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1. IDIOSYNCRATIC DRUG INDUCED LIVER INJURY 

1.1. Toxicity of drugs and drug candidates  

Toxicity of drugs and drug candidates remains an important challenge in the drug discovery 

and development process, being a major cause of attritions in pre-clinical phases. In 

addition, together with lack of efficacy, drug toxicity is the leading cause of drug failure in 
clinical phases. Toxicity and clinical safety issues together are responsible for 30% of the 

program terminations [1]. Due to the high costs of drug development, which is estimated at 
1.8 billion dollar per marketed drug, late stage failures are a heavy burden for total R&D 

budgets [2]. Also for marketed drugs, safety still remains an issue since adverse drug 

reactions (ADRs) result in black box warnings or drug withdrawal. Besides financial losses, 
drug safety is of major concern since adverse effects cause patient morbidity and mortality. A 

study covering a timeframe of 25 years and 548 registered drugs showed that 8.2 % of 

marketed drugs received black box warnings and 2.9 % was withdrawn [3]. In another study, 
which focused on the patterns of post marketing withdrawal it was shown that 

hepatotoxicity or drug-induced liver injury (DILI) is the most frequent cause of drug 

attrition [4]. These numbers indicate that drug toxicity is a major issue to tackle in order to 
improve the quality and safety of drugs and to increase cost-efficiency of the drug discovery 

and development process. 

1.2. Idiosyncratic drug reactions 

The vast majority of the ADRs, around 75%, is classified as Type A reactions. These reactions 

are dose-dependent and can be explained by the pharmacological profile of the drug on the 

intended target or by off-target effects [5]. Mechanistically more complicated are the so-

called Type B reactions, generally referred to as idiosyncratic drug reactions (IDRs). These 

adverse effects are rare, but form a significant cause of patient morbidity and mortality and 

often result in drug withdrawal or black box warnings of what otherwise may have been 

successful drugs. Our current knowledge regarding the mechanisms underlying IDRs is 

incomplete, making IDRs unpredictable and thereby creating uncertainty in the drug 

development process [6]. Several in vitro and in vivo methodologies for mechanistic 

investigation and prediction of IDR risks have been developed, however, they all have 

limited applications and no reliable and established approaches exist at the moment [7–9]. 

In addition, although sensitive biomarkers for detection of liver damage are available, these 

are currently not predictive for the clinical process of idiosyncratic DILI (IDILI) [10].  
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Although the pattern and incidence of IDRs differ between drugs and even for the same 

drug, some common characteristics are identified. IDRs are not directly dose-dependent, 

although they are more frequently observed for drugs administered at high doses (> 100 mg/ 

day). This observation is possibly explained by relatively high (hepatic) exposure levels to 

parent and metabolites of these drugs. IDRs are often delayed and there may be a rapid 

onset upon re-exposure to the drug, implying possible involvement of the immune system. 

Moreover, IDRs have a low incidence, typically less than 1 : 10.000 patients receiving 

treatment, making the statistical power of clinical trials insufficient to detect IDRs. As a 

result, IDRs are usually only observed after marketing of a drug, when a large patient 

population has been exposed. Although on average IDRs are rare, the incidence in sensitive 

populations may be relatively high and it is frequently observed that a significant part of the 

population develops mild and reversible forms of toxicity (Figure 1). Many different drug 

classes are associated to IDILI, but a causal relation with antimicrobials is relatively high. 

IDRs can affect any organ, however reactions to the skin, blood and liver are the most 

common [6,11–14]. The focus of this thesis is on variability of biotransformation and 

bioactivation of drugs to chemically reactive metabolites (CRMs) as a possible causal factor 

for the susceptibility towards IDILI [4,15].  

 

Figure 1. Illustration of the incidence and onset of (idiosyncratic) hepatotoxicity in a patient population. 
Liver damage is illustrated on the y-axis as plasma alanine aminotransferase (ALT) levels. The majority of 
the patients exposed to a drug do not develop clinical symptoms (solid line). A significant part of the 
population develops mild liver injury, usually a few weeks after the first exposure to the drug, but adapt to 
and reverse the damage (dense dashed line). Only a few individuals cannot adapt and develop fulminant 
liver failure (dashed line).  
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1.3. Hypothetical mechanisms underlying the development of 
idiosyncratic drug reactions  

IDRs are considered to be complicated as they arise from multi-factorial events, which are 

not likely explained by one molecular mechanism. In addition, it is unlikely that one 

(combination of) mechanism(s) can explain all observed IDRs. Nevertheless, several 

hypotheses have been proposed to explain the onset of these adverse events. In the most 

conventional theory, the ‘hapten hypothesis’, chemically reactive metabolites (CRMs) or 

drugs form haptens by covalent binding to proteins. The modified protein is subsequently 

recognized as non-self by the immune system resulting in an immune response which can 

damage surrounding tissue [6,11,16]. This hypothesis was later extended by the requirement 

of simultaneous co-stimulatory ‘danger’ signals (Figure 2). According to the danger 

hypothesis, the immune response will only occur if danger signals are simultaneously 

present, which provides an explanation why not every drug undergoing metabolic activation 

causes IDRs. Danger signals may result from various sources including (drug induced) cell 

damage, cellular stress, infections or disease [6,11,16,17].  

 

Figure 2 (adapted from [18]) Illustration of the hapten and danger hypothesis. In the ‘hapten hypothesis’ a 
protein is modified by a chemically reactive drug or CRM. The adducted protein is recognized by the 
immune system and subsequently induces an immune response (signal 1). According to the ‘danger 
hypothesis’ hapten formation is not sufficient on its own and an additional signal is required to trigger the 
immune response (signal 2). This danger signal is generated by stressed cells in the surrounding tissue. 
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Multiple alternative hypotheses exist, including direct activation of the immune system by 

the parent compound (‘pharmacological interaction hypothesis’), interference of drugs with 

mitochondrial function (‘mitochondrial dysfunction hypothesis’), the sensitizing effect of 

simultaneous inflammation due to environmental factors or infections (‘inflammagen 

hypothesis’) and conceptual theories such as the ‘multiple determinant hypothesis’. These 

hypotheses are extensively discussed in literature and beyond the scope of this thesis [6,19–

21].  

1.4. Bioactivation liability of drugs and risk for idiosyncratic drug-
induced liver injury 

Most mechanistic hypotheses on (I)DILI propose a central role for drug bioactivation to 

CRMs in the onset of (I)DILI. The majority of drugs associated with (I)DILI, form CRMs in 

the human body [22,23]. In current drug development, liability for CRM formation is often 

minimized by avoiding structural alerts or metabolic unwanted soft spots in the drug 

molecule [24–26]. However, consideration of the intrinsic bioactivation potential only is not 

sufficient to avoid ADR risk. For the top 200 marketed drugs in the United States it was 

shown that, although more frequent among IDR associated drugs, roughly 50% contain 

structural alerts for CRM formation. Most of these drugs however are not associated with 

IDRs [23]. These statistics are supported by a poor correlation between IDR risk and the 

degree of covalent protein binding observed in in vitro models [7,27]. One explanation of this 

poor correlation might be the specific nature of the cellular function of the adducted 

proteins. A distinction between modification of essential protein targets (resulting in toxic 

effects) and non-essential protein targets may provide additional insight [25]. However, our 

current mechanistic knowledge regarding the effect of protein modifications on signaling 

pathways and their relation to IDRs is too limited to integrate this data in (I)DLI 

mechanisms [28]. An initiative to bundle the available information is The Reactive 

Metabolite Target Protein Database (TPDB) which provides an overview of the target 

proteins for covalent modification by CRMs to improve the understanding of the 

mechanisms of CRM induced toxicity [29].  

Although CRM formation may be a required event in the onset of (I)DILI for many drugs, it 

is not sufficient on its own and needs additional processes to ultimately lead to the toxicity. 

Indeed, a better discrimination between drugs causing IDRs and safe drugs is obtained when 

covalent binding is combined with additional factors, such as daily dose, degree of 

bioactivation, in vitro parameters such as bile salt export pump (BSEP) inhibition, 
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cytotoxicity assays with and without bioactivation potential, mitochondrial toxicity assays 

and Mrp2 inhibition (Figure 3) [7]. Although this approach supports the multi-factorial 

nature of IDRs, it is still limited in selectivity and is therefore not applied in a prospective 

setting yet.  

 

Figure 3. The hazard matrix for intrinsic IDR risk as proposed by Thompson et al.[7] The degree of 
covalent protein binding together with the daily dose and the degree of bioactivation is expressed as the 
CVB burden on the x-axis. On the y-axis the relative score of five in vitro assays is expressed, which are 
considered as IDR risk factors. The indicated zones of the resulting matrix are considered to be safe (zone 
1) or hazardous (zone 2,3 and 4). 36 drugs with different safety profiles (severe concern, inverted triangles; 
marked concern, triangles; low concern, circles) are classified with a selectivity of 78% and a sensitivity of 
100%.  

Lastly, it should be noted that for several drugs causing IDILI bioactivation in the human 

body has not been shown (e.g. Ximelagatran) [23]. For these drugs mechanisms different 

from CRM formation are likely to underlie the onset and progress of the toxicity (Table 1).  
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Table 1 Selection of (I)DILI associated drugs with defined molecular mechanisms associated to the 
hepatotoxic effects. 

(I)DILI drug Mechanism(s) of toxicity 

Amiodarone Mitochondrial and lysosomal impairment 

Bosentan BSEP inhibition 

Clozapine Bioactivation 

Diclofenac Mitochondrial impairment, bioactivation, BSEP inhibition 

Fialuridine Mitochondrial impairment 

Flucloxacillin  Immune response 

Nefazodone Bioactivation, BSEP inhibition 

Perhexiline Lysosomal impairment, BSEP inhibition 

Troglitazone Bioactivation, BSEP inhibition, mitochondrial and lysosomal impairment 

Tolcapone Bioactivation, BSEP inhibition 

Ximelagatran Immune response 

Adapted from [30] 

1.5. Patient related risk factors for idiosyncratic drug induced liver 
injury 

In the previous paragraph CRM formation is suggested to be a crucial event in the onset of 

(I)DILI for many drugs. Considering the low incidence of the toxicity, drug-related risk 

factors such as bioactivation potential do not explain the individual susceptible of patients. 

It is therefore expected that patient-related risk factors, which either influence the cellular 

exposure to CRMs or cause variations in the subsequent immune response, are decisive for 

toxicity outcome. As such, the definition of idiosyncrasy, ‘particular to an individual’, implies 

person-related susceptibility rather than the existence of idiosyncratic drugs. Individual 

susceptibility is the result of risk factors which are associated with drug properties (e.g. 

metabolic activation potential) and environmental- and host related factors (Figure 4) 

Examples of host related risk factors include diet, polypharmacy, age, infection, disease, 

gender and genetic factors [6,31–33]. These factors can alter the activity and expression levels 

of (hepatic) enzymes involved in the bioactivation and detoxification of CRMs, resulting in 

an altered intracellular exposure. In order to identify potential susceptibility factors it is 

therefore critical to have detailed insight in the metabolic pathways of drugs and variations 

of the enzymes involved. The effect of alterations in the adaptive immune system are less 

well defined in the context of IDILI risk. Nevertheless, the generation of drug specific T-cells 
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has been shown in some patients that developed IDILI. Moreover, genetic variants of the 

human leukocyte antigen (HLA) complex are associated with increased IDILI incidence for 

several drugs [28,34].  

 

Figure 4. (adapted from [35]) Overview of potential sources of variability in individual susceptibility for 
drug toxicity which can result from drug-, host- and environment-related properties. Idiosyncratic toxicity 
is a multi-factorial event in which complex interactions of multiple variables together account for the 
onset of the toxicity.  

1.6. Genetic associations with idiosyncratic drug induced liver 
injury risk  

The statistical power of genetic association studies is challenged by the low incidence of 

IDILI. Furthermore, it should be noted that genome wide-side association studies (GWAS) of 

pooled cases have not identified any genetic risk factors for IDILI [13,36]. The strongest 

genetic link reported for hypersensitivity reactions is the association between HLA B*5701 

and the anti-retroviral abacavir. Cases of this abacavir hypersensitivity are solely reported in 

individuals carrying the HLA B*5701 genotype (odds ratio > 900) [37]. IDILI risk of several 

other drugs is associated with the HLA genotype as well (e.g. lumiracoxib, flucloxacillin, co-

amoxiclave, ximelagatran, lapatinib, ethambutol, rifampin and ticlopidine) [36]. The most 

significant association for IDILI is reported for flucloxacillin and the allele HLA-B*5701 with 



  

  
17 

an odds ratio of 80.7, suggesting a significant contribution of HLA in IDILI onset [38]. 

Although phenotyping of patients for HLA alleles is successfully applied to reduce IDR risk 

for a limited number of drugs (carbamazepine and abacavir), IDILI is not explained by the 

HLA genotype alone, since most patients carrying the HLA risk allele do not develop IDILI 

upon treatment. For flucloxacillin, the positive predictive value is only 0.12 % and is 

therefore not applicable to define a sensitive population. In addition, the mechanisms by 

which the HLA genotype contributes to IDILI require further (mechanistic) investigation 

[6,36]. 

Alterations in the extent of bioactivation and detoxification of CRMs are considered a risk 

factor for IDILI onset since this balance determines the intracellular exposure to CRMs. One 

of the major limitations of association studies, however, is the lack of convincing data which 

could be achieved by replication of existing data even for associations which are 

mechanistically supported [39]. Nevertheless, some significant correlations with 

polymorphisms in drug metabolizing enzymes are reported [6,32]. Increased IDILI risk for 

the non-steroidal anti-inflammatory drug (NSAID) diclofenac was associated to genetic 

variations in cytochrome P450 (CYP) and UDP-glucuronosyltransferase (UGT) enzymes 

involved in the biotransformation and bioactivation of the drug [40]. The complexity of 

these correlations is underlined by the fact that polymorphisms of the major CYP isoform 

responsible for bioactivation of diclofenac (CYP2C9) does not significantly affect IDILI risk 

[41]. Genetic variations in detoxifying enzymes, such as glutathione S-transferases (GSTs) are 

associated to increased IDILI incidence for some drugs as well. For example, IDILI incidence 

of the withdrawn anti-diabetic troglitazone and the Alzheimer drug tacrine are reported to 

correlate with the combined GSTT1*0/GSTM1*0 genotype [42,43]. This observation was 

mechanistically supported in a later study by the observation that recombinant GSTs can 

detoxify troglitazone-derived CRMs by glutathione (GSH) conjugation [44]. Also for 

diclofenac GSTT1*0 and/or GSTM1*0 genotypes are suggested as risk factor, and GST 

catalyzed inactivation of diclofenac CRMs is confirmed in vitro. This correlation is, however, 

based on limited statistical power since this study included only four cases of diclofenac 

related DILI [45,46]. In addition, hepatotoxicity risk of the antiepileptic drug carbamazepine 

is associated with a GSTM1*0 genotype [47]. In one case study, the GSTT1*0/GSTM1*0 

genotype in combination with a mitochondrial mutation (resulting in increased oxidative 

stress) was suggested as an explanation for hypersensitivity reactions in multiple organs [48]. 

This case clearly supports the multi factorial nature of IDRs, requiring multiple alterations to 

result in patient susceptibility. Another enzyme which potentially possesses detoxifying 
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activity, NRH:oxidoreductase 2 (NQO2), is highlighted in an association study regarding 

clozapine induced idiosyncratic agranulocytosis. In this study GST genotype is additionally 

associated to the prevalence of neuropathy [49]. In addition to these associations, some 

weak correlations are reported for genetic variations in mitochondrial and energy pathways 

and transport proteins [31,40].  

In this thesis, the focus will be on inter- and intra-individual variability in activity and 

expression of drug metabolizing enzymes, in an attempt to clarify the contribution of 

variation in drug metabolism to (idiosyncratic) hepatic drug toxicity. In the following 

sections, variability in bioactivation pathways and detoxification pathways is discussed. 

Subsequently, the current techniques for quantification of CRMs is described in more detail 

and, in the final section, in vitro approaches which allow mechanistic evaluation of 

alterations in bioactivating and detoxifying pathways are described.  

2. VARIABILIY IN FORMATION OF CHEMICALLY REACTIVE 
DRUG METABOLITES  

 

Figure 5. (adapted from [57]) illustration of the balance in bioactivation and detoxification (inactivation), 
which determines the exposure to CRMs (chemically reactive metabolites). The downstream processes 
related to CRM formation are indicated: covalent DNA and/or protein modifications and oxidative 
damage induced by the electrophilic species. Ultimately the accumulation of these events may result in 
genotoxicity, cellular damage or cell death and immune related toxicity.  
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As illustrated in the previous section, the exposure to CRMs is linked to the initiation of 

ADRs/(I)DILI. CRM exposure in cells and tissues is determined by the formation (e.g. 

bioactivation of drugs) as well as the protective cellular mechanisms (e.g. detoxifying 

enzymes). Alterations in the balance between these pathways might render an individual 

susceptible towards increased CRM exposure and resulting toxicity. The balance in 

bioactivation and detoxification and subsequent downstream processes following CRM 

formation are illustrated in Figure 5. In this thesis, the focus is on the major family of 

bioactivating enzymes, CYPs, and two classes of detoxifying enzymes, the GSTs and quinone 

oxidoreductases. In the following sections, sources of variability of these enzyme classes are 

discussed in more detail.  

2.1. Phase I and II metabolism 

Metabolism, or biotransformation, facilitates excretion of potentially toxic xenobiotics (e.g. 

drugs) from the human body by formation of metabolites with increased hydrophilicity. 

Metabolism is generally categorized as phase I (functionalization reactions) and phase II 

(conjugation reactions). In this nomenclature, active transport is commonly referred to as 

phase 0 (for uptake) and phase III (for excretion) [51,52] (Figure 6). In drug metabolism, the 
 

 

Figure 6. (adapted from [52]) Schematic representation of phase 0, I, II and III in xenobiotic (X) 
metabolism. Active cellular uptake is referred to as phase 0. Upon cellular uptake X has intrinsic toxic 
properties (toxic X), but can be detoxified by unmodified excretion (phase III), or by excretion after phase I 
functionalization and/or subsequent phase II conjugation which result in increased hydrophilicity. 
Furthermore, particularly phase I reactions may result in bioactivation to reactive electrophilic species, 
which subsequently induce oxidative stress (due to ROS formation). CRM or ROS levels are reduced by 
phase II conjugation or catalase (Cat) and superoxide dismutase (SOD) enzymes, respectively.  
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majority of enzyme catalyzed reactions results in products with lower pharmacological 

potency compared to the parent compound. Alternatively, both phase I and II reactions may 

result in formation of CRMs (a process frequently referred to as bioactivation), which have 

the ability to react with macromolecules and potentially result in toxicity [51]. 

2.2. The role of cytochrome P450 isoforms in drug metabolism and 
bioactivation 

57 Human CYP isoforms have been identified so far, which are all together involved in the 

metabolism of approximately 75 % of marketed drugs. The majority of these reactions is 

covered by only five isoforms (CYP3A4, 2C9, 2C19, 2D6 and 1A2), which account for 95 % of 

the total CYP catalyzed reactions (Figure 7). The most common CYP oxidation reactions are 

 

Figure 7. (adapted from [58]) Relative contribution enzyme families and isoforms to total phase I (right) 
and II (left) metabolism of marketed drugs. CYP isoforms are the predominant enzyme family, covering 
roughly 75 % of total drug metabolism. CYP catalyzed reactions are mainly covered by the hepatic 
isoforms CYP3A4, 2C9, 2C19, 2D6 and 1A2. For phase II, UGTs catalyzed reactions are quantitatively the 
most important, followed by sulfotransferase and GST catalyzed reactions Abbreviations ADH: alcohol 
dehydrogenase: ALDH, alcohol dehydrogenase, NQO1: NADHP:quinone oxidoreductase 1: DPD: 
dihydropyrimidine dehydrogenase, NAT: N-acetyl transferase, STs: sulfotransferases, GST: glutathione S-
transferase.  

(aliphatic and aromatic) carbon hydroxylation, heteroatom hydroxylation, dealkylation 

reactions and epoxidation and subsequent group migration [53]. Drug oxidation reactions by 

CYPs are the most important source of CRMs [51]. Bioactivation pathways are generally 

quantitatively minor metabolic routes, but are highly significant when considering drug 

toxicity. CRMs are generally electrophilic species (electron deficient), which have the 
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tendency to react with cellular nucleophiles (electron rich). Based on the electron 

delocalization in the molecule electrophiles are categorized as ‘soft’ (e.g. quinones, quinone 

imines and α,β-unsaturated aldehydes) or ‘hard’ (e.g. aldehydes, carbonium and nitrenium 

ions). Some metabolites are reactive due to a high energy ring tension in the molecule (e.g. 

epoxides) or are redox active and contribute to massive radical damage by formation of 

reactive oxygen species (ROS) by a process referred to as redox-cycling (e.g. quinones). In 

addition, free radicals may react with lipids and initiated a lipid peroxidation chain reaction 

with deleterious effects [51,54–57]. 

