate dilutions
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were made from the stock solution to obtain eight calibration standards over a

concentration range of 0.02-50 uM.Peak area versus column load were analysed by

linear least square regression analysis. Three standard curves were obtained on three

separate days; the mean peak area values were calculated for each calibrator. The

final standard curve was prepared by plotting the mean peak area versus column

load.

2.2.11 Developmentof Preparative HPLC Method for NVP Mercapturates

The major mercapturate conjugate of NVP was extracted as impure fractions

from bile of NVP-dosed rats using the selected analytical HPLC method. Impure

fractions obtained from 2 ml bile were combined, dried and reconstituted with 2 ml

50% methanol. The reconstituted sample was used as a standard to develop the

preparative HPLC method for the mercapturate conjugates of NVP.

A set of HPLC columns (Table 2.4) was used with gradient mobile phases

comprised of dilute FA and ACN to obtain efficient separation between the major

NVP-mercapturate conjugate and the coeluting materials present in the impure

fraction. FA (0.02 to 0.1 ml, v/v) was added to the mobile phase to obtain a better

peak shape.
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Table 2.4 General characteristics of the HPLC columnsusedfor the

development of preparative HPLC methodfor NVP mercapturates

 

 

 

 

 

Column Stationary Phase Carbon Particle Dimensions
Manufacturer load size

Thermo Hypersil BDS C18

|

11% 5 um 250 X 4.6 mm

Supelco Supelcosil LC-CN

|

4.5% 5 um 950 X 4.6 mm

Betasil 11% 5 um
Thermo Phenyl/Hexy! 150 X4.6 mm

Phenomenex Columbus C18 19% 5 um 250 X 4.6 mm        
Aliquots of reconstituted sample (100 or 200 pl) were analysed by different

combinations of HPLC column and mobile phase, and separation between the peaks

and peak shape were examined. The eluted analytes were monitored at 240 nm.

Finally, the preparative HPLC method for the mercapturates developed by this

process was validated by analysing the chromatographic (UV absorbance) and mass

chromatographic purity of the purified major mercapturate peak.

2.2.12 Development of Preparative HPLC Method for NVP GSH Conjugates

Impure fractions containing the major NVP GSHconjugate were extracted

from 2 mlrat bile using the analytical HPLC method. Fractions from multiple runs

were dried and reconstituted with 2 ml 50% methanol. The preparative HPLC

method for the GSH conjugates was developed using 100 or 200 ul aliquots of

reconstituted sample. The columns and mobile phase used here were the same as

used for the development of the preparative method for the mercapturate conjugate

(Table 2.4).
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Validation of the preparative HPLC methods for GSH conjugates was

achieved by analyzing the chromatographic (UV absorbance) and mass

chromatographic purity of the purified major GSH conjugate peak.

2.2.13 LC-MS Methodfor Investigation of NVP metabolism

A Quattro II mass spectrometer (Waters, Manchester, UK) fitted with the

standard coaxial electrospray source was used for LC-MSanalysis in the positive-ion

mode. The LC system consisted of two Jasco PU980 pumps (Jasco UK, Great

Dunmow, Essex, UK) and a Jasco HG-980-30 mixing module. Analytes were

resolved by the analytical HPLC methodsusing a Hypersil BDS C18 column (25 x

0.46 cm, 5-um particle size; Thermo Fisher Scientific, Runcorn, Cheshire, UK). The

mobile phase consisted of a combination of ACN containing FA (0.05%,v/v) and 15

mM ammonium formate buffer (adjusted to pH 4 with FA). A sample aliquot of 50

ul was injected onto the column, and eluted at 1 ml/min with a gradient of 5 to 17%

ACNover 10 min and maintaining 17% ACN for 30 min. Eluate split-flow to the

LC-MSinterface was approximately 50 pl/min. Nitrogen was used as the nebulising

and drying gas. The interface temperature was 80°C; the capillary voltage, 3.9 kV.

Spectra were acquired between m/z 100 and 1050 over a scan duration of 5 s. In-

source fragmentation of analyte ions was achieved at a cone voltage of 70 V. Data

were processed with MassLynx 3.5 software.

2.2.14 Development of LC-MS/MS Method for Identification of Thioether

Conjugates

The identification of thioether conjugates (mercapturates and GSH

conjugates) of NVP was achieved by LC-MS/MSanalysis, using a Sciex API 2000

benchtop triple-quadrupole mass spectrometer (Applied Biosystems/MDS Sciex,
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Foster City, CA) interfaced to a Perkin Elmer Series 200 pump and a Perkin Elmer

Series 200 autosampler. Analytes were resolved by a modified analytical HPLC

method. Eluate split-flow to the LC-MS interface was approximately 200 wl/min.

Nitrogen wasusedasthe curtain and collision gas. Data were acquired and processed

with the Analyst Software (Ver. 1.4). The main instrument working parameters for

MRM and product ion scanning were optimized through the Quantitative

Optimization function of Analyst 1.4 software during a constant direct infusion of

the major NVP mercapturate (0.5 ug/ml in methanol) into the TurbolonSpray source

of the API 2000 mass spectrometer. The same parameter values were used for the

analysis of both NVP andthethioether conjugates of NVP. The NVP mercapturate

used in this process was isolated from rat bile through the analytical HPLC method

(Table 2.5).

The developed LC-MS/MS method wasapplied to MRM-basedscreening of

thioether conjugates of NVP in rat bile. The product ion spectra of the thioether

conjugates were also obtained, to confirm chemical identity and especially to seek

the evidenceof the regiochemistry of thioether substitution.

2.2.15 Validation of LC-MS/MS Method

During the course ofthis investigation, rat bile and human urine samples

were assessed for the presence of mercapturates and GSH conjugates of NVP using

state-of-the-art mass spectrometers including AB Sciex QTRAP 5500, Agilent QQQ

6460, Bruker MaXis and Thermo Scientific TSQ Vantage. Results obtained from

these studies were used to compare and validate the sensitivity and selectivity of the

LC-MSMSmethod developed with the API 2000 mass spectrometer.
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2.2.16 Isolation and Purification of Thioether Conjugates of NVP for NMR

Analysis

Mercapturates and GSH conjugates of NVP wereisolated from rat bile for

structural characterization by NMR.To obtain preparative quantities of the minor

mercapturate (NVP-M1), two male Wistar rats received a single 1.p. injection of

dexamethasone (100 mg/kg; 4 ml/kg corn oil) and after 24 h were given an oral dose

of NVP (750 and 800 mg/kg, respectively; 4 ml/kg 0.5% w/v methyl cellulose). This

CYP3A4 induction regimen was based on the method of Kishida et al. (2008) for

Wistar rats except that only one dose of dexamethasone was administered here.

Approximately 10 mlof bile wascollected in 5-7 h (2.2.7). Bile was concentrated by

SPE,and reconstituted with 1 ml 50% methanol. The retention time of NVP-M1 was

established through comparisons of UV (240 nm) and mass chromatogramsofpre-

and post-dosing bile. Aliquots of bile (50 ul) were chromatographed by the

analytical HPLC method (Table 2.5) and the fraction of eluate between 15 to 17 min

was collected. The fractions obtained from 20 runs were combined, evaporated under

a nitrogen stream, andreconstituted with 500 pl of 50% methanol. The reconstituted

material was used to purify NVP-M1bythe preparative HPLC method (Table 2.6).

All the collected fractions were combined, and evaporated undera nitrogen stream at

50 °C. The dry residue was storedat -20°C for NMRanalysis.

To obtain preparative quantities of the major GSH conjugate (NVP-G2) and

major mercapturate (NVP-M2), two uninduced male Wistar rats were administered

an oral dose of NVP (600-800 mg/kg; 4 ml/kg 0.5% w/v methyl cellulose) and bile

was collected according to the method described above (2.2.7). Bile (10 ml) was

concentrated by SPE and reconstituted with 1 ml, 50% methanol. The initial
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isolation of the NVP-G2 and NVP-M2wasachievedbythe analytical HPLC method

that used a Hypersil BDS C18 column (Table 2.5). For this, 50-pl aliquots of bile

were chromatographed and the fractions of eluate between 12 to 14.5 min (for NVP-

G2) and 16 to 18 min (for NVP-M2)were collected. Asbefore, the retention times of

the metabolites were established through comparisons of chromatogramsof pre- and

post- dosingbile. The fractions obtained from 20 runs were combined,dried undera

nitrogen stream, andreconstituted with 500 ul of 50% methanol. The reconstituted

fractions were used to purify the NVP-G2 and NVP-M2 bythe preparative HPLC

methods(Table 2.6 and 2.7).

2.2.17 Qualitative NMR for Characterization of Thioether Conjugates of NVP

The purified mercapturates and GSH conjugate were dissolved in (CD30D),

and all spectra were acquired non-spinning at 288K. Total sample volumes were

approximately 600 pl in 5-mm NMRtubes(final concentrations, approx 14-17

ug/ml NVP-M1, 34-42 ug/ml NVP-M2and 14-17 pg/ml NVP-G2). Chemical shifts

are reported in ppm with the shift of methanol referenced to 3.31 ppm. The 'H

spectra were acquired with eight scans, using a spectral width of 11 ppm and 32 x10°

data points in the time domain.Thefree induction decays were zero-filled to 64 x10°

points and multiplied by an exponential window function using LB=0.5 Hz. The

double-quantum-filtered correlation spectroscopy (DQFCOSY) and nuclear

Overhauser enhancement spectroscopy (NOESY) spectra were acquired in phase-

sensitive modes with 4096 points and a spectral width of 11 ppm in both the F1 and

F2 dimensions. The DQFCOSY spectra were acquired using a relaxation delay of

1.8 s, 164 transients and 512 increments. The NOESY spectra were acquired using

parameters similar to these and a mixingtimeof1 s. The free induction decays were
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processed(zerofilled in F1 to 2048 points) using shifted sine-bell squared window

functions.

2.3 RESULTS

2.3.1 Developmentof Analytical HPLC Method

Fig.2.1A shows the UV-chromatogram of NVP (50 uM) obtained with an

isocratic HPLC method using a Waters Nova-Pak C18 column with a mobile phase

containing 83% of 15 mM ammonium acetate buffer (pH 4.5) and 17% of ACN.

Only one peak wasseen underthese conditions at 240 nm and this eluted at 3 min.

This peak was absent when a blank sample (50% methanol without NVP) was

analysed under the same conditions.

Several combinations of mobile phase and column were assessed under

isocratic conditions; however the separation of the four peaks was not efficient.

Moreover, peaks coeluted under higher concentrations of organic phase and were

broad andtailed under lower organic phase concentration.

The UV absorbance and retention behaviour of NVP under the selected

gradiant HPLC conditions are shown in Fig.2.1B. The following conditions were

chosen for this purpose.

Column: Thermo Hypersil BDS C18, 15 cm; Mobile phase: A, ACN; B, ammonium

acetate buffer (15 mM pH 4); Gradiant: 5 17 > 17 > 5% A from 0— 10 — 25

— 30 min; Flow rate: 1 ml/min; Run time: 30 min; Injection volume: 50 pul; NVP

eluted at 16.7 min under these conditions and showed good UV absorbance at 240

nm.
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Chapter 2: Developmentandvalidation of analytical methods

The complete separation of the mixture of NVP and synthetic standards of

DCP NVP, 12-OH NVP and 3-OH NVP under the above mentioned gradient

conditions is shown in Fig.2.1C. The peaks were absent when a blank sample (50%

methanol) was analysed. Peak identification was achieved by comparing the

retention times to those of single standards. In addition, further confirmation was

obtained by running four samples from whicha single compound was excluded. The

first two peaks were 12-OH NVP (R,, 11.32 min) and 3-OH NVP(R,;, 12.67 min),

respectively, the third peak was for DCP NVP (Rr, 13.59 min) and the last peak was

for NVP (R; , 15.66 min). Although separation between mixture components was

obtained with this method, peaks were broad, close and domeshaped.

Fig.2.1D shows the UV chromatogram of the mixture components when

0.05% FA was added to ACN and separation was analysed under the above

mentioned gradient conditions. The separation profile of the mixture was improved

by the addition of 0.05% FA in to the organic phase. Narrower and more

symmetrical peaks were obtained.

The separation profile of the mixture was further improved when the 15-cm

column was replaced with a 25-cm Hypersil BDS column (Fig.2.2). With this

column better peak shape and separation were obtained. However, the retention

times of the analytes were increased. Under these conditions 12-OH NVPeluted at

16.13 min, followed by 3-OH NVP (17.84 min), DCP NVP (19.42 min) and NVP

(24.40 min).

This method was selected as the analytical HPLC methodfor investigation of

NVP metabolism in human and rat systems. Detailed conditions for this method are

listed in Table 2.5.
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Fig.2.2 The separation of the mixture of NVP and synthetic standards of DCP NVP,

12-OH NVP and 3-OH NVP with 25 cm Hypersil BDS column, under gradient

conditions with the addition of 0.05 % Formic to ACN.

Table 2.5 Conditions of best HPLC method for analysis of NVP, 3-OH NVP and

12-OH NVP

 

 
Column Mobile Phase Gradient Flow rate

; Omin |5%A

Hypersil BDS C18 ns AEN 0:03% FA) 10min

|

17%A ;
B: Ammonium formate . 1 ml/min

(25 cm) Buffer (pH, 4) 25min

|

17% A

Bes 30 min

|

5% A     
 

2.3.2 Validation of the Analytical HPLC Method

NVP metabolites formed in RLM + NADPHincubations were resolved by

the analytical HPLC method (Fig.2.3A). Unchanged NVP (retention time, 24.4 min)

was identified through comparison with an authentic standard, and four metabolite

peaks were identified by comparing the UV chromatograms of -NADPH (control)

and + NADPH incubations. The metabolite peaks were base-line separated and

ad
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showed good UV absorbance at 240 nm. Characterization of two of the metabolite

peaks was achieved by comparing their retention times to those present in the

standard mixture of pure synthetic metabolites (Fig.2.3A & B). There was no

metabolite peak present, corresponding to DCP NVP,a coeluting peak was detected,

howeverthis was also presentin control samples.

Thelinearity wastested to verify a proportional relationship of the detector

response to analyte concentrations. An example of the standard curve for NVP is

shown in Fig.2.3C. The correlation coefficients (1°) for standard curves of NVP,

DCP NVP, 12-OH NVPand 3-OH NVPwere above 0.998. For NVP,the equations

of the regression lines are showninthe calibration graph (Fig.2.3C).
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Fig.2.3 Validation of analytical HPLC method.

Analysis of RLM incubation for determination of NVP metabolites, (A) UV-

chromatogram of RLM+NADPH+NVP_ incubation, (B) UV-chromatogram of

mixture of synthetic standards and (C) Standard curve of NVP obtained with

analytical HPLC method.
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2.3.3 Development of Preparative HPLC Method for NVP Mercapturates

Several combinations of mobile phases and HPLC columns were assessed to

obtain the best methodforthe purification of the major mercapturate conjugate from

impurefractionsofrat bile. Traces from selected analysis are described below.

Fig.2.4A shows the UV chromatogram obtained from the analysis of impure

mercapturate fraction with a Hypersil BDS C18 column. The mobile phase was ACN

(containing 0.05% FA) and water (containing 0.03 % FA) with a gradient of 10 to

20% ACN over 5 min, maintaining 20% ACN for 25 min. Only one major peak was

detected at 240 nm. LC-MS analysis of this peak suggested the coelution of

mercapturate conjugate and unidentified endogenous impurities.

Fig.2.4B shows the UV chromatogram obtained from the analysis of the

impure mercapturate fraction with a Supelcosil LC-CN column under the above

mentioned mobile phase and gradient conditions. With this column, 2 peaks were

detected at 240 nm. However, the separation profile was unsatisfactory: peaks were

broad tailed and unsymmetrical. The LC-MSanalysis suggested that the peaks were

impure and formed bythe coelution of a mixture of components.
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Fig.2.4 Developmentof preparative HPLC method for mercapturates

HPLC-UV chromatograms for the impure mercapturate fraction obtained with (A)

Hypersil BDS C18 column, (B) Supelcosil LC-CN column and (C) Columbus

column C18 column.
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Moresatisfactory results were obtained when the samples were analysed with

a Columbus C18 column. Using this column, several concentrations of FA in mobile

phase were examined. Fig.2.4C shows the UV chromatogram obtained from mobile

phasecontaining ACN (with 0.05% FA) and water (with 0.07 % FA) with a gradient

of 10 to 20% ACN over 10 min, maintaining 20% ACN for 20 min, and finally

reverting to 10% ACN over 5 min. Three peaks were detected under these conditions

at 12.03, 15.52 and 19.3 min. The peaks were sharp and properly separated (>2 min).

The peak eluting at 19.34 min (Fig.2.4C) was identified by LC-MSas the major

NVP mercapturate.

This method was selected as the preparative HPLC method for NVP

mercapturates. Detailed conditions for this methodarelisted in Table 2.6.

Table 2.6 Conditions for the best preparative HPLC method for mercapturates

 

 

   

Column Mobile Phase Gradient Flow rate

O min 10% A

A: ACN (0.05% FA) 10min

|

20%A .

Columbus 25cm

|

g. Water (0.07% FA) 20 min

|

20%A

|

1 ™/mun
25min |10% A  
 

2.3.4. Validation of Preparative HPLC Methodfor Mercapturates

The preparative HPLC method was validated for the purity of isolated major

mercapturate, by analyzing the UV chromatogram and mass spectrum. Only one

peak was seen in the UV chromatogram (Fig.2.5A) of the purified mercapturate

conjugate. Fig.2.5B shows the mass spectrum of the purified mercapturate peak

obtained at lower cone voltage (< 30 V). The mass spectrum of the major NVP

mercapturate (m/z 428, (M+1]*) only contains one dominant peak.
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Fig.2.5 Validation of a preparative HPLC method for the major NVP

mercapturate

(A) HPLC-UV chromatogram of purified mercapturate conjugate obtained by an

analytical HPLC method. (B) Mass spectrum of purified mercapturate conjugate

obtained under low cone voltage (< 30 V) condition.
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2.3.5 Development of Preparative HPLC Method for NVP GSH Conjugates

The fractions of rat bile used for isolation of major GSH conjugate were

found to contain many componentsas impurities. Satisfactory resolution of the peaks

was only obtained with a Supelcosil LC-CN column.

Theseparation profile obtained with the Supelcosil column and mobile phase

containing ACN (with 0.05% FA) and water (with 0.07 % FA) is shownin Fig.2.6.

Samples were analysed underthe gradient of 2 to 25% ACN over 35 min. Six major

peaks were detected. The peak eluting at 20.92 min was identified by LC-MS

analysis as the major NVP GSH conjugate. This method was selected as the final

preparative HPLC method for NVP GSH conjugates. Detailed conditions for this

methodare listed in Table 2.7.

Table 2.7 Conditions for best preparative HPLC method for GSH conjugates

 

Column Mobile Phase Gradient Flow rate
 

 
Omin |02%A

A: ACN (0.05% FA) 35 min

|

25% A

|

1 ml/min
B: Water (0.07% FA) 40 min |02% A

Columbus 25 cm     
 

2.3.6 Validation of Preparative HPLC Method for GSH Conjugates

Only one peak wasseen, at 13.61 min, in the UV chromatogram (Fig.2.7A)

of the purified GSH conjugate. The mass spectrum of purified GSH conjugate

obtained at lower cone voltage (< 30 V) is shown in Fig.2.7B. The mass spectrum of

the major GSH conjugate (m/z 572, [M+1]*) only contains one dominantpeak.
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Fig.2.6 HPLC-UV chromatogram for an impure GSH conjugate fraction obtained

after analysis with a Supelcosil LC-CN column.
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HPLC method. (B) Massspectrum of purified GSH conjugate obtained under low

cone voltage (< 30 V) condition.
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2.3.7. Application of the LC-MS Method: Investigation of NVP Metabolites in

Ratbile

Fig.2.8 shows the positive-ion mass chromatograms of NVP metabolites

detected in rat bile. In rat bile a total of 10 metabolites of NVP were identified by

LC-MSmethodat low cone voltage (< 30 V).

Theion current chromatogram for m/z 459 showsthepresence of three peaks

(M1, M2, M3), corresponding to [M+1] * of O-glucuronides of monoxygenated NVP

from the indicative NL of dehydroglucuronic acid (m/z 283, [M+1-176]").

Metabolite peak M4 was obtained at m/z 297, corresponding to [M+1]” of the

carboxylic acid metabolite of NVP. This metabolite has been identified previously

by Riskaet al. (1999a; 1999b)as the 4-carboxy NVP. Theion current chromatogram

for m/z 283 [M+1]*, for monohydroxy NVP metabolites yielded three peaks (M5,

M6, M7). M6 and M7 were characterized as 12- and 3-OH NVP,respectively, by

coelution with authentic standards but M5 could not be characterized. Ion peak, M8,

was present at m/z 363, corresponding to [M+1]* of the sulphonate conjugate of

hydroxy NVP. This metabolite has been identified previously by Chenetal. (2008)

as the NVP-12-O sulphonate.

M9waspresent as a weakionat m/z 428 that can be assigned to [M+1]* of a

mercapturate of NVP. At a higher cone voltage (70 V) this novel metabolite was

found to produce a major fragment at m/z 299 (Fig.2.9A), which correspondsto the

characteristic NL of N-acetyldehydroalanine (129 amu) from a mercapturate (Scholz

et al., 2005).

Additionally, a novel GSH conjugate of NVP (M10) was foundinratbile.

The mass chromatogram for m/z 572 ({M+1]*) contained one major peak. The

metabolite’s mass spectrum (Fig.2.9B)included ions indicative of the generic NL of
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a y-glutamyl moiety (m/z 443, [M+1-129]*) and fragmentation at a thioether linkage

(m/z 299, [M+1-273]’).

None of the mass chromatogram peaksattributed to NVP metabolites was

observed in bile collected before administration of the drug.
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Fig.2.8 LC-MSion current chromatograms for NVP metabolites in rat bile.

(Note: The nomenclature (M1-M10) of NVP metabolites used in this thesis is

different from the Drug Metab Dispos. paper, Srivastavaet al. (2009)).
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Fig.2.9 Mass spectrum of ratbiliary metabolites of NVP

(A) NVP mercapturate and (B) NVP GSH conjugate. Characteristic fragments are

shown byarrows.
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2.3.8 Development of LC-MS/MS Method for Identification of Thioether

Conjugates

The optimized MS/MSparameters obtained from the infusion of the isolated

major mercapturate are listed in Table 2.8. The LC conditions used within this

method are given in Table 2.9. NVP and thioether conjugates were detected in the

multiple-reaction monitoring (MRM) mode with the followingtransitions: NVP, m/z

267 to m/z 226; NVP mercapturates, m/z 428.3 to m/z 299; NVP GSH conjugates,

m/z 572 to m/z 443 and m/z 572 to m/z 299.

Table.2.8 The main working parameters for API 2000 tandem quadrupole mass

 

 

 

spectrometer

Parameters MRM scan Product ion scan

Source temperature (°C) 400 400

Nebulizer gas (G-1)* 50 50

Heater gas (G-2)* 80 80

Curtain gas* 20 20

Collision gas* 6.0 6.0

Ion spray voltage (V) 5500.0 5500.0

Collision energy (eV) ag 60

Declustering potential (V) 41 100

Focusing potential (V) 360 360

Entrance potential (V) 10.50 10.50

Collision cell entrance potential (V) ---- 19.23

Collision cell exit potential (V) 40 40

Dwell timeper transition (ms) 150 1500

Modeof analysis (+) ve (+) ve

Ion transition / product of(m/z) 428.3— 299 428

Ion transition / product of(m/z) 572— 299 572

572— 443
 

* arbitrary units
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Table.2.9 LC conditions used with LC-MS/MS method for identification of

thioether conjugates.

 

 

  

Column Mobile Phase Gradient Flow rate

O min 5% A

A: ACN (0.05% FA) 5 min 17% A

Genny BDS C18 B: Ammonium formate 15min

|

25%A 1 ml/min

Buffer (pH, 4) 19min

|

50%A

26min |5%A   
 

Bile samples from NVP-dosed rats were analysed by the above mentioned

LC-MS/MS (MRM) methodfor identification of thioether conjugates. The MRM

(NVP mercapturates, m/z 428.3 to m/z 299; NVP GSHconjugates, m/z 572 to m/z

443 and m/z 572 to m/z 299) survey found two NVP mercapturates (NVP-M1 and

NVP-M2) and two analogous GSH conjugates (NVP-G1 and NVP-G2) in rat bile

(Fig.2.10). NVP-M2 and NVP-G2 were coeluting with M9 and M10,respectively.

Therefore, NVP-M1 was an additional mercapturate and NVP-G1 was additional

GSH conjugate detected by LC-MS/MS screening which were not found in the

earlier LC-MS study (Fig.2.8). In rat bile, from a comparison of parent-ion peak

areas, NVP-M2 was 5-10 fold more abundant than NVP-M1 and NVP-G2 was 10 to

30 fold more abundant than NVP-G1. The terms “minor” and “major” were assigned

to the mercapturates and GSH conjugates based on the relative mass spectrometric

abundanceof the metabolites.

2.3.9 Validation of LC-MSMSMethod

Fig.2.11 shows the data obtained from Thermo

Scientific TSQ Vantage triple-stage quadrupole mass spectrometer after the analysis

of rat bile. Product ion scans for m/z 428 ({M+1]*) and m/z 572 ({M+1]*) found two

mercapturates (NVP-M1 and NVP-M2) and two GSH conjugates (NVP-G1 and
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NVP-G2) of NVP. Similar results were obtained with other mass spectrometers
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Fig.2.10 Identification of thioether conjugates of NVP in ratbile.

(A) LC-MS/MStransition from m/z 428 to m/z 299 demonstrating the presence of

two NVP mercapturates (NVP-M1 and NVP-M2) and (B). LC-MS/MStransition

from m/z 572 to m/z 299 demonstrating the presence of two NVP GSHconjugates

(NVP-G1 and NVP-G2)in rat bile
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Fig.2.11 Validation of LC-MSMSmethod

(A) TIC of precursor ion scan for NVP mercapturates (m/z, 428 [M+1] *), and (B)

TIC of precursor ion scan for NVP GSH conjugates (m/z, 572 ([M+1]*) obtained

with a Thermo vantage mass spectrometer.
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2.3.10 Isolation and Purification of Thioether Conjugates of NVP for NMR

Analysis

Bile collected from rats administered large doses of NVP wasfoundto be an

abundant source of NVP-M2 and NVP-G2 but NVP-M1was produced in amounts

sufficient for isolation and chemical characterization by NMR spectroscopy only

after CYPP450 induction with dexamethasone. The induction of P450 in male

Wistar rats by dexamethasoneresulted in an approximately 5-10-fold increase in the

concentration of NVP-M1 (Fig.2.12) and NVP-G1in bile as compared to the non-

induced rats. Although the production of NVP-G1 was enhanced by dexamethasone,

it was not possible to isolate material that was sufficiently pure for characterization

by NMR.

A multistep HPLC-UV approach employing consecutively the analytical and

preparative HPLC methods yielded approximately 8-10 pg of NVP-M1 (Fig.2.13),

20-25 ug of NVP-M2(Fig.2.14A & B) and 12-15 pg of NVP-G2 (Fig.2.14A & C).

These values were estimated from the standard curve prepared with NVP (Fig.2.3C).
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Fig.2.12 LC-MSion current(m/z 428) chromatograms of mercapturate conjugates of

NVP in the bile (100-1 aliquots) of (A) uninduced Wistar rat and (B)

dexamethasone-induced Wistar rat. The relative amounts of NVP-M1 and NVP-M2

eliminated in bile of uninduced and dexamethasone-induced rats were estimated

from the corresponding chromatographic peakareas.
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Fig.2.13 Isolation and purification of minor mercapturate conjugate

HPLC-UV chromatograms (240 nm). (A) Isolation of NVP-M2 from rat bile (100-

uL aliquot) as impure fractions (B) Purification of NVP-M2 from the isolated impure

fraction, using a preparative HPLC method.
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Fig.2.14 Isolation and purification of major mercapturate and major GSH

conjugate

HPLC-UV chromatograms (240 nm). (A) Isolation of NVP-G2 and NVP-M2 from

rat bile (100-L aliquot) as impure fractions (B) Purification of NVP-M2 and (C)

NVP-G2from isolated impure fractions, using preparative HPLC methods.
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2.3.11 Characterization of NVP Mercapturates by NMR

The 'H NMRspectra of the purified NVP-M1 (Fig.2.15) and NVP-M2

(Fig.2.16) are shown with the expanded aromatic region plotted above each of the

complete spectra. Spectral assignment of NVP-M2 was unexpectedly complicated

because, at 15°C, it adopted two conformations, which were apparent from the

doubling of certain proton and carbon resonances. This conformational heterogeneity

was absent at temperatures higher than 30°C.All of the followingresults refer to the

spectra acquired at 15°C.

The DQFCOSY spectra of NVP-M2 at 288K are shownin Fig.2.17 (full

spectrum and expanded region). Twotypesof spin systemsare discerned. The proton

at 8.337 ppm (x conformation) and at 8.324 ppm (y conformation) is a singlet

(Fig.2.17B). The resonances at 8.475, 8.096 and 7.2 ppm form a coupled spin

system: the protons at 8.475 and 8.096 ppm are a doublet of doublets whereas the

proton at 7.2 ppm is

a

triplet (Fig.2.17B). These resonances must be from ring B of

the NVP moiety. This was confirmed by comparing the DQFCOSYspectra of NVP-

M2 with those of the NVP. These data show that the NAC moiety is conjugated to

NVPvia ring A.

The 2D NOESY spectrum established that the N-acetyl cysteine (NAC)

moiety is bound to the C3 position of NVP-M2,for the following reasons. Molecular

models of NVP (Fig.2.18) suggest that a substitution at C3 would give rise to a

nuclear Overhauser effect (NOE) between the C4-CH3 (C12) of NVP andthe S-CH2

(cys) protons of the NAC moiety (Fig.2.19C). In addition the NOE was observed

between the C2 proton of NVP and the methylene (cys/) and methine (cys@) protons

of the S-CH>-CH group (Fig.2.19D). These NOEdata confirm that C3 is the position
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of thioether conjugation on ring A. The structure of the NVP conjugate is shown

(Fig.2.19), with the conformationally significant NOE highlighted.

As mentioned earlier, the conformational heterogeneity of NVP-M2is deduced from

the doubling of some proton resonances, most obvious are the resonances from the

N-acetyl CH; and the C(2)H of ring A. From the chemical model it would appear

that rotation about the C3-S bond givesrise to these multiple conformationsat 15°C.

The aromatic region of the 'H NMR spectrum of NVP-M1 (Fig.2.15)

revealed spin systems consistent with the compound shown in Fig.2.15. The

resonances at 8.48 (doublet), 8.11 (doublet) and 7.19 ppm (doublet of doublet) form

a coupled spin system similar to ring B of NVP-M2. The resonancesat 7.21 and 8.14

ppm are coupledto each other and are assigned respectively to C(2)H and C(3)H of

ring A. An NOEcross-peak is observed between C(3)H and the C(12) methylene

protons, confirming that NVP is substituted at the exocyclic C(12) position. This is

further supported by the disappearance in the spectrum of NVP-M1ofthe singlet

resonance at 2.63 ppm whichis assigned to the C(12)H3 in the major mercapturate.
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N-Ac

 

 14'
45 14

15  
  25 1.5 ppm

Fig.2.15 Structural characterization of NVP-M1.

Shownis 1D 1H NMRspectra of NVP-M1 isolated and purified from dex-induced

Wistar rat bile. Expanded aromatic region is shown above the spectra.
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Fig.2.16 Structural characterization of NVP-M2.
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Shown is 1D 1H NMRspectra of NVP-M2isolated and purified fromWistarratbile.

Expanded aromatic region is shown abovethespectra.

81



Chapter 2: Development andvalidation ofanalytical methods

  

 

(A) (B)

ppm ppm

ey 79) ; ;

u | , e/
a 74

2 , | q :

3 a 7.6

4! a S 7.8-
Aromatic Loot e

5} , region ' 8.0 ef

 

        9  

 

Fig 2.17. Structural characterization of NVP-M2.

(A) 2D DQFCOSYspectra ofNVP-M2. (B) Expanded 2D DQFCOSYspectra

between 7 and 8.8 ppm.
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Fig 2.19. 2D NOESYspectra of NVP-M2.

Shown are the NOE between A. cysB and 12th proton, B. cysB/cysa and 2nd

proton. Structures ofNVP-M2in different conformations are shown above the

spectra.
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2.3.12 Characterization of NVP GSH Conjugate (NVP-G2) by NMR

The 'H NMRspectrum of the purified NVP-G2 is shown in Fig.2.20 with the

expanded aromatic region plotted abovethe complete spectrum. The sections of the

NOESYspectra of the GSH conjugate are shown in Fig.2.21. The NOESYspectra of

NVP-G2 had similar singlet and coupled spin systems as the NVP-M2 spectra

(Fig.2.19B). NOE crosspeaksare also detected between the C2 proton of NVP and

the methylene (cys) and methine (cys@) protons of the S-CH-CH group of the

cysteine residue. The structure of the NVP GSH conjugate is shown in Fig.2.21 with

the conformationally significant NOE highlighted. Using interpretations similar to

those applied to the spectra of the NVP-M2,the data indicate that the GSH moietyis

attached to ring A at the C3 position.
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Fig.2.20 Structural characterization of NVP-G2.

Shown is 1D 'H NMRspectra of NVP-G2isolated and purified fromWistarrat bile.

Expanded aromatic region is shown abovethespectra.
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Fig 2.21 Representative 2D NOESYspectra of NVP-G2.

(NOEbetween different protons are shown by arrows)
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2.4 Discussion

The purpose of the work presented in this chapter was to develop analytical

methods for further investigation of NVP’s metabolism. The development of

analytical HPLC, preparative HPLC, LC-MS, LC-MS/MS and NMR methods has

been described in this chapter, which have been used for the identification and

characterization ofthe thioether conjugates of NVP.

The successful development of separation methods is a major step in any

project which uses chromatographic techniques. One of the main goals of HPLC

method development wasto find the optimum conditions that produce the required

separation of NVP andits metabolites in a reasonable runtime. Although,the HPLC

methods for separation of NVP andits metabolites are available (Liu et al., 2007;

Riska et al., 1999a; Riska et al., 1999b; Rowland et al., 2007), the aim for the

development of a new method wasto obtain a separation method which can be used

not only with UV detection but also with the mass spectrometric detection. The

method described by Riska et al. (1999a, b) uses phosphate buffer, which limits the

use of this method with MS due to the comparatively non volatile nature of the

above mentioned solvent. Methods described by Rowland et al. (2007) and Liuetal.

(2007) were only usedfor the separation of phase-I metabolite of NVP. Since NVPis

a somewhat non-polar drug (log P, 1.95; (Almondet al., 2005)), reversed phase

HPLC (RP-HPLC) was the preferred method. For the development of HPLC

methods, mostly, C18 stationary phases and ACN/water mobile phases were used.

The C18 stationary phases provide strong retention, particularly for non-polar

compounds, and mixtures of ACN/water provide good mobile phases for detection at

middle UV wavelengths. This mixture wasthe initial choice for the mobile phase
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during method development. Since, NVP is a weakly basic drug (pKa,2.8), the pH

of the aqueous mobile phase was selected within a rangeof 3 to 6.5.

The analytical HPLC method for separation of NVP metabolites was

developed by using the synthetic standards of NVP, two known metabolites (12-OH

NVPand 3-OH NVP) and DCP NVP.Starting HPLC conditions were chosento give

a quick overviewofthe retention behaviourof the parent compound. Under isocratic

conditions (17:83, organic phase: aqueous phase) NVP showed poorretention

behaviour. Whereas, under optimized gradient HPLC conditions, better retention

time and peak shape were obtained. This was followed by the optimization of the

gradient HPLC conditions to obtain a proper separation profile for the mixture of

NVP, DCP NVP, 12-OH NVP and 3-OH NVP.The conditions for the final method

were selected based on the purpose and applicability of the developed method.

Although, good separation of mixture components was obtained with 15-cm

Hypersil BDS C18 column (Fig.2.1D), it was replaced with 25-cm column to

increase the retention times of the NVP and hydroxyl metabolites (Fig.2.2). All the

known metabolites of NVP have shorter retention times (the order of elution: phase-

Il — Phase-I metabolites + NVP) under RP-HPLC conditions (Riska etal., 1999a;

Riska et al., 1999b). Therefore increasing the retention times of the parent drug and

knownphase-I metabolites should provide a greater time span for the elution of more

polar phase-II metabolites and may lead to better separation of hitherto unknown

polar compounds.

The basic quantitative validation of the final analytical HPLC method was

achieved by analysingthelinearity of an UV-absorbance standard curve. The final

method wasalso validated for its applicability by analysing the separation behaviour

of NVP metabolites formed in RLM incubations (Fig.2.3A). A good separation
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profile was obtained for NVP and three metabolites formed in incubations in the

presence of NADPH. Moreover, two of the metabolites were successfully

characterized by comparing their retention times with those of synthetic standards

(Fig.2.3A & B). However,the third metabolite (M5) could not be characterized due

to the unavailability of the reference standard.

A LC-MS method was developed to identify the metabolites of NVP in

biological systems. The LC conditions of the analytical HPLC method were usedto

separate the metabolites. The m/z values of potential metabolites of NVP were

calculated based on knownand hypothetical biotransformation pathwaysofthe drug.

Corresponding positive-ion mass chromatograms of rat and human systems were

examined for the identification of the NVP metabolites. Since the metabolism of

NVP has been studied extensively and many metabolites have been already

characterized (Riskaet al., 1999a; Riskaetal., 1999b), this knowledge helped in the

identification of known metabolites. Identification of unknown metabolites was

consolidated by analysing their fragmentation patterns under high cone voltage (70

V) conditions.

The LC-MS method was validated for its applicability by analysing NVP

metabolites excretedin rat bile. Investigation of NVP metabolism in rat bile by LC-

MSanalysis resulted in the identification of 10 metabolites. Out of ten metabolites of

NVPidentified, eight were already reported in earlier studies (Riska et al., 1999a;

Riska et al., 1999b). Two novel metabolites found in this study were the thioether

(mercapturate and GSH) conjugates of NVP. As described above, the metabolites of

this type are very important in context of the bioactivation of drugs to reactive

metabolites. The confirmation of identity of NVP’s thioether conjugates was derived

by analysing the mass spectra of the metabolites for the presence of any
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characteristic fragment ions. At a higher cone voltage the major mercapturate

conjugate of NVP (M9/ NVP-M2) was found to produce a major fragment at m/z

299 (Fig.2.9A), which corresponded to the characteristic NL of N-

acetyldehydroalanine (129 amu) from a mercapturate (Scholz et al., 2005). The mass

spectrum of the corresponding GSH conjugate (M10/NVP-G2) included ions

indicative of the generic NL of a y-glutamyl moiety (m/z 443, [M+1-129]*) and

fragmentation at a thioether linkage ([M+1-273]*) (Fig.2.9B). Therefore, this

analysis lead to the identification of novel thioether conjugates of an off-target toxic

drug, NVP.

LC-MS based identification of thioether conjugates of NVP, as described

above, wascarried out on a single quadrupole instrument. Since LC-MSis nota very

powerful tool for the selective detection ofthe metabolites present in trace quantities

(Jones, 2008), this method may have missed any additional mercapturate(s) and/or

GSH conjugate(s) present in trace quantities. To overcome the sensitivity issue, an

LC-MS/MS-based screening method was developed. In comparison to single

quadrupole MS methods, MS/MSoffers superior sensitivity and selectivity (Jones,

2008). These instruments, when operated in MRM mode, enable the identification

and quantification of low levels of compounds in biological matrices. However, to

obtain good sensitivity, the MSMSconditions should be optimized specifically for

the metabolite(s) to be examined.Ideally, the synthetic pure standards are employed

for this purpose. Unfortunately, in this case, due to lack of the synthetic standards for

mercapturates and GSH conjugates of NVP, this was not possible. Therefore, the

major mercapturate conjugate (NVP-M2)wasisolated from rat bile in partially pure

form to optimize the MS-MSconditions. Mercapturate was preferred over the GSH

conjugate (NVP-G2) since the GSH conjugate was difficult to obtain in sufficiently
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pure form due the co-elution of the metabolite’s peak with other NVP metabolites.

The MRMtransitions for the screening of thioether metabolites were selected based

on the information obtained about the fragmentation pattern of the mercapturate

(M9) and GSH adduct (M10) (Fig.2.9). Although, two GSH conjugates were

detected in both MRMtransitions (m/z 572 to m/z 443 and m/z 572 to m/z 299), the

MRM m/z 572 to m/z 299 was found to be moresensitive, and is used preferably

throughoutthis thesis for screening of GSH conjugates.

The optimized conditions were used for the screening of any additional

thioether conjugates present in rat bile. The LC gradient conditions were slightly

modified for the LC-MSMS screening method to reduce the run time. Two

mercapturate and two GSH conjugates were identified by this method. NVP-M1 and

NVP-G1 were the additional mercapturate and GSH conjugate, respectively,

detected by this method. The analysis of bile samples by Thermo TSQ vantage and

other state-of-the-art mass spectrometers validated the results obtained with this LC-

MS/MSmethod.

After the identification of thioether conjugates, it was important to

characterize the structures of these metabolites, in order to obtain information about

the bioactivation pathway(s) of NVP. For the definitive characterization of the

structures, NMR analysis was needed. For NMRanalysis, sufficient amounts of pure

materials were required. Therefore, preparative HPLC methods were developed to

obtain microgram quantities of mercapturates and GSH conjugates. For the

development of these methods, water/FA was chosen as the aqueous componentin

the mobile phase to avoid the contamination of purified substance by buffer salts.