2.3. Inter-individual variation in cytochrome P450 expression and 
activity 

Large inter-individual variations exist in CYP expression and activity, resulting in high 

variability in the extent of drug biotransformation or bioactivation. Some major causes of 

variability are (epi)genetics, induction of enzyme expression and inhibition of enzyme 

activity. These processes may affect all significant drug metabolizing CYP isoforms (Figure 

8). In order to predict inter-individual exposure to CRMs it is essential to have insight in the  

 

Figure 8. (adapted from [60]) Sources of variability in expression and activity of the most significant drug 
metabolizing CYP isoforms. Main factors affecting CYP expression are genetics and induction. In 
addition, expression profiles are in some cases age or sex dependent or are affected by disease or 
inflammation. 
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enzymes involved in drug metabolism, and the expected intra- and inter-individual 

variations of enzyme activity. It should be noted that besides variations in CYP activity and 

expression, alterations in competing metabolic pathways may also affect the relative 

contribution of CYP on total metabolism. For example, the effect of minor deficiencies in 

UGT metabolism, which is usually a major metabolic pathway resulting in stable conjugates 

(40 -75 % of total drug metabolism) may significantly increase the relative contribution of 

minor bioactivating pathways (usually less than 15% of total drug metabolism) [59].  

2.3.1. Genetic factors as source of variability in cytochrome P450 
expression  

Genetic variations, or polymorphisms, in CYP genes and the effect on phenotype are 

extensively discussed in literature [60–62]. Overall, polymorphisms in CYP genes may result 

in four distinct phenotypes: 1. poor metabolizers, carrying two defective alleles resulting in 

loss of enzyme activity, 2. intermediate metabolizers, being heterozygous for a defective 

allele resulting in decreased enzyme activity, 3. extensive metabolizers, carrying two 

functional alleles, and 4. ultra-rapid metabolizers, carrying more than two copies of the 

functional allele (due to gene duplications) resulting in increased enzyme activity. In 

addition, amino acid substitutions may affect protein stability and the interaction with the 

reductase domain, or have an effect on substrate binding [61]. Examples of strongly 

genetically determined CYP isoforms are CYP2D6, CYP2C9 and CYP2C19. Rare functional 

polymorphisms, however, are reported for many isoforms, including a very rare loss of 

function genotype in the generally well conserved CYP3A4 gene, the major isoform involved 

in drug metabolism [61,63]. Polymorphisms resulting in loss of protein are generally related 

to splicing defects, amino acid substitutions, frameshifts or gene deletions [60,61]. It has 

been suggested that 40 % of CYP catalyzed drug metabolism is performed by isoforms which 

are highly polymorphic, causing large inter-individual variations in metabolic competency in 

the patient population [62]. An example of a (I)DILI associated drug for which disposition 

and metabolism is affected by genetic polymorphisms in CYP genes is the antiretroviral 

nevirapine. This drug is hydroxylated by mainly CYP3A4 and 2B6. Specific alleles of these 

enzymes are linked to altered plasma levels of the parent compound, which reflects alerted 

exposure to parent and metabolites [64].  
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2.3.2. Epigenetic factors as source of variability in cytochrome 
P450 expression 

In addition to polymorphisms, epigenetic factors are suggested to cause intra- and inter-

individual variation in expression of genes involved of drug metabolism and transport, 

including CYP. For example, DNA methylation or histone deacetylase activity increases CYP 

expression, including expression of the major drug metabolizing isoforms CYP3A4, 2E1 and 

1A2. In addition, some specific conditions in patients that affect epigenetics are linked to 

CYP expression. For example, Parkinson’s disease, associated with DNA demethylation, is 

linked to increased CYP2E1 expression. In addition, carbamazepine treatment, related to 

lower histone deacetylase activity, is linked to increased CYP3A4 expression [65–67]. Non-

coding micro-RNAs are involved in post-transcriptional regulation of CYPs as well. In 

general, micro-RNAs reduce expression by interactions with messenger-RNA. More recently, 

long non-coding-RNAs are related to regulation of hepatic CYP levels as well, specifically 

during maturation and ageing. Epigenetic regulation by long non-coding-RNAs is however 

still an explorative field [67].  

2.3.3 Enzyme induction as source of variability in cytochrome P450 
expression 

CYP expression levels may vary over time due to alterations in transcription levels. Induction 

is a major mechanism causing these variations, and it has been shown that many CYP 

isoforms are inducible [60]. Xenobiotics that have CYP inducing properties include drugs, 

industrial chemicals, natural compounds and ethanol [68]. CYP induction by drugs is related 

to drug-drug interactions in case of polypharmacy, since the administration of one (CYP 

inducing) drug can influence the pharmacokinetics of a second drug which is metabolized 

by the induced isoform. CYP induction may cause increased drug clearance resulting in 

reduced pharmacological effects, or increased CRM formation if the induced isoform is 

responsible for bioactivaton of an (co-)administered drug. For many CYP isoforms the 

mechanism of induction is activation of a nuclear receptor (e.g. PXR for CYP3A4, CAR for 

CYP2B6 or AhR for CYP1A), resulting in increased transcription of the CYP gene. PXR 

mediated induction of CYP3A4 is shown in Figure 9. Alternative mechanisms are identified 

as well, including CYP2E1 and 3A4 induction by post-translational stabilization of the 

enzyme or stabilization of mRNA [68,69].  

A clinical example of CYP induction linked to hepatotoxicity is CYP2E1 induction by ethanol 

and simultaneous paracetamol intake. The increased CYP2E1 levels result in increased 
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oxidation of paracetamol, resulting in increased formation of N-acetyl-p-benzoquinone 

imine (NAPQI) the reactive metabolite linked to toxicity [68].  

 

Figure 9 (adapted from [70]) Schematic representation of CYP3A4 induction by drug mediated Pregnane 
X receptor (PXR) activation. Activated PXR is translocates to the nucleus were it forms a heterodimer 
with the retinoid X receptor (RXR). The dimer binds to the PXR response element in the promotor region 
of the CYP3A gene and enhances gene transcription leading to increased expression. Consequently, 
metabolism of (other) CYP3A substrates is accelerated [68,71].  

2.3.4 Enzyme inhibition as source of variability in cytochrome P450 
activity 

In contrast to CYP induction, which is a slow regulatory process, CYP inhibition is a direct 

event, which causes strong variations in CYP activity as well. Inhibitors, including drugs and 

dietary components, can block the metabolic activity of one or multiple CYP isoforms on 

protein level. Three types of inhibition are discriminated: reversible, quasi-irreversible and 

irreversible inhibition. Reversible inhibition is the most common cause of drug-drug 

interactions and is the result of competition between a substrate and inhibitor in the active 

site (competitive inhibition) or of an allosteric interaction of the inhibitor blocking the 

catalytic activity of the enzyme (non-competitive inhibition). Further discrimination is made 

between reversible inhibitors that only bind to a substrate enzyme-substrate complex 

(uncompetitive inhibition) and mixed-type inhibition (combination of competitive and non-

competitive mechanisms) [69,72] (Figure 10).  

Quasi-irreversible inhibition results from the formation of a stable enzyme-metabolite 

complex by the generation of a metabolite which complexes with the heme iron in the CYP 

protein. This metabolite is not easily displaced and consequently blocks enzyme activity, 

which can only be restored by enzyme turnover in vivo [69]. Irreversible inhibition, 

commonly referred to as mechanism-based or suicide inhibition, is gaining more attention 

in the context of drug-drug interactions. Highly reactive drug metabolites may form covalent 
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bonds in the active site of the bioactivating enzyme, thereby irreversibly inactivating the 

enzyme. As with quasi-irreversible inhibition, the slowly regulated process of enzyme 

turnover is the only way to restore enzyme activity. Irreversible inhibition, but not quasi-

irreversible inhibition may lead to the generation of potentially immunogenic peptide 

adducts which are recognized by the immune system resulting in an auto-immune response 

[69,72,73]. This mechanism is in line with the previously described hapten hypothesis for 

IDRs. Rare examples include the DILI-associated drugs tienillic acid and dihydralazine. 

Tienillic acid is bioactivated by CYP2C9. Antibodies which recognize covalent modifications 

of CYP2C9 by the tienillic acid metabolite were observed in 60% of the patients that 

developed severe hepatitis upon treatment with the drug. In addition covalent modification 

of CYP1A2, responsible for bioactivation of dihydralazine, is recognized by antibodies formed 

in patients who developed hepatitis after chronic dihydralazine treatment [74].  

 

Figure 10 (adapted from [72]) Schematic representation of competitive CYP inhibition. Competitive 
inhibition (1) occurs when the inhibitor (I) binds to the enzyme (E) without substrate (S) bound. Ki and Ks 
values indicate the affinity constants of inhibitor and substrate, respectively. In case of uncompetitive 
inhibition (2) the inhibitor only binds to the enzyme-substrate complex (ES). Non-competitive inhibitors 
bind to an allosteric site, resulting in enzyme inhibition via mechanism 1 or 2. Mixed type inhibition is a 
combination of competitive and non-competitive mechanisms, in which the inhibitor potentially has a 
different affinity to the substrate free- and substrate bound enzyme state (3). All mechanisms result in 
decreased product (P) formation.  

2.3.5 Inter-individual variation in cytochrome P450 expression 

Identification of polymorphisms or mRNA levels is not predictive for CYP expression levels. 

Although protein levels are not fully predictive for enzyme activity when additional factors 

such as SNPs affect substrate affinity [61], quantitative studies on protein level provide 

important additional insight in inter-individual variations [75]. In an extensive meta-analysis 

by Achour et al., 50 immuno-quantification and LC-MS quantification studies were covered 

to determine the variability in hepatic CYP protein (Table 2) [76]. Interestingly, while some 

CYP isoforms are on average highly abundant, in specific individuals the protein is 
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undetectable (e.g. CYP2C9 and 3A4). Furthermore, for each major CYP isoform individuals 

were identified with low or absent protein levels. Inter-individual variability in CYP levels is 

additionally increased by significant correlations observed between specific isoforms, 

including the major isoforms involved in drug metabolism, CYP3A4 and 2C9 [76]. 

Correlations in expression of two isoforms can diversify the extent of drug metabolism 

between individuals even more when both isoforms are involved in (subsequent) metabolic 

steps, or competing pathways.  

Table 2 (adapted from [76]) Abundance of individual CYP isoforms in human liver expressed as pmol CYP 
per mg microsomal protein. CV represents the coefficient of variation, the range indicates the upper and 
lower levels detected in the included studies.  

 

2.4. Bioactivation by non-cytochrome P450 catalyzed reactions  

In addition to CYP mediated bioactivation, several enzymes including sulfotransferases 

(SULTs), UGTs, N-acetyl transferases, myeloperoxidase, cysteine conjugate β-lyase and acyl 

coenzyme A transferase may be involved in drug bioactivation [51]. Although an extensive 

discussion of these enzymes is beyond the scope of this thesis, the involvement of major 

conjugation reactions in bioactivation is briefly illustrated in this section. It has been shown 

that many phase II enzymes, including UGTs and SULTs, are highly polymorphic and inter-

individual variation in activity might be expected in the concerning metabolic routes [77]. 

The main mechanisms underlying the reactivity of phase II products are the generation of 

conjugates containing good leaving groups for SN2 reactions, or instable conjugates that 

spontaneously degrade in reactive nitrenium- or carbonium ions [51]. The best studied 

example of phase II mediated bioactivation in the context of liver injury is glucuronidation 
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of carboxylic acid containing drugs resulting in chemically reactive acyl-glucuronides. 

Glucuronidation is often the major metabolic route for these drugs. The resulting conjugates 

possess electrophilic properties due to spontaneous hydrolysis and intramolecular 

rearrangements (acyl migration), which subsequently results in transacylation and glycation 

of proteins (Figure 11) [51,78,79]. The modification of proteins by acyl-glucuronides is linked 

to (I)DILI risk. Recently it was suggested that a short half-live of the acyl glucuronide and 

conjugation of the carboxylic acid-containing drugs to coenzyme A correlates with higher 

risks of IDRs [79,80].  

A

 

B 

 

Figure 11 (Adapted from [79]) Acyl migration in acyl glucuronides and subsequent trans-acylation and 
glycation of protein (A). An example of a relevant acyl glucuronide in DILI context is the diclofenac acyl 
glucuronide (B), which is a major metabolite of diclofenac and was shown to cause extensive protein 
binding [81].  

3. VARIABILITY IN DETOXIFICATION OF REACTIVE DRUG 
METABOLITES  

3.1. Enzymatic defense mechanisms against chemically reactive 
metabolites 

The risk for adverse events is, as described above, dependent on the intracellular exposure to 

CRMs and subsequent critical interactions with cellular targets. Intracellular exposure to 

CRMs can be significantly affected by alterations in bioinactivation potential. Only when a 

CRM escapes enzymatic and non-enzymatic inactivation, it can exert its damaging effects. 
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Therefore, it is also important to have insight in the variability of the enzymes involved in 

detoxification processes.  

The human liver is equipped with a variety of defense mechanisms to prevent the 

detrimental effects of electrophilic species generated during drug metabolism. The GST 

super-family encompasses the major protective enzymes, which catalyze the formation of a 

thioether conjugate between soft electrophilic species and GSH. Additionally, some GST 

isoforms catalyze the reduction of organic peroxides. Other major detoxifying enzymes are 

quinone reductases, which catalyze the two-electron reduction of quinones, epoxide 

hydrolases, which catalyze the hydration of arene oxides, and aldehyde dehydrogenase, 

which facilitate the oxidation of aldehydes. Reactive side-products of metabolic processes 

are enzymatically detoxified as well, for example by superoxide dismutase (SOD) and 

catalase (CAT), glutathione peroxidase, peroxiredoxin, and thioredoxin [56,82–85]. In this 

section, the focus is on the variability of two major enzyme families involved in 

detoxification of electrophilic CRMs: GSTs and quinone reductases.  

3.2. Glutathione and glutathione S-transferases  

Chemical conjugation to the endogenous tripeptide GSH is the first line of defense against 

soft electrophilic CRMs. GSH is highly abundant in human liver, with concentrations of 5 - 

10 mM, and exists for 98 % in its reduced form under homeostasis. GSH conjugates are 

degraded by γ-glutamyltranspeptidase and dipeptidase, and after acetylation of the resulting 

cysteine conjugate excreted in urine as a mercapturic acid. The GSH concentration in 

periportal hepatocytes is twice as high compared to perivenular hepatocytes [51,82]. GSH 

conjugation to electrophiles can occur spontaneously or is GST catalyzed (Figure 12). 

Interestingly, zonation of GSTs is opposing the GSH gradient, with a higher concentration in 

the perivenous hepatocytes, thereby following a similar gradient as CYP expression, the 

major source of CRM generation [86].  

 

Figure 12 (adapted from [77]) Schematic representation of GST catalyzed GSH conjugation of an 
electrophilic molecule.  

 



  

  
29 

GSTs are highly abundant in human liver, covering 4 % of total soluble protein. Rinaldi and 

co-workers estimated the concentration of GST active site in human liver around 200 µM, 

indicating an enormous excess of enzyme compared to expected levels of CRMs produced in 

human liver [87,88]. GSTs catalyze the conjugation of reduced GSH to compounds 

containing nucleophilic carbon, nitrogen or sulphur atoms. Common substrates include 

quinones, α,β-unsaturated aldehydes and arene oxides [89]. GSTs are divided in three 

subfamilies (cytosolic, mitochondrial and microsomal), however especially the cytosolic 

isoforms are involved in detoxification of xenobiotics [77,89]. Cytosolic GSTs are catalytically 

active as dimers, composed of two identical isoforms (homodimer) or two different isoforms 

form the same class (heterodimers) [87]. It is important to note that, although less well 

studied, a protective role against drug derived electrophiles and oxidative stress is also 

described for microsomal GSTs [90].  

Quantitatively the major hepatic cytosolic GST isoforms are GSTA1, A2, M1 and P1. It should 

be noted that immunostaining studies indicate that GSTP1 is expressed in bile duct, and not 

in hepatocytes [91]. Although less abundant, GSTA4, M3 and T1 are detected in human liver 

as well (Table 3) [87,89,92–97]. Although GSTT2 activity is detected in human liver tissue, 

the absolute abundance and variability is not defined [98]. In the following sections, sources 

of variability in GST expression and activity are discussed in more detail. 

Table 3 (Adapted from [92–95]) Hepatic concentrations and variations in expression of cytosolic GST 
isoforms. Concentrations are normalized for mg cytosolic protein.  

GST isoform Mean 
µg mg-1 

CV* 
% 

Range 
µg mg-1 

No. of livers 

A1 20.3 44 7.0 - 47 20 

A2 10.2 82 1.9 - 40.5 20 

A4 - - - 3 

M1 6.9 70 0 - 18.5 20 

M3 - - 0.4 - 0.5 2 

P1 1.6 91 0 - 5.1 20 

T1 0.3** - 0 - 0.6 *** 20 

T2 - - - - 

(*) CV (coefficient of variation) is calculated as ratio of standard deviation and mean (**) average of 
GSTT1 positive donors (***) lower range determined based existence of null-genotype 
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3.2.1. Genetic factors as source of variability in glutathione S-
transferase expression  

GST encoding genes are highly polymorphic, resulting in large inter-individual variability in 

enzyme expression and activity. For example, 15 % of the population is homozygous for a 

mutation in the regulatory sequence of the major hepatic isoform, GSTA1. This genetic 

variant (GSTA1*B) correlates with decreased protein expression. Interestingly, an contrasting 

effect is observed for GSTA2 expression level, which is increased in individuals that have the 

GSTA1*B genetic variant, suggesting a compensating effect for loss of GSTA1 (Figure 13) [99]. 

Four SNPs are detected in the GSTA2 gene, resulting in amino acid substitutions. Some of 

these genetic variants are related to altered metabolic activity for specific substrates, or show 

differential expression levels compared to the wild-type [100]. 

 

 

 

 

 

 

 

Figure 13 (adapted from [99]) Correlation 
between GSTA1*A and GSTA1*B genotype and 
expression levels of GSTA1 and A2 in 55 
individuals. The GSTA1*B (A/B and B/B) 
genotype is negatively associated with GSTA1 
protein expression but positively associated with 
GSTA2 protein expression. 

 

 

Two allelic variants of GSTM1 have been identified, differing in one amino acid in the 

functional domain. These variants are indiscriminative with respect to their catalytic activity 

[96,101]. In addition, a null genotype results in the absence of functional GSTM1 protein in 

approximately 50 % of Caucasians and is therefore a major source of inter-individual 

variability. Variations In GSTM1 expression levels are even more pronounced due to the 

existence of gene duplications, resulting in overexpression. Furthermore, GSTT1 is absent in 

approximately 20 % of Caucasians due to a null genotype [96,102]. For GSTP1 three allelic 

variants, containing one or two amino acid substitutions, are identified. Although these 
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genetic variants possess differential catalytic activity for a few substrates, conjugation of 

CRMs are not significantly affected for the DILI drugs diclofenac, clozapine and paracetamol 

[103]. For the minor hepatic isoform GSTM3 a three base-pair deletion is observed which is 

linked to alterations in GSTM1 expression [104]. No genetic polymorphisms of GSTA4 are 

reported so far. For GSTT2 several polymorphisms are described influencing expression 

levels including mutations in the promotor region, a rare mutation in the encoding gene 

(GSTT2*B) and in the (negative regulatory) pseudo gene GSTT2b [105,106].  

3.2.2. Epigenetic factors as source of variability in glutathione S-
transferase expression  

Studies on epigenetic regulation of GST expression are mainly condensed around GSTP1 in 

the field of cancer epigenetics. Although overexpression of GSTP1 is frequently assigned as 

cause of resistance towards cytostatic drugs, loss of GSTP1 expression is commonly observed 

in tumor cells as well [107,108]. For example, GSTP1 is down-regulated in 90 % of the 

prostate tumors, independent on stage and severity of the disease. It was shown that hyper-

methylation of the promotor region is the mechanism of GSTP1 inactivation in malignant 

cells in leukemia and prostate-, breast- and lung cancer. In addition, several studies indicate 

that alterations in histone modifications (e.g. overexpression of histone deacetylases) are 

involved in the regulation of GSTP1 as well, and initial data is available indicating regulation 

of GSTP1 mRNA translation by micro-RNAs [108,109].  

Besides cancer epigenetics, epigenetic regulation of GSTs is investigated in pancreatic β cells 

(methylation of the GSTT1 promoter) in the context of mouse liver maturation. In 

developing mouse liver (two days before birth to 45 days post-natal) GST mRNA levels 

gradually increase for various isoforms, which correlates with an increase in the 

transcription activating signal histone H3K4 di-methylation. In this developmental process, 

transcription repressing signals such as DNA methylation and histone H3K27 tri-

methylation are low [110,111]. 