Various C18 and other stationary phase columns weretried for the development of

preparative HPLC methods. Although the preparative HPLC method for
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mercapturates wasinitially developed for the major mercapturate conjugate, it was

proven to be a suitable method for the purification of the minor mercapturate

conjugate. However,the successful purification of the minor GSH conjugate could

not be achieved by the preparative HPLC method developed for the major GSH

conjugate.

The substitution positions of the thioether conjugates of NVP, isolated from

rat bile and purified by preparative HPLC, were definitively characterized by NMR

as NVP C-12 (NVP-M1) and NVP C-3 (NVP-M2)for the mercapturates and NVP

C-3 for the GSH conjugate (NVP-G2). The confirmation of the structure of NVP-M2

was achieved by two ways: the DQFCOSYspectra confirmed that the NAC moiety

wasnot attached to the ring B of NVP,sinceall the protonsof this ring were found

intact (Fig.2.17). The confirmation of the position of NAC substitution in ring A was

derived from the 2D NOESYspectra, by examining the NOE between the protons

(Fig.2.19). The NOEis caused by relaxation of one nuclear spin by a neighbouring

spin. The effect depends strongly on the internuclear distance (r), in that the rate of

transmission of the NOEis proportional to © (Williamson, 2006) . The NOE inthe

structure of NVP-M2 was examined by preparing a chemical model. In the chemical

model (Fig.2.18), the NAC moiety was attached to ring A at each of three carbons

(C-2, C-3 and C-12) in turn, and the distances between the protons of the NAC

moiety and protons of NVP were analysed in different structural conformations.

Mercapturate substitution at the C-3 position (Fig.2.19A & B) was found to produce

the NOE observed in 2D NOESY spectra of NVP-M2 (Fig.2.19C & D). This

observation confirmed the structure of NVP-M2.
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The aromatic region of 1D NMRspectra of NVP-M1(Fig.2.15) showed the

presenceofall five aryl protons (2, 3, 7, 8 and 9) of NVP.It suggested that the

mercapturate substitution was at the exocyclic position. Since the peak

corresponding to C(12)H; was not found in the spectrum of NVP-M1 (Fig.2.15), but

was present in the spectrum of NVP-M2 (Fig.2.16). It was concluded that the

mercapturate was substituted at the C-12 position in NVP-M1. The confirmation of

the structure of NVP-G2 was derived by analysing the 2D NOESYspectra, it was

found that GSH substitution was located at the C-3 position.

In conclusion, this chapter has described the development and validation of

analytical methods and characterization of the thioether conjugates of NVP.In the

following chapters, these analytical methods will be used for the investigation of

NVP metabolism in different in vitro and in vivo systems of rats and humans.

Moreover, the NMR-characterized mercapturates and GSH conjugate will be useful

for the identification and assay of the thioether conjugates formed in different

biological systems. In addition, these methods provide a pathway for the

identification, isolation, purification and characterization of novel metabolites

obtained from humanandpreclinical samples.
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CHAPTER3

INVESTIGATION OF NVP METABOLISM IN VITRO:

IDENTIFICATION AND CHARACTERIZATION OF THIOETHER

CONJUGATES
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3.1 INTRODUCTION

Anti-HIV treatment with NVPis associated with idiosyncratic skin reactions

and hepatotoxicity in patients. An immune-mediated mechanism of toxicity has been

proposed, together with possible metabolic pathways of hapten formation (Shenton

et al., 2005). NVP also induces a skin rash in BN rats (Popovic et al., 2006). Chenet

al. (2008) have proposed that the cutaneous injury produced in these animals by

NVP and 12-OH NVP maybe due to NVP quinone methide (Fig.1.5) formed in the

skin. A mild hepatotoxicity, assessed by histopathological and plasma enzyme

indicators, was induced in Sprague Dawley rats pretreated with NVP or

dexamethasone (Waluboet al., 2006). This suggested one or more NVP metabolites

were causal agents of hepatotoxicity but no mechanistic explanation of the liver

injury has emerged. Recently, it has been shown that NVP undergoes bioactivation

in RLM to a reactive intermediate that binds irreversibly to protein (Takakusaetal.,

2008) and forms a GSH adduct in HLM (Wenet al., 2009). Therefore, a complete

metabolic investigation of NVP in vitro is required to assess the potential for

bioactivation of the drug in humans and animals. Study of in vitro metabolism, in

liver microsomes and hepatocytes incubations, will provide further clarification of

bioactivation routes of NVPandthe nature oftoxic/reactive metabolite(s). Metabolic

activation of a non-radiolabelled drug by hepatocytes is generally assessed by the

detection of phase-II thioether conjugates. Although microsomes do not possess

GSHS-transferases (GSTs), thiol trapping agents can be used to trap the reactive

intermediates and the adducts are detected by various analytical techniques.

Many reactive metabolites can form adducts with small molecule trapping

agents (Argotiet al., 2005; Evansetal., 2004). Characterization of these adducts can

provideindirect information on the structure of the reactive species from whichthey
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are derived, thereby providing an understanding of potential bioactivation

mechanisms (Kalgutkar and Soglia, 2005). Hepatic microsomes are employed to

assess metabolic activation catalyzed primarily by P450 enzymes. Studies performed

with microsomesallow species differences in covalent binding to be explored and an

insight gained into the mechanism of metabolic activation. The use of microsomes

allows in particular a species comparison between humans and rodents, which can

provide insights into metabolic differences and allows postulation of species

differences in toxicity due to differences in metabolism (Williamset al., 2007).

Although hepatic microsomesare a convenient preparation for investigating

phase I metabolism reactions, they do not provide a complete representation of the

cellular drug metabolizing system. A closer representation of metabolism in vivois

provided by whole cells which retain the co-ordinated activity of both phase I and

phase II enzymes and transmembrane transporters (Guillouzo, 1998). The simplest

whole cell system for hepatic metabolism is the isolated hepatocyte. The use of

hepatocytes allows detailed investigations with reduced use of animals. Isolated

hepatocytes are seen as a useful tool in research of liver drug metabolism and drug-

induced hepatotoxicity (Castell et al., 1997; Gebhardt etal., 2003; Guillouzo, 1998).

Common methods of utilization include hepatocyte suspensions and culture

(monolayer and sandwich). However, neither exactly replicate the in vivo

arrangement of hepatocytes, and lack sinusoids, full bile ducts, resident non-

parenchymal cells such as macrophages (Kupffer cells) and, under pathological

conditions, invasive neutrophils (Guillouzo, 1998).

NVP metabolism in HLM has been investigated previously and four

metabolites have been identified as 2-OH NVP, 3-OH NVP (M7), 8-OH NVP and

12-OH NVP (M6) (Ericksonet al., 1999). In studies with cDNA-expressed human
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CYPs, 2- and 3-OH NVP were exclusively formed by CYP3A4/3A5 and 2B6,

respectively (Erickson et al., 1999). Multiple cDNA-expressed CYPs produced 8-

and 12-OH NVP, although CYP2D6 and 3A4 primarily catalyzed their formation,

respectively (Erickson et al., 1999). CYP3A5, 2D6, and 2C9 also play a role in the

formation of 12-OH-NVP, while CYP2D6, 2B6, and 3A4 catalyzed 8-OH-NVP

formation with a low activity. Overall, NVP is metabolized principally by CYP3A4

and 2B6 (Erickson et al., 1999) (Fig.3.1). NVP is an inducer of CYP3A4 and

CYP2B6 and can induce its own metabolism (Backet al., 2003; Dahri and Ensom,

2007; Havlir et al., 1995). Moreover, NVP can modify CYP3A4 covalently as a

mechanism-based inhibitor (Wenet al., 2009).

Recently, it has been shown that NVPis metabolized to a GSH adduct by

HLM and CYP3A4 supersomes (Wenetal., 2009). Formation of the NVP GSH

conjugate was catalyzed primarily by heterologously expressed recombinant

CYP3A4,andto a less extent, CYP2D6, CYP2C19 and CYP2A6 (Wenetal., 2009).

In this study, a GSH adduct was detected by LC-MS/MS using negative PI scanning

of m/z 272 and 12-trideutero-NVP (Chen etal., 2008) was used to characterize the

structure of the adduct. Wenet al. (2009) have deduced thatthis adduct is formed

by addition of GSHto either the benzylic carbon or an aryl position of the quinone

methide intermediate (Fig.1.5) first proposed by Chen et al. (2008). Other evidence

for the in vitro bioactivation of NVP was provided by Takakusaet al. (2008). They

have shown that ['“C]-labelled NVP undergoes NADPH-dependent irreversible

binding to RLM butthis study did not find any NADPH-dependent covalent binding

with HLM.
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Fig.3.1 Human CYP enzymesinvolved in the formation of hydroxy metabolites

of NVP. (Ericksonet al., 1999)
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The analytical methods developedandvalidated in Chapter 2 were used here

for metabolic investigation of NVP in HLM, RLM andrat hepatocytes. Inclusion of

trapping agents in microsomal incubations was undertaken in an attempt to trap and

stabilize the reactive metabolite(s) of NVP. NVP had been shown to form one

partially charachterized GSH adduct through the involvement of a quinone methide

intermediate in HLM (Wenet al., 2009). The formation of other possible reactive

metabolites (Fig.1.5) was also investigated. Therefore searches were conducted for

GSH and mercapturate conjugates of these metabolites but the conjugates were

analysed by NMR for complete structural characterization. This chapter also

describes in greater detail the use of deuterated drug for characterizing thioether

conjugates of NVP andtheir reactive precursors formed by hepatic microsomes and

isolated rat hepatocytes.

The aim of the work presented in this chapter wasto further investigate the

metabolism of NVP in microsomes with regard to the formation of chemically

reactive metabolites. Metabolism was investigated in vitro in HLM, RLM and rat

hepatocytes.
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3.2 MATERIALS AND METHODS

3.2.1 Materials

NVP, standards of two known metabolites of NVP (3-OH NVP and 12-OH

NVP) and DCP NVP were gifts from Pfizer Global Research and Development

(Sandwich, Kent, UK). They were 99% pure as determined by HPLC and NMR.12-

trideutero-NVP (12(D3)-NVP; approximately 92 atom % D) wasa gift from Prof.

Jack Uetrecht (University of Toronto, Canada). GSH, NADPH(tetrasodium salt),

NACand HBSS, pH 7.4, were purchased from Sigma-Aldrich (Poole, Dorset, UK).

Pooled HLM (20 mg/ml protein) were obtained from BD Gentest (Woburn, MA,

USA). Bradford reagent was obtained from Bio-Rad (Munich, Germany). Methanol,

distilled water and ACN were HPLC grade from Fisher Scientific UK

(Loughborough, Leicestershire, UK). All the other solvents were HPLC grade, and

unless otherwise specified all other reagents were purchased from Sigma-Aldrich.

3.2.2 Preparation of Hepatic Microsomes

RLM and HLM were prepared as described in 2.2.5. Approximately 10g

samples of tissues were taken from four livers stored in the departmental human

liver bank, Table 3.1 provides information on the donors.
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Table 3.1 Personal and drug details for donors of human livers used for

preparation of microsomes

 

 

 

 

 

      

Donor Sex Age Cause of Death Medication

1 male 24 stroke dexamethasone, phenytoin

2 male qi Sub-amchuote ranitidine
haemorrhage

3 female 36 road irattic None
accident

aeniesia drain debutamine, salbutamol,

4 female 10 poy cefotaxin, hydrocortisone,
asthmaattack .

ipratropium bromide
 

Protein content was measured by the Bradford assay (Bradford, 1976) using

Bio-Rad Protein Assay Dye Reagent. Bovine serum albumin (BSA) was used as a

standard. P450 content was determined by the method of Omura and Sato (1964).

HPLC and LC-MSbased investigation of NVP metabolites was performed using

RLM and HLMprepared by the above method. Additionally, RLM were used for

the identification of thioether conjugates by LC-MS/MSscreening. However,for the

screening of thioether conjugates in human microsomes, HLM which were

purchased from BD Gentest were used.

3.2.3 Hepatocyte Isolations

Rat hepatocytes were isolated using a modified two-step collagenase

procedure based on (Seglen, 1976). The male Wistar rats (150 g — 300 g) were

anaesthetized with sodium pentobarbital (Euthanal, 60 mg/ml, 1 l/g,i.p.). The liver

was first perfused via the hepatic portal vein for 9 min with wash buffer consisting

of HBSS containing 5.8 mM HEPES and 4.5 mM Sodium bicarbonate but

containing no calcium chloride, magnesium chloride, magnesium sulphate or phenol

red (Invitrogen, Paisley, UK). This was followed by a perfusion with 500 ml of wash
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buffer supplemented with 5 mM calcium chloride and 250 mgof collagenase until

the liver interstitium had been digested. The flow rate was maintained at 40 ml/min

and all solutions were kept at 37°C. After in situ digestion the liver was excised and

the liver capsule was broken. Thecells were combedandstirred out of the capsule.

The cells were suspended in 100 ml wash buffer supplemented with DNase I to

preventcell clusters (0.1 mg/ml) andfiltered through a 125-um mesh (Lockertex,

Warrington, Cheshire, UK). They were allowed to settle for 10 min at 4°C. Cells

were centrifuged at 50g for 2 min, supernatant removed,andthecells resuspendedin

wash buffer containing DNase I. This was repeated twice with wash buffer, with

final resuspension in wash buffer supplemented with 1 mM MgSO47H20. Viability

was assessed by trypan blue exclusion, with 20 yl of trypan blue solution combined

with 100 pl of cell suspension, and hepatocytes were only used when viability was

greater than 75%. Cells were incubated with NVP from approximately 1 h after the

start of perfusion.

3.2.4 Incubations of NVP and 12(D3)-NVP with HLM and RLM

Incubations were carried out in a final volume of 1 ml HBSS, pH 7.4,

containing lor 2 mg/ml microsomal protein and 10 or 25 uM of either NVP or

12(D3)-NVPadded as a methanol solution (final methanol content, 1-2 % v/v). The

reactions were initiated by the addition of NADPH (final concentration, 1 mM,

omitted from control incubations), and performed byincubation for 1 h in a shaking

water bath at 37°C. In orderto assess the ability of the microsomes to bioactivate

the drug, by trapping the reactive intermediates, some incubations also contained

GSH (1 mM) or NAC (1 mM). The microsomal reaction was terminated by the

addition of an equal volumeof ice-cold ACN. Following overnight precipitation of
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the protein at -20°C, the incubations were centrifuged at 870g for 10 min. The

supernatant was evaporated to dryness undernitrogen. It was reconstituted in 300 ul

50% methanol and again centrifuged at 18,400g for 5 min. The supernatant was

analyzed by HPLC, LC-MS and LC-MS/MS.

3.2.5 MicrosomalIncubations with Non-Specific P450 Inhibitors

To identify the P450-mediated metabolic pathways of NVP, incubations of

NVP(10 or 25uM) were also carried out with aminobenzotriazole (ABT, 1 mM).

For these incubations, ABT, microsomes and NADPH were pre-incubated for 15

min before the addition of NVP and supplementary NADPH(final concentration, 1

mM). Someincubations also contained either GSH or NAC (1 mM). Incubations

were processedas describedin 3.2.4.

3.2.6 Incubations of NVP and 12(D3)-NVP with Isolated Rat Hepatocytes

Rat hepatocytes from four individual isolations were incubated in

suspensions. NVP (10 or 50 UM)or 12(D3)-NVP (10 or 50 uM) added as a methanol

solution (final methanol content, 1% v/v was incubated with the hepatocytes

(2x10°/ml) in a final volume of 6 ml HEPES incubation buffer for 4 h. Incubations

werecarried out at 37 °C in an orbital shakerset at 190 rpm. Drug was omitted from

the control incubations. After 4 h of incubation, 6 ml ACN was added to stop the

reaction. The mixture was centrifuged at 870g for 10 min. The supernatant was

removed, and evaporated under nitrogen. Dry residue was reconstituted in 300 pl

50% methanol and again centrifuged at 18,400g for 5 min. The supernatant was

analyzed by HPLC, LC-MS and LC-MS/MS.
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3.2.7. HPLC and LC-MSAnalysis for Investigation of NVP Metabolism

For separation and identification of NVP metabolites the analytical HPLC

and LC-MS methods were the same as described in Table 2.5 and section 2.2.13,

respectively.

3.2.8 LC-MS/MSAnalysis for Identification of Thioether Conjugates of NVP

and 12(D3)-NVP

The LC-MS/MS method used for the identification of the thioether

conjugates of NVP and 12(D3)-NVP was the same as described in 2.3.8. Thioether

conjugates were detected in the MRM modewith the transitions shown in Table 3.2.

Data were acquired and processed with the Analyst software (Ver. 1.4; Sciex).

3.2.9 Characterization of Thioether Conjugates of NVP Formed in Rat and

Humanin vitro Systems

The characterizations were achieved by comparing the LC-MS/MSelution

times (MRM signals) of thioether conjugates of NVP and 12(D3)-NVP formed in

RLM, HLM and rat hepatocyte incubations with those of NMR-characterized

mercapturate (2.3.11) and GSH (2.3.12) conjugates isolated from ratbile.
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Table 3.2 Structures andpositive ion MRMtransitionsfor thioether conjugates ofNVP

and deuterated NVP (MRM transitions are shown in numerals and corresponding

structuraltransitions are shown besidesthem )
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3.3 RESULTS

3.3.1 Investigation of NVP Metabolites in RLM and HLM Incubations

Metabolism of NVP in RLM and HLMwasinvestigated by using HPLC and

LC-MS.In addition the availability of authentic standards corroborated the identity

of two metabolites. NVP underwent metabolism in RLM and HLM to form three

metabolites (M5, M6 and M7) in the presence of NADPH(Fig.3.2C and 3.3C).

These were identified by LC-MS analysis as hydroxy NVP metabolites (m/z 283,

(M+1]*). Metabolites M6 (16 min + 0.5 min) and M7 (18 mint 0.5 min) were

characterized as 12-OH and 3-OH NVP,respectively, by comparing their HPLC-UV

retention times with pure synthetic standards (Fig.3.2A and 3.3A). However, M5

(13.7 min+ 0.5 min) could not be characterized due to the unavailability of the

reference standards of the other known monohydroxylated NVP metabolites (Riska

et al., 1999a; Riska et al., 1999b). These metabolite peaks were absent when

NADPHwasomitted from the incubations (Fig.3.2 B and 3.3B).

Turnover of NVP (10 pM) in HLM and RLM wasestimated by HPLC-UV,

following 1 h incubation by comparing the peak area of NVP in -NADPH and

+NADPH incubations. Only 3.14%+ 0.32 and 20.71%+ 1.43 metabolism was

observed in HLM and RLM,respectively. In both HLM and RLM the 12-OH NVP

was the major metabolite. The turnover to 12-OH NVP was found to be 1.37%+

0.14 in HLM and 14.08%+ 1.05 in RLM. 3-OH NVP was a less abundant

metabolite, which had a turnoverof 0.41%+ 0.08 in HLM and2.15%+ 0.30 in RLM.

The uncharacterized metabolite M5 had a similar turnover of 0.58%+ 0.07 and

1.48%+0.08 in HLM and RLM,respectively.
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Fig.3.2 Investigation of NVP metabolism in HLM.

HPLC-UV chromatograms obtained by the analysis of (A) 5 »M mixture of NVP,

DCP NVP,12-OH and 3-OH NVP,(B) HLM + NVPincubation, (C) HLM + NVP +

NADPHincubation, (D) HLM + NVP + NADPH+ GSH incubation, (E) HLM+

NVP + NADPH + NACincubation
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Fig.3.3 Investigation of NVP metabolism in RLM.

HPLC-UV chromatograms obtained by the analysis of (A) 5 uM mixture of NVP,

DCP NVP,12-OHand 3-OH NVP,(B) RLM + NVPincubation, (C) RLM + NVP +

NADPHincubation, (D) RLM + NVP + NADPH+ GSHincubation, (E) RLM +

NVP + NADPH + NACincubation
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3.3.2 Effect of Trapping Agents on NVP Metabolism in RLM and HLM

In HLM and RLM incubations, with the addition of GSH, the most polar

metabolite was M10 (13 min + 0.5). It was the only additional metabolite detected in

these incubations (Fig.3.2D and 3.3D). M10 wasidentified as a GSH conjugate of

NVP. The mass chromatogram for m/z 572 contained only one peak. The mass

spectrum obtained by LC-MSincluded an ion indicative of generic NL of a y-

glutamyl moiety (m/z 443, [M+1-129]*) from a GSH adduct. It had a turnover of

1.02% + 0.08 in HLM and 1.42% + 0.21 in RLM.

RLM and HLMincubations supplemented with NAC (Fig.3.2E and 3.3E)

formed one mercapturate conjugate (M9; 15.5 min + 0.5). The mass chromatogram

for m/z 428 ([M+1]*) contained a corresponding minor metabolite peak. At a higher

cone voltage (70 V) this metabolite was found to produce a major fragment at m/z

299, which corresponds to the characteristic NL of N-acetyldehydroalanine (129

amu) from a mercapturate (Scholz et al., 2005).

3.3.3 Effect of P450 Inhibition on NVP metabolism in RLM and HLM

With the addition of a pre-incubation with ABT (1mM)to RLM/HLM plus

NVP and GSH/NACincubations, formation of all the metabolites was blocked.

3.3.4 Identification and Characterization of Thioether Conjugates of NVP

and 12(D3)-NVP in HLM and RLM

Following the observation of mercapturate conjugate (M9) and GSH

conjugate (M10) by HPLC and LC-MS analysis (Fig.3.2 and 3.3), LC-MS/MS

analysis was performed for the further investigation of the NVP bioactivation with

the aim of identifylng any thioether conjugates not detected in the above study

(3.3.2).
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HLM (Fig.3.4A) and RLM (Fig.3.6A) incubations of NVP, supplemented

with GSH and NADPH,produced one GSH conjugate peak (NVP-G2, m/z 572 to

299). This peak eluted at approximately 12.5 min and wasnot detected when either

GSH or NADPHwasabsent from the incubations. It was characterized as NVP-3-

GSH conjugate by coelution with NMR-characterized standard. 12(D3)-NVP

incubations with HLM and RLM supplemented with GSH and NADPH produced

one GSH conjugate peak for MRM transition m/z 575 to m/z 302 (Fig.3.4B and

3.6B). This peak had the same retention time as NVP-G2 (Fig.3.4A and 3.6A).

Monitoring the corresponding MRMtransition for 12(D2)-NVP GSHconjugate (m/z

574 to 301; Table 3.2) yielded several weak peaks in HLM (Fig.3.4C) and RLM

(Fig.3.6C) incubations. The peak obtained at 12.48 min had the sameretention time

as NVP-G2 (Fig.3.4A and 3.6A) and also coeluted with the NMR-characterized

NVP-3-GSH conjugate standard.

HLM (Fig.3.5A) and RLM (Fig.3.7A) incubations of NVP, in which GSH

was replaced with NAC, produced a mercapturate conjugate peak (NVP-M2; m/z

428 to 299). This peak was observed at 14.2 min. In these incubations, when NVP

was replaced with 12(D3)-NVP, one mercapturate conjugate peak was observed for

each of the MRM transitions m/z 431 to m/z 302 (Fig.3.5B and 3.7B; D3-labelled

species) and m/z 430 to m/z 301 (Fig.3.5C and 3.7C; Dp-labelled species). The peaks

obtained for these transitions had the sameretention time as NVP-M2 (Fig.3.5A and

3.7A) and also coeluted with the NMR-characterized NVP-3-mercapturate conjugate

standard.
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Fig.3.4 Identification and characterization of GSH conjugates of NVP and

12(D3)-NVPin HLM incubations.

LC-MS/MStransition from m/z 572 to m/z 299 showing the presence of one GSH

conjugate peak in NVP + HLM +

transition from (B) m/z 575 to m/z

NADPH + GSH incubations (A). LC-MS/MS

302 and (C) m/z 574 to m/z 301, showing the

presence of one GSH conjugate peak in 12(D3)-NVP + HLM + NADPH + GSH

incubations.
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Fig.3.5 Identification and characterization of mercapturate conjugates of NVP

and 12(D3)-NVP in HLM incubations.

LC-MS/MStransition from m/z 428 to m/z 299 showing the presence of one

mercapturate conjugate peak in NVP + HLM + NADPH + NAC incubations (A).

LC-MS/MStransition from (B) m/z 431 to m/z 302 and (C) m/z 430 to m/z 301,

showing the presence of one mercapturate conjugate peak in 12(D3)-NVP + HLM +

NADPH + NAC incubations.
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Fig.3.6 Identification and characterization of GSH conjugates of NVP and

12(D3)-NVP in RLM incubations.

LC-MS/MStransition from m/z 572 to m/z 299 showing the presence of one GSH

conjugate peak in NVP + RLM + NADPH + GSHincubations (A). LC-MS/MS

transition from (B) m/z 575 to m/z 302 and (C) m/z 574 to m/z 301, showing the

presence of one GSH conjugate peak in 12(D3)-NVP + RLM + NADPH + GSH

incubations.
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Fig.3.7 Identification and characterization of mercapturate conjugates of NVP

and 12(D3)-NVP in RLM incubations.

LC-MS/MStransition from m/z 428 to m/z 299 showing the presence of one

mercapturate conjugate peak in NVP + RLM + NADPH + NAC incubations (A).

LC-MS/MStransition from (B) m/z 431 to m/z 302 and (C) m/z 430 to m/z 301,

showing the presence of one mercapturate conjugate peak in 12(D3)-NVP + RLM +

NADPH + NACincubations.
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3.3.5 Investigation of NVP Metabolites in Isolated Rat Hepatocytes

NVPandits metabolites in rat hepatocytes were resolved by HPLC.Initially,

six metabolite peaks (peak-I to VI; Fig.3.8A) were identified by comparing the UV

chromatograms of control and NVP incubated hepatocytes. Turnover of NVP (50

uM), calculated by comparing the peak area of NVP in control and NVP incubated

hepatocytes after a 4 h incubation, was 28.48% + 2.43 (mean + SEM, n=4). A

detailed account of these metabolite peaks, detected by HPLC-UVanalysis, is given

in Table 3.3. These peaks were further characterized by LC-MSanalysis (Fig.3.8B).

A total of 10 metabolites of NVP (M1-M10) were identified by the LC-MSanalysis

(Fig.3.8B). Some of the metabolites were found coeluting (Fig.3.8B), as described in

Table 3.3.

Table 3.3 Analysis of NVP (50 uM) metabolites in rat hepatocyte incubations

(n=4). A total of 6 metabolite peaks were detected by HPLC-UV analysis. Peak IV

was made up of four co-eluting metabolites and peak V of 2 co-eluting metabolites,

as determined by LC-MS.

 

 

Metabolite peak Retention time Constituent % Relative
metabolites abundance*

(n= 4)
Peak-I 10.5 min Ml 1.44% + 0.07

Peak-II 11.1 min M2 0.29%+ 0.02

Peak-III 11.4 min M3 0.36%+ 0.04

Peak-IV 14.7 min M4, M5,M8,M10 3.01%+0.77

Peak-V 16.7 min M6*, M9 17.30%+ 1.02

Peak-VI 18.4 min M7 0.55%+ 0.08

NVP 24.4 min Unmetabolized 77.04%+ 1.83

NVP  
‘Determined by UV peakarea at 240 nm

*Major constituent metabolite
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Unchanged NVP (24.4 min) was identified, through comparison with an

authentic standard, by co-elution and its mass spectrum: m/z 267 ((M+1]"), 226

({M+1-C3Hs]*; DCP NVP fragment). In rat hepatocytes, NVP was found to be

metabolized to three glucuronide conjugates of monoxygenated NVP (M1, M2 and

M3) with [M+1]* at m/z 459 (Fig.3.8B). M4 was identified as the carboxy

metabolite (4-carboxy NVP, m/z 297, [M+1]*). M5, M6 and M7exhibited peaks at

m/z 283 that can be assigned to monohydroxy NVP metabolites (Fig.3.8B). M6 and

M7 were characterized as 12-OH and 3-OH NVP,respectively, by exact matching of

the UV chromatogramsof the metabolites and synthetic standards. M8 wasassigned

to the sulphonate conjugate of hydroxy NVP (Fig.3.8B). In positive-ion scan, M8

exhibited an ion at m/z 363 ((M+1]*) andin negative-ion mode yielded a strong peak

at m/z 361.

Rat hepatocytes also contained a mercapturate conjugate of NVP (M9). This

metabolite exhibited a peak at m/z 428, [M+1]" (Fig.3.8B), and yielded the major

fragment at m/z 299 ([M+1-129]*). Additionally, a GSH conjugate of NVP (M10)

was found in hepatocytes. The mass chromatogram for m/z 572 ({M+1]*) contained

one major peak (Fig.3.8B). The metabolite’s mass spectrum included ions indicative

of the generic NL of a y-glutamyl moiety (m/z 443, [M+1-129]*) and fragmentation

at a thioether linkage (m/z 299, [M+1-273]’).
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Fig.3.8 Investigation of NVP metabolism in male rat hepatocytes.

(A) HPLC-UV chromatogram of the metabolites of NVP. (B) LC-MSion current

chromatograms of NVP metabolites in rat hepatocytes.
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3.3.6 Identification and Characterization of Thioether Conjugates of NVP in

Rat Hepatocytes

The MRMsurveys (NVP mercapturates, m/z 428.3 to m/z 299; NVP GSH

conjugates, m/z 572 to m/z 443 and m/z 572 to m/z 299) found two NVP GSH

conjugates (NVP-G1 and NVP-G2; Fig.3.9A) and two mercapturates (NVP-M1 and

NVP-M2;Fig.3.10A)in rat hepatocytes. NVP-M1 and NVP-M2 were characterized

as NVP-12-mercapturate and NVP-3-mercapturate, respectively, by coelution with

NMR-characterized standard samples. NVP-G2 was characterized as NVP-3-GSH

conjugate, again by coelution with a NMR-characterized standard sample that had

been isolated from rat bile. NVP-G1 could not be characterized because no standard

compound wasavailable for this minor conjugate but based on the elution of NVP-

M1 (NVP-12-mercapturate) before NVP-M2 (NVP-3-mercapturate) it was proposed

to be the NVP-12-GSH conjugate.

3.3.7 Identification and Characterization of Thioether Conjugates Of 12(D3)-

NVPin Rat Hepatocytes

Only one peak of mercapturate was identified for the selected transition (m/z

431 to 302) (Fig.3.10B; D3-labelled species). This peak had the sameretention time

as NVP-M2produced byhepatocytes (Fig.3.10A) and wascharacterized as 12(D3)-

NVP-3-mercapturate by coelution with NMR.-characterized NVP-3-mercapturate.

The MRM transition m/z 430 to 301 (D>-labelled species) produced two

peaks (Fig.3.10C). The minor peak had the same retention time as NVP-M1

(Fig.3.10A) and was characterized as 12(D2)-NVP-12-mercapturate by coelution

with NMR-characterized NVP-12-mercapturate. The major peak coeluted with the

peak obtained for the m/z 431 to 302 transition (Fig.3.10B). This suggested that the
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S-substitution position of the mercapturate is the same in both. Therefore the major

peak (Fig.3.10C) is also a mercapturate substituted at the C-3 position, and this was

confirmed by coelution with the NMR-validated standard of NVP-3-mercapturate.

The MRMtransitions m/z 575 to 302 (D3-labelled species) and m/z 574 to

301 (D>-labelled species) produced only one peak (Fig.3.9B and 3.9C) and in both

cases it coeluted with the NVP-3-GSH conjugate. There was no C-12 substituted

GSHconjugate (D>-labelled species) recorded with 12(D3)-NVP.
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Fig.3.9 Identification and characterization of GSH conjugates of NVP and

12(D3)-NVPin rat hepatocytes.

(A) LC-MS/MStransition from m/z 572 to m/z 299 demonstrating the presence of

two NVP mercapturates, (B) LC-MS/MS transition from m/z 575 to m/z 302 and

(C) LC-MS/MStransition from m/z 574 to m/z 301
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Fig.3.10 Identification and characterization of mercapturate conjugates of

NVPand 12(D3)-NVPin rat hepatocytes.

(A) LC-MS/MStransition from m/z 428 to m/z 299 demonstrating the presence of

two NVP mercapturates, (B) LC-MS/MS transition from m/z 431 to m/z 302 and

(C) LC-MS/MStransition from m/z 430 to m/z 301.
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3.4 DISCUSSION

The purposeof the work presented in this chapter wasto further investigate

the in vitro metabolism of NVP in rats and humans with respect to reactive

intermediate(s) formation, which may play a role in NVP-induced liver and skin

toxicity. The HPLC, LC-MS and LC-MS/MS methods described in Chapter 2 were

used here for the investigation of NVP metabolism in HLM, RLM andrat

hepatocytes with the intention of identifying any stabilized reactive metabolites

generated in the process.

Metabolism of NVP by hepatic microsomes has been studied previously in

HLM (Erickson et al., 1999) and RLM (Chen et al., 2008); however, this study

provides the first report on NVP metabolism in isolated hepatocytes from any

species. In HLM (Fig.3.2C), RLM (Fig.3.3C) and rat hepatocytes (Fig.3.8A), NVP

underwent phase-I metabolism to form three hydroxyl metabolites: M5, M6/12-OH

and M7/3-OH. Although M5 could notbeidentified, comparisons with the findings

of Ericksonet al. (1999), who obtained 2-, 3-, 8- and 12-OH NVPin HLM,andthe

chromatogramsof Riskaet al. (1999a, b) suggest it was probably 2-OH NVP. In rat

hepatocytes 4-carboxy NVP was identified as an additional Phase-I metabolite,

which can be generated through further oxidation of 12-OH NVP (Chen etal.,

2008). In addition to the thioether conjugates, other phase-II metabolites in rat

hepatocytes were three glucuronide conjugates and one sulphonate conjugate. 12-

OH NVP(M6)wasfoundto be the most abundant metabolite of NVP in vitro.

NVP underwent bioactivation to form two GSH adducts and hence two

mercapturates in rat hepatocytes while HLM and RLM produced only one

mercapturate and one GSH conjugate. The substitution positions of the thioether

conjugates were assigned by coelution with NMR-characterized standard samples.
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Mercapturate and GSH conjugate found in HLM and RLM werecharacterized as

NVP C-3 mercapturate and NVP C-3 GSH conjugate, respectively. The two

mercapturates formed in rat hepatocytes were characterized as NVP C-12 and NVP

C-3 mercapturates; whereas the major GSH conjugate (NVP-G2) wascharacterized

as NVP C-3 GSH conjugate. The minor GSH conjugate (NVP-G1) could not be

characterized definitively due to the unavailability of an NMR standard. However,

based on the analogy of two mercapturates, it could be assigned to NVP-12 GSH

conjugate. The occurrence of only one GSH conjugate in HLMis consistent with the

earlier observation by Wen et al. (2009). The NVP 3-GSH conjugate which was

present in both microsomes and hepatocytes could be formed through the

spontaneous addition of GSHto the reactive intermediate. Whereas the production

of the NVP-12 GSH conjugate in hepatocytes may be ascribed hypothetically to a

selective dependence on conjugation catalyzed by cytosolic GSTs.

The precursor of the minor, NVP-12-GSH, conjugate can be derived

theoretically from the oxidation of NVP by the formation of a quinone methide

reactive intermediate (Wen et al., 2009). Alternative quinone methide can also be

generated through dissociation of 12-OH NVP sulphonate (Fig.3.11) rather than

NVPoxidation (Chenet al., 2008). The NVP 3-GSH conjugate can be derived from

the unhindered 2,3-epoxide or possibly from the hindered 3,4-epoxide (Fig. 3.11). 2-

OH-NVP and 3-OH-NVPare both putative products of rearrangement of the 2,3-

epoxide and are metabolites of NVP (Erickson etal., 1999). Otherwise, both adducts

might derive from the quinone methide (Fig.3.11) as GSH does not always react

exclusively at the benzylic carbon of methide intermediates (Fan and Bolton, 2001;

Wanget al., 2009).
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Fig.3.11 Proposed bioactivation pathways of NVP.

This study also described the use of 12(D3)-NVP for the characterization of

the structures and metabolic (reactive metabolite) origins of GSH and mercapturate

conjugates. The D3-labelled NVP has been used in previous studies for the

characterization of the metabolic pathway responsible hypothetically for NVP-

induced skin toxicity (Chen et al., 2008) and for the characterization of the GSH

conjugate of NVP formed in the HLM incubations (Wen et al., 2009). Every

thioether metabolite of 12(D3)-NVPsubstituted outside the exocyclic methyl group

by virtue of derivation from metabolic intermediates activated exclusively in the ring

system, e.g. heteroarene oxides, would be expected to yield a co-eluting +3 amu

peak due to retention of the 4-CD3 moiety (Table 3.2). Whereas any mono-

substitution at the exocyclic methyl group, arising from benzylic activation, will

126



Chapter 3 — NVP metabolism in vitro

produce a +2 amu peak dueto the presence of the 4-CHD2 moiety (Table 3.2). This

is consistent with the results obtained in this study, as NVP 3-mercapturate and NVP

3-GSH conjugate formed from D3-NVP had an m/z of 431 ({M+1]*) and m/z of 572

({M+1]"), respectively, whereas the 12(D2H)-NVP-12-mercapturate, had an m/z of

430 ([M+1]*), thereby, retaining only two deuterium labels (Table 3.2).

However, in the case of rat hepatocytes two peaks were observedfor the m/z

430 to 301 mercapturatetransition (D2-labelled species) (Fig.3.10C): the minor peak

coeluting with standard NVP-12-mercapturate and the major peak coeluting with

standard NVP-3-mercapturate. Therefore, a +2 amu peak was also occurring for

thioether substitution outside (at C-3 position) the exocyclic methyl group. This can

be interpreted as suggesting that the 12(D3)-NVP sample was contaminated with

dideuterated impurity (12(D2)-NVP). The same was the case with the GSH

conjugates observed in rat hepatocytes (Fig.3.9), RLM (Fig.3.6) and HLM (Fig.3.4).

They had a coeluting peak of the m/z 574 to m/z 301 transition (D2-labelled species)

for every peak observed for the m/z 575 to m/z 302 transition (D3-labelled species)

and those peaks were coeluting with standard NVP-3-GSH conjugate. It was

confirmed by mass spectral analysis that the 12(D3)-NVP_ contained an

approximately 10% impurity of 12(D2)-NVP. Alternatively, as proposed by Wenet

al. (2009), who founda single D>-labelled GSH conjugate when 12(D3)-NVP. was

incubated with HLM, a quinone methide intermediate,i.e. the product of benzylic

activation, might undergo substitution at an (hetero)aryl position (C-3) rather than

the benzylic carbon.

In summary, it has been shown that NVP is bioactivated in vitro to

chemically reactive metabolite(s); as demonstrated by the identification and

characterization of stable thioether conjugates in HLM, RLM andrat hepatocytes.
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The formation of a common mercapturate (NVP 3-mercapturate) and GSH conjugate

(NVP 3-GSH conjugate) in RLM and HLM highlighted the species similarity

between humans and rats with regard to NVP bioactivation. The inhibition of

formation of the thioether conjugates in HLM and RLMbytheinclusion of a non-

specific P450 inhibitor (ABT) suggested the P450 dependency of NVPbioactivation

in microsomes.

The production of two mercapturates and GSH conjugates by isolated rat

hepatocytes suggested a profound difference in NVP bioactivation between a

cellular fraction (liver microsomes) and whole cell system (hepatocytes). In

comparison with microsomesfortified with NADPH,that are only able to catalyse

phase I metabolism, isolated hepatocytes provide a closer representation of

metabolism in vivo by mimicking the co-ordinated activity of both phase I and phase

II enzymes. However, in order to properly understandthe roles of phase-I and phase-

II enzymes in NVP bioactivation, assessment of NVP bioactivation in vivo is

essential. The use of bile and urine enables experiments, where further routes of

metabolism can be investigated. Evaluation of NVP metabolism in human andrat

urine will further help to understand the species similarity with respect to NVP

metabolism in general and bioactivation in particular. Moreover, the assessment of

NVPbioactivation products in urine from HIV patients and female BNrats will help

to understanding of the metabolic similarity between patients and the animal model

of NVP-inducedskin reaction.

These investigations are described in Chapter4.
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CHAPTER4

INVESTIGATION OF NVP METABOLISMIN VIVO:

IDENTIFICATION AND CHARACTERIZATION OF THIOETHER

CONJUGATES
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4.1 INTRODUCTION

Thefindings reported in Chapter 3 provide evidenceof bioactivation of NVP

in vitro. As described in Chapter3, the metabolite profile of NVP in RLM and HLM

included one GSH and one mercapturate conjugate; however,in rat hepatocytes two

isomeric conjugates of each type were formed. Therefore, characterization of the in

vivo metabolic fate of NVP would provide further clarification of bioactivation

routes and possibly provide a metabolic rationale for the species similarity observed

in Chapter 3.

The in vivo metabolism of NVP has been investigated previously in humans

(Riska et al., 1999a) and animals (Riska et al., 1999b). The principal routes of

metabolism in vivo included hydroxylation of the pyridine and methylpyrido rings

and glucuronide (ether) conjugation (Fig.4.1). The  ether-glucuronidated-

hydroxylated metabolites were eliminated in urine (Fig.4.1). However, no reactive

metabolite of NVP, trapped as stable thioether conjugates, has hitherto been

identified in vivo in rats and humans. Takakusaet al. (2008) have provided indirect

evidence for the in vivo bioactivation of NVP in rats by showing that the ce

labelled drug undergoes irreversible binding to liver tissue and plasma protein

(Takakusaet al., 2008).