3.2.3. Enzyme induction as source of variability in glutathione S-
transferase expression 

GST expression is inducible by xenobiotics such as drugs and dietary components via a 

variety of transcription factors, including constitutive androstane receptor (CAR), AhR, PXR, 

nuclear factor-E2-related factor 2 (Nrf2), peroxisome proliferator-activated receptor-γ 

(PPARγ) and CAATT/enhancer binding protein β (C/EBPβ). Especially the activation of the 
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transcription factor Nrf2 is considered to be an important cellular defense mechanism in 

rodents by regulating basal GST expression and electrophile driven induction of several GST 

isoforms [112,113]. For example, in mouse liver GSTM1 and M3 are identified among the 

strongest Nrf2 regulated proteins [114]. Under basal conditions Nrf2 exists as a complex with 

the redox sensitive Kelch-like ECH associated protein I (Keap1), which is prone to ubiquitin 

dependent degradation. Activation of Nrf2 is triggered by an electrophilic attack of specific 

thiols groups in the cysteine rich Keap1 or directly by Nrf2 phosphorylation, resulting in a 

release of Nrf2 (Figure 14). As a result, the new complex conformation prevents Nrf2 

ubiquitination and subsequent proteasomal degradation. Nrf2 can facilitate gene expression 

by interaction with the antioxidant response element (ARE) in the promotor region of 

several cytoprotective enzymes, including GSTs [115].  

 

Figure 14 (adapted from [115]) schematic representation of release of the Nrf2 from the Nrf2/Keap1 
complex following electrophilic attack of cysteine residues in Keap, or direct phosphorylation of Nrf2. 
Released Nrf2 accumulates in the nucleus and subsequent induces expression of cytoprotective enzymes. 

The mechanism related to GST induction in human remains to be established. In contrast to 

rodent data, there is little information regarding GST induction in human [112]. Two 

examples of GSTA1 and A2 inducers that are identified in primary human hepatocytes, 

phenobarbital and sulforaphane, do not act via the Nrf2 pathway [116,117]. The translation of 

the Nrf2 induction mechanism from rodent to human is therefore not validated. The 

complexity of interspecies differences in basal GST levels and inducibility is not only 

apparent between rat and mice, but also between strains and sexes [113,118]. Nevertheless, 

more recently it was shown that GSTP1 is induced by curcumin via Nrf2 and ARE responses 
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in the human hepatoma cell line HepG2 [119]. In addition, a study using HepG2 showed that 

PXR mediated induction of GSTA2 is acting via mechanisms involving ARE regulation [120].  

For the interpretation of susceptibility of a model towards electrophiles, inter-species 

variations in GST levels and activity are important to consider. For example, GSTP1, a highly 

active isoform involved in the detoxification of CRMs derived from the (I)DILI associated 

drugs clozapine and diclofenac, is a major abundant isoform in mouse liver. However, in 

human this enzyme is mainly expressed in extra hepatic tissue and bile-duct, distant from 

the site of metabolism. As a result the toxicity of drugs such as clozapine and diclofenac 

might be underestimated in a mouse model due to a higher abundance of a potent 

detoxifying enzyme [46,91,118,121]. Moreover, the major human hepatic isoforms GSTA1 and 

A2 are barely expressed in mouse liver, which further reduces the predictive power of the 

mouse model in the context of CRM detoxification [118]. Interpretation and extrapolation of 

data related to GST catalyzed reactions is additionally complicated by differences in 

enzymatic activity and metabolic capacity between similar isoforms originating from 

different species [77]. 

3.3. Enzyme inhibition as source of variability in glutathione S-
transferase activity 

Although isoform selective inhibitors of GSTs are not identified, some common substances 

with GST inhibitory potential are described. These substances include several phenols and 

quinone structures, vitamin C derivatives and endogenous substances such as dopamine and 

trans retinoic acid [122]. In addition, some drugs are known to inhibit GSTs. The diuretic 

drug ethacrynic acid for example is a well-established GST inhibitor. This inhibitor is 

frequently applied in experimental context in which GST inhibition is desired [123].  

3.4. Inter-individual variation in glutathione S-transferases 
expression 

Hepatic abundance and inter-individual variations in GST protein levels are determined in a 

few studies using high pressure liquid chromatography (HPLC) for separation of isoforms 

and UV quantification. Van Ommen and co-workers simultaneously determined 

concentrations of GSTA1, A2, M1 and P1 in liver homogenates of 20 individuals. The study 

showed that GSTA1 and A2 together comprise over 80 % of the total GST content. Large 

inter-individual differences in expression of these highly abundant GSTs (on average 30 

µg/mg cytosolic protein) was observed, with a 10-fold difference between the lowest and 
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highest observed concentration. In a later study however, which confirmed the variability, 

the absolute protein concentration was a 5-fold lower [92,99]. GSTM1 protein levels ranged 

from undetectable (null genotype) to 18 µg/mg cytosolic protein, indicating large inter-

individual variability on protein level. GSTP1, although not expressed in hepatocytes, is 

shown to be absent in some liver homogenates, while present in significant quantities for 

most of the individuals [91,92]. Although hepatic concentration for GSTM3 and T1 are 

determined in single studies, the number of donors included is too low to assess inter-

individual variability in the population [93,95]. 

3.5. Inter-individual variation in quinone reductase expression and 
activity  

NAD(P)H:quinone oxidoreductase 1 (NQO1) and NRH:quinone oxidoreductase 2 (NQO2) 

are cytosolic flavoproteins which possess the capacity to catalyze two electron reduction of 

quinones and quinone imines to more stable hydroquinones. This catalytically process does 

not only prevent potential protein modification by the quinone, but also avoids chemical 

one electron reduction, a process resulting in excessive ROS formation and radical damage 

via redox cycling (Figure 15) [124–126]. The role of NQO1 in detoxification of CRMs derived 

from the hepatotoxic drugs diclofenac, mefenamic acid and paracetamol has been shown in 

an in vitro context, and is suggested to exceed the detoxification capacity of GSTs [127]. In 

addition to the enzymatic activity, NQO1 fulfills a role as signaling protein and regulates the 

degenerative fate of other proteins including the tumor suppressor p53 [126]. NQO2 has 

been shown to inactivate ortho-quinones but is mainly studied in the context of activation of 

anti-cancer prodrugs and bioactivation of quinones to unstable hydroquinones, a property 

possessed by NQO1 as well [125,128–130]. NQO2 additionally possesses signaling functions, 

since NQO2 can modulate the activity of NF-κB, a protein complex involved in cell survival 

and tumor genesis [131]. 

NQO1 and NQO2 expression is highly genetically determined. For NQO1 two SNPs are 

identified, including the common non-functional NQO1*2 allele resulting in an unstable 

protein for which 4% Caucasians and 20% Asians is homozygous. The second polymorphic 

variant, NQO1*3, is linked to reduced activity [130,132]. For NQO2 two common variants are 

described, differing one amino acid in the dimer interface, which are related to altered 

enzyme activity [133]. Moreover, several polymorphisms are identified in exons, and some 

studies suggest effects of these polymorphisms on NQO2 activity as well [134,135]. 
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Figure 15 (adapted from [124]) Two electron reduction of quinone structures by NQO1 to less reactive 
hydroquinones. Inactivation of the quinone electrophile prevents protein adduct formation. In addition, by 
avoiding participation of the quinone in redox cycling, subsequent ROS formation and radical damage is 
evaded. Catalytic activity of NQO2 is similar to NQO1. 

The expression of NQO1 is regulated by the Keap1/ Nrf2/ ARE pathway and is strongly 

inducible in human and rodent cells, and is therefore likely to contribute to strong inter- 

and intra-individual variations is expression levels. Increased NQO1 expression is frequently 

co-regulated with GST induction and NQO1 induction has been linked to protection of 

cellular and in vivo models from oxidative stress [113,126,136]. Although less information is 

available regarding the induction of NQO2, ARE and xenobiotic response elements (XRE) 

are identified in the NQO2 promotor region, which are shown to be important for the basal 

expression and induction of this enzyme. Moreover, NQO2 induction is demonstrated by 

substrates activating AhR [134,137].  

NQO1 and NQO2 are both expressed in the hepatic tissue [134]. The NQO1 concentration is 

estimated around 2 pmol/mg cytosolic protein, while no such information is available for 

NQO2 [127]. In addition, large inter-individual variations in NQO1 and NQO2 activity and 

protein expression are reported in liver homogenates (Figure 16) [138,139].  

Other hepatic enzymes, such as epoxide hydrolase, aldehyde dehydrogenase as well as anti-

oxidant enzymes such as SOD, catalase, glutathione peroxidase, peroxiredoxin and 

thioredoxin play an important role in detoxification of CRMs and reactive side products as 

well. Although also highly relevant in the context of cellular defense, these enzymes are not 

further discussed in this thesis [83–85].  
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B 

 

Figure 16 (adapted from [139,140]) Relative NQO1 (A) and NQO2 (B) expression levels in different 
populations (AA is African American, NH is Native Hawaiian) based on quantitative western blot data. 
Large inter-individual differences are apparent, only weak statistical differences between ethnic groups are 
observed. 

4. IDENTIFICATION AND QUANTIFICATION OF CHEMICALLY 
REACTIVE DRUG METABOLITES 

Variations in cellular bioactivation and detoxification potential does not only result in 

altered exposure to CRMs in humans, but also in (humanized) in vivo and in vitro models. 

Increased CRM exposure is linked to adverse events in human and increased (cyto)toxicity in 

experimental models. To investigate the absolute levels of CRMs formed, sensitive detection 

and quantification is required. In this section the current approaches for stabilization, 

identification and quantification of CRMs are discussed in more detail.  

4.1. Trapping of electrophilic drug metabolites  

Information regarding the absolute levels of CRMs is essential to understand the role of 

bioactivation in the onset of toxicity. Furthermore, structural elucidation of CRMs provides 

insight in molecular properties of parent drugs, which are prone to bioactivation (soft-

spots), thus helping drug development teams to eliminate bioactivation propensity in 

alternative drug candidates. However, due to the intrinsic instability of CRMs, detection, 

identification and quantification is challenging. The most common in vitro approach 

involves bioactivation of the drug (candidate) with liver microsomes, S9 or cytosol in the 

presence of agents trapping the CRM. A suitable trapping agent is selected based on the 

electrophilic properties of the anticipated electrophiles. According to the Hard-Soft-Acid-
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Base (HSAB) theory, hard electrophiles are reactive towards hard nucleophiles and soft 

electrophiles towards soft nucleophiles. In order to trap soft electrophiles, such as quinones, 

quinone imines, quinone methides and epoxides, GSH is most often applied as trapping 

agent. For hard electrophiles such as iminium-, nitrenium- and carbonium ions, potassium 

cyanide is often applied. Semicarbazide or methoxylamine is used as trapping agent for 

stabilization of aldehydes and α,β-unsaturated carbonyls [28]. In addition, some bi-

functional trapping agents are available, containing both hard and soft nucleophilic groups 

[141]. In the following sections, the current strategies for sensitive detection and 

quantification of GSH conjugates originating from in vitro or in vivo samples are discussed in 

more detail.  

4.2. Strategies for sensitive detection and characterization of 
chemically reactive metabolites conjugated to GSH  

Because of its sensitivity, the most common technique for detection of GSH conjugates is 

liquid chromatography-mass spectrometry (LC-MS). MS2 techniques, based on collision 

induced fragmentation of the conjugate and subsequent neutral loss scanning for a 

characteristic 129 Dalton fragment in positive ionization mode is a conventional approach 

for selective detection. As an alternative, precursor ions scanning (272 Dalton fragment) was 

proposed [142,143]. More recent advances in MS techniques increased sensitivity of detection 

by application of novel methodologies including mass defect filtering, multiple reaction 

monitoring (MRM) and isotope-dependent scanning [144–147]. In addition, the molecular 

fragments generated by MS2 methods provide information about the molecular structure of 

the conjugate and the preceding CRM. However, fragmentation and subsequent MS analysis 

is not always sufficient to unravel the complete structure (e.g. the position of a modification) 

and nuclear magnetic resonance (NMR) is required for complete structural elucidation.. 

Different analytical techniques are often combined for structural characterization of CRMs 

[148].  

Various GSH analogues have also been developed to enhance detection and identification of 

GSH conjugates by LC-MS. For example, brominated GSH (N-(2-bromocarbobenzyloxy-

GSH) introduces a distinct isotope pattern allowing selective data acquisition which 

increases the sensitivity and specificity of detection [149]. Another approach to detect GSH 

conjugates is to create a mono isotopic pattern by trapping the reactive intermediates with a 

mixture of endogenous GSH and stable isotope labeled GSH (13C2 
15N-GSH) in a specific ratio. 

The resulting twin ions are 3 Daltons separated and provide a unique isotope signature 



 
38 

which can be applied for selective data acquisition [150,151]. This approach is also applicable 

in cellular models by fortification of the cell medium with a mixture of native GSH and 13C2 

15N-GSH [152]. A different strategy is the application of GSH analogues, which increases the 

sensitivity of MS detection by specific molecular properties. For example, GSH ethyl ester 

results in a 10-fold increase in MS sensitivity [153,154].  

4.3. Quantification of GSH conjugates by LC-MS  

Although the methodologies described in section 4.2 increase the sensitivity of GSH 

conjugate detection, quantification of GSH conjugates remains challenging. Quantitative 

information regarding GSH conjugate formation is nevertheless essential to assess the levels 

of bioactivation in humans and to determine the relative contribution of bioactivation to 

total drug metabolism [28]. LC-MS-based quantification is often limited by the availability of 

authentic references. Moreover, it has been shown that metabolic transformations of a 

substrate can introduce different ionization potentials up to 4-fold [155]. This property 

eliminates the application of structurally related compounds as quantitative reference. To 

circumvent this problem several GSH analogues are developed, for example quaternary 

ammonium (QA) GSH for semi-quantitative LC-MS quantification (Table 4) [156]. Other 

commonly used alternatives are radiolabeled GSH analogues, allowing quantification based 

on radio counting ([3H]-GSH and [35S]-GSH) [157,158]. GSH conjugates derived from 

radiolabeled drugs are quantifiable with radio counting as well [159]. Dansylated GSH, which 

contains a fluorescent chromophore, allows quantification of the conjugates based on 

fluorescent intensity [160]. However, every approach has limitations (Table 4), such as 

intrinsic insensitivity and reliability on specialized lab facilities (radiolabeled analogues), the 

complexity of separation from non-reacted material ([3H]-GSH) or the (potential) 

incompatibility with GST catalyzed GSH conjugation (QA- and dansyl-GSH) [156,160]. 

4.4. Quantification of GSH conjugates by LC-UV and NMR  

General approaches for metabolite quantification are also applicable on GSH conjugates. 

Relative UV quantification relies on the assumption of equal UV absorbance of parent drug 

and metabolites. Reference samples of the parent drug are then used for quantification of 

the metabolite. This method is valid as long as the UV absorbing chromophore is not 

changed due to the metabolic process, as shifts in the UV spectrum introduced by 

metabolism may lead to significant differences in UV responses [161]. Alternatively, proton 

NMR can be applied for quantification of pure metabolite samples. The advantage of 

quantitative proton NMR over UV quantification is the uniform response to hydrogen 
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atoms. Quantification of the analyte is performed with respect to internal or external 

standards, or a calibration curve constructed of structurally related molecules such as the 

parent compound [162–164].  

Table 4 (Adapted from [156,157,159–163]) Overview of approaches for relative and absolute quantification 
of GSH conjugates  

Method Principle of quantification Limitations  
Trapping with native GSH 

absolute quantification 

HPLC-MS or HPLC-UV 

Calibration with authentic references 

- Availability references 

- UV has limited sensitivity 
 

Trapping with native GSH 

relative UV quantification 

HPLC-UV 

Calibration with parent compound 

- Inaccurate if UV absorbing 

chromophore is changed 
 

Trapping with quaternary 

ammonium (QA) GSH 

semi quantitative 

HPLC-MS detection calibrated with QA-

GSH 

- Differences in MS response 

up to a 3.3 fold 

- Compatibility GST is not 

determined 

 

Trapping with Dansyl-GSH 

absolute quantification 

HPLC-fluorescence (FL) detection 

Quantification based on FL intensity 

- Incompatible with 

enzymatic conjugation 
 

Trapping with [35S]-GSH 

absolute quantification 

HPLC-radio counting - Intrinsic insensitivity 

- Specialized lab facilities 
 

Trapping with [3H]-GSH 

absolute quantification 

HPLC-radio counting - Intrinsic insensitivity 

- Specialized lab facilities 

- Background of non-reacted 

material 

 

Trapping of radiolabeled 

drugs with native GSH 

absolute quantification 

 

HPLC-Radio counting, applied in 

covalent binding assays 

- Intrinsic insensitivity 

- Special lab facilities 

- Radiolabeled drug 

analogues required 

 

Trapping with native GSH 

NMR quantification 

absolute quantification 

Calibration based on relative proton 

responses to a structurally related 

molecule, internal- or external standard 

- Large quantities of pure 

conjugate required 

- Specialized lab facilities 
 

4.5. Quantification and identification of covalent protein 
modifications  

Since covalent modification of macromolecules is suggested as an initiating event of ADRs 

including DILI, quantification of covalent binding (protein adducts) is evaluated for drug 

candidates. Although there is no conclusive correlation between toxicity and protein 

binding, extensive protein binding is considered as undesirable. Covalent binding studies 

have been used for lead optimization and inter-species data extrapolation. A threshold of 50 

pmol drug equivalent per mg microsomal protein was considered a threshold to discriminate 
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between high and low risk drug candidates [28,165]. To quantify covalent binding, a common 

approach is the incubation of 3H or 14C labeled drugs or drug candidates with rat or human 

liver microsomes, hepatocytes or administration of the labeled drugs to rats for in vivo 

evaluation of covalent binding. Protein is subsequently isolated and the radioactive content 

is quantified to determine the degree of covalent binding of drug and/or drug metabolites 

[165–167]. Although this approach was a standard in drug development, providing absolute 

quantities of covalent binding to proteins, discrimination between safe and (I)DILI related 

drugs based on this data are now known to be inadequate, certainly without structural 

information of the CRM [7,27,167]. Also in liver microsomal incubations, which possess CYP 

and UGT activity, and hepatocyte incubations, which possess all hepatic enzymes, no 

accurate distinction of (I)DILI positive and (I)DILI negative compounds was achieved 

(Figure 17). Moreover, addition of the endogenous protective nucleophile GSH to 

incubations containing liver microsomes lowers the overall covalent binding, but does not 

improve the discrimination between safe and toxic drugs [159]. Inclusion of GST activity in 

these incubations may improve discrimination, as these strongly increase the efficiency of 

GSH trapping for several DILI drugs [44,46,121,168]. Furthermore, inclusion of additional 

parameters such as the daily dose and in vitro toxicity parameters significantly improves the 

predictive power of covalent binding studies [7,27].  

 

Figure 17 (adapted from [159]) Covalent binding of drugs and metabolites in human liver microsomes, 
possessing CYP and UGT activity, (left) and in human hepatocyte incubations (right). Based on the degree 
of covalent binding, (I)DILI associated drugs (closed circles) are poorly distinguished from safe drugs 
(open circles) in in vitro both systems.  

Identification of the adducted protein may further improve predictive power of covalent 

binding studies. Great efforts have been made to distinguish between essential and non-
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essential cellular target proteins [25]. Conventional approaches to identify protein adducts 

involve isolation the adducted protein (e.g. chromatography and electrophoresis) based on 

radio-detection or immunological detection as alternative to radiolabeling, and subsequent 

identification of the protein by LC-MS techniques (Figure 18). Subsequently, the identified 

targets are linked to signaling or metabolic processes in order to get a better understanding 

of the physiological consequences, although this is a very challenging field [25,169,170]. In 

addition, the position of modification in the protein should be considered, since an 

adducted amino acid on an essential position of a protein can result in loss of function or 

affect signal transduction pathways. Examples include mechanism based CYP inhibition due 

to covalent binding of highly reactive metabolites in the active side, or modifications of 

specific cysteine residues in Keap1 [73,170]. The site of modification is determined with LC-

MS as well, based on mass increment of peptides after digestion of isolated protein fractions 

(Figure 18) [170,171]. In order to detect common targets and general trends in affected 

cellular processes, comparison of intercepted proteins is required. One initiative which is 

facilitating the comparison of this type of data is the reactive metabolite target protein 

database (TPDB) [29].  

 

Figure 18 (adjusted from [169]) Strategy for identification of modified proteins. A radiolabeled drug is 
bioactivated and forms covalent protein adducts. Proteins are separated by chromatographic or 
electrophoresis techniques. Modified protein (spots) are identified with radiography and adducted proteins 
are identified by LC-MS techniques. 

5. IN VITRO STUDIES TO INVESTIGATE THE BALANCE IN 
BIOACTIVATION AND DETOXIFICATION  

As explained in the previous sections, increased exposure to CRMs, resulting from either 

increased bioactivation or decreased protective mechanisms is postulated as an important 

initiating event for many ADRs including (I)DILI. Several mechanistic studies are aimed to 

validate this hypothesis. Isolated enzymes have the advantage of providing mechanistic 
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insight in metabolic routes, which can be applied in more complex models such as cellular 

assays. Often, the metabolic capacity of cellular systems is modulated to investigate the 

consequences of alterations in bioactivation and detoxification pathways on cytotoxicity. 