The stable products of oxidative metabolism of NVP in humans(Riskaetal.,

1999a) and rats (Riska et al., 1999b) are 2-OH NVP, 3-OH NVP (M7), 8-OH NVP

and 12-OH NVP (M6). These hydroxyl metabolites are conjugated to form the O-

glucuronide conjugates (Fig.4.1). 12-OH NVPis further metabolized to 4-carboxy

NVP (M4). 12-OH NVPhasalso been shown to undergo sulphonation to form NVP-

12-O sulphonate (M8) (Fig.4.1).
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The NVP-12-O sulphonatehasbeenidentified in the urine andbile of female

BN rats (Chen et al., 2008), and it has been proposed that the sulphate ester

dissociates to form a reactive quinone methide intermediate (Uetrecht, 2006; Chenet

al., 2008). This reactive metabolite has been suggested to be responsible for the skin

toxicity observed in female BN rats administered NVP or 12-OH NVP(Chenetal.,

2008). Evidence by analogy for potential biochemical consequences of the

sulphonation of 12-OH NVP and quinone methide formation was provided by

Antuneset al. (2008). They demonstrated the reactivity of NVP-12-O esters by the

formation of multiple DNA adducts in reactions with the non-biogenic 12-mesyloxy

NVP and proposed that 12-hydroxy NVP might be a factor in hypothetical NVP

hepatocarcinogenicity (Antuneset al., 2008). The quinone methide could also be

generated, additionally or alternatively, by enzymic oxidation (Wenet al., 2009).

The metabolism in vivo of arylmethyl compounds(including toluene), benzyl

alcohols (arylmethanols) and related compounds, including sulphate esters, to

arylmethyl GSH conjugates or mercapturates is very well established (van Doorn et

al., 1981; Tsujimoto et al., 1998; Chidgeyetal., 1986; Rietveld et al., 1983). The

pathway from a (hetero)arylmethyl compound to GSH conjugate or mercapturate can

be represented schematically as follows:

PASO SULT/PAPS GST/GSH

Ar-CH, —» Ar-CH,-OH

—

»Ar-CH.-O-SO,H —* Ar-CH,-S-Glutathione —» Ar-CH,-S-NAC

However, studies on the metabolism of simple compounds such as toluene

and xylenes indicate this is generally a minor pathway in rats (van Doorn etal.,

1981; Tsujimoto et al., 1998). Toluene is metabolized in humans to benzyl
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mercapturate (Inoue et al., 2004) and less extensively, via a putative epoxide

intermediate, to p-methylphenyl mercapturate (Schettgenet al., 2008).

The 4-methyl group is not the only metabolic toxicophore contained within

NVP’s structure. NVP also contains the cyclopropylamine group, which has the

potential to become bioactivated to an aminium cation radical (Takakusa et al.,

2008). The major metabolic pathways of NVP involve 2-, 3-, and 12-hydroxylation

(Riskaet al., 1999a; Riskaet al., 1999b) (Fig.4.1). The 12- and 3- carbonsare in the

para position relative to nitrogen-5, and further oxidation could lead to quinoneimine

type reactive metabolites (Chen et al., 2008). Moreover, 4-carboxy-NVP, a major

metabolite in the urine of male rats (Riska et al., 1999a; Riska et al., 1999b), when

conjugated with a good leaving group such as glucuronic acid or coenzyme A, has

the potential to acylate protein. NVP might form one or more heteroarene epoxide

intermediates in either of the pyridine rings (Fig.1.5).

The aim of the work presented in this chapter was to further investigate the

metabolism of NVP in an attempt to identify and characterize the thioether

conjugates of NVP in vivo in rats and humans. The study reported in Chapter 3

provided evidence for species similarity between rats (male Wistar) and man with

regard to bioactivation of NVP, in vitro. The metabolism of NVP in female BNrats

was studied in an effort to find a correlation between the animal model of NVP-

induced skin rash and man. Male BN rats were used in order to investigate the

possibility of sex differences in NVP bioactivation. Additionally, the possibility of

strain differences was studied by analysing NVP bioactivation in Wistar and BNrats.

The role of P450 enzymes in NVPbioactivation was also investigated.

The metabolites of NVP in human urine and in rat urine and bile were

studied in detail by HPLC and LC-MS.Thedetection ofthe thioether conjugates was
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carried out by LC-MS/MSbasedscreening and thioether conjugates characterized

rigorously by NMRwereusedasanalytical standards.

4.2 MATERIALS AND METHODS

4.2.1 Materials

NVPand standards of two known metabolites of NVP (3-OH NVPand 12-

OH NVP) were gifts from Pfizer Global Research and Development (Sandwich,

Kent, UK). They were 99% pure as determined by HPLC and NMR. DMSO and

dexamethasone were purchased from Sigma-Aldrich (Poole, Dorset, UK). Methanol,

water and ACN were HPLC grade from Fisher Scientific UK (Loughborough,

Leicestershire, UK). All the other solvents were HPLC grade and unless otherwise

specified all of the other reagents were purchased from Sigma-Aldrich.

4.2.2 Experimental Animals

Adult male Wistar rats and male and female BN rats were obtained from

Charles River Laboratories (Margate, Kent, UK). The protocols described were

undertaken in accordance with criteria outlined in a licence granted under the

Animals (Scientific Procedures) Act 1986 and approved by the University of

Liverpool Animal Ethics Committee.

4.2.3 Investigation of NVP Metabolites in Rat Bile

The male Wistar (350-450 g; n=6) and the male (150-250 g; n=3) and female

(150-250 g; n=3) BN rats were terminally anaesthetized with urethane (140 mg/kg,

isotonic saline, i-p.) and cannulated via trachea, jugular vein and commonbile duct.

NVP (150 mg/kg, DMSO,2 ml/kg) was administered i.v. Bile was collected for 30

min before administration of NVP, and thereafter hourly for 5-7 h. 12-OH-NVP (75
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mg/kg, DMSO,2 ml/kg) was also administered i.v. to three cannulated male Wistar

rats. Additional male Wistar rats (n=3) were pre-dosed with dexamethasone (100

mg/kg, corn oil, i.p.) 24h before administration of NVP.

4.2.4 Investigation of NVP Metabolites in Rat Urine

NVP (0.5 or 1 g/kg) suspended in 0.5% methyl cellulose (75 mg/ml) was

dosed orally to adult male Wistar rats (200-300 g; n=3) and female BNrats (150-

180 g; n=3) in two equal doses at an intervalof 6 h. Rats were kept in metabolism

cages and their urine was collected for 24 h after the first dose. Control rats were

dosed with the vehicle.

4.2.5 Investigation of NVP Metabolites in Human Urine

Spot urine samples were obtained from nine HIV-positive adult patients on

200-mg NVPtwice daily in Malawi. Patients were also receiving stavudine (40 mg

twice daily) and lamivudine (150 mg twice daily) as part of anti-HIV combinational

chemotherapy. Baseline urine samples were collected immediately before the start of

therapy and drug-containing urine samples were collected six weeks after the start of

therapy. Ethical approval was obtained from the College of Medicine Research

Ethics Committee, Blantyre, Malawi, and the Liverpool School of Tropical Medicine

Research Ethics Committee. All patients gave informed consent. All the samples

were stored at -80°C until analysis. Urine samples were pooled for HPLC and LC-

MS analysis. However, the LC-MS/MS analysis was performed on individual

samples.
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4.2.6 Solid-Phase Extraction (SPE)

Human urine (5-10 ml), rat urine (5-10 ml) and rat bile (1-4 ml) were

concentrated using methanol/water-preconditioned Waters Sep-Pak classic C18

cartridges (360 mg, 55-105 um). Loaded cartridges were washed with distilled water

and the crude extract waseluted with methanol (4 ml). The eluate was evaporated

undernitrogen at 50°C,and the dry residue reconstituted in 50% methanol.

4.2.7. HPLC and LC-MSAnalysis for Investigation of NVP Metabolism

For separation and identification of NVP metabolites the analytical HPLC

and LC-MS methods were the same as described in Table 2.5 and section 2.3.13,

respectively.

4.2.8 LC-MS/MSAnalysis for Identification of Thioether Conjugates of NVP

and 12(D3)-NVP

The LC-MS/MS method used for the identification of the thioether

conjugates of NVP was the same as described in 2.3.8. Thioether conjugates were

detected in the multiple-reaction monitoring (MRM) mode with the transitions

shown in Table 2.8. Data were acquired and processed with the Analyst software

(Ver. 1.4; Applied Biosystems).

4.2.9 Characterization of Thioether Conjugates of NVP Formed In Rat and

Human In Vivo Systems

The characterizations were achieved by comparing the LC-MS/MS elution

times (MRMsignals) of thioether conjugates of NVP found in human urine and rat

urine and bile with those of NMR-characterized mercapturate and GSH conjugates

isolated from ratbile.
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4.3 RESULTS

4.3.1 Investigation of NVP Metabolites in Rat Bile

NVP and its metabolites in rat bile were resolved by HPLC (Fig.4.2A).

Initially, six metabolite peaks (Peak-I to VI; Fig.4.2A) were identified by comparing

the UV chromatogramsof control and NVP-dosed rat bile. Peaks I, II and IV were

the most abundant metabolite peaks present in the UV chromatogram of rat bile

(Table 4.1). These peaks were further characterized by LC-MSanalysis (Fig.4.2B).

Unchanged NVP (24 min) was identified, through comparison with authentic

standard, by co-elution and its mass spectrum: m/z 267 ({M+1]*), 226 ((M+1-C3Hs]";

DCPNVPfragment). A total of 10 metabolites of NVP (M1-M10) wereidentified by

the LC-MS methodat low conevoltage Fig.4.2B).

Table 4.1 HPLC-UV analysis of NVP metabolites in Wistar rat’ bile

 

 

Metabolite peak Retention time Constituent % Relative

metabolites abundance*

(n= 3)

Peak-I 10.2 min M1 30.01% + 9.16

Peak-II 11.0 min M2 28.47%+ 7.04

Peak-III 11.7 min M3 8.83%4.03

Peak-IV 13.9 min M4*,M5,M8, M10 27.93%+ 7.39

Peak-V 16.2 min M6*, M9 2.54%0.31

Peak-VI 17.8 min M7 0.57%0.23

NVP 24.0 min Unmetabolized 2.13%+ 2.02

NVP  
*Dosed with 150 mg/kg NVP

‘Determined by UV peakarea at 240 nm

*major constituent metabolite as determined by LC-MSanalysis
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M1, M2 and M3 werethe most polar metabolites of NVP excreted inratbile.

In LC-MSanalysis (Fig.4.2B), these metabolites gave peaks at m/z 459 that were

assigned to [M+1]* of O-glucuronides of monoxygenated NVP from the indicative

NL of dehydroglucuronic acid (m/z 283, [M+1-176]*). M4 was identified as a

carboxy metabolite (m/z 297, [M+1]*). This metabolite has been identified

previously by Riskaet al. (1999a, 1999b) as 4-carboxy NVP.It was also present in

the bile of Wistar rats dosed with 12-OH NVP. M5, M6 and M7wereidentified as

hydroxy metabolites of NVP with [M+1]* at m/z 283. M6 and M7 were

characterized as 12- and 3-OH NVP, respectively, by coelution with authentic

standards but M5 could not be characterized. Primary alcohol M6 underwent

diagnostic facile dehydration ([M+1-H)O]") to produce a fragment ion at m/z 265.

M§8wasassigned to the sulphonate conjugate of an hydroxy NVP.In positive-ion

scan M8 exhibited an ion at m/z 363 ([M+1]*) and in negative-ion mode yielded a

strong peak at m/z 361. It was shown to be derived from 12-OH NVPasthe bile

samples obtained after administering 12-OH NVPto rats contained a coeluting peak

in the mass chromatogram for m/z 363. This metabolite has been identified

previously by Chenet al. (2008) as the NVP-12-O sulphonate.

M9 waspresentas a weak ion at m/z 428 that can be assigned to [M+1]* of a

mercapturate of NVP. At a higher cone voltage (70 V) this novel metabolite was

found to produce a major fragment at m/z 299, which corresponds to the

characteristic NL of N-acetyldehydroalanine (129 amu) from a mercapturate (Scholz

et al., 2005).

Additionally, a novel GSH conjugate of NVP (M10) was foundinrat bile.

The mass chromatogram for m/z 572 ({[M+1]") contained one major peak. The

metabolite’s mass spectrum included ions indicative of the generic NL of a y-
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glutamyl moiety (m/z 443, [M+1-129]*) and fragmentation at a thioether linkage
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Fig.4.2 Investigation of NVP metabolism in male Wistarratbile.

(A) HPLC-UV chromatogram of the metabolites of NVP. (B) LC-MSion current

chromatograms of NVP metabolites.
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4.3.2 Identification and Characterization of Thioether Conjugates in Rat Bile

The MRM (NVP mercapturates, m/z 428.3 to m/z 299; NVP GSH

conjugates, m/z 572 to m/z 299) survey found two NVP mercapturates (NVP-M1

and NVP-M2) and two analogous GSH conjugates (NVP-G1 and NVP-G2)in bile

obtained from male and female BN and male Wistar (dexamethasone-induced and

non-induced) rats (Fig.4.3). However, and notwithstanding the extensive alkyl and

aryl hydroxylation of NVP (Chenet al., 2008; Erickson et al., 1999; Riska etal.,

1999a; Riska etal., 1999b), no GSH adduct or mercapturate of mono-/di-oxygenated

NVP wasfoundin any of the bile samples. The major thioether metabolites, NVP-

M2 and NVP-G2, corresponded chromatographically and mass spectrometrically to

M9and M10,respectively; namely the metabolites found in the preliminary LC-MS

analyses (Fig.4.2B). The minor thioether metabolites, NVP-M1 and NVP-G1, were

only detected by LC-MS/MSscreening. In non-induced rats, NVP-M2 and NVP-G2,

from a comparison of parent-ion peak areas, were consistently 5-10-fold and 10-30-

fold more abundant than NVP-M1 and NVP-G1, respectively. Using the same

method of comparison, the induction of P450 in male Wistar rats by dexamethasone

resulted in an approximately 5-10-fold increase in the concentration of NVP-M1 and

NVP-G1in bile (Fig.4.4) as comparedto the non-induced rats. However, there was

only a 1.5-2 fold increase in the concentration of NVP-M2 and NVP-G2. This

indicates that dexamethasoneselectively increases the turnover of NVP to NVP-M1

and NVP-G1, suggesting that different P450s in male rats catalyse the formation of

the electrophilic precursors of the minor and major GSH metabolites.

The product ion spectra (positive ion; Fig.4.5) of rat biliary mercapturates

and GSH conjugates showedthepresenceof a thiol fragment [NVP+S] at m/z 299.It

was a dominant fragment ion in MS/MSspectra of NVP-M2 (Fig.4.5B) and NVP-
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G2 (Fig.4.5D). However, the product ion spectra of NVP-M1 (Fig.4.5A) and NVP-

G1 (Fig.4.5C) contained a major ion at m/z 265 which corresponds to the NL of the

NAC and GSH moiety, respectively, from the conjugate.

NVP-M1 and NVP-M2wereidentified as NVP-12-mercapturate and NVP-3-

mercapturate, respectively, by coelution with NMR-characterized standards. NVP-

G2 was identified as NVP-3-GSH conjugate, again by coelution with a NMR-

characterized standard that had been isolated from rat bile. The regiochemistry of

NVP-G1 could not be characterized similarly because no standard compound was

available for this minor conjugate. However, based on the elution of NVP-M1

(NVP-12-mercapturate) before NVP-M2 (NVP-3-mercapturate) (Fig.4.3) and the

analogous fragmentations of NVP-G1 (Fig.4.5C) and NVP-M1 (Fig.4.5A) at the

thioether linkage, it is proposed that NVP-G1 is the NVP-12-GSH conjugate.
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Fig.4.3 Identification of NVP mercapturates and GSH conjugatesin ratbile.

LC-MS/MStransitions from m/z 428 to m/z 299 and m/z 572 to m/z 299

demonstrating the presence of two NVP mercapturates (NVP-M1 and NVP-M2) and

two GSH conjugates(NVP-G1 and NVP-G2), respectively, in bile obtained from (A)

uninduced male Wistar rat, (B) female BN rat (C) male BNrat.
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Fig.4.5 Representative product ion spectra of NVP mercapturates and GSH

Conjugates excreted in male Wistar rat bile. (A) NVP-M1, (B) NVP-M2, (C) NVP-

G1 and (D) NVP-G2.

4.3.3 Investigation of NVP Metabolites in Rat Urine

Urine samples from male Wistar and female BN rats administered NVP

orally at 0.5 or 1 g/kg were analyzed by HPLC (Fig.4.6A) and LC-MS(Fig.4.6B). In

HPLC-UV analysis, Peak IV was found to be the most abundant metabolite peak

presentin rat urine (Table 4.2). Most of the metabolites of NVP identified in rat bile

(Fig.4.2) were detected in urine. From the analysis of rat urine, NVP was foundto be

metabolized to three glucuronide conjugates of monoxygenated NVP (M1, M2 and

M3) (Fig.4.6B) with [M+1]* at m/z 459, one carboxy metabolite (M4; 4-carboxy

NVP, m/z 297, [M+1]"*), three hydroxy NVP metabolites (M5, M6/12-OH and M7/3-
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OH: m/z 283, [M+1]*), one sulphonate conjugate of an hydroxy NVP (M8; m/z 363,

[M+1]*) and one mercapturate conjugate (M9; m/z 428, [M+1]*). The urinary

mercapturate conjugate exhibited a similar fragmentation pattern and had the same

retention time as the majorbiliary mercapturate. No peak correspondingto the GSH

conjugate of NVP (m/z 572, [M+1]*) was detected in rat urine.

Table 4.2 HPLC-UV analysis of NVP metabolites in male Wistar rat* urine

 

 

  

Metabolite UV Retention time Constituent % Relative

peak metabolites abundance*

(n= 3)

Peak-I 11.1 min Mil 27.92% + 3.86

Peak-II 12.0 min M2 9.55%+ 1.37

Peak-III 12.8 min M3 11.19%+ 1.53

Peak-IV 13.8 min M4*, M5, M8 38.89%+ 5.11

Peak-V 16.2 min M6*, M9 12.80%+ 3.68

Peak-VI 18.3 min M7 0.79%0.39

NVP 24.0 min Unmetabolized 0.86%0.17

NVP

*Dosed with 0.5 g/kg NVP

‘Determined by = UV peak area at 240 nm

* major constituent metabolite as determined by LC-MSanalysis
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Fig.4.6 Investigation of NVP metabolism in urine of male Wistar rats.

(A) HPLC-UV chromatogram of the metabolites of NVP. (B) LC-MS ion current

chromatograms of NVP metabolites.
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4.3.4 Identification and Characterization of Thioether Conjugates in Rat

Urine

Two mercapturates (NVP-M1 and NVP-M2) were identified by the MRM

survey scan m/z 428.3 > m/z 299 in the urine samples obtained from female BN and

male Wistar rats (Fig.4.7). NVP-M2, from a comparison of parent-ion peak areas,

was consistently 2.5-10-fold more abundant than NVP-M1in both Wistar and BN

rats. It was identified as NVP-3-mercapturate by coelution with NMR-characterized

NVP-3-mercapturate. NVP-M2 corresponded chromatographically and mass

spectrometrically to M9, which wasidentified by the preliminary LC-MSanalysis

(Fig.4.6B). NVP-M1 was identified as NVP-12-mercapturate by coelution with

NMR-characterized standard.
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Fig.4.7 Identification of NVP mercapturatesin rat urine.

LC-MS/MStransition from m/z 428 to m/z 299 demonstrating the presence of two

NVP mercapturates (NVP-M1 and NVP-M72) in urine obtained from (A) uninduced

male Wistar rat, (B) female BNrat.
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4.3.5 Investigation of NVP Metabolites in Human Urine

NVPwasidentified by coelution with an authentic standard and by its mass

spectrum: m/z 267 ({M+1]*), 226 ({M+1-C3H5]*; DCPNVP fragment). The

metabolite peaks were located initially by comparing the UV chromatograms (240

nm) of pre- and post-dosing urine (Fig.4.8A). Peaks I and II were the most abundant

metabolite peaks present in the UV chromatogram of humanurine andtogether they

formed approximately 85% of the total area of the metabolites’ UV peaks (Table

4.3). Further analysis by LC-MSresultedin the identification of eight metabolites of

NVPin pooledpatient urine (Fig.4.8B). Most of the metabolites of NVP identified in

rat bile (Fig.4.2B) and urine (Fig.4.6B) were present in human urine (Fig.4.8B). In

LC-MSanalysis (Fig.4.8B), NVP was found to be metabolizedto three glucuronide

conjugates of monoxygenated NVP (M1, M2 and M3) with [M+1]* at m/z 459, one

carboxy metabolite (M4; 4-carboxy NVP, m/z 297, [M+1]*) and three hydroxy NVP

metabolites (M5, M6/12-OH and M7/3-OH; m/z 283, [M+1]*) (Fig.4.8B). Human

urine also contained a mercapturate conjugate (m/z 428, [M+1]*) that coeluted with

the rat mercapturate conjugate M9 (Fig.4.2 B and 4.6B) and yielded the same major

fragment at m/z 299 ({M+1-129]*). No peak corresponding to either the GSH

conjugate of NVP (m/z 572, [M+1]*) or the sulphonate conjugate of hydroxy NVP

(m/z 363, [M+1]*) wasdetected in humanurine.
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Fig.4.8 Investigation of NVP metabolism in humanurine.

(A) HPLC-UV chromatogram of the metabolites of NVP. (B) LC-MSion current

chromatograms of NVP metabolites.
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Table 4.3 HPLC-UV analysis of NVP metabolites in human urine

 

 

Metabolite UV Retention time Constituent % Relative

peak metabolites abundance*

(n= 3)

Peak-I 10.9 min Mil 57.87% + 8.30

Peak-II 11.5 min M2 27.59%9.28

Peak-III 12.3 min M3 2.65%+ 0.93

Peak-IV 15.4 min M4, M5 1.57%+ 1.16

Peak-V 18.1 min M6, M9 1.60%+ 1.33

Peak-VI 19.4 min M7 3.18%+ 3.09

NVP 24.9 min Unmetabolized 5.54%+ 4.20

NVP  
‘Determined by = UV peak area at 240 nm

* major constituent metabolite as determined by LC-MSanalysis

4.3.6 Identification and Characterization of Thioether Conjugates in Human

Urine

LC-MS/MS (MRM) analysis enabled the rapid detection of NVP

mercapturates (m/z 428, [M+1]*) excreted in human urine. The MRMsurvey (m/z

428.3 to m/z 299) found two NVP mercapturates (NVP-M1 and NVP-M2)(Fig.4.9).

NVP-M2 was 5-10-fold more abundant than NVP-M1. The major mercapturate

conjugate, NVP-M2, corresponded chromatographically and mass spectrometrically

to M9 (Fig.4.8B). NVP-M1 and NVP-M2wereidentified as NVP-12-mercapturate

and NVP-3-mercapturate, respectively, by coelution with NMR-characterized

standards that had been isolated from rat bile.
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Fig.4.9 Identification of NVP mercapturates in human urine.

LC-MS/MStransition from m/z 428 to m/z 299 demonstrating the presence of two

NVP mercapturates (NVP-M1 and NVP-M2) in urine obtained from HIV-infected

patients.

4.3.7. Confirmation of Chemical Identities of Human and Rat Mercapturates

The product ion spectra of NVP-M1 and NVP-M2 in humanurine and urine

of female BN rats (Fig.4.10) were analysed to confirm chemical identity across

species.

The fragment ions of m/z 428.3 obtained from either NVP-M1 or NVP-M2

were the same for the rat and human metabolites. However, whereas NVP-M1

yielded abundant ions at m/z 265, 250, 238, 224 and 196, NVP-M2yielded its most

abundant ions at m/z 299, 258, 214 and 161 (Fig.4.10). Although m/z 299 did not

appear in the centroided spectrum of NVP-M1, it was observablein the profile data.
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Fig.4.10 Confirmation of chemical similarity of mercapturates across humans

and rats.

Representative product ion spectra of NVP mercapturates excreted in humanurine

and female BNrat urine. (A) and (B) represent the product ion spectra of NVP-M1

and NVP-M2,respectively in urine of female BN rats. (C) and (D) represent the

product ion spectra of NVP-M1 and NVP-M2,respectively in urine of HIV patients’.
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4.4 DISCUSSION

The work presented in this chapter has demonstrated that NVP is

bioactivated in rats and humans, in vivo. Novel mercapturate and GSH conjugatesof

NVP were characterized by using LC-MS/MS and NMRspectroscopy. Thisis the

first evidence for metabolic activation of NVP in humans, and extends considerably

the recent observation of Wenet al. (2009) that NVP is metabolized by HLM to a

single GSH adduct of uncertain regiochemistry. The thioether conjugates of NVP

were found alongside numerous oxygenated and/or conjugated (glucuronidated and

sulphonated) metabolites that have been identified in earlier studies on the

metabolism of NVP in experimental animals (Chenetal., 2008; Riska et al., 1999b)

and in humans(Riskaet al., 1999a).

Earlier studies have found that the glucuronides of 2-, 3- and 12-OH NVP

are the major urinary metabolites in human volunteers (Riska et al., 1999a). 4-

Carboxy NVPis the dominant metabolite in the urine of male rats, and 12-OH NVP

glucuronide and 4-carboxy NVPare the major metabolites in their bile (Riskaet al.,

1999b). This is consistent with the observations reported in this chapter. In human

urine the glucuronide conjugates (Peak-I and II; Fig.4.8A) were the most abundant

metabolites, forming approximately 85% of the total metabolite peaks detected by

HPLC-UV analysis (Table 4.3). Peak-IV (mainly comprised of 4-carboxy NVP;

Table 4.2) was the major peak present in the HPLC-UV chromatogram of rat urine.

Peak-I (M1), Il (M2) and IV (mainly comprised of 4-carboxy NVP) were the

dominant peaks (Table 4.1) observed in the HPLC-UV chromatogram ofratbile.

Among all the metabolites of NVP detected in this study, the patients’

urinary NVP mercapturates held the greatest interest because metabolites of this
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type have been recognized for many years as particularly useful in assessments of

human exposure to chemically diverse environmental and biogenic electrophiles

(Seutter-Berlage et al., 1977). Mercapturate biosynthesis has been modelled as an

interorgan pathway, with the liver serving as the majorsite of GSH conjugation, but

the biliary elimination of NVP mercapturates by cannulated rats confirms that

conversion of a GSH adduct to its mercapturate can be an entirely intrahepatic

process even in rats (Hinchmanand Ballatori, 1994). GSH adducts of the compound

bendamustine are metabolized completely in human liver, only the mercapturates

and further metabolites appearing in bile (Teichert et al., 2009). Any NVP

mercapturate produced extrahepatically might also be eliminated in bile: rat liver

possesses an efficient mechanism for uptake and biliary excretion of circulating

mercapturates (Hinchmanet al., 1998).

LC-MS/MS analysis resulted in the identification of two mercapturate

conjugates of NVP in human andrat urine andrat bile. Additionally, two GSH

conjugates were identified in rat bile. The primary structural insight was provided

by the product ion spectra of the mercapturates (Fig.4.5A, B and Fig.4.10) and GSH

conjugates (Fig.4.5C and D) and was derived from a difference between scissions of

the thioether linkage. While the prominent fragment at m/z 299 in the product ion

spectra of NVP-M2 and NVP-G2correspondsto the characteristic B-elimination of

N-acetyldehydroalanine (129 amu) (Scholz et al. 2005) and

glutamyldehydroalanylglycine (273 amu) (Yaoet al., 2009), respectively, NVP-M1

and NVP-G1 yielded an ion at m/z 265thatis attributed to NL of NAC (163 amu)

and GSH (307 amu), respectively (Fig.4.5). This retro-Michael elimination might be

expected to be more favourable for an alky-linked thioether rather than an

(hetero)aryl—linked thioether. This observation in itself suggested that NVP-M1 and
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NVP-G1are substituted at the exocyclic (C-12) position of NVP, whereas NVP-M2

and NVP-G2are ring-substituted conjugates.

The substitution positions of the NVP mercapturates found in human urine

and in rat urine and bile were definitively characterized by NMR as NVP C-12

(NVP-M1) and NVP C-3 (NVP-M2). It can be concluded that NVP undergoes

bioactivation in vivo through the involvement of C-3 and C-12. However, the C-3

position is apparently more favourable for oxidation and/or nucleophilic attack as 5-

10 times higher levels of NVP-M2 were observed. Out of the two GSH conjugates

only the major conjugate (NVP-G2) was characterized by NMR,as the thioether

substituted at C-3. However from the analogousrelationship the production spectra

of NVP-M1 and NVP-G1 (Fig.4.5 A andC), NVP-G1canbe identified inferentially

as NVP-12-GSH conjugate.

The NVP-12-GSHconjugate may be derived from the oxidation of NVP by

the formation of a quinone methide reactive intermediate (Wen et al., 2009)

(Fig.4.11). The NVP 3-GSHconjugate is likely to be formed from an arene oxide

intermediate (Fig.4.11). Otherwise both may be derived from a common quinone

methide reactive intermediate (Fan and Bolton, 2001; Wang et al., 2009). However,

the selectively increased proportion of NVP-M1 and NVP-G1 in bile of

dexamethasone-inducedrats (Fig.4.4) indicates the intrahepatic formation ofat least

two oxidized precursors of NVP GSH adductsin this species. In a recent study Chen

et al. (2008) have proposed an alternative or additional route of NVP quinone

methide formation in skin, through dissociation of 12-OH NVPsulphonate rather

than NVP oxidation (Fig.4.11), and raised the possibility that the bioactivation

pathways in skin andliver, the major sites of NVP-associated adverse reactions, may

differ mechanistically. It is important to note that NVP elicits both hepatotoxicity
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and serious skin reactions in man (Patelet al., 2004). Uetrecht and co-workers have

reported extensively on a rat model of NVP-induced skin rash (Chenet al., 2008;

Popovicetal., 2006) and concluded that bioactivation is responsible for the toxicity.

However, this rat model does not show any evidence of hepatotoxicity. The study

reported in this chapter has addressed, metabolically, the similarity between this

model and patients, and linked them through the formation of two mercapturates as

common metabolites (Fig.4.10), but the mercapturates are not necessarily derived

from a commonproductof bioactivation.
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Fig.4.11 Proposed bioactivation pathways of NVP,in vivo.
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The inhibition of the formation of NVP-M2 and NVP-G2 in HLM and RLM

by a non-specific P450 inhibitor (ABT) established the involvement of P450 in the

formation of the major thioether conjugates (3.3.3). The increased elimination of

NVP-M1 and NVP-G1in rat bile after dexamethasone pretreatment suggested that

the formation of the minor thioether conjugates is also P450 dependent. However,

the selective increase in turnover to NVP-M1 and NVP-GI1suggested that different

P450s in male rats catalyse the formationof the electrophilic precursors of the minor

and major thioether metabolites.

In conclusion, the study reported in this chapter has demonstrated the

bioactivation of the idiosyncratically toxic drug NVP in humansandrats through the

identification and characterization of novel mercapturates and GSH conjugates.

The mercapturate conjugates of NVP identified in human urine will be

assessed for their potential usefulness as biomarkers of NVP bioactivation in HIV

patients. The results set out in this and earlier chapters provide an experimental

justification for using the measurement of NVP mercapturates in patients’ urine as a

meansofassessing the bioactivation of NVP. This study is described in Chapter 5.
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CHAPTER5

QUANTIFICATION OF NVP MERCAPTURATES IN HUMAN

URINE BY INTEGRATED NMR BASED STANDARDIZATION

AND LC-MS/MS
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5.1 INTRODUCTION

Thefindings reported in Chapter 4 provide the first evidence for metabolic

activation of NVP in humans and rats in vivo. As described in Chapter 4, the

metabolite profile of NVP in human urine andin rat urine and bile included two

mercapturate conjugates. Additionally, two GSH conjugates were found inrat bile.

Amongall the metabolites of NVP identified in vivo in rats and humans, the human

urinary NVP mercapturatesheldthe greatest interest because metabolites of this type

have been recognized for many yearsas particularly useful in assessments of human

exposure to chemically diverse environmental and biogenic electrophiles (Seutter-

Berlage et al., 1977). Reactive metabolites formed from the biotransformation of

drugs are normally deactivated by conjugating with GSH,andthisis followed by

multi-step metabolism (Fig.1.2) to produce their respective mercapturate conjugates,

which are usually excreted in urine. Therefore, mercapturate conjugates are

potential indicators of drug bioactivation andthe levels of mercapturate conjugates in

humanurine are an indirect measure of exposureofthe liver to reactive electrophilic

metabolites. Several reports have suggested the possible involvement of reactive

metabolite(s) as a causative factor in the toxicities associated with NVP (Chenetal.,

2008; Claes et al., 2004; Shenton et al., 2005). Quantification of NVP mercapturates

in patients’ urine will be useful in the assessment of exposure ofthe liver to reactive

metabolite(s) of NVP.

Mercapturates constitute an interesting group of metabolites. Recently,

through the employment of advanced mass spectrometry techniques (Scholz et al.,

2005; Jian et al., 2009), there has been a revival of interest in the bioanalytical

possibilities of mercapturates (Norrgranet al., 2006; Wagneret al., 2007; Jian etal.,

2009). Mercapturates are relatively easily measured and most important, urine may
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be sampled frequently and non-invasively (Henderson et al., 1989). Two

mercapturates (S-phenyl and N-methylcarbamoyl mercapturic acids) have been

proposed by ACGIH (American Conference of Governmental Industrial Hygienists,

2001) as biomarkers for purposes of evaluating exposure to benzene and N,N-

dimethylformamide. In the past mercapturates have been used extensively for the

assessment of human exposureto toxic chemicals originating from the environment,

food or occupation (Seutter-Berlage etal., 1977; Hendersonet al., 1989; Jan et al.,

1998). However, there are only a few examples of human pharmaceuticals where

the drug mercapturates were identified and quantified. These include APAP (Siegers

et al., 1984), phenacetin (Veronese et al., 1985), felbamate (Dieckhaus et al., 2002)

and valproic acid (Gopaul etal., 2003). Clearance of APAP and phenacetin to

urinary metabolites of the mercapturic acid pathway, which, in both cases, are

derived from the glutathione adduct of N-acetyl-p-benzoquinone imine (Fig.5.1),

has been determined (Siegers et al., 1984: Veronese et al., 1985). Metabolic

activation of felbamate, an antiepileptic associated with idiosyncratic aplastic

anemia and hepatotoxicity, can also be assessed in patients by monitoring (two)

urinary mercapturates (Fig.5.1), in this instance derived from an a.f-unsaturated

aldehyde (Dieckhaus et al., 2002). Valproic acid, an antiepileptic linked with

idiosyncratic clinical hepatotoxicity, is metabolized via a reactive diene to two

isomeric urinary mercapturates (Fig.5.1) that are evidence of bioactivation and

associated with risk factors for the drug-induced toxicity (Gopaulet al., 2003).
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Various analytical methods are available for individual determination of

nevirapinein biological fluids and pharmaceutical dosage forms, including HPTLC

(Kaul etal., 2004), GC (Langmann et al., 2002), HPLC-UV methods (Hollanderset

al., 2000; Silverthorn and Parsons, 2006; van Heeswijk et al., 1998), HPLC

following SPE (Pavetal., 1999) and LC-MS/MS(Chiet al., 2003). Several HPLC

and LC-MS/MS methods (Anbazhaganetal., 2005; Simonet al., 2001; Marchei et

al., 2002; Marzolini et al., 2002; Mistri et al., 2007; D'Avolio et al., 2008; Elens et

al., 2009) for the simultaneous quantitation of nevirapine along with other HIV

suppressing drugs have been published. Also, LC-MS/MS(Liuet al., 2007; Rowland

et al., 2007) methods are available for the simultaneous quantification of NVP and

its hydroxy metabolites.

The aim of the work presented in this chapter was to quantify the levels of

NVP mercapturates in HIV-patients’ urine. Mercapturate conjugates of NVP which

were isolated from rat bile (2.2.16) and characterized by NMRspectroscopy (2.3.11)

were standardized by using quantitative NMR. The standardized samples were used

for the development of sensitive and reliable LC-MS/MS assays for the

quantification of NVP mercapturates in patients’ urine. The 24-h and spot urine

samples were analysed and the mercapturate levels were examined. Some urine

samples were obtained from patients who were on co-treatment with Fluconazole

(FLU). FLU has been shown to increase the plasma NVPlevels (Manosuthiet al.,

2007). Experiments were conductedto see the effect of FLU on urinary excretion of

NVPand mercapturates.
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5.2 MATERIALS AND METHODS

5.2.1 Chemicals

NVP wasa gift from Pfizer Global Research and Development (Sandwich,

Kent, UK). It was 99% pure as determined by HPLC and NMR. Acetaminophen

(APAP;99.8%) and tetradeuteromethanol (CD30D; 99.8 atom % D) were purchased

from Sigma-Aldrich (Poole, Dorset, UK). Methanol, water and ACN were HPLC

grade from Fisher Scientific UK (Loughborough, Leicestershire, UK). All the other

solvents were HPLC grade and unless otherwise specified all of the other reagents

were purchased from Sigma-Aldrich.

5.2.2 Isolation and Purification of NVP Mercapturates

Theisolation and purification of NVP mercapturates from rat bile was carried

out by a two step HPLC method as described in 2.2.16. The preliminary

quantification of NVP mercapturates was obtained by an analytical HPLC method as

described in 2.3.10.

5.2.3 Standardization of NVP Mercapturates by NMR

APAP(Fig.5.2A) wasusedto create a standard curve. A 1 mMstock solution

was prepared in CD3OD. Appropriate dilutions in CD3;0D were made from the stock

solution to obtain four calibration standards (CS) of 0.5, 0.25, 0.1 and 0.05 mM.

Each APAP dataset was acquired at a temperature of 288K using a 45° pulsewidth,

64K data points, NS=64 (with 8 dummy scans) and a repetition time of 4.72s. The

receiver gain was optimised automatically using the most concentrated sample in

order to avoid saturation of the receiver. The FIDs were zero-filled to 256K points

and multiplied by an exponential window function using LB = 1Hz. Minimal

baseline corrections were required; if these were necessary, they were performed

166



Chapter 5: Quantification ofNVP mercapturates

using the standard Bruker routine. A standard curve was prepared by plotting the

average integral values of the aromatic protons of APAP against concentration. The

concentration of NVP-M1 and NVP-M2 sample was determined from the integrals

of the C2 proton using spectra of the mercapturates acquired underidentical spectral

parameters andconditions as those of APAP.

(A) (B)

A
HN O Y

oxime Hite H 2 s

N-Ac-cys— Vs
H H CH, H O

OH 3

N-Ac-cys

Fig.5.2 Structures of (A) APAP,(B) NVP-M2 and (C) NVP-M1.

5.2.4 Preparation of Calibration Standards (CS) and Quality Control (QC)

Samples for Development and Validation of LC-MS/MSAssay

NMR-quantified mercapturates (NVP-M1 and NVP-M2) were used to

prepare the calibration standards. Separate stock solutions of NVP (1 mM), NVP-M1

(18.36 uM) and NVP-M2 (20 uM) were prepared in methanol. These solutions were

diluted with drug-free urine to obtain six calibration standards* (CS-1 to CS-6)

(Table 5.1). To determine the accuracy and precision of the assay CS-1, CS-4 and

CS-6 were chosen as three levels of QC and will be referred to as high (HQC),

medium (MQC)and low (LQC), respectively, throughout this chapter.
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Table 5.1 Preparation of CS and QC samples for development of LC-MS/MS

assays
 

 

 

 

 

 

      

Calibration NVP-M1 NVP-M2 NVP

standards* (ng/ml) (ng/ml) (ng/ml)

CS-1(HQC)

|

388.57 427 26600

CS-2 290.36 320.25 19950

CS-3 192.15 213.50 13300

CS-4(MQC)

|

93.94 106.75 6650

CS-5 38.85 42.70 2660

CS-6 (LQC) 19.21 21.35 1330
 

*Range of calibration standards was decided onthe basis of a preliminary analysis of

9 samples

5.2.5 LC-MS/MSConditions

Quantitative LC-MS/MSanalysis was performed by using a Sciex API 2000

benchtop triple-quadrupole mass spectrometer (Applied Biosystems/MDS Sciex,

Foster City, CA) interfaced to a Perkin Elmer Series 200 pumpsand a Perkin Elmer

Series 200 autosampler. The LC conditions were those as described in Table 2.9. The

optimization of MS/MS conditions was achieved by using NMR-quantified NVP-M2

(1 pg/ml) and standard of NVP (2 ug/ml). Methanolic solutions of these pure

materials were infused at 40 l/min to optimize the mass spectrometer settings in

LC-MS/MS mode through the Quantitative Optimization function of Analyst 1.4

software.

The optimized MS/MSconditions obtained with the infusion experiments are

listed in Table 5.2. Product ion scans were used to determine the most abundant

fragment for each analyte. Among the diagnostic product ions, the most abundant

were the ions at m/z 265 amu, m/z 299 amu and m/z 225.9 amu for NVP-M1

(Fig.4.10C), NVP-M2 (Fig.4.10D) and NVP, respectively. MS/MS

_

conditions
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optimized for NVP-M2 were also used for NVP-M1, since there was not enough

NVP-M1available to optimize the MS/MSsettings for the analyte. The following

settings were used for the TurbolonSpray source (the gas settings were arbitrary

units); curtain gas, 20; Gas 1 (nebulizing gas), 30; Gas 2 (heater gas), 30;

temperature, 200°C; and capillary potential, 5000 V. These LC-MS/MSsettings

were used for MRM based quantification of NVP and the two mercapturates in

humanurine.

Table 5.2 The main working parameters for the API 2000 tandem quadrupole

massspectrometer

 

 

Parameters NVP NVP-M1 NVP-M2

Ion transition (m/z) 266.8 > 225.98 428 — 265 428.3 — 299

Declustering potential (V) 61 41 41

Focusing potential (V) 360 360 360

Entrance potential (V) 10.5 10.5 10.5

Collision cell entrance 16 19.22 19.22

potential (V)

Collision energy (eV) aD 39 39

Collision cell exit potential (V) 10 40 40

Dwell time per transition (ms) 150 150 150

 

5.2.6 Validation of Quantitative LC-MS/MS Method

The quantitative LC-MS/MS method was validated to determine specificity,

accuracy, precision, calibration range, limit of detection (LOD) and limit of

quantitation (LOQ). A calibration curve was generated to confirm the linear

relationship between the peak area of the MS response and the concentration of

analyte in the standard samples. Analysis of CS samples at each concentration was
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performedfive times on five separate days over 6 weeks and mean peak area values

were calculated for each CS. The standard curve was prepared by plotting mean peak

area values against the nominal concentration (Table 5.1). Slope, intercept and

coefficient of determination (7°) were calculated as regression parameters by

weighted (1/x) linear regression.