Primary human hepatocytes are considered to be the golden standard for in vitro assays 

investigating hepatotoxicity. It is crucial to have a well-defined system, which is challenging 

due to the fast dedifferentiation and donor variations in primary cells. In addition, culturing 

conditions may affect phase I/II enzyme ratios, expression levels or stability of enzyme 

expression over time [172–175]. One successful alternative method is the modification of 

bioactivating and detoxifying pathways in a cell system with otherwise limited metabolic 

capacity, by transfection with the gene of the enzyme under investigation, resulting in 

upgraded enzyme activity (Figure 19) [176–182]. Alternatively, extracellular bioactivation can 

 

Figure 19 (adapted from [187]) Schematic representation of two transfection methods to modulate 
enzyme expression in a cellular system. For stable transfection, the enzyme encoding gene is integrated in 
the genomic DNA, commonly by viral transduction (Panel A). In this approach the gene is sustainably 
expressed. Transient transfection is achieved by either introducing encoding DNA in the nucleus (not 
integrated in the genomic DNA) or by introduction of mRNA in the cytosol (Panel B). Methodologies for 
transient transfection include biological, chemical and physical approaches.  

be included by addition of, for example, Supersomes containing the metabolic enzyme to the 

cell medium [180,183]. Additional strategies are the induction of enzyme expression, selective 

inhibition of enzyme activity in metabolic competent cells, reduction of detoxification 

potential by GSH depletion (e.g. buthionine sulphoximine treatment) or the knockdown of 

protective signaling pathways (e.g. Nrf2 resulting in reduced GST, SOD, UGT and NQO 

activities) [180,184–186]. In this section a few examples of in vitro models are discussed in 
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which alterations in the balance between bioactivation and detoxification pathways is 

investigated in order to study the role of CRMs in cytotoxicity of IDILI related drugs.  

5.1. Biotransformation dependent toxicity in cell models with 
upgraded CYP activity 

CYP metabolism dependent toxicity of DILI related drugs was assessed in several studies the 

viral transduction of one or multiple CYP isoforms in HepG2, a human hepatoma cell line 

with limited native CYP activity. Comparison of the cytotoxicity in transduced and non-

transduced cells provides insight in the CYP component in the onset of cytotoxicity. In 

several studies the effect of CYP3A4 or CYP2C9 overexpression on the cytotoxicity of 

multiple (hepatotoxic) drug substrates was explored. Although a CYP dependent component 

was identified for a large proportion of the drugs, cytotoxicity of several drugs for which CYP 

mediated cytotoxicity was hypothesized, was unaffected in CYP expressing cells. The CYP 

dependent toxicity could be further aggravated by knock down of the Nrf2 transcription 

factor, which is involved in the up-regulation of cellular defense mechanisms [176,181]. A 

different study showed CYP3A4 dependent toxicity of several hepatotoxic drugs in CYP3A4 

transfected HepG2, which was more apparent when GSH levels were depleted [180]. These 

studies indicate that increased CYP metabolism and subsequent CRM formation increases 

cytotoxicity in HepG2 cells (although not for all tested drugs). In addition, reduction of 

protective mechanisms is often required to observe the CYP dependent toxicity. This 

observation is in line with the multifactorial nature of IDILI, which requires both 

modifications in bioactivation and detoxification pathways to result in CRM induced 

cytotoxicity. In additional studies the toxicity of hepatotoxic drugs is investigated for 

different CYP isoforms, or in HepG2 expressing multiple CYP isoforms simultaneously, in 

combination with or without the downregulation of protective mechanisms (Table 5) [177–

179,182].  

As an alternative, T-antigen-immortalized human liver epithelial (THLE) cells are used as 

model [7,188]. In a study by Thompson and co-workers, the effect of CYP3A4 transfection on 

toxicity of several high and marked concern IDILI drugs was investigated. Although a 

significant increase in cytotoxicity in CYP3A4 expressing cells was observed for multiple 

drugs (>1.5 fold for benzbromarone, nefazodone, amlodipine, celecoxib and tamoxifen), only 

a small or no effect on cytotoxicity was observed for several IDILI related drugs with defined 

CYP dependent CRM formation. In addition, for a low risk IDILI compound strong CYP3A4 

dependent toxicity was observed [7]. In a later study, IDILI drugs were tested in THLE cells  
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Table 5 Examples of liver toxicants tested for CYP mediated toxicity in transfected HepG2 cells. 

Hepatoxicant CYP isoform(s) Sensitization  Effect on cytotoxicity References  

Aflatoxin Panel of 5# GSH depletion Aggravated toxicity [178] 

Albendazole** CYP3A4 GSH depletion Aggravated toxicity  [180] 

Amitriptyline* Panel of 5# GSH depletion No effect [178] 

 CYP3A4 GSH depletion  Protection  [180] 

Acetaminophen CYP2E1 GSH depletion Aggravated toxicity at 

mM concentrations 

[177] 

 CYP3A4 Nrf2 knockdown Aggravated toxicity at 

mM concentrations 

 

Amiodarone** CYP3A4 -  Aggravated toxicity [182,185]  

 CYP2A6, 2B6, 2C8, 

2C8, 2C9, 2C19, 

2E1, 2D6 or 3A5 

- Protective or no effect [182] 

 CYP3A4 - Increase in early and late 

apoptotic and necrotic 

cell death  

[183] 

Benzbromarone CYP2C9 Nrf2 knockdown Aggravated toxicity [181] 

Carbamazepine  Panel of 5# GSH depletion Aggravated toxicity [178] 

 CYP3A4 GSH depletion Aggravated toxicity [180] 

Chlorpromazine  Panel of 5 GSH depletion Aggravated toxicity [178] 

 CYP2A6, 2B6, 2C8, 

2C8, 2C9, 2C19, 

2E1, 2D6, 3A4 or 

3A5 

- Protective [182] 

Clozapine Panel of 5# GSH depletion Minor increase in 

toxicity 

[178] 

 CYP3A4 Nrf2 knockdown Aggravated toxicity [185] 

Diclofenac Panel of 5# GSH depletion Aggravated toxicity [178] 

 CYP1A2, 3A4,2E1 or 

2D6 

GSH depletion Protective [177] 

Flutamide Panel of 5# GSH depletion Aggravated toxicity [178] 

 CYP3A4 GSH depletion Aggravated toxicity [180] 

 CYP3A4 Nrf2 knockdown Aggravated toxicity [185] 

 CYP2C9 Nrf2 knockdown No effect [181] 

Isoniazid CYP3A4 GSH depletion Aggravated toxicity [180] 

 CYP3A4 - Aggravated toxicity [185] 

Nefazodone CYP3A4 - Minor increase in 

toxicity 

[185] 

Phenytoin Panel of 5# GSH depletion Aggravated toxicity [178] 

Tacrine  CYP3A4 - Aggravated toxicity [185] 
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Tamoxifen** Panel of 5# GSH depletion Aggravated toxicity [178] 

Terbinafine CYP3A4 - Aggravated toxicity [185] 

Thioridazine Panel of 5# GSH depletion Aggravated toxicity [178] 

Ticlopidine Panel of 5# GSH depletion Protective [178] 

Tienilic acid CYP2C9 Nrf2 knockdown Aggravated toxicity [181] 

Tolcapone CYP3A4 - Aggravated toxicity [185] 

Troglitazone Panel of 5# GSH depletion Aggravated toxicity [178] 

 CYP3A4 GSH depletion Aggravated toxicity [180] 

 CYP3A4 Nrf2 knockdown Aggravated toxicity [185] 

Triazolam* CYP3A4 GSH depletion Protective [180] 

Valproic acid** CYP1A2, 3A4,2E1 or 

2D6 

GSH depletion No effect [177] 

Quinidine**  CYP3A4 GSH depletion Aggravated toxicity [180] 

Zafirlukast CYP3A4 - No effect  

(Panel of 5#) simultaneous expression of CYP1A2, 2C9, 2C19, 3A4 and 2D6 (*) CYP mediated detoxification 

(**) CYP catalyzed formation of stable metabolites 

transected with CYP3A4, 1A2, 2D6 or 2C9. In this study CYP3A4 dependent toxicity was 

observed for 11 compounds, for which 10 compounds have defined CYP3A4 mediated 

bioactivation. In addition, the toxicity of several compounds was aggravated upon CYP1A2 

(troglitazone, rosiglitazone, amodiaquine and chlorpromazine), CYP2C9 (amodiaquine and 

rosiglitazone) or CYP2D6 (troglitazone, clozapine and terbinafine) transfection [188]. 

5.2. Enzyme inhibition and induction as a tool to investigate effects 
of metabolism on cytotoxicity 

Inhibition and induction studies are conventional approaches to mechanistically investigate 

the effect of modifications in enzyme activity on drug toxicity in vitro. For example, if the 

toxicity of drugs in CYP transfected HepG2 cells, as described in the previous section, is 

attenuated by CYP selective inhibitors, this can further confirm the role of CYP dependent 

metabolites in toxicity [180,182,183]. Additionally, specific inhibitors provide mechanistic 

insight when applied in hepatocytes which have a compete panel of metabolic enzymes. For 

example, inclusion of CYP, UGT or NQO1 inhibition or GSH depletion in rat hepatocytes 

reveals information about the relative contribution of each pathway to the cytotoxicity of 

hepatotoxic drugs (Figure 20) [189]. An additional tool is the induction of drug metabolizing 

enzymes. For example, treatment of hepatocytes with the Nrf2 inducer tert-

butylhydroquinone (tBHQ) strongly upregulates NQO1 and other Nrf2 regulated defensive 

proteins, which allows to study the effects of these protective enzymes [136].  
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Figure 20 (adapted from [189]) Example of a mechanistic application of enzyme specific inhibitors which 
are used to study the metabolism dependent cytotoxicity of the (I)DILI drug amodiaquine in rat 
hepatocytes. Application of the general CYP inhibitor 1-aminobenzotriazole reduces cytotoxicity. On the 
other hand, inhibition of NQO1 (dicumarol), UGT (borneol) and GSH depletion result in aggravation of 
the cytotoxicity. This information reveals toxicity related to CYP metabolism, which is counteracted by 
NQO1, UGT and GSH. 

5.3. Protection against cytotoxicity in cell models with increased 
GST or NQO1 expression  

Only a few studies focused on the protective effect of GSTs against CRMs derived from 

hepatotoxic drugs in cellular context. In a recent study the sensitivity of HepG2, 

differentiated and undifferentiated HepaRG (a hepatic cell line) and primary human 

hepatocytes towards the IDILI drug diclofenac were assessed [190]. In this study the cells 

were sensitized by addition of the pro-inflammatory cytokine tumor necrosis factor-α (TNF-

α), which is known to synergistically aggravate diclofenac toxicity in HepG2 cells [191]. It 

appeared that HepG2 cells and undifferentiated HepaRG, both possessing low CYP activity, 

were more susceptible towards diclofenac compared to differentiated HepaRG and primary 

human hepatocytes which have relatively high bioactivating capacity. It was postulated that 

the higher GST activity in these cells is counteracting the toxic effects of the increased CRM 

formation more efficiently. This hypothesis is supported by GST inhibition studies in 

differentiated HepaRG which lead to increased apoptotic signals upon diclofenac treatment 

(Figure 21) [190].  



  

  
47 

 

Figure 21 (adapted from [190])The effect of GST inhibition on apoptotic responses in differentiated 
HepaRG cells upon diclofenac treatment. The pro-inflammatory cytokine TNF-α shows a synergistic 
aggravation of diclofenac cytotoxicity. Diclofenac cytotoxicity in both TNF-α treated and untreated cells 
is aggravated when the cells are treated with the GST inhibitor ethacrynic acid.  

Cytoprotective effects of GSTs against CRMs derived from (I)DILI related drugs was also 

explored in the metabolic incompetent baker’s yeast cell model (S. cerevisiae). Introduction 

of a drug metabolizing bacterial CYP mutant in absence and presence of three individual 

GST isoforms revealed information regarding the cytotoxicity of the reactive nitrenium ion 

derived from clozapine and the protective effects of GSTs [192]. The introduction of the 

bioactivating enzyme resulted in increased cytotoxicity which was counteracted by 

simultaneous expression of GSTP1 (but not GSTA1 and M1). In line with this result, an earlier 

study identified GSTP1 to be the most active isoform catalyzing the GSH conjugation of the 

clozapine nitrenium ion [121]. Cytoprotective effects of NQO1 against quinone toxicity were 

demonstrated in Chinese hamster ovarian (CHO) cells overexpressing NQO1 [193]. The study 

covered several quinones, however, none derived from (IDILI) drugs.  

 

 

 

 

 



 
48 

AIM AND OUTLINE OF THESIS 

The work described in this thesis was performed as part of the IMI project Mechanism-

Based Integrated Systems for the Prediction of Drug-Induced Liver Injury (MIP-DILI; 

Grant 115336), a consortium of 26 academic and industrial partners 

(https://www.imi.europa.eu/content/mip-dili) which started early 2012. MIP-DILI aimed for 

the development of better predictive pre-clinical models for (idiosyncratic) drug-induced 

liver injury ((I)DILI) in humans. (I)DILI is recognized as a major health issue and 

challenging problem during drug discovery and development and for marketed drugs. These 

adverse events are poorly understood and currently undetectable in (pre)clinical drug 

development and may therefore result in late stage failures, drug withdrawal, black box 

warnings and patient morbidity and mortality. In the MIP-DILI project, ten training 

compounds, four matched negative controls and around 100 test compounds were selected 

to evaluate and validate existing and newly developed test systems (Figure 22) [30].  

 

Figure 22 (adapted from [30]) schematic representation of the MIP-DILI workflow. The tiered approach, 
starts with validation of existing models using hepatotoxins with defined toxicity mechanisms. 
Mechanistic characterization of existing and novel in vitro and in vivo models has the ultimate aim to 
develop a novel panel of DILI predictive systems.  

For many DILI drugs formation of chemically reactive drug metabolites (CRMs) is linked to 

the initiation of hepatotoxicity. Detailed insight in metabolic pathways is essential to 

understand the role of bioactivation and detoxification in (I)DILI onset, and to predict inter-

individual variations in exposure to CRMs, based on the levels and activities of enzymes 

involved. In this thesis, we aimed to contribute specifically to the molecular mechanistic 
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knowledge regarding the metabolic pathways responsible for the bioactivation to and 

detoxification of CRMs resulting from biotransformation of (I)DILI associated drugs. 

Furthermore, we aimed to provide additional and novel insights in inter-individual 

variability of the major phase I and phase II drug metabolizing enzymes in order to better 

understand the diversity of patient populations. Together, this information will contribute to 

an improved understanding regarding the (expected) variability in the balance of 

bioactivation and detoxification, which can likely be linked to variability in susceptibility to 

(I)DILI risk.  

In this chapter, chapter 1, the context of the presented research and a general introduction 

on (I)DILI and the potential role of inter-individual variability in bioactivation and 

detoxification of CRMs is presented. In chapter 2, we describe a novel, generic approach for 

absolute quantification of GSH conjugates. This approach is based on hydrolysis of the 

peptide bonds, and is used to generate and quantify small amounts of GSH conjugates. 

These authentic standards can subsequently be used to quantify GSH conjugate levels in 

biological samples originating from in vitro or in vivo studies. The method is validated by 

comparison with NMR and UV quantification and is applied on GSH conjugates originating 

from the hepatotoxic drugs paracetamol, clozapine and diclofenac. In chapter 3, we identify 

and characterize the CYP isoforms involved in a newly defined two-step formation of 

reactive quinone imines from diclofenac. In chapter 4 , the protective capacity of a complete 

panel of human GST isoforms is tested for the capability to inactivate the diclofenac-derived 

reactive quinone imines. Moreover, the inter-individual variability in GST catalyzed 

inactivation of these quinone imines is simulated. Lastly, the protective capacity of the most 

active GSTs is demonstrated in vitro by prevention of alkylation of a model thiol. In chapter 

5, the CYP isoforms involved in the biotransformation and bioactivation of the NSAID 

mefenamic acid are identified and respective enzyme kinetic parameters are determined. 

Moreover, structural information on GSH conjugates is obtained and GST activity in 

inactivation of mefenamic acid-derived quinone imines is investigated. In chapter 6, the 

detoxifying capacity of the phase I enzymes NQO1 and NQO2 is investigated for CRMs 

derived from the hepatotoxic drugs paracetamol, mefenamic acid, diclofenac, clozapine, 

amodiaquine and carbamazepine. In addition, concentrations of NQO1 and NQO2 are 

determined in human liver cytosol from 20 human liver donors and extrapolated to hepatic 

concentrations. In chapter 7, the variability of the major drug metabolizing enzymes is 

investigated in liver homogenates of 20 human liver donors. Although variability of the 

major enzymes is established, data on simultaneous characterization of all major enzymes 
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and the inter-correlation of activity is not available yet. The obtained activities can be 

applied as a database for simulation of inter-individual variability in metabolism of drugs 

with defined metabolic pathways. In Chapter 8, the variation in the balance of bioactivation 

and detoxification is investigated for diclofenac and clozapine with liver homogenates and 

isolated GSTs from 20 human liver donors. In addition, the extrapolation of recombinant 

GST activity assays to isolated enzymes from human liver is explored. Chapter 9 provides an 

overall summary and conclusions of the work presented in this thesis as well as perspectives 

for future research and applications.  
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Abstract 

Modification of cellular macromolecules by reactive drug metabolites is considered to play 

an important role in the initiation of tissue injury by many drugs. Detection and 

identification of reactive intermediates is often performed by analyzing the conjugates 

formed after trapping by glutathione (GSH). Although sensitivity of modern mass 

spectrometrical methods is extremely high, absolute quantification of GSH-conjugates is 

critically dependent on the availability of authentic references. Although 1H-NMR is 

currently the method of choice for quantification of metabolites formed biosynthetically, its 

intrinsically low sensitivity can be a limiting factor in quantification of GSH-conjugates 

which generally are formed at low levels. In the present study, a simple but sensitive and 

generic method for absolute quantification of GSH-conjugates is presented. The method is 

based on quantitative alkaline hydrolysis of GSH-conjugates and subsequent quantification 

of glutamic acid and glycine by HPLC after precolumn derivatization with o-

phthaldialdehyde/N-acetylcysteine (OPA/NAC). Because of the lower stability of the glycine 

OPA/NAC-derivate, quantification of the glutamic acid OPA/NAC-derivate appeared most 

suitable for quantification of GSH-conjugates. The novel method was used to quantify the 

concentrations of GSH-conjugates of diclofenac, clozapine and acetaminophen and 

quantification was consistent with 1H-NMR, but with a more than 100-fold lower detection 

limit for absolute quantification.  
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1. Introduction 

Although extensive preclinical animal studies are performed to test the safety of novel drug 

candidates, the occurrence of severe adverse drug reactions during the clinical development 

stage and postmarketing remains a problem for pharmaceutical industry. For many drugs 

causing drug-induced liver injury (DILI) in humans, the formation of highly reactive 

metabolites that can react with cellular macromolecules, such as proteins and DNA, is 

believed to play a role in the onset of liver injury [1–4]. The liver is a frequent target organ 

because of its relatively high exposure to orally administered drugs and its high metabolic 

capacity. Except for acetaminophen (N-acetyl-p-aminophenol; APAP), which shows 

predictable and dose-dependent DILI, most clinically used drugs causing DILI affect only a 

very small subgroup of the patients, explaining why these reactions usually escape detection 

during clinical development. The exact mechanisms underlying these so-called idiosyncratic 

reactions still remain to be established. Due to the safety concerns related to bioactivation, 

minimizing the formation of reactive metabolites has become an integral part of the drug 

optimization strategies [1,2,4]. Therefore, to analyze and quantify reactive metabolites many 

analytical strategies have been developed.  

One of the most widely used methods to detect reactive metabolites is incubation of drugs 

with human liver microsomes (HLM) in presence of glutathione (GSH; γ-

glutamylcysteinylglycine) as a trapping agent. GSH is a physiologically relevant nucleophile, 

present at millimolar concentrations in cells, which allows detection of reactive metabolites 

in both cellular models and in vivo by measuring excretion of GSH-conjugates in bile [5,6]. 

Many different LC-MS methods have been developed for the detection and characterization 

of GSH-conjugates [7]. With the advance in sensitivity and resolution of modern mass 

spectrometers extremely low levels of GSH-conjugates can be detected in biological samples, 

aided by the characteristic fragmentation pattern that GSH-conjugates have in common. 