To determine the within-day precision of the method, three QC samples were

analyzed four times on the same day. Between-day precision and the accuracy were

determined by running three QC samples on five separate days over 6 weeks.

Accuracywascalculated by the following equation, expressed as a percentage.

Accuracy (%) =amx 100

x%Di = mean of determined concentration

C =nominal concentration

The precision was expressed by coefficient of variation (CV %). The CV %

indicates the variability around the meanin relation to the size of the mean, and is

defined as:

100% X Standard Deviation

Mean
CV(%) =

The specificity of the method was evaluated by analysing drug-free urine

samples from five different patients with reference to potential interferences from

isobaric endogenous and environmental constituents.

The lower limit of quantification (LLQ) was determined for NVP-M1 and

NVP-M2, based on the criterion that the analyte response at LLQ is five times

baseline noise. The LOD was determined as the lowest concentration which gives a

signal-to-noiseratio of three for the analytes.
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5.2.7 Spot Urine Samples (Group A)

Spot (single-void) urine samples were obtained at unspecified times of day

from 23 HIV-positive adult patients on 200-mg NVPtwice daily in Malawi. Patients

were also receiving stavudine (40 mg twice daily) and lamivudine (150 mg twice

daily) as part of their anti-HIV combinational chemotherapy. Baseline urine samples

were collected immediately before the start of therapy and drug-containing urine

samples were collected six weeks after the start of therapy. Ethical approval was

obtained from the College of Medicine Research Ethics Committee, Blantyre,

Malawi, and the Liverpool School of Tropical Medicine Research Ethics Committee.

All patients gave informed consent. Samples were heat inactivated (58°C, 40 min)

and stored at -80°C until analysis by LC-MS/MS.

5.2.8 24-Hour Urine Samples (Group B and Group C)

24-hour urine samples were collected from 33 participants in Uganda who

had been on NVP (200-mg, twice daily) for more than four weeks without evidence

of toxicity and not taking any inducers or inhibitors of CYP3A4 and CYP2B6*

(Wakeham et al., 2009). Out of the 33 patients, 13 were on placebo and NVP

(Group B) and 20 were on FLU (200 mg3 times per week; Group C) and NVP.

These samples (n=33) were randomlyselected from a pool of 49 samples (22 on

placebo and 27 on FLU). The plasma pharmacokinetics study of these patients

(n=49) has been reported earlier by Wakeham etal. (2009). Participants were HIV

infected, adults, with CD4 < 200 cells/ul.

*CYP3A4 and 2B6 are the main CYP enzymes involved in NVP metabolism
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Exclusioncriteria were pregnancy,lactation, and liver function test (LFT) > 3

X upperlimit of normal (ULN)and terminalillness. Informed consent was obtained

from patients before the collection of urine. Ethical approval was obtained from the

Liverpool School of Tropical Medicine Research Ethics Committee. Samples were

heat inactivated (58°C, 40 min) andstoredat -80°C until analysis by LC-MS/MS.

5.2.9 Sample Preparation

Frozen urine samples were thawed in a cold-water bath. A 50 pl aliquot of

each urine sample was centrifugation at 14,000g for 5 min; supernatant was

collected and 25 pl aliquots were analysed by the LC-MS/MSassay.

5.2.10 Data Analysis

Data acquisition and processing were performed by Analyst software (ver

1.4). The data system was configured to automatically calculate and annotate the

areas of the analytes. Calibration curves were constructed using Microsoft Excel

software for peak area of the calibration samples by applying a linear regression

analysis. The concentrations of NVP, NVP-M1 and NVP-M2 in urine were then

calculated from their peak areas against the calibration line.

5.3 RESULTS

5.3.1 Standardization of Thioether Conjugates by NMR

APAP was used as a reference standard for the standardization (absolute

quantification) of the isolated NVP mercapturates. APAPhas two ortho and two

meta protons (Fig.5.2A).The AUC of the NMR signal of each proton was

determined for four concentrations. At each concentration the average AUCforall

aryl protons was obtained. The AUCfor the highest concentration was given a value

172



Chapter 5: Quantification ofNVP mercapturates

of 1, and based on this value, relative AUC were calculated for other concentrations

(Table 5.3). A standard curve of APAP concentration vs average AUC was plotted

(Fig.5.3).

Table 5.3 Preparation of NMR standard curve for APAP

 

 

 

 

 

APAP Average AUC ofaryl

Concentration (mM) protons

0.05 0.06

0.1 0.21

0.25 0.5077

0.5 1     
The C-2 proton of NVP-M1, NVP-M2 had AUC values of 0.073 and 0.2,

respectively. The absolute massesof the conjugates were calculated from the APAP

standard curve (Fig.5.3) and are listed in Table 5.4.

1.20

1.00

0.80 *

0.60 ~

A
U
C

R? = 0.997
0.40 ~

0.20 -  0.00 — : ; ;
0 0.2 0.4 0.6

APAPconcentration (mM)

Fig. 5.3 NMR standard curve for APAP.
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Table 5.4 Quantification of NVP mercapturates by NMR

 

 

 

 

AUC Concentration Absolute mass

NVP-M1* 0.073 38.65 uM 8.27 ug

NVP-M2* 0.2 105.0 uM 22.41 ug    
* sample size= 600 pl

5.3.2 Chromatographic Separation and Specificity

Fig.5.4 showsrepresentative MRM chromatograms of a mixture of standards

of NVP-M1, NVP-M2 and NVP in drug-free human urine, demonstrating the

retention behaviour of NVP-M1(m/z 428 to m/z 265; 11.4 min; Fig.5.4A), NVP-M2

(m/z 428.3 to m/z 299; 11.9 min; Fig.5.4 B) and NVP (m/z 266.8 to m/z 225.9; 15.7

min; Fig.5.4C). Spot urine samples from Malawian patients were analysed to

examine the possibility of interference by two drugs (stavudine and lamivudine)

administered with NVP. The peakscorresponding to stavudine (m/z 225 to m/z 127;

Fig.5.4D) and lamivudine(m/z 230 to m/z 112; Fig.5.4 E) eluted at 9.4 and 8.8 min,

respectively, therefore interference by these compounds can be ruled out.

Additionally, drug-free urine did not contain any isobaric compoundsthat interfered

with the analytes in consideration.
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Fig.5.4 LC-MS/MS MRM chromatogramsfor (A) NVP-M1, (B) NVP-M2, (C) NVP

obtained by the analysis of standard mixture (CS-1). (D) and (E) represent the LC-

MS/MS MRM chromatogramsfor stavudine and lamivudine, respectively, obtained

by the analysis of spot urine sample.
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5.3.3 Calibration Curves

The standard curves for NVP-M1, NVP-M2 and NVP in human urine were

generated using peak areas of the calibration samples by applying a linear

1/concentration regression analysis (Fig.5.5). The standard curves were linear over

the concentration ranges shown in Table 5.1. The r values were >0.99 for each

analyte. LOD was defined as the lowest concentration that produced a peak

distinguishable from background noise (minimum ratio of 3:1). The LOD were 3.8

ng/ml for NVP-M1 and 4.27 ng/ml for NVP-M2. The LLQ for NVP-M1 and NVP-

M2 were 16.26 ng/ml and 19.25 ng/ml, respectively. The method was found to be

sufficiently sensitive for the determination of NVP mercapturates in HIV-patients’

urine.

(A) (B)
NVP-M2

5.0E+4 NVP-M1 7.0E+4

5.0E+4 ~

8
<i 3.0E+4 *

   
 0.0E+0 r

0.00 20 40 60.00 0 20 40 60

Column load (ng/100p1) Column load (ng/100p1)

(C)
1.2E+7

8.0E+6

A
U
C

4.0E+6

 

0.0E+0

0 1000 2000 3000

Column load (ng/100u1)

Fig.5.5 Plots of the standard curves used to determine (A) NVP-M1, (B) NVP-M2

and (C) NVP by LC-MS/MS.
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5.3.4 Precision and Accuracy

A detailed summary of the intra-day and inter-day precision and accuracy

data generated for the assay validation is presented in Table 5.5. The inter-day assay

precision (expressed as CV%) ranged from 6.74 to 23.47% for NVP-MI, 4.0 to

12.8% for NVP-M2 and 11.0 to 18.6% for NVP, while the inter-day assay accuracy

(expressed as percentage of nominal values) ranged from 84.6 to 112.2% for NVP-

M1, 89.2 to 105.5% for NVP-M2and 98.5 to 116.8%. The intra-day assay precision

ranged from 3.0 to 12.8% for NVP-M1, 3.1 to 8.47% for NVP-M2 and 1.37 to

7.91% for NVP while the inter-day assay accuracy ranged from 92.0 to 112.2% for

NVP-M1, 80 to 120.5% for NVP-M2 and 92.4 to 123.3% for NVP. Some values

were found to be slightly outside the acceptable limits (Table 5.5); however, the

results demonstrated that the assay method was adequately reliable and reproducible.
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5.3.5 Quantification of NVP Mercapturatesin Urine Samples

The 24-hour andspoturine samples were analysed by LC-MS/MSassay. The

urinary concentration profiles of NVP-M1 and NVP-M2 in Group A, B and C

patients are shown in Table 5.6. The amounts of mercapturates relative to

unmetabolized NVP were also determined (Table 5.7). Each value was obtained

from at least three determinations. Each datum represents an average and one

standard deviation ofall of the replicates.

The mean urinary concentrations of NVP-M1 were 113 + 12 ng/ml, 76 + 6

ng/ml and 73 + 9 ng/ml, respectively in group A, B andC patients (Table 5.6). The

mean concentrations of NVP-M2 were 1007 + 100 ng/mlin group A, 720 + 35 ng/ml

in group B and 551 + 43 ng/ml in group C patients (Table 5.6). The meanratio

(NVP-M2/NVP-M1; Table 5.7) in group A, B and C patients were 17.17 + 2.52,

12.90 + 0.67 and 11.34 + 0.18, respectively. To comparethe results from one patient

with another, the values for NVP-M1 and NVP-M2were normalized to the amount

of NVP (shown as % of NVP in Table 5.7). These relative amounts are shown

graphically in Fig.5.6.
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Table 5.6 The urinary concentration profiles of NVP and mercapturates

(Data are mean + SD)

 

 

 

 

 

 

 

 

        

Lowest Median Highest Mean

concentration

|

concentration

|

concentration concentration

(ng/ml) (ng/ml) (ng/ml) (ng/ml)

NVP-M1 10+2 54.29 +2 1201 + 87.05 113 + 12

Group

A* NVP-M2 159+ 15 558 + 46 6772 + 589 1007 + 100

N=23

NVP 2814+ 445 6085 + 1001 19228 + 4134 7313 + 1411

NVP-M1 10+ 0.6 69+4 191+8 76+6

Group

B* NVP-M2 203 + 19 507 +7 1921 + 33 720 + 35

N=13

NVP 6569 + 693 11001 + 1060 26476 + 2359 12240 + 1224

NVP-M1 12+0.7 55.1049 283 + 18 7349

Group

C* NVP-M2 109 + 16 504 + 38 1418 + 66 551+ 43

N=20

NVP 6225 + 384 17018 + 1813 45247 + 3540 16882 + 1313

 

* Group A= spot urine, Group B = 24 h urine (- FLU), Group C = 24 h urine (+

FLU)
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Table 5.7 Comparative profiles of NVP mercapturates excreted in patients’

urine

(Data are mean + SD)

 

 

 

 

 

 

 

 

 

       

Lowest Median Highest Mean

NVP-M2/NVP-M1? 4.50 + 0.92 12.54 + 0.06 56.50 + 15.53 17A7 42.52

Group :

A* NVP-MI/NVPX 100° 0.08 + 0.02 1.05 + 0.31 8.10 + 0.70 1.47 + 0.19

N=23 :

NVP-M2/NVPX100 2.42 + 0.17 9.55 + 2.56 54.24 + 8.08 15.3 + 1.19

NVP-M2/NVP-MI* 4.23 + 0.24 11.97 + 1.65 36.67 + 2.12 12.90 + 0.67

Group

B* NVP-MI1 /NVPX 100°

|

9.97 + 0.004 0.57 + 0.04 340.5 0.8 + 0.12

N=13

NVP-M2/NVPX 100" 1.3 + 0.24 6.4414 11.7 + 0.79 6.59 + 0.59

NVP-M2/NVP-M1? 2.05 + 0.10 10.58 + 0.76 35.98 + 11.82 11.344+0.18

Group :

c* NVP-M1 /NVPX 100° 0.09 + 0.003 0.39 + 0.05 1.06 +0.15 0.46 + 0.07

N=20

NVP-M2 /NVPX 100" 0.64 + 0.21 2.77+0.19 10+ 0.89 3.59 + 0.33  
 

* Group A= spot urine, Group B = 24 h urine (- FLU), Group C = 24 h urine

FLU)

* Ratio of major/ minor NVP mercapturate excreted in urine

§ Minor mercapturate excreted as % of unmetabolized NVP

¥ Major mercapturate excreted as % of unmetabolized NVP
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Fig. 5.6 Scatter plots for ratios of NVP mercapturates.
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5.4 DISCUSSION

The study reported in this chapter has achieved the quantification of NVP

mercapturates in HIV-patients’ urine. The mercapturate conjugates of NVP were

standardized by NMRand these samples were then used for the development and

validation of LC-MS/MSassays for the quantification of NVP mercapturates in

patients’ urine samples.

As described in Chapter 2, the isolation and purification of NVP-M1 and

NVP-M2 wascarried out from rat bile using two-step HPLC techniques (2.2.16).

These metabolites were characterized by NMR as NVP-12 (NVP-M1) and NVP-3

mercapturates (NVP-M2) (2.3.1 1). The initial information about the concentration of

isolated material was obtained by HPLC-UV(2.3.10), using a standard curve

prepared with NVP. However, only rough estimates were obtained by this analysis.

The quantification of metabolite using parent drug as a reference standard by UV or

mass spectrometric analysis lacks the required accuracy. Both of these methods

(mass spectrometry and UV) have drawbacksin their ability to be used astools to

quantify metabolites in the absence of identical standards. Mass spectrometry suffers

from having different ionization potentials for metabolites as compared to the parent

molecules. Similarly, a change in the chromophore can lead to a significant change

in the Amax or the molar extinction coefficient of the metabolite, hence hindering the

ability to reliably estimate its concentration.

Therefore, NMR was used for the purpose of absolute quantification of

isolated and purified NVP mercapturates. Quantitative NMR offers advantages over

HPLC and LC-MS, sincethe isolated metabolites can be reliably quantified using the

standard curve generated with parent drug (Espinaetal., 2009; Churchill et al., 1986;

Mountet al., 1986). Moreover, structurally unrelated compoundscan also be used to
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create a calibration curve to quantitate an unknownsince, the proton signals do not

constitute unique fingerprints of a molecule (Espina et al., 2009). In this study,

APAP was used as the reference standard to generate a standard curve for the

quantification of NVP mercapturates. The APAPconcentrations for the preparation

of an NMRstandard curve were selected to cover the range of concentrations of

mercapturates, estimated by HPLC-UV. The final concentrations of NVP-M1 and

NVP-M2as determined by NMR were 38.65 1M and 105.0 uM,respectively.

Development and validation of an assay for determination of NVP and two

mercapturate conjugates by LC-MS/MSwith accuracy, precision and specificity has

been described. This assay has beenusedto successfully determine the concentration

of NVP mercapturates in HIV patients’ urine. The concentration range for the

generation of LC-MS/MSstandard curves were chosen with the aim to encompass

the concentrations of analytes in urine, which were based on a preliminary analysis

of nine spot urine samples. The standard curves were prepared in the urine in order

to eliminate any matrix effect. The LC-MS/MS assay requires a small volume of

urine (25ul) with no extraction procedure. The assay was found to be sufficiently

sensitive for the quantification of NVP-M1 and NVP-M2 with LOQs 16.26 ng/ml

and 19.25 ng/ml, respectively.

A high degree of variability was noticed in the spot urine samples (Group A)

as compared to the 24-hour urine samples (Group B and C) (Fig.5.6). This can be

preliminarily attributed to the differential time of urine collection after the last dose.

There was nosignificant difference between the levels of NVP-M1 and NVP-M2 in

group B and C patients (Table 5.6). It suggests that FLU did not have any effect on

the turnover of NVP mercapturates. This NVP-M1 and NVP-M2 (Table 5.7) were

found to be significantly reduced (approximately 50%) in Group C patients relative
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to unmetabolized NVP (Table 5.7), which was associated with increased excretion

(approximately 50%) of NVP in Group C (Table 5.6). A previous report has

demonstrated that FLU significantly raises plasma NWP levels and may cause

serious hepatotoxicity (Pitt et al., 2004). Wakeham et al. (2009) in the study of 49

samples have shownthat co-administration of FLU results in approximately 33%

increase in the plasma NVPconcentration 8 h after dosing (Wakeham et al., 2009).

The study reported in this chapter was carried out on 33 urine samples (13 placebo

and 20 on FLU) from the samepoolofpatients used by Wakehamet al. (2009) and

the results suggest an approximately 50% increase in urinary NVPlevels in group C

patients (Table 5.6).

The concentrations of two NVP mercapturates have been determined

successfully in this study. The only other examples ofthis type of analysis for human

pharmaceuticals are those of APAP,phenacetin, felbamate and valproic acid, where

the drug mercapturates were identified and quantified (Dieckhaus et al., 2002;

Gopaul et al., 2003, Siegers et al., 1984; Thompsonet al., 1999; Veroneseetal.,

1985). However, this is only the second quantitative assessment in humans of

bioactivation of an idiosyncratically toxic drugthatis still used widely. The toxicity

of APAP and phenacetin is regarded as essentially dose-dependent. Metabolic

activation of felbamate, an antiepileptic associated with idiosyncratic aplastic anemia

and hepatotoxicity, has been assessed in patients by monitoring (two) urinary

mercapturates (Dieckhaus et al., 2002). In fact the urinary metabolite ratio

(mercapturate/felbamate x 100) for the major (4.5-27; mean, 14.7) and minor

mercapturate (0.82-5.1; mean, 2.9) (Fig.5.1) (Thompsonetal., 1999) are appreciably

higher than it is for NVP-M1 and NVP-M2, when compared with 24 h samples

(Group B). However, the candidate population for felbamate is now highly restricted.
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The applicability of NVP mercapturates as clinical biomarkers requires

detailed verification but even at this early stage it should be noted that only a low

proportion of mercapturate might be found in urine even if there is extensive

bioactivation,if bioactivation coincides with glutathione depletion (Dieckhausetal.,

2002). This depletion can occur in HIV-positive patients with chronic hepatitis

(Barbaro et al., 1996). Disease state is potentially an additional influence: urinary

concentrations of the thioether metabolites of APAP were significantly higher in

AIDSpatients than symptom-free HIV-seropositive subjects (Esteban etal., 1997).

Moreover, co-administered drugs which have been shown to interact with NVP

pharmacokinetics (Ribera et al., 2001; Cohenetal., 2008; Oette et al., 2005) may

influence the levels of urinary NVP mercapturates. Diet is another important factor

which can also influence urinary mercapturate levels. Malnutrition has been shown

to be associated with low GSH levels (Miralles-Barrachinaet al., 1999). Therefore,

to make a judgement on the applicability of NVP mercapturates as biomarkers of

NVP bioactivation, a complete investigation in to the effect of various factors on

urinary NVP mercapturatesis required.

In conclusion, this study has demonstrated the quantification of NVP

mercapturates in the urine of HIV-positive patients’ by utilising integrated LC-

MS/MS and NMRbased approach.
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ADRsare a major cause of patient morbidity and mortality (Lazarouet al.,

1998; Pirmohamed et al., 1998). The majority of these reactions are on target

reactions, predictable from the known primary or secondary pharmacology of the

drug. However, more problematic are off target (idiosyncratic) reactions that are

unpredictable, seemingly dose-independent and host-dependent, and are more

frequently life-threatening (Uetrecht, 2008). It is thought that some severe ADRs

may arise as a consequence of drug bioactivation (Park et al., 2005). Therefore, the

detection of chemically reactive metabolites early in drug discovery and safety

assessment is a major concern (Uetrecht, 2003). However, the role of bioactivation

in idiosyncratic toxicity remains controversial (Uetrecht, 2008). A major problem for

risk assessment has been the lack of bioanalytical tools that can be used for

characterization of bioactivation in in vitro screens and also in patients and animal

models of drug toxicity. The study reported in this thesis has demonstrated an

integrated bioanalytical strategy for the characterisation and quantification of stable

biomarkers of drug bioactivation, using NVP as a paradigm, providing a bridge

between clinical studies in patients, in vivo animal models and in vitro cellular

studies.