However, absolute quantification and structural characterization of detected GSH-

conjugates by LC-MS methodologies is often hampered by the inavailability of reference 

compounds. Although absolute quantification of GSH-conjugates can be achieved by using 

radiolabeled GSH ([3H]-GSH) or [35S]-GSH ) in microsomal incubations and radiometric 

detection of GSH-conjugates, extensive sample clean-up and relatively low sensitivity are 

limitations of this methodology [7,8]. Several semi-quantitative methods using non-

radiolabeled GSH-analogues, such as dansylated GSH [9] and quaternary-ammonium-

derivatised GSH [10] have been developed. However, methods using radiolabeled GSH or 

GSH-analogues cannot be applied to demonstrate and quantify reactive intermediates in 
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cellular models and in vivo. In addition, these methods cannot be used to quantify enzymatic 

GSH conjugation by glutathione S-transferases (GSTs) since the GSH-analogues cannot 

substitute GSH in enzymatic GSH conjugation. Because in recent years formation of several 

GSH-conjugates of drugs, such as clozapine (CLZ), diclofenac (DCF), duloxetine and 

nevirapine even appeared to be fully dependent on GSTs [11–15], quantitative methods for the 

detection of electrophiles to unmodified GSH are required. 

In absence of authentic synthetical standards, several alternative approaches for the absolute 

quantification of drug metabolites have been proposed such as 1H-NMR and UV-detection 

[16–18]. 1H-NMR is considered the method of choice, since it allows both structure 

determination, check of purity and quantitative measurement by using calibration curves of 

structurally related chemicals, such as the parent drug itself [16–18]. A drawback of 1H-NMR, 

however, is its intrinsic low sensitivity compared to other detection methods. Because GSH-

conjugates of drugs formed in incubations with HLM usually represent only minor 

metabolites, quantification of GSH-conjugates by 1H-NMR could only be achieved recently 

by generating sufficient amounts using highly active drug metabolizing mutants of CYP102A1 

[19–21]. To enable quantification of GSH-conjugates in incubations with HLM more sensitive 

analytical methods are required. As an alternative approach, GSH-conjugates have also been 

quantified by HPLC with UV-detection (HPLC-UV), using calibration curves of the parent 

drug and by assuming that the extinction coefficients of GSH-conjugates and parent drug is 

unchanged [11,12,22]. Although being more than 100-fold more sensitive than quantitative 1H-

NMR, quantification by UV-detection is only valid in case the chromophore responsible for 

UV-absorbance is unaltered by the metabolism [17,18]. However, even if the absorption 

spectrum of a metabolite is similar to that of the parent drug, the molar absorptivity can be 

changed by up to 30% [18].  

The aim of the present study was to develop a sensitive and generic methodology for the 

absolute quantification of GSH-conjugates, which can be performed with low-cost lab 

facilities. Because all GSH-conjugates have the glutathionyl-moiety in common, of which 

only the cysteinyl-group is chemically modified by the intercepted electrophile, quantitative 

hydrolysis of the peptide bonds of GSH-conjugates will yield equimolar amounts of glutamic 

acid and glycine, next to the modified cysteine-residue. Because many sensitive methods are 

available for the accurate quantification of amino acids, as reviewed in [23], this approach 

would enable quantification of low concentrations of GSH-conjugates provided that 

hydrolysis to glutamic acid and glycine is quantitative and that these amino acids are not  
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Figure 1 Structures of acetaminophen (APAP), clozapine (CLZ), diclofenac (DCF) and corresponding 
GSH-conjugates used in this study. 
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further degraded under the conditions used. Hydrolysis of GSH-conjugates can be done non-

enzymatically by acidic or alkaline hydrolysis [23] or using γ-glutamyltranspeptidase and 

dipeptidases [24,25]. In the present study alkaline hydrolysis was applied followed by 

subsequently derivatization by o-phthaldialdehyde/N-acetylcysteine (OPA/NAC), a well-

established and highly sensitive method for fluorimetric quantification of amino acids 

[23,26]. Calibration curves were constructed using stock solutions of authentic glutamic acid 

and glycine. The methodology of alkaline hydrolysis and OPA/NAC-derivatization was first 

validated using gravimetrically prepared solutions of commercially available S-propyl-

glutathione (S-propyl-GSH), S-hexyl-glutathione (S-hexyl-GSH) and S-nonyl-glutathione (S-

nonyl GSH). Subsequently, the method was applied to the regioisomeric GSH conjugates of 

DCF, CLZ and the GSH-conjugate of APAP (APAP-SG), for structures see Figure 1. The novel 

methodology was compared with quantification by 1H-NMR and with the HPLC-UV-

methods described previously [11,12,22,27]. 

2. Materials and Methods 

2.1. Chemicals 

L-Glutamic acid, glycine, L-phenylalanine, o-phtaldialdehyde (OPA), N-acetyl-L-cysteine 

(NAC), GSH, S-propyl-GSH, S-hexyl-GSH, S-nonyl-GSH, DCF and APAP were from Sigma-

Aldrich (Zwijndrecht, The Netherlands). CLZ was obtained from Duchefa (Haarlem, The 

Netherlands). Acetaminophen-glutathione conjugate (APAP-SG) was from Toronto Research 

Chemicals (North York, Canada). Trimethylsilyl propionic acid-d4 sodium salt (TMSP) was 

obtained from Merck (Amsterdam, The Netherlands). All other chemicals and reagents were 

of analytical grade and obtained from standard suppliers. 

Regioisomeric GSH-conjugates of CLZ (CG1, CG3, CG4 and CG6) and DCF (M1, M2, M3 and 

M5), were prepared biosynthetically using CYP102A1 mutants and recombinant glutathione 

S-transferase P1-1 and isolated by preparative HPLC as described previously [20,22] with 

minor modifications, as detailed in the Supplemental Materials. 

2.2. Alkaline hydrolysis of GSH-conjugates and OPA/NAC-
derivatization 

Peptide bonds of proteins and peptides can be hydrolyzed completely by heating in strongly 

acidic or alkaline conditions for 20 to 24 hours [23]. In the present study alkaline hydrolysis 

at 4 M sodium hydroxide was selected because pilot experiments showed that quantitative 

hydrolysis of GSH-conjugates could be achieved within 30 minutes, whereas acidic 
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hydrolysis in 6 M hydrochloric acid took several hours to reach completion [data not 

shown]. Furthermore, acid hydrolysis of GSH-conjugates leads to formation of 

corresponding cysteine S-conjugates which also will appear as a peak after OPA/NAC-

derivatization. The fact that these peaks may interfere with those of glutamic acid and 

glycine would make the method less generic. In case of alkaline hydrolysis cysteine 

conjugates are degraded by beta-elimination [28,29], so that they cannot interfere with 

glutamic acid and glycine analysis. 

Parent GSH-conjugates and amino acids were analyzed by HPLC after OPA/NAC-

derivatization. OPA/NAC-derivatization was performed after complete or partial 

neutralization of the alkaline samples. The OPA/NAC-reagent used was prepared daily by 

mixing 1 mL stock solution of 100 mg OPA and 50 mg NAC in 5 mL methanol with 9 mL 150 

mM sodium borate buffer pH 9.5.  

To study the stability of the amino acids under the conditions of alkaline hydrolysis, 

standard curves were prepared of mixtures of glycine and glutamic acid in 4 M sodium 

hydroxide, ranging from 12.5 to 100 µM, and kept on ice or heated in a boiling water bath. To 

all mixtures 100 µM phenylalanine was added as internal standard because this amino acid 

appeared resistant to the used alkaline conditions and because the retention time of the 

OPA/NAC-labeled phenylalanine did not interfere with the peaks of derivatized glutamic 

acid, glycine and GSH-conjugates.  

One standard curve was prepared by mixing 100 µL of the amino acid mixtures in water with 

ice-cold 100 µL 8 M sodium hydroxide, and kept on ice for 30 minutes and subsequently 

partially neutralized by addition of 200 µL ice-cold 2 M hydrochloric acid. Next, 100 µL of 

each sample was mixed with 200 µL of OPA/NAC-reagent, derivatized for 15 minutes at 

room temperature and diluted 10-fold using HPLC-eluent A. The samples were transferred to 

HPLC-vials and analyzed by the HPLC-method described in Section 2.3. 

The second standard curve was prepared by mixing 100 µL of the amino acid mixtures in 

water with 100 µL ice-cold 8 M sodium hydroxide, and subsequently heated for 30 minutes in 

a boiling water bath. The samples were allowed to cool and were partially neutralized by 

addition of 200 µL 2 M hydrochloric acid. 100 µL of each sample was mixed with 200 µL of 

OPA/NAC-reagent, derivatized for 15 minutes at room temperature and diluted 10-fold using 

HPLC-eluent A, and analyzed by the HPLC-method described in Section 2.3. 

To study the stability of the OPA/NAC-derivatized amino acids, to a 100 µL mixture of 

glutamic acid, glycine and phenylalanine (each 100 µM) subsequently was added 100 µL 8 M 
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sodium hydroxide, 200 µL 2 M hydrochloric acid and 200 µL OPA/NAC-reagent. After 15 

minutes at room temperature, 3.6 mL of HPLC eluent A was added. This sample was 

subsequently analyzed over a period of 16 hours by injection of 50 µL sample every 50 

minutes. 

To study the time-course of alkaline degradation of GSH-conjugates, 1 mL of 200 µM S-

hexyl-GSH in water was mixed with 1 mL of 8 M sodium hydroxide on ice after which 100 µL 

1 mM phenylalanine was added as internal standard. After placing the mixture in a boiling 

water bath, at several time points a sample of 100 µL was taken and added to cups containing 

100 µL 2 M hydrogen chloride on ice. After sampling the last time point (120 min), 100 µL of 

each sample was mixed with 200 µL of OPA/NAC-reagent and derivatized for 15 minutes at 

room temperature. The samples were subsequently diluted 10 times with HPLC eluent A and 

analyzed by the HPLC-method described in Section 2.3.  

To confirm the quantitative hydrolysis of GSH-conjugates after 30 minutes of the alkaline 

hydrolysis, 5 mM stock solutions of S-propyl-GSH, S-hexyl-GSH and S-nonyl-GSH were 

prepared gravimetrically and subsequently diluted to 25, 50 and 75 µM concentrations. 

Samples of 100 µL were mixed with 100 µL 8 M sodium hydroxide, after which 10 µL 1 mM 

phenylalanine was added as internal standard. The samples were subsequently heated for 30 

minutes in a boiling water bath. After cooling the samples to room temperature, 200 µL 2 M 

hydrogen chloride was added. A 100 µL sample was taken and added to 200 µL OPA/NAC-

reagent. After 15 minutes at room temperature, the samples were diluted 10 times with HPLC 

eluent A and transferred to HPLC-vials. The amount of glycine and glutamic acid formed by 

hydrolysis was quantified using calibration curves of these amino acids ranging from 10 to 

100 µM. 

Finally, the method described above was applied to solutions of GSH-conjugates of CLZ and 

DCF which were quantified by 1H-NMR, and gravimetrically prepared APAP-SG, see Section 

2.4. 

2.3. HPLC-analysis of OPA/NAC-derivatized amino acids and GSH-
conjugates 

The OPA/NAC-derivatized amino acids and GSH-conjugates were analyzed by reversed 

phase liquid chromatography using a Shimadzu HPLC-system equipped with a SIL20AC 

autosampler (cooled at 4 oC), two LC-20AD pumps and RF-10Axl fluorescence detector. A 

Chrompack ChromSpher 5 C18 column (4.6 x 150 mm) protected by a Phenomenex 

SecurityGuard Cartridge system (C18; 4.0 x 3.0 mm) was used as the stationary phase for the 
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separation of the derivatized amino acids and GSH-conjugates. A binary gradient composed 

of solvent A (5% methanol in 50 mM potassium phosphate (KPi) buffer pH 6.5) and solvent 

B (60% methanol in 50 mM KPi buffer pH 6.5) was used. The gradient was programmed as 

follows: 0 to 15 min, linear increase from 17 to 25% solvent B; 15 to 25 min, linear increase 

from 25 to 85% solvent B; 25 to 30 min, isocratic at 85% solvent B; 30 to 31 min, linear 

decrease from 85% to 17% solvent B; 32−50 min, re-equilibration at 17% solvent B. The flow 

rate was set at 0.6 ml/min and fluorescence detection was performed with excitation at 344 

nm and emission at 433 nm. Samples were injected at a volume of 50 µL. 

2.4. Quantitative analysis of drugs and GSH-conjugates by 1H-NMR  

1H-NMR spectra of CLZ, DF, APAP and their corresponding GSH-conjugates were recorded 

on a Bruker Avans 250 MHz spectrometer operating at the basic frequency of 250,18 MHz. 

The spectrometer was controlled using TopSpin (Bruker BioSpin). Each sample contained 

0.7 mL of deuterium oxide as solvent containing 0.45 mM TMSP as internal standard, and 

was frequency locked using the deuterium signal of deuterium oxide. Shimming was 

performed on each sample prior to data acquisition. Data were collected using the ICON-

NMR software (Bruker BioSpin). 128 scans were collected, with an acquisition time of 4.5 s 

per scan. The data were Fourier transformed with a 1 Hz line broadening function and the 

chemical shifts were referenced to the internal standard TMSP. After phase correction, the 

signals of the aromatic hydrogen atoms of the drugs and corresponding GSH-conjugates 

were integrated manually using TopSpin and referenced to the integral of the methyl-groups 

of the internal standard TMSP (0.45 mM).  

The accuracy of the 1H-NMR quantification was first validated by recording spectra of 

gravimetrically prepared solutions of APAP, DCF and CLZ in deuterium oxide at 

concentrations ranging from 250 µM to 10 mM. All samples contained 0.45 mM TMSP as 

internal standard for quantification. The concentrations of the drugs were quantified by 1H-

NMR by integrating the signals of their aromatic protons and that of the methyl-groups of 

the internal standard TMSP.  

The concentrations of GSH-conjugates of APAP, DCF and CLZ were subsequently quantified 

in the same manner by integration the signals of their aromatic protons and the methyl-

groups of TMSP.  



 
70 

2.5. Quantification of GSH-conjugates by HPLC-UV detection 

In earlier studies, concentrations of DCF, CLZ and APAP conjugates were determined by 

HPLC with UV-detection, using standard curves of parent drugs assuming that extinction 

coefficients of GSH-conjugates are identical to that of the parent drugs [11,12,22,27]. To 

compare the quantification of GSH-conjugates by UV-detection with the quantification by 

the alkaline hydrolysis method, the solutions of the GSH-conjugates of CLZ, DF and APAP 

were also quantified by HPLC-UV as described previously [11,12,22,27]. UV absorption spectra 

of parent drugs and GSH-conjugates were recorded on-line using an UV-VIS diode-array 

detector (Agilent 1200 Series Rapid resolution LC system). 

3. Results and Discussion 

3.1. Derivatization of glutamic acid, glycine and phenylalanine by 
OPA/NAC-reagent 

First the OPA/NAC-derivatization procedure was validated using solutions of glycine, 

glutamic acid and phenylalanine dissolved in 4 M sodium hydroxide. Phenylalanine was 

selected as internal standard to correct for evaporation effects during hydrolysis and was 

added prior to heating of the samples. Initially, the alkaline samples were neutralized by 

addition of an equal volume of 4 M hydrochloric acid prior to the derivatization with 

OPA/NAC. However under these conditions derivatization of glycine resulted in two peaks 

on HPLC in poorly reproducible ratio, consistent with previous studies [30]. In addition, 

repeated injection of these samples showed a low stability of OPA/NAC-derivatized glycine 

because its peaks decreased by more than 90% after 10 hours, Figure 2A. When 50% 

neutralization was applied, by addition of an equal volume of 2 M hydrochloric acid prior to 

OPA/NAC-derivatization, one major peak of derivatized glycine was eluting at 12.5 minutes 

after OPA/NAC-derivatization. A minor peak was eluting at 22.5 minutes, but the peak area 

was less than 5% of the major peak (see Figure 4 for a representative chromatogram). 

Repeated injection of these samples also showed a much slower decrease in peak area of 

derivatized glycine, Figure 2A. Both glutamic acid and the internal standard phenylalanine 

showed a single peak after complete or 50% neutralization prior to OPA/NAC-derivatization. 

When a mixture of 50 µM glycine, glutamic acid and phenylalanine was derivatized after 

50% neutralization, and injected repeatedly over a period of 16 hours, no significant decrease 

of the peaks of glutamic acid and phenylalanine was observed (Figure 2B). Derivatized 

glycine gave a 35% lower peak area, and decreased by about 20% over 16 hours.  



  

 
71 

 

Figure 2 Stability of OPA/NAC derivatized amino acids. A. Effect of full or partial neutralization on 
stability of OPA/NAC-derivatized glycine; B. Stability of OPA/NAC-derivatized glutamic acid, glycine and 
phenylalanine after partial neutralization. After derivatization of amino acids samples were analyzed with 
intervals of 50 min by HPLC with fluorescence detection. 

To investigate the stability of glutamic acid and glycine under the alkaline hydrolysis 

conditions, standard curves of mixtures of glutamic acid and glycine, containing 100 µM 

phenylalanine as internal standard, were prepared in 4 M sodium hydroxide and either were 

kept on ice or heated for 30 minutes in a boiling waterbath before partial neutralization and 

OPA/NAC-derivatization. As shown in Figure 3A, the standard curves of glutamic acid 

showed high linearity, whereas no significant difference was found between the standard 

curve kept on ice and heated in a boiling water bath. For glycine, however, duplicate 

measurements showed 15-20% variability, Figure 3B, which may result from the lower 

stability of the OPA/NAC-derivate, as described above. Because of the higher stability of 

derivatized glutamic acid and higher accuracy of quantification, analysis of glutamic acid 

appears the preferred way for the accurate quantification of GSH-conjugates after alkaline 
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hydrolysis. Simultaneous detection of glycine can be considered as confirmation of analysis 

of a GSH-conjugate. 

 

Figure 3 The effect of heat treatment of amino acids in alkaline conditions on the calibration curves of 
glutamic acid (A) and glycine (B) using phenylalanine as internal standard (IS). After partial 
neutralization, samples were derivatized by OPA/NAC and analyzed by HPLC with fluorescence detection. 
As control, calibration curves were constructed of alkaline samples which were kept on ice until partial 
neutralization and derivatization. Each data point represents the mean of duplicates (+/− range). The line 
in panel A represents the linear regression of the calibration curve of glutamic acid ranging from 0 to 
100 μM (r2 = 0.99, y = 0.011x − 0.005). 

3.2. Alkaline hydrolysis of GSH-conjugates  

Figure 4 shows the HPLC-chromatograms of 100 µM S-hexyl-GSH before and after alkaline 

hydrolysis by heating for 30 minutes in 4 M sodium hydroxide. After the heat treatment the 

peak of S-hexyl-GSH was completely disappeared and two major peaks appeared at 4.25 and 

12.5 minutes, corresponding to OPA/NAC-derivatized glutamic acid and glycine, 

respectively. When studying the time course of alkaline hydrolysis, already after 5 minutes of 

heating no intact S-hexyl-GSH was observed anymore, Supplemental Figure S1A. Alkaline 

hydrolysis of S-hexyl GSH appeared to be complete after 30 minutes of heating since no 

further increase of glutamic acid was observed Supplemental Figure S1B. The amount of 



  

 
73 

glutamic acid detected was still unchanged after 120 minutes of heat treatment in 4 M 

sodium hydroxide, indicative for its stability under the condition of alkaline hydrolysis. 

Alkaline hydrolysis of all other GSH-conjugates tested also showed quantitative hydrolysis 

after 30 minutes heating in a boiling water bath. After this period, intermediates as cysteine-

glutamic acid- and cysteine-glycine S-conjugates were not detected. As expected no cysteine 

S-conjugates were found, due by the facile beta-elimination of cysteine conjugates in strong 

alkaline conditions [28,29]. 

 

Figure 4 Representative chromatograms of 100 μM S-hexyl GSH hydrolysis before (solid line) and after 
(dashed line) basic hydrolysis. Samples were derivatized by OPA/NAC and analyzed by HPLC with 
fluorescence detection. 

3.3. Validation of the alkaline hydrolysis method using 
gravimetrically prepared GSH-conjugates  

To validate the novel method for quantification of GSH-conjugates, first standard curves of 

commercially available S-propyl-, S-hexyl- and S-nonyl GSH were prepared from 

gravimetrically prepared stock solutions. First the method was applied to three different 

concentrations (25, 50 and 75 µM) of GSH-conjugate. Calibration curves of glutamic acid 

(ranging from 1.5 to 100 µM) were used to quantify the amount of glutamic acid formed by 

alkaline hydrolysis of the S-alkyl GSH-conjugates. In Table 1 the concentrations of glutamic 
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Table 1 Quantification of glutamic acid formed after alkaline hydrolysis of gravimetrically prepared 
solutions of S-alkyl-glutathione conjugates. 

Conjugate Concentration 

µM 

Glutamic acid 

µM 

Theoretical 

% 

S-propyl GSH 25 22.5 ± 0.3 90 ± 1.2 

 50 45.2 ± 0.6 90 ± 1.0 

 75 69.0  ± 1.0 92 ± 1.5 

S-hexyl GSH 25 26.4 ± 2.7 106 ± 10 

 50 49.0 ± 3.0 98 ± 6.1 

 75 74.7 ± 0.8 100 ± 10 

S-nonyl GSH 25 21.9 ± 1.6 88 ± 7.3 

 50 42.7 ± 3.3 85 ± 6.9 

 75 72.2 ± 4.9 96 ± 6.8 

acid quantified after alkaline hydrolysis of the different concentrations of the S-alkyl GSH-

conjugates is shown. Concentrations of glutamic acid formed corresponded well with the 

gravimetrically defined concentrations of GSH-conjugates used. The assay precision is 

reflected as the standard deviation (SD) between triplicates which was below 10%, which is 

within the precision required for bioanalytical analysis of drug metabolites [31]. Method 
 

 

Figure 5 Calibration curves of glutamic acid and S-hexyl-GSH after alkaline hydrolysis treatment and 
OPA/NAC-derivatization. S-hexyl-GSH was quantified as glutamic acid formed after alkaline hydrolysis. 
The lines represents the linear regression of the calibration curves of glutamic acid (upper line) and 
hydrolyzed S-hexyl-GSH (lower line) ranging from 0 to 25 μM. The insert represent the calibration curve 
from 0 to 3 μM, showing a lower limit of quantification of 1 μM due to low signal to noise ratio. IS, internal 
standard phenylalanine. 

precision and accuracy were not significantly influenced by the nature of the S-alkyl group 

and concentration of the GSH-conjugate. To determine the lower limit of quantification, 

standard curves of glutamic acid and S-hexyl-GSH were prepared ranging from 0.1 to 25 µM 
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and both were analyzed by the alkaline hydrolysis assay. As shown in Figure 5, the standard 

curve of glutamic acid quantified after hydrolysis of S-hexyl-GSH closely matched that of the 

standard curve of glutamic acid when quantified directly. Trend lines obtained by linear 

regression were: hydrolyzed S-hexyl-GSH: y=0,0094*x + 0,0035, r2=0,999); glutamic acid: y = 

0,0105*x + 0,0147, r2=0,990). A lower limit of quantification was estimated to be 

approximately 1 µM of glutamic acid and S-hexyl-GSH. Below this concentration, the signal-

to-noise ratio of the glutamic acid peak did not allow accurate quantification. 

3.4. Comparison of quantification by alkaline hydrolysis method 
with 1H-NMR quantification 

For the GSH-conjugates of CLZ, DCF and APAP, quantification by the alkaline hydrolysis 

method was compared with quantification by 1H-NMR. Previously, Espina and co-workers 

showed that metabolite solutions of at least 100 μM can be quantified by 1H-NMR with 10 % 

accuracy [16]. As shown in Supplemental Figure S2, calibration curves of the parent drugs 

CLZ, DCF and APAP obtained by using the integrals of their aromatic signals relative to the 

integral of the methyl-groups of the internal standard TMSP showed linear responses, 

consistent with the high dynamic range of 1H-NMR-quantification. Although previous 

quantitative 1H-NMR-studies used 600 MHz NMR-equipment with dedicated acquisition 

parameters [16,18,19], the 250 MHz NMR-equipment used in the present study appeared 

suitable for quantification of concentrations of APAP, CLZ and DCF in the range of 250 µM 

to 10 mM. As shown in Table 2, the 1H-NMR-quantification of the APAP-SG solution 

correctly corresponds with gravimetrically prepared 8 mM concentration. Using the same 

procedure, the concentrations of the regioisomeric GSH-conjugates of CLZ and DCF were 

quantified and ranged from 120 to 1120 µM, Table 3. The concentration of CLZ conjugate CG-

4 was too low to obtain sufficient signal-to-noise ratio for accurate integration. 

Based on the concentrations determined by 1H-NMR, the stock solutions of the GSH-

conjugates were first diluted to 50 µM prior to alkaline hydrolysis, to be within the linear 

range of the standard curve of glutamic acid. Table 2 shows that for seven of the eight GSH-

conjugates analyzed, the difference in concentration as determined by 1H-NMR and as 

determined by glutamic acid quantification varied between 3 and 25%. The accuracy of 

glutamic acid quantification was reflected by the small SD (less than 11%) between triplicate 

measurements. The relatively poor correspondence between the two methods for DCF 

conjugate M5, may be explained by the low signal to noise ratio of the aromatic signals in 

the 1H-NMR spectrum.  
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Table 2 Comparison of determined concentrations of drug derived GSH-conjugates by 1H NMR with 
quantification based on glutamic acid concentration formed after alkaline hydrolysis of GSH-conjugates 

Parent drug GSH- Conjugate Quantification 

by 1H-NMRa 

µM 

Concentration glutamic acid b 

 

µM                             % NMR 

Acetaminophen APAP-SG 7980 ± 400 8205 ± 395 103 ± 10 

Clozapine CG-1  1220 ± 60 965 ± 110 79 ± 12 

 CG-3 780 ± 40 620 ± 15 78 ± 4 

 CG-4 N.D. 24 ± 2 - 

 CG-6 135 ± 10 128 ± 1  96 ± 5 

Diclofenac M1 235 ± 15 250 ± 10 110 ± 10 

 M2 275 ± 15 206 ± 2  75 ± 5 

 M3 455 ± 25 425 ± 20 95 ± 10 

 M5 130 ± 10 60 ± 2 46 ± 4 

Values represent means of triplicate measurements ± standard deviations. 

a) 1H NMR quantification is based on the integration of signals of aromatic protons, normalized to the 
number of aromatic protons, and by referencing to the proton-normalized integral of internal standard 
0.45 mM TMSP. 1H NMR spectra were collected by acquiring 128 scans, except for M5 and CG-6 for which 
1024 scans were required for good signal to noise ratios of aromatic protons. For CG-4 no good signal to 
noise ratio could be obtained, even after collecting 4096 scans. 
b) Prior to the alkaline hydrolysis treatment, GSH-conjugates were first diluted to 50 μM, based on the 
concentration determined by 1H NMR. CG-4 was quantified without dilution. 

 

Table 3 UV Response of GSH conjugates of drugs relative to that of the parent compounds, based on peak 
areas obtained by HPLC-UV quantification. 

Parent drug GSH- Conjugate Relative UV-response of GSH-conjugate 

% of parent druga 

254 nm                       280 nm                      245 nm 

Acetaminophen APAP-SG 149 - 141 

Clozapine CG-1  81 - - 

 CG-3 83 - - 

 CG-4 70 - - 

 CG-6 62 - - 

Diclofenac M1 115 64 - 

 M2 272 135 - 

 M3 183 103 - 

 M5 289 78 - 

a) Relative UV-response were calculated from the ratio of the slopes of the calibration curve of the GSH-
conjugates and the corresponding drug. Concentrations of the stocks of GSH-conjugates were determined 
by glutamic acid quantification after alkaline hydrolysis. The wavelengths were used in previous described 
HPLC-UV methods for quantification of GSH-conjugates of acetaminophen, clozapine and diclofenac  
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3.5. Comparison of absolute quantification of GSH-conjugates by 
alkaline hydrolysis method and quantification by HPLC-UV 

In contrast to mass spectrometry, for which significant ionization differences are reported 

between parent and phase I metabolites [32], quantification of metabolites by UV-detection, 

using a calibration curve of the parent drug, is an accepted method for metabolite 

quantification, as long as the λmax of the chromophore of the molecule is unchanged by the 

metabolism [17,18]. Metabolites with the same λmax as the parent drug could be quantified 

using calibration curves of the parent with deviations of maximal 30 % [18]. In contrast, in 

case of the metabolites were λmax is different from that of the parent drug, differences in 

relative responses on UV-detection can be more than 400% [18]. In case of GSH-conjugates 

of reactive metabolites of thiophene compounds major changes in UV-absorption were 

found [33]. In our previous studies, the GSH-conjugates of DF, CLZ and APAP were 

quantified by HPLC-UV using standard curves of the parent drugs, assuming that the 

extinction coefficient of parent and metabolite are equal [11,12,22,27]. As shown in Figure 6, 

significant differences are present in the absorption spectra of GSH-conjugates and parent 

drug, when measured by on-line diode-array-detection. These differences can be explained 

by the addition of a GSH-moiety to aromatic ring, substitution of a chlorine-atom by GSH 

and aromatic hydroxylation.  

To test whether the previously used quantification of GSH-conjugates by HPLC-UV require 

significant correction, calibration curves of GSH-conjugates and corresponding parent drugs 

were constructed by analyzing them by the HPLC-UV methods used previously for 

quantification. As shown in Supplemental Figure S3, linear curves were obtained by plotting 

the peak areas of drugs and their GSH-conjugates against their concentrations. By 

comparing their slopes, the response of the GSH-conjugates relative to the parent drug was 

calculated at different wavelengths, see Table 3. In case of APAP and APAP-SG, the slope of 

the calibration curve of APAP-SG was 49% higher when analyzed at 254 nm and 41% higher 

when analyzed at 245 nm. 

Previously, we demonstrated that incubations of CLZ with HLM in presence of GSH resulted 

in significant amounts of GSH-conjugates when quantified by HPLC-UV using a standard 

curve of CLZ at 254 nm. It was estimated that the total amount of GSH-conjugates of CLZ 

almost equaled the amounts of clozapine N-oxide and desmethylclozapine, the major 

metabolites of CLZ [34]. The present study shows that the response of the four GSH-

conjugates of CLZ at 254 nm was 19 to 38% lower than that of CLZ, Supplemental Figure S3 
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Figure 6 UV-spectra of parent drugs and corresponding GSH conjugates measured on-line by diode-
array-detection. A: UV-spectra of CLZ, CG-6 and CG-3. GSH-conjugates CG-1 and CG-4 showed the same 
UV spectrum as CG-3 [data not shown]. B: UV-spectra of DCF, M2 and M5. GSH-conjugates M1 and M3 
showed the same UV spectra as DCF and M2, respectively [data not shown]. C: UV spectra of APAP and 
APAP-SG. 

and Table 3. This implicates that the amounts of GSH-conjugates of CLZ quantified 

previously were actually underestimated rather than overestimated. The high degree of 

GSH-conjugation of CLZ in in vitro incubations is not reflected by a high excretion of 

mercapturic acids or other thioethers in urine [35]. This might implicate that reductive 

inactivation of the nitrenium ion of CLZ by quinone reductases or other reductive enzymes 
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is more efficient in hepatocytes than GSH-conjugation. Interestingly two association studies 

suggest that NQO2-polymorphisms, leading to reduced expression of NQO2, increase the 

risk for CLZ-induced agranulocytosis [36,37]. Whether this quinone reductase is active in 

inactivation of the nitrenium ion remains to be established experimentally, however.  

Calibration curves of GSH-conjugates of DCF and the parent DCF also showed different 

slopes when measured at 254 nm or 280 nm. The different responses at these wavelengths 

can be attributed to the different UV-spectra of these analytes, see Figure 6B, in which the 

spectra of DCF and GSH-conjugates M2 and M5 are presented. When measured at 254 nm, 

the peak areas of these GSH-conjugates were more than two-fold than that of DCF when 

injected at the same concentration. Because both DCF and GSH-conjugate M2 show an 

absorption maximum around 280 nm, their peak areas were higher than that of GSH-

conjugate M5. As shown in Table 3, different correction factors are required when 

quantifying these GSH-conjugates at different wavelengths. 

4. Conclusion 

In this paper, we present a simple and generic method applicable for the absolute 

quantification of low amounts of isolated GSH-conjugates. The method relies on the 

quantitative analysis of glutamic acid formed after alkaline hydrolysis of the glutathionyl-

moiety of GSH-conjugate. Method precision and accuracy were confirmed with three 

gravimetrically quantified commercial GSH-conjugates and by 1H-NMR quantification. 

Although quantification of glycine appeared less accurate due to lower stability of its 

OPA/NAC derivate, the simultaneous appearance of both glutamic acid and glycine can be 

used to confirm the presence of a GSH-conjugate. The main advantage of the novel 

methodology over 1H-NMR- quantification is its more than 100-fold higher sensitivity (low 

µM range) and the lower costs of required equipment. Using this method significant 

differences in UV-responses between GSH-conjugate and parent drugs were found, 

implicating that previous quantifications of GSH-conjugates by HPLC-UV require up to 2-

fold correction in case standard curves of parent drug were used. 
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Supplemental material 

 
Figure S1 Time course of alkaline hydrolysis of S-hexyl-GSH. 50 µM S-hexyl-GSH and 50 µM 
phenylalanine were dissolved in 4 M sodium hydroxide and heated in a boiling water bath. At different 
time point samples were taken, partially neutralized by an equal volume 2 M hydrochloric acid and 
derivatized by OPA/NAC, as described in the manuscript. Disappearance of S-hexyl-GSH (A) and 
formation of glutamic acid (B) was measured by HPLC with fluorescence detection. 
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Figure S2 Validation of 1H-NMR quantification of acetaminophen (A), clozapine (B) and diclofenac (C). A 
constant concentration of 0.45 mM TMSP was added as internal standard. 1H-NMR spectra were recorded 
using a 250 MHz Bruker Avance spectrometer. For each sample 128 scans were collected. Quantification 
was performed by measuring the normalized integral of the aromatic protons and the methyl-groups of 
TMSP.  
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Figure S3 Concentration dependence of peak areas of drugs and corresponding GSH-conjugates obtained 
by HPLC with UV-detection at wavelengths previously used for quantification of GSH-conjugates using 
calibration curves of the parent drug. 
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Biosynthesis and isolation of GSH-conjugates of clozapine 

His-tagged CYP102A1-mutants M11H V87F was expressed in E.coli and purified by histidine-

agarose affinity chromatography. Recombinant human glutathione S-transferase P1-1 

(GSTP1-1) was expressed in E.coli and purified by GSH-sepharose affinity chromatography as 

described previously [1]. 

Four GSH-conjugates of clozapine, C-6 glutathionyl clozapine (CG1), C-9 glutathionyl 

clozapine (CG3), C-7 glutathionyl clozapine (CG4) and C-8 glutathionyl deschloroclozapine 

(CG6), were prepared biosynthetically using the method described by Rea et al. [1]. In short, 

a 10 mL incubation containing 1µM CYP102A1-mutant M11H V87F, 5 mM GSH, 1 mM 

clozapine and NADPH-regenerating system (NRS; 1mM NADPH, 20 mM glucose-6-

phosphate and 2 U/mL glucose-6-phosphate dehydrogenase) in 100mM potassium 

phosphate buffer (pH 7.4) were incubated at 24°C for 6 hours. Every two hours the 

incubation was supplemented with fresh CYP102A1-mutant, GSH and NRS. To prepare CG6 a 

separate incubation was performed containing 100 µM GSH and 8 µM GST P1-1 to facilitate 

selective formation of this conjugate. Protein was removed by addition of 1% perchloric acid 

(v/v final concentration) and centrifugation for 15 min at 14000 rpm. The supernatant was 

applied on a Phenomenex Strata X C-18 solid phase extraction column (200 mg/ 3 mL) and 

washed with 5 mL H2O. CLZ and metabolites were eluted using 2 mL methanol. The sample 

was evaporated to dryness under a stream of nitrogen and re-dissolved in 2mL solvent A (see 

below). The GSH conjugates were isolated by semi-preparative HPLC using a Phenomenex 

Luna 5 µm C18(2) column (250 x 100mm i.d.) as stationary phase and UV-detection at 254 

nm. The following gradient composed of solvent A (1% acetonitrile; 0.2% formic acid; 98.8% 

water) and solvent B (1% water; 0.2% formic acid; 98.8% acetonitrile) was used: 0−10 min, 

isocratic at 10% solvent B; 10−65 min, linear increase from 10% to 45% solvent B; 65−70 min, 

linear increase from 45% to 99% solvent B; 70−71 min linear decrease from 99% to 10% 

solvent B; and 71−90 min, re-equilibration at 10% solvent. The fractions containing GSH-

conjugates were collected, freeze-dried, and dissolved in 1 mL deuterium oxide containing 

0.45 mM trimethylsilyl propionic acid-d4 (TMSP) as internal standard. Quantification of 

each isolated GSH-conjugate was performed by 1H-NMR.  

Biosynthesis and isolation of GSH-conjugates of diclofenac 

GSH-conjugates of diclofenac were prepared by oxidative bioactivation of 4’-

hydroxydiclofenac and 5-hydroxydiclofenac to their corresponding benzoquinoneimines in 

presence of GSH and GSTP1-1 [2]. 4’-Hydroxydiclofenac and 5-hydroxydiclofenac were from 
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Toronto Research Chemical, North York Canada). Horseradish peroxidase (HRP) and GSH 

were from Sigma-Aldrich (Zwijndrecht, The Netherlands). His-tagged CYP102A1-mutant 

M11H L437N was expressed in E.coli and purified by histidine-agarose affinity 

chromatography. Recombinant human glutathione S-transferase P1-1 (GSTP1-1) was 

expressed in E.coli and purified by GSH-sepharose affinity chromatography as described 

previously [1]. 

To prepare 5-hydroxy-4-(glutathion-S-yl)diclofenac (M1) and 5-hydroxy-6-(glutathion-S-

yl)diclofenac (M3), 5 mM 5-hydroxy-diclofenac was incubated in presence of 2 U/mL 

horseradish peroxidase (HRP), 5mM GSH, 8 µM GST P1-1 and 100 µM hydrogen peroxide.  

After incubating for 16 hours at 25°C in 100 mM potassium phosphate buffer (KPi, pH 7.4), 

reactions were terminated by the addition of an equal volume ice-cold methanol containing 

2% (v/v) 50 mM aqueous ascorbic acid and centrifuged for 15 min at 14000 rpm. M1 and M3 

were isolated from the supernatant by semi-preparative HPLC using a Phenomenex Luna 

5 μm C18 column (150 mm × 4.6 mm) and a gradient constructed from solvents A and B, see 

above. The gradient was programmed as follows: 0−1 min, isocratic at 1% solvent B; 1−23 min, 

linear increase from 1% to 99% solvent B; 23−23.5 min, linear decrease from 99% to 1% 

solvent B; and 23.5−30 min, re-equilibration at 1% solvent B. The flow rate was 0.5 mL/min. 

The fractions containing M1 and M3 were freeze-dried, and re-dissolved in 1 mL deuterium 

oxide containing 0.45 mM TMSP as internal standard, and quantified by 1H-NMR.  

Oxidation of 4’-hydroxydiclofenac with HRP mainly yielded over-oxidation products. 

Therefore, 4'-hydroxy-3'-(glutathion-S-yl)diclofenac (M2) and 4′-hydroxy-2′-glutathione-S-

yl-diclofenac (M5) were produced in large scale incubations of the bacterial CYP102A1 

mutant M11H L437N, which was previously shown to effectively oxidize 4’-hydroxydiclofenac 

[2]. 2 mM 4’-hydroxydiclofenac was incubated with 1 µM CYP102A1 M11H L437N, 5mM GSH, 

8 µM GSTP1-1 and NRS in 100 mM KPi buffer (pH 7.4). Incubations were performed for 6 

hours at 24°C. Every two hours the incubation was supplemented with fresh enzymes, GSH 

and NRS. Protein was removed by the addition of an equal volume ice-cold methanol 

containing 2% (v/v) 50 mM aqueous ascorbic acid and centrifuged for 15 min at 14000 rpm. 

M2 and M5 were isolated from the supernatant by preparative HPLC using a Waters XBridge 

prep 5 µm C18 (50 x 10 mm) column. The following gradient was used at a flowrate of 2 

mL/min: 0−4 min, isocratic at 20% solvent B; 4−5 min, linear increase from 20% to 25% 

solvent B; 5−10 min, isocratic at 25% solvent B; 10−13 min linear increase from 25% to 99% 

solvent B; and 13−15 min isocratic at 99% solvent B, 15-15.5 min, linear decrease from 99% to 

20% B, 15.5-21 min, re-equilibration at 20% solvent B. Fractions containing M2 and M5 were 
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freeze-dried and re-dissolved in 1 mL deuterium oxide, containing 0.45 mM TMSP as internal 

standard, and quantified by 1H-NMR.  
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Abstract 

Idiosyncratic drug-induced lever injury (IDILI) is a rare but severe side effect of diclofenac 

(DF). Several mechanisms have been proposed as cause of DF-induced toxicity including the 

formation of protein-reactive diclofenac-1’,4’-quinone imine (DF-1’,4’-QI) and diclofenac-2,5-

quinone imine (DF-2,5-QI). Formation of these p-benzoquinone imines result from two-step 

oxidative metabolism involving aromatic hydroxylation to 4’-hydroxydiclofenac and 5-

hydroxydiclofenac followed by dehydrogenation to DF-1’,4’-QI and DF-2,5-QI, respectively. 