NVP, a potent non-nucleoside reverse transcriptase inhibitor (NNRTM), is

used as part of combination antiretroviral therapy (Waters et al., 2007), and to

prevent mother-to-child transmission of human immunodeficiency virus (Volmink et

al., 2007). It is a preferred drug in developing countries due to the cheap cost.

However, despite these advantages its use has had to be restricted because of a

severe incidence of skin and liver toxicity (Patel et al., 2004). These toxicities

associated with NVP are off target and idiosyncratic in nature, the role of an

immune-mediated mechanism has been proposed in humans (Chen et al., 2008;
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Pirmohamedet al., 2007; Shenton et al., 2007). NVP undergoes bioactivation in

HLM to form a GSH conjugate (Wenet al., 2009), however, no stable thioether

conjugates, have hitherto been identified in vivo in rats and humans.

Thedata presentedin this thesis has demonstrated that NVPis bioactivated in

rats and humans by characterizing novel thioether (mercapturates and GSH)

conjugates of NVP by NMR.This study formsthe first report on NVP bioactivation

in vivo in rat and man andin vitro in rat. NVP undergoes bioactivation through the

involvement of C-3 and C-12 (Fig.3.11). The relative estimation of NVP

bioactivation in HIV-infected patients was obtained by measuring urinary

mercapturates. A novel LC-MS/MSassay was calibrated with NVP mercapturates

that had beenisolated from rat bile and quantified by 'H NMRspectroscopy.

The purpose of the initial studies reported in Chapter 2 was to develop

various analytical methods for the investigation of NVP metabolism in different

human and rat systems. The thioether conjugates of NVP in different systems were

identified by an LC-MS/MS MRMscreen. The MRM methodusedfor the detection

of GSH conjugates employed a neutral loss of 273 amuin positive-ion mode. MRM

screens for GSH conjugates were also performed byusingtraditional NL scan of 129

amu (glutamic acid moiety) in positive ion mode (Samuelet al., 2003; Chenetal.,

2001), however, it was found to be less sensitive for the detection of NVP GSH

conjugates. The neutral loss of 273 amu from GSH conjugates which has also been

reported in negative-ion mode, is attributed to a dominant cleavage of the S-CH2

bond leading to a loss of 273 amu (glutamyldehydroalanylglycine) and formation of

the corresponding cation fragment ion (Levsen et al., 2005; Yao et al., 2009).

Detection of mercapturates employed a neutral loss of 129 amu (N-

acetyldehydroalanine) in positive-ion mode. Neutral loss of 129 amu from parent
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anions is generally regarded as the generic fragmentation of mercapturates (Scholzet

al., 2005), and thereby, as a B-elimination reaction, is obtained irrespective of the

type of thioether linkage,i.e. (hetero)aryl, cycloalkyl, alkylaryl andalkyl. Jianetal.

(2009) have developed LC-MS/MSscreens for mercapturates based on either the

negative-ion neutral loss of 129 amu or MRM involving this loss as survey scans

that trigger the acquisition of fragment-rich, positive-ion, product ion spectra (Jian et

al., 2009). However, the NVP mercapturates did not yield ions in negative-ion

analysis and presumably would not be found byscreensof this type. It was observed

that the product ion spectra of NVP-M2 (Fig.4.5B) and NVP-G2 (Fig.4.5D)

contained the major diagnostic fragment ion at m/z 299, while the NVP-M1

(Fig.4.5A) and NVP-G1 (Fig.4.5C) contained ion at m/z 265. The fragmention at

m/z 265 is attributed to neutral loss of NAC (163 amu) and GSH (307 amu), from

the mercapturate and GSH conjugates, respectively (Fig.4.5). Therefore, a partial

structural insight can be obtained from the product ion spectra of conjugates, which

suggested that NVP-M1 and NVP-G1are substituted in the aromatic ring, whereas

NVP-M2 and NVP-G2are substituted at the exocyclic position.

To obtain further insight into the structures of thioether conjugates,

experiments were conducted in vitro with D3-labelled NVP. Deuterium labelled

compounds have been used for the structural characterization of metabolites using

mass spectrometry (Kamel and Prakash, 2006). However, in the case of NVP,the

deuterated analogue did not yield any conclusive information aboutthe structure of

mercapturates and GSH conjugates of NVP (3.3.4 and 3.3.7). Wenet al. (2009) were

also unable to deduce the structure of the NVP GSH conjugate formed in HLM

incubations based on the deuterium isotope experiment. This emphasises the need for

the NMRanalysis for unequivocal structural characterization. The structures of two
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mercapturate conjugates were characterized by NMR as NVP-12 mercapturate

(NVP-M1) and NVP-3 mercapturate (NVP-M2). The major GSH conjugate (NVP-

G2) was characterized by NMR as NVP-3 GSH conjugate whereas as the minor

GSH conjugate (NVP-G1) was characterized as NVP-12 GSH conjugate by LC-

MS/MSdaughter ion comparison and HPLCretention profile.

In Chapters 3 and 4 the metabolite profile of NVP has been described in in

vitro and in vivo systems (Table 6.1), respectively. A similar metabolite profile was

obtained in RLM and HLM incubations of NVP (Table 6.1), which included one

mercapturate (NVP-M2) and one GSH conjugate (NVP-G2). Two mercapturate

conjugates (NVP-M1 and NVP-M2) were found in humanurine, rat urine, rat bile

and hepatocytes. Rat bile and hepatocytes also contained two GSH conjugates (NVP-

G1 and NVP-G2) (Table 6.1). Up until now, the only substantive evidence for

metabolic activation of NVP wasthe observation by Takakusaetal. (2008) that the

['“C]-labelled drug undergoesirreversible binding to liver tissue and plasmaprotein

and NADPH-dependentirreversible binding to RLM (Takakusaet al., 2008). NVP,

in common with a number of therapeutic drugs known to undergo bioactivation

(Zhouet al., 2005), can modify CYP3A4 covalently as a mechanism-basedinhibitor

and is metabolized to a GSH adduct by HLM and CYP3A4 (Wenet al., 2009).

However, as only one mercapturate and GSH adduct was formed by HLM and RLM,

either the purely oxidative reactions of unsupplemented HLM fail to reproduce

metabolic activation of NVP in vivo or microsomes do not trap the reactive

metabolite(s) with GSH or NACvia both the addition reactions that operate in vivo.

A co-incubation of HLM and GSH or a GSH derivative is now a standard

preparation usedin screens for reactive metabolites that are soft electrophiles (Gan et

al., 2009), but it frequently yields more conjugates than can be accounted for in vivo
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(Bu et al., 2007; Rousu et al., 2009). NVP is an exception and emphasises the need

for whole-animal studies. Production of the second GSH adduct in vivo and in

hepatocytes may beascribed to a selective dependence on conjugation catalyzed by

cytosolic GSH transferase. Alternatively, it may be in part an extrahepatic process

(Hinchmanet al., 1998). However, occurrence of two mercapturates and two GSH

conjugates in freshly isolated rat hepatocytes suggests that both adducts are formed

intrahepatically.

Table 6.1 Metabolites of NVP in different human andrat systems

 

 

 

 

 

 

 

 

 

 

 

 

   

i
m/z, [(M+1] or NVP Human HLM Rat Rat Rat RLM

MRM transition Metabolite urine Bile urine Heps

OH-NVP-
M1 459 ak Vv x Vv V V X

Glucuronide

OH-NVP-
M2 459 ak V xX V Vv Vv xX

Glucuronide

OH-NVP-
M3 459 oak Vv x Vv V V X

Glucuronide

M4 297 4-carboxy NVP_ V x V v V xX

M5 283 OH-Nvp* V V V V V V

M6 283 12-OH NVP V V V v V V

M7 283 3-OH NVP V V V V V V

NVP-12-
M8 363 t x xX Vv V V xX

sulfonate

428
M9 NVP-3-MRM , V \ V V \ \
(NVP-M2) 428.3 —> 299 mercapturate

M10 572 NVP-3-GSH J J 1

MRM, xX V x
Cee?) 572 — 443

NVP-M1 428 NVP-12-
MRM, mercapturate V x V V V x

428 — 299

NVP-G1 $72 §
MRM, NVP-12-GSH xX X V x J X

572 — 299          
V, Present; X, not detected by LC-MS/MS;*, position of substituent was not

characterized;

+, position of substituent wasnot characterized but could be inferred from

metabolism of 12-OH NVP; §, position of substituent was not characterized but

could be inferred by analogy with the formation of two NVP mercapturates; Heps,

hepatocytes.
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It is proposed that NVP 3-GSH and NVP 12-GSHconjugate are formed from

quinone methide and epoxide (2,3- or 3,4- epoxide) intermediate, respectively, or

both may be formed from the quinone methide intermediate (Fig. 3.11). The reactive

intermediate(s) have the potential to lead to various toxicological consequences.

They may augmentthe depletion of hepatic GSH in HIV-positive patients with

chronic hepatitis infection that is linked to their HIV-positive status (Barbaroet al.,

1996). This additional depletion of GSH,if it is uncompensated, may exacerbate the

oxidative stress associated with viral hepatitis and AIDS (Stehbens, 2004); as a

consequence, initiating secondary hepatocellular damage of greater severity. The

rapid remediation of NVP-associated toxic epidermal necrolysis and hepatitis in a

patienttreated inter alia with NAC (Claeset al., 2004), a precursor of GSH, suggests

restoration of GSH levels might have aided recovery in this case (Claeset al., 2004).

Moreover, enhanced haptenation of tissue proteins by reactive NVP metabolites

under the circumstances of depleted GSH might also lead to the initiation of an

immuneresponse. The observation of GSH and mercapturic acid conjugates of NVP

in rat and human systems and evidence of high levels of covalent binding of NVP

with rat and human liver microsomes (Takakusaet al., 2008) suggest the possible

involvement of a hapten mechanism inthe initiation of NVP’s hepatotoxicity.

The mercapturate conjugates of NVP were usedfor the estimation of relative

levels of NVP bioactivation in HIV-patients by LC-MS/MSbasedassays. It should

be noted that levels of urinary mercapturates does notreflect the absolute levels of in

vivo bioactivation of a drug. However, biomarkers such as this can be used to obtain

relative estimate of bioactivation and to explore associations between metabolic

activation and the incidenceofrisk factors of ADRsinpatients, as in case of valproic

acid (Gopaul et al., 2003). Valproic acid, an antiepileptic drug associated with
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idiosyncratic clinical hepatotoxicity undergoes bioactivation to form reactive diene

intermediate (Fig.6.1). Gopaul et al. (2003) have demonstrated that the mercapturate

conjugates (Fig. 6.1) of valproic acid were significantly elevated in a high-risk group

of patients. Generally, the levels of mercapturates are normalized with creatinine

levels to account for variation in urine concentration between individuals (Gopaulet

al., 2003; Kuiperet al., 2008).

 

Oy OH COSCoA

aKAY Z~H

VPA (E)-2,4-Diene VPA

COSCoA COSCoA

osAA

5-GS-3-Ene VPA-CoA 5-GS-2-Ene VPA-CoA

|
NAc Cys NAc Cys

5-NAC-3-Ene VPA 5-NAC-2-Ene VPA

(Mercapturate-|) (Mercapturate-I!)

Fig. 6.1 Schemefor the formation of mercapturate conjugates of valproic acid.

(VPA = valproic acid, NAC= N-Acetyl cysteine)
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Any electrophilic reactive metabolite generated in the process of

bioactivation may also undergo irreversible binding to the cellular macromolecules

and may be trapped byotherthiols, in addition to GSH conjugation. Moreover, a

compound can be metabolized to several GSH adducts (Buet al., 2007; Maddenet

al., 1996; Rousu et al., 2009; Wanget al., 2009) (Fig. 6.2), and the metabolism of

GSH adducts can yield numerous S-linked products via modifications of the

tripeptide moiety (Teichert et al., 2009; Tsurudaet al., 1995), as in the case of

carbamazepine (Amoreet al., 1997; Madden et al., 1996) (Fig. 6.2). The cysteine

adduct is the sole thioether metabolite of APAP eliminated in human bile, with the

APAPcysteine adduct and mercapturate being excreted in urine at almost similar

levels (Siegers et al., 1984). Therefore, the selection of a thioether derivative as a

biomarker of drug bioactivation should be carefully decided for a particular drug.

However, in general mercapturate conjugates are considered as mostsuitable in vivo

biomarkers of bioactivation (Inoueet al., 2004; Jan et al., 1998; Kuiperet al., 2008;

Seutter-Berlage et al., 1977; Wagneret al., 2007). There are several examples where

mercapturates have beenidentified in the urine of workers occupationally exposed to

industrial toxicants. However, so far, among the list of biomarkers proposed by the

American Conference of Governmental Industrial Hygienists (2001) only two

mercapturates (S-phenyl mercapturic acid and N-methylcarbamoyl mercapturic

acids) have been validated for biological monitoring purposes.
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[R= SO2CH3]

Fig. 6.2 Thioether conjugates of CBZ in mouse

(CBZ= carbamazepine, GS= glutathione, NAC= mercapturate, CYS= cysteine)

In recent years a number of major pharmaceutical companies have decided

there is a greater need to identify and assay drug metabolites generally during drug

development programmes(Baillie et al., 2002; Leclercq et al., 2009; Smith and

Obach, 2005; Luffer-Atlas, 2008). The Food and Drug Administration proposed a

guideline for quantitative analysis of plasma metabolites in humansandtoxicological

species (US FDA, 2008), especially those with pharmacological activity and

structural alerts. Most reactive metabolites and their GSH or NAC conjugates are not

present in the circulation. Therefore, the assessment of the exposure of reactive

metabolites in humansrelies on the identification and quantitative measurement of

stable products from further metabolism of reactive metabolites or GSH-trapped
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reactive metabolites in human urine, such as drug—mercapturate

conjugates (Leclercq et al., 2009; Maet al., 2008; Smith and Obach, 2005; Smith

and Obach, 2006). Various analytical strategies have been developed and suggested

for identification and quantification of important metabolites (Zhu et al., 2009; Jian

et al., 2009). As yet, no consensus has emerged regarding the optimal technique or

set of techniques. Somegroupsstill favour an essentially MS-based approach, using

advanced instruments such as the Orbitrap or QTOF for metabolite identification

(Tiller et al., 2008; Zhu et al., 2006), but distinguishing between positional isomers

can still be a major challenge and they are still dependent on synthetic or

biosynthetic metabolite standards for LC-MS/MSassays. Other groups favour NMR

techniques or various combinations of NMR and hyphenated LC techniques (Espina

et al., 2009; Vishwanathan et al., 2008); some of which offer the ‘gold-standard’

possibility of avoiding the use of synthetic (and biosynthetic) standards entirely.

NMRcan be used to quantitate biologically isolated metabolites so that they could

subsequently be used as reference standards in developing analytical methods

(especially LC/MS-based) to analyze biological samples (Espina et al., 2009;

Vishwanathanet al., 2008). Zhanget al. (2007) and Yuetal. (2007) have combined

LC-MS with the use of radioactive metabolites generated in vivo as reference

standards for obtaining exposure estimates of metabolites in early clinical trials

(Zhang et al., 2007; Yu et al., 2007). But this replaces the burden of synthesising

standards of drug metabolites with the burden of synthesising radiolabelled drug.

Clearly, chemically reactive metabolites present particularly difficult problems in

respect of estimating metabolite exposures in vivo, and especially during drug

developmentin volunteer and early clinical studies.
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The study reported in this thesis has demonstrated an integrated approach

(Fig. 6.3) using HPLC NMR and LC-MS/MS(Churchill et al., 1986; Espinaet al.,

2009) for identification, and quantification of novel mercapturate conjugates of

NVP.Rat bile, which contained both the mercapturate and GSH conjugates after

administration of large doses of NVP, was found to be the most abundant source of

NVP thioether metabolites for isolation of conjugates with the ultimate aim of

chemical characterization and quantitative standardization. Human urine which had

very low levels of NVP mercapturates was not a very useful source for isolation and

purification, yet human urine was the ultimate compartment for quantification.

Sequential structural and quantitative NMR spectroscopy wasusedhereto enable the

assay of mercapturates in human urine by conventional LC-based technologies (Fig.

6.3), this technique has been exploited only rarely (Churchill et al., 1986) and is very

useful for quantitative assessment of metabolites that are impractical targets for

chemical synthesis (Espina et al., 2009). A major advantage of using these

biologically generated metabolites is that a direct comparison of metabolites could

be obtained between human subjects and preclinical species as shown in case of

NVP mercapturates.
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Fig.6.3. Flow chart representing the integrated NMR and LC-MS/MSapproach for

the discovery and quantification of stable urinary metabolite biomarkers of drug

bioactivation.
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The next phase of this research should be to investigate the correlation

between the bioactivation and toxicity of NVP. It will be useful to correlate the

levels of urinary mercapturates with various toxicity biomarkers in patients.

However, during this kind of study it is important to take an account of the disease

state, nutritional and environmental factors. In most cases the HIV patients are co-

infected with hepatitis C, which results in a decrease in GSH synthesis (Dieckhauset

al., 2002). Therefore, low levels of urinary mercapturates can be seen even if there is

higher bioactivation. Malnutrition can result in decreased levels of mercapturates due

to decreased GSH synthesis (Miralles-Barrachina et al., 1999). Genetic factors

should also be considered since they have been shownto be associated with risk of

NVPtoxicities (Haas et al., 2006; Martin et al., 2005; Pirmohamed et al., 2007;

Rotgeret al., 2005).Therefore, it looks appropriate to first investigate this correlation

in an animal model of NVP-induced skin toxicity (female BN rat) then translate to

humans. The animals can be carefully monitored and the data can be reliably

correlated. While investigating the skin rash, use of female BN rat should overcome

the issue of the idiosyncratic nature of the skin toxicity since 100% animals have

been found to show the rash after NVP treatment (Shenton et al., 2003; Shenton et

al., 2005). The study reported in Chapter4 has already established a link between the

female BN rats and humans by characterizing two mercapturates as common

metabolites. The reactive metabolite(s) of NVP formed in humans maybedifferent

from female BN rats, however, it is an important observation which highlights the

need for further investigation of the correlation between the bioactivation and

toxicity of NVP in humans. The bioactivation pathway has been suggested as the

initiating factor of NVP-induced skin rash in female BN rats (Chen et al., 2008).

Chen et al. (2008) compared the effect of NVP and D3-labelled NVP on the
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incidence of skin rash in female BN rats and concludedthat bioactivation of NVP to

quinone methide reactive intermediate through 12-OH NVP pathway(Fig. 3.11) is

responsible for the toxicity. However, to definitively characterize the role of

bioactivation in NVP-induced toxicity more work is required. Experiments with

P450 inhibitors could be useful to gain further insight into this association (Coleman

et al., 1992).

The ultimate aim of this project was to fully investigate the metabolic

activation of NVPin different in vitro and in vivo compartments in rats and humans.

The data presentedin this thesis has demonstrated that NVP is bioactivated in rats

and humansby characterizing novel thioether (mercapturates and GSH) conjugates

of NVP. Additionally, an integrated NMR and mass spectrometry approach has been

developed to discover and quantify stable urinary metabolite biomarkers indicative

of NVP bioactivation in patients (Fig.6.3).

Chemically reactive drug metabolites have been implicated hypothetically as

essential causal factors in many drug-associatedclinical toxicities (Park et al., 2005).

But to date there are no robust models for predicting the idiosyncratic toxicities of

new pharmaceuticals. As a consequence, minimizing metabolic activation via

structural modification is now a_ significant precautionary objective in

pharmaceutical optimization programmes (Kumaretal., 2008). Considerable efforts

have been made to develop screening systems for reactive drug metabolites, which

are usually based on subcellular liver fractions (Bauman et al., 2009; Obachetal.,

2008; Takakusaet al., 2008; Ganet al., 2009) or isolated hepatocytes (Baumanetal.,

2009). These systems, through measurements of either irreversible binding or

thioether adduct production, have shown that many drugs associated with clinical

toxicities do undergo bioactivation. However, the two biochemical metrics can be
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poorly correlated evenin a series of analogues (Levesqueet al., 2007). The relatively

high frequency of false-positive results has revealed their limitations for predicting

the hepatotoxicity of new drug candidates. Nevertheless, the ability of microsomal

preparations to predict metabolic activation in vivo, in the form of irreversible

binding of radiolabeled material, has been tested in rats with some success

(Takakusa et al., 2008). What is currently lacking is a non-invasive, generic, and

quantitative method for assessing bioactivation of drugs in experimental animals,

human volunteers and patients. The integration of NMR and mass spectrometries

creates early opportunities for assaying newly characterized metabolites that are of

potential biological/toxicological importance but impractical targets for chemical

synthesis. Wider availability of powerful spectrometers is likely to result in

increasingly frequent exploitation of NMRto authenticate and quantifying complex

isolated metabolites that can be used as reference standards for high-throughput, LC-

based, quantitative analyses (Churchill et al., 1986; Espinaet al., 2009). The present

study can serve as a template for future applications of this method to biomarkers of

the metabolic activation of drugs in humans.
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