Although the contribution of individual cytochrome P450s (CYPs) in aromatic hydroxylation 

of DF is well studied, the enzymes involved in the dehydrogenation reactions have been 

poorly characterized. The results of the present study show that both formation of 4’-

hydroxydiclofenac and its subsequent bioactivation to DF-1’,4’-QI is selectively catalyzed by 

CYP2C9. However, the two-step bioactivation to DF-2,5-QI appears to be catalyzed with 

highest activity by two different CYPs: 5-hydroxylation of DF is predominantly catalyzed by 

CYP3A4, whereas its subsequent bioactivation to DF-2,5-QI is catalyzed with 14-fold higher 

intrinsic clearance by CYP2C9. The fact that both CYPs involved in two-step bioactivation of 

DF show large interindividual variability may play a role in different susceptibility of patients 

to DF-induced IDILI. Furthermore, expression levels of these enzymes and protective 

enzymes might be important factors determining sensitivity of in vitro models for 

hepatotoxicity. 
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1. Introduction 

Diclofenac (DF) is one of the most prescribed non-steroidal anti-inflammatory drugs for the 

treatment of inflammation, pain and several inflammatory disorders [1]. However, use of DF 

is associated with different adverse reactions, such as (severe) gastrointestinal- and renal 

toxicity, and cardiovascular concerns [2]. Moreover, treatment with DF leads to elevated 

serum aminotransferase levels in 15% of the patients and to severe idiosyncratic drug-

induced liver injury (IDILI) in 6.3 out of 100.000 patients [3–7]. IDILI is considered to be a 

multifactorial, often immune-mediated, process which can be initiated by bioactivation and 

subsequent hapten formation [4,8–10].  

DF is bioactivated to multiple reactive intermediates by UDP-glucuronosyltransferase (UGT) 

and cytochrome P450s (CYPs) [11–17]. Formation of diclofenac acyl glucuronide appears 

quantitatively the major route of bioactivation in human [11,14]. Protein adducts of the acyl 

glucuronide have been reported in serum of patients [18]. DF-induced IDILI has been 

associated with the UGT2B7*2 mutant [19], which has a 10-fold decreased activity towards 

the structurally related anti-inflammatory drug fluriprofen when compared to wild-type 

UGT2B7 [20]. In addition, associations were found with haplotypes of ABCC2 and CYP2C8 

which are involved in biliary excretion and oxidative metabolism of DF acyl glucuronide, 

respectively. These polymorphisms may result in higher exposure to the protein-reactive acyl 

glucuronide [19]. 

Several observations suggest that oxidative bioactivation of DF by CYPs also plays a role in 

DF-induced toxicities. For example, acute DF-induced toxicity in rat hepatocytes was 

inversely related to covalent binding of the acyl glucuronide, and appeared to depend on 

CYP-catalyzed bioactivation [21]. This finding is supported in recent in vitro studies using 

CYP or UGT transfected cells [22,23]. Moreover, using a P450 reductase knockout mouse 

model and by CYP-inhibition by grapefruit juice, it was demonstrated CYPs also play an 

important role in DF-induced intestinal toxicity in vivo [24].  

Oxidative bioactivation of DF by CYPs results in multiple reactive intermediates of which the 

p-benzoquinone imines diclofenac-1’,4’-quinone imine (DF-1’,4’-QI) and diclofenac-2,5-

quinone imine (DF-2,5-QI) have been identified by characterization by their corresponding 

GSH-conjugates [15–17,20,25–27]. DF-1’,4’-QI is inactivated by GSH forming 3'-glutathion-S-

yl-4-hydroxy-diclofenac (M2) and 2'-glutathion-S-yl-4′-hydroxy-deschlorodiclofenac (M5) 

[15–17] (Figure 1). DF-2,5-QI is conjugated to GSH forming 4-glutathion-S-yl-5-hydroxy-

diclofenac (M1) and 6-glutathion-S-yl-5-hydroxy-diclofenac (M3). DF-1’,4’-QI and DF-2,5-QI 
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are both formed by secondary oxidation of the stable metabolites 4’-hydroxydiclofenac (4’-

OH-DF) and 5-hydroxydiclofenac (5-OH-DF), respectively. Although 5-OH-DF is formed at 

much lower amounts than 4’-OH-DF, its reactive metabolite DF-2,5-QI appears to produce a 

higher degree of covalent protein binding [12,16,28], and triggers a stronger immune 

response [29]. 

Characterization of the individual CYPs involved in bioactivation of drugs is important 

because it might give information on the role of genetic polymorphisms and/or drug-drug 

interactions as risk factor for adverse drug reactions. In case of DF, formation of 4’-OH-DF is 

mainly formed by CYP2C9 whereas the formation of 5-OH-DF is catalyzed by several CYP 

isoforms, of which CYP3A4 is the most active [12,13,25,30] (Figure 1). The CYPs involved in 

the subsequent activation of 4’-OH-DF and 5-OH-DF to their respective QIs are poorly 

characterized, and no enzyme kinetical parameters have been reported yet. Analysis of GSH-

conjugates of DF in inhibition studies and correlation analysis with human liver microsomes 

(HLM) and in recombinant CYP studies point to a major role of CYP2C9 in the formation of 

DF-1’,4’-QI, and the involvement of CYP3A4 in formation of DF-2,5-QI. However the 

majority of these studies were performed with DF as substrate, rather than with 4’-OH-DF 

and 5-OH-DF, and therefore might primarily reflect the CYP activity in the initial aromatic 

hydroxylation [12,15,16]. 

 

Figure 1 Cytochrome P450 mediated two-step bioactivation of diclofenac to reactive p-benzoquinone 
imines, and subsequent inactivation by GSH-conjugation. 
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In the present study, the involvement of CYP isoforms in the bioactivation of 4’-OH-DF and 

5-OH-DF is investigated using 14 different recombinant CYPs and inhibition studies using 

human liver microsomes (HLM). Since the reactive nature of the QIs does not allow accurate 

quantification, formation of GSH conjugates was used for quantification. Moreover, the 

enzyme kinetic parameters of the most active enzymes were determined and compared to 

those of the initial hydroxylation reactions. Since different CYPs appeared to be involved in 

the sequential oxidation of DF, it was investigated whether co-incubations of active CYPs 

showed different rates of bioactivation compared to incubations with CYPs individually. 

2. Materials and Methods 

2.1. Enzymes and chemicals 

GentestTM Supersomes containing CYP1A1, 1A2, 1B1, 2A6, 2B6, 2C8, 2C9, 2C18, 2C19, 2D6, 

2E1, 2J2, 3A4 and 3A5 were obtained from Corning BV Life Sciences (Amsterdam, The 

Netherlands). Pooled HLM (50 donors lot No. 0710619) were obtained from Xenotech 

(Lenexa, USA) and contained 20 mg/mL protein. DF sodium salt, ketoconazole and 

sulfaphenazole were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands). The 

CYP2C19 inhibitor (+)-N-3-benzylnirvanol was purchased at Santa Cruz Biotechnology 

(Heidelberg, Germany). 4’-OH-DF and 5-OH-DF were purchased at Toronto Research 

Chemicals (North York, Canada). Standards of GSH conjugates of DF were prepared 

biosynthetically from 4’-OH-DF and 5-OH-DF as described in the Supplemental 

Information. All other chemicals and reagents were of analytical grade and obtained from 

standard suppliers. 

2.2. GSH-dependency of trapping of DF-1’,4’-QI and DF-2,5-QI 

HLM incubations (2 mg/ mL) containing 4’-OH-DF and 5-OH-DF (50μM in 0.5% DMSO 

final) and a NADPH regenerating system (100 μM NADPH, 10 mM glucose 6-phosphate, 0.5 

U/mL glucose-6-phosphate-dehydrogenase) were performed in 100 mM KPi buffer (pH 7.4) 

supplemented with 5 mM MgCl2 and 2 mM EDTA. Incubations were conducted in the 

presence of GSH concentrations ranging from 62.5 μM to 5 mM, to explore the 

concentration required for complete chemical trapping of the QIs. Samples were incubated 

for 60 minutes at 37 oC. Reactions were terminated by addition of an equal volume ice-cold 

methanol containing 1 mM aqueous ascorbic acid. The precipitated protein was removed by 

centrifugation (14.000 rpm for 15 minutes) and the supernatant was analyzed on LC-MS as 

described in section 2.7. 



 
94 

2.3. Incubations of 4’-OH-DF and 5-OH-DF with individual CYP 
Supersomes 

To identify which CYP isoforms are active in the secondary oxidation of DF, 4’-OH-DF and 

5-OH-DF were incubated with the Supersomes containing 14 human CYPs. Incubations were 

composed of 100 mM KPi buffer (pH 7.4) supplemented with 5 mM MgCl2 and 2 mM EDTA, 

100 nM CYP, 5 mM GSH, 50 μM 4’-OH-DF or 5-OH-DF and a NADPH-regenerating system. 

Incubations were performed at 37 ºC for 60 min. Sample cleanup and analysis were 

performed as described in section 2.2 and 2.7 respectively. 

2.4. Inhibition of bioactivation of 4’-OH-DF and 5-OH-DF in HLM 
incubations using selective CYP inhibitors 

The involvement of specific CYP isoforms was also investigated in incubations with pooled 

HLM in absence and presence of selective CYP inhibitors. Incubations were composed of 100 

mM KPi buffer (pH 7.4) supplemented with 5 mM MgCl2 and 2 mM EDTA, 1 mg/ mL HLM, 5 

mM GSH, 50 μM OH-DF or 100 μM DF (0.5% DMSO final), and NADPH-regenerating 

system. 10 μM sulfaphenazole, 250 nM ketoconazole, or 10 μM (+)-N-3-benzylnirvanol were 

used for inhibition of CYP2C9, CYP3A4 and CYP2C19 respectively. All inhibitors were 

dissolved in methanol, and the final concentration of methanol was 1%. Samples were 

incubated at 37ºC for 60 min. Sample cleanup and LC-MS analysis were performed as 

described in 2.2 and 2.7, respectively. 

2.5. Enzyme kinetic parameters of CYP catalyzed two step 
bioactivation DF 

To determine kinetic parameters incubations were performed with 4’-OH-DF and 5-OH-DF 

concentrations ranging from 1.25 to 150 μM (0.5% DMSO final), 5 mM GSH and NADPH 

regenerating system. Incubation time (15 min) and enzyme concentration (50 nM for 

CYP2C9 and 100 nM for CYP2C19 and CYP3A4) were determined to be in the linear range for 

each substrate (data not shown). Sample cleanup and LC-MS analysis were performed as 

described in 2.2 and 2.7 respectively. At least fourteen substrate concentrations were used to 

determine maximal enzyme activity (Vmax), turnover number (kcat), Michaelis-Menten 

constant (Km) and intrinsic clearance (CLint) values. Vmax and Km were determined by non-

linear regression of the Michaelis-Menten plots using GraphPad Prism (version 5.00, 

GraphPad Software, San Diego, CA). CLint values were obtained by dividing the Vmax by Km. 

In case insufficient saturation was obtained, CLint was determined from the initial slope of 

the Michaelis-Menten plot. kcat was obtained by dividing Vmax by the CYP-concentration. 



  

 
95 

2.6. Interaction of CYP3A4 and CYP2C9 in two-step QI formation 

To investigate if combinations of CYP3A4 and 2C9 were additive or synergistic in the two 

step QI formation, incubations were performed with 100 nM CYP with different ratios of 

CYP3A4 and CYP2C9. Incubations were composed of 100 mM KPi buffer (pH 7.4) 

supplemented with 5 mM MgCl2 and 2 mM EDTA, 100 nM CYP Supersomes, 200 μM DF 

(0.5% DMSO final), 5 mM GSH and NADPH-regenerating system. Incubations were 

performed for 60 minutes at 37ºC. In order to explore if the observed effects are related to 

catalytic activity of the enzymes, CYP selective inhibitors are applied to block the activity of 

CYP2C9 (50 μM SPZ) and CYP3A4 (2 μM KCZ) in incubations containing 50 nM CYP2C9, 

CYP3A4 or both enzymes. Sample cleanup and LC-MS analysis were performed as described 

in 2.2 and 2.7 respectively. 

2.7. Analytical methods 

DF, 4’-OH-DF and 5-OH-DF and GSH conjugates, 4-hydroxy-tolbutamide and 1-hydroxy-

midazolam were analyzed by LC-MS with parallel UV detection. Separation was performed 

using an Agilent 1200 Series Rapid resolution LC system equipped with a Waters C18 

Symmetry Shield 3.5µm column (100 x 4.6 mm), in combination with a Phenomenex security 

guard column (C18, 4.0 mm x 3.0 mm). A binary gradient was used for separation of the 

compounds. The gradient was composed of solvent A (1% acetonitrile, 98.2% water, 0.2% 

formic acid) and solvent B (1% water, 98.2% acetonitrile, 0.2% formic acid). The time 

program was as follows: the first minute isocratic at 1% B, from 1 till 23 minutes the 

concentration of B was linearly increased to 99%, followed by a linear decrease back to 1% in 

30 seconds. The system was re-equilibrated at 1% B from 23.5 to 30 minutes. The flow rate 

was 0.5 mL/min and UV detection was measured at 280 nm. MS analysis was performed 

using a time-of-flight (TOF) Agilent 6230 mass spectrometer, equipped with an electrospray 

ionization (ESI) source operating in positive mode. A capillary voltage of 3500 V was used, 

and nitrogen was used both as drying gas (10 L/min) and nebulizing gas (pressure 50 psig) at 

a constant gas temperature of 350 °C. 1000 MS spectra/s were acquired and analysis was 

performed using Agilent MassHunter Qualitative analysis software (version 2.0). For 

quantification of the individual GSH conjugates, the peak areas in extracted ion 

chromatograms of individual conjugates were integrated (m/z 617.1 for M1, M2 and M3, m/z 

583.1 for M5). Standard curves were constructed for each GSH-conjugate using the authentic 

standards. To quantify formation of DF-1’,4’-QI and DF-2,5-QI in incubations the sum of the 
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amounts of the two corresponding GSH-conjugates was calculated, assuming quantitative 

trapping of p-benzoquinoneimines by GSH-conjugation. 

3. Results 

3.1. Assessment of trapping efficiency of DF-1’,4’-QI and DF-2,5-QI 
by GSH 

Because of the known reactivity and instability of p-benzoquinone imines, the rates of 

formation of DF-1’,4’-QI and DF-2,5-QI were determined by quantification of their 

corresponding GSH-conjugates. First, it was investigated at what concentration of GSH 

maximal trapping of QIs could be achieved. As shown in Figure 2A, maximal trapping of DF-

1’,4’-QI in incubations of HLM with 4’-OH-DF was obtained at a GSH concentrations of 2 

mM. For DF-2,5-QI the GSH-dependency did not show full saturation since still a slight 

increase of M1 and M3 was observed from 2 to 5 mM GSH (Figure 2B). The fact that half-

maximal trapping of DF-1’,4’-QI occurs at 3-fold lower concentration of GSH when compared 

to that of DF-2,5-QI might be indicative for a higher GSH-reactivity of the former. In order 

to achieve maximal chemical trapping of QIs in the subsequent experiments, a GSH 

concentration of 5 mM was used. 

 

Figure 2 GSH concentration dependency of GSH-conjugate formation in HLM incubations (2 mg/ mL) 
with 50 μM 4′-OH-DF (panel A) or 5-OH-DF (panel B). The y-axis represents the sum of the GSH 
conjugates formed relative to the sum formed at 5 mM GSH. Each data point represents a mean of 
duplicates ± SD. 

3.2 Bioactivation of 4’-OH-DF and 5-OH-DF by recombinant human 
CYPs 

To identify which human CYPs are able to bioactivate 4’-OH-DF and 5-OH-DF, fourteen 

recombinant human CYPs were incubated with these DF metabolites at 50 μM substrate 
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concentration and in the presence of 5 mM GSH. As shown in Figure 3A, based on the 

quantification of M2 and M5, bioactivation of 4’-OH-DF is catalyzed with highest activity by 

CYP2C9. Only minor amounts of GSH-conjugates were found with the other CYPs, except 

for CYP2C19 and CYP2E1 where the GSH-conjugates were below the level of quantification. 

As shown in Figure 3B, in incubations with 5-OH-DF, the highest amounts of GSH-

conjugates M1 and M3 were observed with CYP2C9 and CYP2C19, whereas CYP2A6 showed 

about 50% of bioactivation relative to CYP2C9. Next to M1 and M3, in incubations of 

CYP2C9 with 5-OH- DF also a dihydroxy-diclofenac metabolite was identified (data not 

shown), which might correspond to 4’,5-dihydroxydiclofenac (4’,5-diOH-DF) as was 

previously reported by Bort et al. [13]. Interestingly, in these incubations also two GSH 

conjugates with m/z 633 were detected which might result from bioactivation of 4’,5-diOH-

DF to reactive p-benzoquinone imine (Supplemental Figure S1). These GSH conjugates were 

not reported previously, however the in vivo relevance of these minor conjugates is 

questionable since the formation of 4’,5-diOH-DF is only a minor oxidative pathway [13]. 

 

Figure 3 Relative activity of CYP isoforms (100 nM) for the bioactivation of 4′-OH-DF and 5-OH-DF 
(50 μM) in presence of 5 mM GSH. The relative formation of M2 and M5 in 4′-OH-DF incubations is 
shown in panel A. Formation of M1 and M3 in 5-OH-DF incubations is shown in panel B. In both graphs 
the activity of CYP2C9 is set at 100%. Each bar represents a mean of duplicates ± SD. 

After having identified the most active CYPs in bioactivation of 4’-OH-DF and 5-OH-DF, 

their enzyme kinetical parameters Km, kcat and CLint values were determined based on the 

total of GSH conjugates formed at different substrate concentrations (Figure 4). Using the 

same conditions also the concentration dependency of formation of 4’-OH-DF and 5-OH-DF 

in incubations of DF with CYP2C9 and CYP3A4 were determined, Figure 4A and 4B, in order 

to allow comparison of enzyme kinetical parameters of both steps of the bioactivation of DF 

to the two p-benzoquinone imine metabolites. Consistent with previous studies, DF is 

converted to 4’-OH-DF by recombinant CYP2C9 with relatively low Km value of 11.4 ± 2.2 
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µM, kcat of 9.2 ± 1.0 min-1 and CLint of 805 ± 202 µL/min/nmol CYP2C9. Bioactivation of 4’-

OH-DF to DF-1’,4’-QI by CYP2C9 showed a comparable kcat of 10.6 ± 0.6 min-1, but because 

of the higher Km value an approximately 3-fold lower CLint value of 358 ± 53 µL/min/nmol 

CYP2C9. As shown in Figure 4D, CYP3A4 appears to be a low affinity enzyme in the 

bioactivation of 4’-OH-DF with no significant saturation of enzyme activity up to 150 µM. 

Using the slope at the low concentrations of 4’-OH-DF a CLint of 0.76 ± 0.01 µL/min/nmol 

CYP3A4 was estimated, being 470-fold lower than that of recombinant CYP2C9. 

 

Figure 4 Enzyme kinetic analysis of CYP-catalyzed hydroxylation of DF (panel A and B) and bioactivation 
of 4′-OH-DF (panel C and D) and 5-OH-DF (panel E and F). The rates of bioactivation of 4′-OH-DF and 5-
OH-DF was determined by quantification of the sum of the GSH-conjugates formed from DF-1′,4′-QI 
(M2 and M5) and DF-2,5-QI (M1 and M3), respectively. 
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As shown in Figure 4B, formation of 5-OH-DF by recombinant CYP3A4 also did not show 

significant saturation up to 150 µM, indicative for a high Km-value. Based on the initial slope 

a CLint of 7.6 ± 0.4 µL/min/nmol CYP3A4 was determined. CYP2C9 also showed high 

affinity for 5-OH-DF as substrate, with Km-value of 8.3 ± 0.8 µM (Figure 4E). However, the 

corresponding kcat-value was about 10-fold lower compared to the CYP2C9-mediated 

oxidation of DF and 5’-OH-DF (Table 1). Concentration-dependence of bioactivation of 5-

OH-DF by CYP2C19 did not show enough saturation to allowing assessment of Km and kcat 

values (Figure 4F). Based on the initial slope of the Michalis-Menten plot, an CLint of 19.6 

µL/min/nmol CYP2C19 was calculated, about 5-fold lower than that of CYP2C9. 

Table 1 Enzyme kinetic parameters of oxidation of DF, 4’-OH-DF and 5-OH-DF by recombinant human 
CYPs. 

Substrate Product Enzyme Km  

µM          

kcat                                       

min-1 

CLint   

µL/min/nmol CYP              

DF 4’-OH-DF CYP2C9 11.4 ± 2.2 9.2 ± 1.0 805 ± 202 

DF 5-OH-DF CYP3A4 ND ND 7.6 ± 0.3* 

4’-OH-DF DF-1’,4’-QI CYP2C9 29.6 ± 4.3 10.6 ± 0.6 358 ± 63 

  CYP3A4 ND ND 0.76 ± 0.01* 

5-OH-DF DF-2,5-QI CYP2C9 8.3 ± 0.8 0.9 ± 0.02 103 ± 12 

  CYP2C19 ND ND 19.6 ± 0.5* 

ND, not determined; *, no saturation, CLint based on linear regression of initial slope of Michaelis-Menten 
plot. 

3.3. Inhibition of bioactivation of 4’-OH-DF and 5-OH-DF in HLM 
incubations using selective CYP inhibitors 

In incubations of pooled HLM with 4’-OH-DF the strongest inhibition of the formation of 

M2 and M5 was observed with sulfaphenazole (75%) confirming the major role of CYP2C9 

(Figure 5A). Although recombinant CYP3A4 showed low activity in the bioactivation of 4’-

OH-DF its inhibitor ketoconazole showed 30% inhibition in incubation with HLM, with 

might be explained by the relatively high expression level of this CYP in liver. The lack of 

effect of CYP2C19 inhibitor BNV in HLM is in line lack of activity of recombinant CYP2C19 

(Figure 3). 

As shown in Figure 5B, in incubations of pooled HLM with 5-OH-DF only significant 

inhibition of the formation of M1 and M3 was observed with sulfaphenazole, indicating that 

CYP2C9 is also the most important enzyme for 5-OH-DF. Although recombinant CYP2C19 

showed almost similar activity in bioactivation of 5-OH-DF as CYP2C9, its inhibitor (+)-N-3-
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benzylnirvanol did not show inhibition in incubation with HLM, which might be due a lower 

expression level in the pooled HLM used. 

Previously it was shown that Supersomes containing CYP2C9 and CYP3A4 were the most 

active in forming 4’-OH-DF and 5-OH-DF, respectively, when incubated with DF [25]. When 

our batch of pooled HLM was incubated with DF, 4’-OH-DF formation was inhibited for 

80% and 20% by sulfaphenazole and ketoconazole, respectively. 5-OH-DF formation is 

inhibited for 70% by ketoconazole. Moreover, in incubations with 50 μM 5-OH-DF the 

formation of 4’,5- di-OH-DF is exclusively inhibited by sulfaphenazole (92%), confirming the 

role of CYP2C9 in formation of this metabolite (Supplemental Figure S2) [13]. The levels of 

the 4’,5-diOH-DF derived GSH conjugates were below the limit of detection in HLM 

incubations. 

 

Figure 5 The effect of specific CYP inhibitors on the formation of GSH conjugates in HLM incubations 
with 50 μM 4′-OH-DF (panel A) or 5-OH-DF (panel B). The sum of the two conjugates is shown for each 
pathway relative to the incubation without inhibitor. The applied inhibitors are specific for CYP3A4 (KCZ), 
CYP2C9 (SULF) and CYP2C19 (BZN). Each bar represents a mean of duplicates ± SD. 

3.4. Interaction of CYP3A4 and CYP2C9 in two-step bioactivation of 
DF 

As shown above, the two-step bioactivation of DF to DF-2,5-QI involves two different CYP 

isoforms in each step. Because both expression levels and ratios of CYP2C9 and CYP3A4 can 

vary strongly in human liver [31], it was investigated how different ratios of these enzymes 

affect the metabolism of DF to its hydroxy-metabolites and corresponding p-
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benzoquinonimines. In these incubations DF was incubated with recombinant CYP2C9 and 

CYP3A4 at different ratios but at a constant total CYP concentration of 100 nM. Incubations 

were also performed in presence of CYP2C9 and CYP3A4 individually at the same 

concentrations as used in the mixtures of CYP2C9 and CYP3A4. 

As shown in Figure 6A and 6B, when DF is incubated with the CYPs individually, formation 

of 5-OH-DF and its corresponding GSH-conjugates M1 and M3 increased with increasing 

concentration CYP3A4, whereas no formation of these metabolites was found in incubations 

with CYP2C9 only. The curve of the different mixtures of CYP3A4 and CYP2C9 did not differ 

from that of CYP3A4 only. 

 

Figure 6 Hydroxylation and subsequent bioactivation of DF in incubations containing 200 μM DF and 
mixtures of CYP2C9 and CYP3A4 in different ratios (circles), or only the respective concentration of 
CYP2C9 (squares) or CYP3A4 (triangles). Panel A and B show the formation of 5-OH-DF and the sum of 
GSH-conjugates M1 and M3, respectively. Panel C and D show the formation of 4′-OH-DF and the sum of 
GSH-conjugates M2 and M5, respectively. Incubations containing 100 nM CYP2C9 (for panel A and C) or 
CYP3A4 (for panel B and D) are set at 100%. Each data point represents a mean of duplicates ± SD. 

As shown in Figure 6C, formation of 4’-OH-DF increased linearly with concentration of 

CYP2C9 in absence of CYP3A4, whereas CYP3A4 alone did not produce any 4’-OH-DF. In 

incubation of DF with CYP2C9 only, the CYP2C9-dependence of formation of GSH-
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conjugates M2 and M5 showed an upward concave curve, which can be explained by the fact 

that both steps increases with CYP2C9-concentration (Figure 6D). Interestingly, in 

incubation with mixtures of CYP2C9 and CYP3A4 produced an approximately 2-fold higher 

4’-OH-DF compared to incubations with CYP2C9 only. Remarkably, addition of CYP3A4 to 

CYP2C9 led to an even stronger increase in formation of GSH-conjugates M1 and M3 (Figure 

6D).  

To investigate whether presence of CYP3A4 affects activity of CYP2C9, the effect of addition 

of 50 nM of CYP3A4 to 50 nM of CYP2C9 on activity of tolbutamide 4-hydroxylation was 

tested. Similar to the effect of CYP3A4 on formation of 4’-OH-DF formation, also a twofold 

increase in tolbutamide 4-hydroxylation was found. Vice versa, CYP2C9 did not appear to 

affect activity of CYP3A4 since midazolam 1-hydroxylation by 50 nM CYP3A4 was not 

affected by addition of 50 nM CYP2C9 (Supplemental Figure S3). 

4. Discussion 

It has been proposed previously that oxidative bioactivation of DF to protein-reactive 

metabolites plays a role in the onset of IDILI as well as in its gastro-intestinal toxicity [11,24]. 

Two different two-step pathways of metabolism leading to p-benzoquinone imines have 

been identified which have been shown to bind covalently to proteins and GSH [12,15–17]. 

Although the CYPs involved in formation of 4’-OH-DF and 5-OH-DF are well studied, the 

CYPs active in subsequent dehydrogenation have been poorly characterized so far, limiting 

the ability to predict the consequences of variability in hepatic CYPs-activities. As shown by 

the recent meta-analysis of Achour et al. almost all hepatic CYPs display very big variability, 

from undetectable to levels 10-fold higher than the average content of hepatic CYPs [31]. The 

aim of the present study was to identify the CYPs involved in the two-step bioactivation of 

DF to the p-benzoquinone imine metabolites, to determine the enzyme kinetical parameters 

of the most active CYPs, and to study the effect of co-incubation of the most active CYPs 

involved in two-step bioactivation. 

Previous studies already have demonstrated that metabolism of DF to 4'-OH-DF is 

specifically catalyzed by CYP2C9 explaining why 4’-hydroxylation of DF is often used as 

marker enzyme for CYP2C9-expression levels in human tissues [30]. Using a panel of four 

recombinant CYPs, CYP2C8, CYP2C9, CYP2C19 and CYP3A4, Tang et al. [16] demonstrated 

that CYP2C9 was the only enzyme active in bioactivation of 4’OH-DF to DF-1’,4’-QI 

producing GSH-conjugate M2, however, without reporting enzyme kinetic parameters. The 
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present study, which included fourteen commercially available recombinant human CYPs, 

confirms CYP2C9 as the major enzyme active in bioactivation of 4’-OH-DF (Figure 3A).  

Several previous studies have demonstrated that CYP3A4 is the major enzyme catalyzing 

formation of 5-OH-DF [15,16,25]. A role of CYP3A4 in subsequent bioactivation to DF-2,5-QI 

was generally based on inhibition and correlation studies with incubation of HLM with DF, 

rather than 5-OH-DF. The only study reporting incubations of HLM with 5-OH-DF failed to 

show inhibition of bioactivation using an CYP3A4-antibody [15,16]. Based on this it was 

concluded that bioactivation of 5-OH-DF results from autoxidation to its corresponding p-

benzoquinone imine. The results of the present study, however, demonstrate that 

bioactivation of 5-OH-DF is catalyzed by multiple recombinant human CYPs, with highest 

activity with CYP2C9 and, to a lesser extent CYP2C19 (Figure 3B). Enzyme kinetical analysis 

of bioactivation of 5-OH-DF showed a low Km-value for CYP2C9 whereas CYP2C19 appeared 

a low affinity enzyme for which no Km-value couldn’t be determined because of insufficient 

enzyme saturation (Figure 4). Inhibition studies with HLM confirmed involvement of 

CYP2C9 as major enzyme. The lack of effect of CYP2C19-inhibition might be explained by its 

5-fold lower expression level in HLM when compared to that of CYP2C9 [31]. 

Results from previous studies suggest that, despite being a minor pathway, bioactivation of 

DF via 5-hydroxylation might be toxicologically more important than that via 4’-

hydroxylation, based on the fact that 5-OH-DF and DF-2,5-QI appeared to stimulate 

immune reactions, in contrast to DF, 4’-OH-DF and DF-AG [29]. The results of the present 

study show that both CYP3A4 and CYP2C9 appear to play an important role in the two-step 

bioactivation of DF to DF-2,5-QI (Table 1). Therefore, expression levels of both CYP3A4 and 

CYP2C9 might determine susceptibility to DF-induced IDILI, as well as the sensitivity of in 

vitro toxicity models toward DF-induced cytotoxicity. Interestingly, co-expression of 

CYP1A2, 2C9, 2C19, 2D6 and 3A4 strongly sensitized HepG2 for DF-induced cytotoxicity, 

whereas expression of single CYPs did not show increase of DF- induced cytotoxicity [23,32]. 

A previous association study failed to demonstrate an association between alleles encoding 

low-activity CYP2C9 variants and DF-induced hepatitis, which can be rationalized by the 

fact that high rather than low activity variants would increase exposure to QIs of DF [33]. 

Also a more recent genome-wide association study did not detect any associations with CYP 

genes [34]. However, the large variation in expression levels and activities of CYPs, including 

CYP2C9 and CYP3A4, is only partially determined by genetic factors, but also by enzyme 

induction and epigenetic factors [35]. Therefore, the lack of association with genotypes of 

these CYPs does not rule out an important role in IDILI. 
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As shown by Achour et al. very large variations in expression levels of the major CYPs 

involved in DF-bioactivation, CYP2C9 and CYP3A4, were found in human liver [31]. 

Although a weak correlation was found between the expression levels of CYP2C9 and 

CYP3A4, the ratio of expression of these CYPs also can vary strongly [31]. To study the CYP-

concentration dependency and the effect of different ratios of CYP3A4 and CYP2C9, 

bioactivation of DF was performed with these CYPs individually and as mixtures in different 

ratios. As shown in Figure 6A, formation of 5-OH-DF was proportional with CYP3A4-

concentration. Because the 5-hydroxylation by CYP3A4 is rate-limiting, the presence of 

CYP2C9 showed only a minor effect of formation of GSH-conjugates M1 and M3 (Figure 6B). 

As expected, formation of 4’-OH-DF was also proportional with concentration of CYP2C9, 

whereas formation of M2 and M5 showed a concave upward shape because for the second 

step both substrate-concentration (4’-OH-DF) and enzyme concentration is increased. 

Unexpectedly, supplementing CYP2C9-incubations with CYP3A4 significantly increased 

both 4-hydroxylation of DF and 4-hydroxylation of tolbutamide. In contrast, addition of 

CYP2C9 did not affect CYP3A4 activity. Previous studies have demonstrated that protein-

protein interactions between human CYPs can affect enzyme activities [36–38]. Most of these 

studies were performed using purified CYPs in reconstitution experiments, rather than by 

mixing microsomes from expression systems as done in the present study. Subramanian et 

al. demonstrated physical interaction between CYP2C9 and CYP3A4 by co-

immunoprecipitation techniques. This protein-protein interaction led to a strong reduction 

of CYP2C9-activity by CYP3A4, whereas CYP3A4-activity was not changed by CYP2C9-

CYP3A4 interaction [37]. The relevance for CYP2C9-CYP3A4 interaction was confirmed in 

human hepatocytes, where an increase of CYP2C9-dependent 4’-hydroxylation of DF was 

observed after knockdown of CYP3A4 by siRNA-treatment [39]. Therefore, whether the 

observed interaction between Supersomes containing CYP2C9 and CYP3A4 has physiological 

relevance is unclear. 

In conclusion, the present study shows that next to CYP3A4, CYP2C9 plays a role in 

bioactivation of DF to DF-2,5-QI, a reactive intermediate previously shown to be involved in 

covalent binding and immune response of DF. Because strong inter-individual variations in 

expression levels of CYP3A4 and CYP2C9 have been reported, ranging from undetectable 

protein levels to 601 and 277 pmol/mg protein, respectively [31], the expression levels of both 

enzymes will determine exposure to oxidative metabolites of DF. A high activity of 

bioactivation, in combination with low activity of protective enzymes, such as glutathione S- 

transferases [26] and NADPH quinone oxidoreductase 1 [40], may increase the risk for DF-
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induced IDILI. To study the significance of variability of these enzymes as risk factor for DF-

induced IDILI, association studies should consider the disbalance of bioactivating and 

protective enzymes, rather than genotypes of individual enzymes separately. Because the 

identified enzymes involved in DF bioactivation/inactivation are also strongly determined by 

non-genetic factors, phenotyping might be preferred over genotyping. However, the 

feasibility of these studies will be limited by the small number of cases of DF-induced IDILI 

which will not allow to study each combination of geno/phenotypes with sufficient 

statistical power.  
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Supplemental material 

Biosynthesis of GSH conjugates of diclofenac 

Please refer to chapter 2 for a detailed description of GSH conjugate synthesis.  

Supplementary figures 

 

Figure S1 UV traces of semi-preparative HPLC methods used for isolation of M1 and M3 (panel A) and M2 
and M5 (panel B) at 280 nm. Peak identities are indicated in the figures, * is a DF-2,5-QI derived conjugate 
containing two GSH moieties which is known to be produced by CYP102A1 mutants as a non-human 
relevant product [26].   
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Figure S2 Identification of two GSH conjugates derived from 4’,5-diOH-DF. Panel A and B show EICs of 
4’5-dihydroy-DF (m/z 328.01) and the derived GSH conjugates (m/z 633.08) respectively. Panel C displays 
the mass spectrum of the conjugates with a m/z of 633.08 and a double chlorine isotope pattern.  
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Figure S3 Inhibition of DF (100 μM) hydroxylation in HLM incubations by CYP specific inhibitors (upper 
panels) of known reactions. The applied inhibitors are specific for CYP3A4 (ketoconazole), CYP2C9 
(sulfaphenazole) and CYP2C19 ((+)-N-3-benzylnirvanol). For the formation of 4’,5-diOH-DF in incubation 
with 5OH-DF 10 μM of sulfaphenazole results in strong inhibition of the product formation. Each bar 
represents means of duplicates ± SD.   

 
Figure S4 Hydroxylation of the probe substrates tolbutamide (CYP2C9) and midazolam (CYP3A4) in 
incubations with the individual CYP isoforms (50 nM) or a combination of both enzymes. The activity of 
CYP2C9 is set at 100% or tolbutamide hydroxylation and for midazolam hydroxylation CYP3A4 activity is 
as set at 100%. Each bar represents a mean of duplicates ± SD.  
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Simulation of inter-individual differences in inactivation 
of reactive para-benzoquinone imine metabolites of 
diclofenac by glutathione S-transferases in human liver 
cytosol 

 

Michiel W. den Braver, Yongjie Zhang, Harini Venkataraman, Nico P.E. Vermeulen and Jan 

N.M. Commandeur 

Adapted from: Toxicol. Lett. 2016, 255: p. 52-62 
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Abstract 

Diclofenac is a widely prescribed NSAID that causes severe idiosyncratic drug induced liver 

injury (IDILI) in a small part of the patient population. Formation of protein-reactive 

metabolites is considered to play a role in the development of diclofenac-induced IDILI. 

Therefore, a high hepatic activity of enzymes involved in bioactivation of diclofenac is 

expected to increase the risk for liver injury. However, the extent of covalent protein binding 

may also be determined by activity of protective enzymes, such as glutathione S-transferases 

(GSTs). This is supported by an association study in which a correlation was found between 

NSAID-induced IDILI and the combined null genotypes of GSTM1 and GSTT1. In the present 

study, the activity of 10 different recombinant human GSTs in inactivation of protein-

reactive quinoneimine (QI) metabolites of diclofenac was tested. Both at low and high GSH 

concentrations, high activities of GSTA1-1, A2-2, A3-3, M1-1, M3-3 and P1-1 in the inactivation 

of these QIs were found. By using the expression levels of GSTs in livers of 22 donors, a 6-

fold variation in GST-dependent inactivation of reactive diclofenac metabolites was 

predicted. Moreover, it was shown in vitro that GSTs can strongly increase the efficiency of 

GSH to protect against the alkylation of the model thiol N-acetylcysteine by reactive 

diclofenac metabolites. The results of this study demonstrate that variability of GST 

expression may significantly contribute to the inter-individual differences in susceptibility to 

diclofenac-induced liver injury. In addition, expression levels of GSTs in in vitro models for 

hepatotoxicity may be important factors determining sensitivity to diclofenac cytotoxicity.  
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1. Introduction 

Diclofenac (DF), the most prescribed nonsteroidal anti-inflammatory drug (NSAID) 

worldwide, is applied for the management of pain and the treatment of several inflammatory 

disorders [1,2]. However, the use of DF is associated with several serious dose-dependent 

adverse drug reactions, such as cardiovascular, gastrointestinal and renal side effects [3]. 

Moreover, long term use of DF causes mild and reversible liver injury in 15% of the patients 

and a low incidence of idiosyncratic drug induced liver injury (IDILI) [2,4,5]. Although the 

exact mechanisms underlying IDILI remain to be established, bioactivation to protein-

reactive metabolites and subsequent hapten formation has been proposed [2,6,7]immune 

system is supported by the detection of antibodies against DF protein adducts in patients 

treated with DF [8]. Because several enzymes are involved in formation and inactivation of 

reactive metabolites, the local balance between bioactivation and detoxification activities 

will determine the exposure of tissues to reactive metabolites. Moreover, during chronic 

exposure and in combination with high bioactivation and low detoxification potential, 

adducts to macromolecules may accumulate, ultimately reaching a threshold and resulting 

in toxicity. Therefore, inter-individual differences in both bioactivating and detoxifying 

reactions may be important factors determining differences in susceptibility towards DF-

induced IDILI. 

DF is bioactivated via glucuronidation by UDP-glucuronosyltransferase 2B7 (UGT2B7) as 

well as via oxidative metabolism by cytochrome P450 (CYP) [2]. An association study showed 

that UGT2B7*2 and CYP2C8*4 are risk factors for DF-induced IDILI [8]. Although the 

protein-reactive acyl-glucuronide of DF appears quantitatively more abundant, several 

studies suggest that formation of oxidative metabolites may also contribute to cytotoxicity 

[9,10]. The fact that mice lacking intestinal P450 reductase activity are less sensitive to DF-

induced intestinal toxicity, suggests a role of CYP-dependent bioactivation in 

gastrointestinal side effects as well [11]. DF is oxidized by CYPs to 4’-hydroxy-diclofenac (4’-

OH-DF) and 5-hydroxy-diclofenac (5-OH-DF) which in turn can be oxidized to the reactive 

diclofenac-1’,4’-benzoquinone imine (DF-1’,4’-QI) and diclofenac-2,5-benzoquinone imine 

(DF-2,5-QI), respectively [12–14]. The hepatic contents of CYPs involved in oxidative 

metabolism of DF, in particular CYP3A4 and CYP2C9, have variability due to genetic and 

epigenetic factors and inducibility [15,16]. Therefore, large differences of internal formation 

to the p-benzoquinone imines (QIs) are expected to occur in the patient population.  

Previous in vitro studies showed that several recombinant glutathione S-transferases (GSTs) 

and NAD(P)H quinone oxidoreductase 1 (NQO1) can catalyze inactivation of DF-1’,4’-QI and 
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DF-2,5-QI by glutathione (GSH) conjugation and reduction, respectively [17,18]. DF-2,5-QI is 

inactivated by GSH by addition reactions forming two regioisomeric GSH-conjugates, 4-

glutathion-S-yl-5-hydroxy-diclofenac (M1) and 6-glutathion-S-yl-5-hydroxy-diclofenac (M3). 

DF-1’,4’-QI is inactivated by GSH by both an addition and substitution reaction, resulting in 

3′-glutathion-S-yl-4-hydroxy-diclofenac (M2) and 2′-glutathion-S-yl-4′-hydroxy-

deschlorodiclofenac (M5), respectively [12,19]. The different cytosolic human GSTs show 

distinct tissue distribution, as well as very large variabilities in expression levels between 

individuals (Table 1). For example, protein levels of the major hepatic GSTs GSTA1 and 

GSTA2 vary up to 6 fold and 21 fold, respectively [20–23]. In a significant part of the 

population GSTM1 and GSTT1 are not expressed in all tissues due to null genotypes. 

Furthermore, in the GSTM1 positive individuals, still a 20-fold variation in GSTM1 levels was 

found (Table 2), which may be explained by multicopy variants and inducibility [24,25]. 

Since GSTM1 and GSTA1 were shown to catalyze GSH-conjugation of DF-1’,4’-QI and DF-2,5-

QI [17], their variabilities can therefore influence covalent binding to proteins. 

An association study by Lucena et al. reported that the double-null genotype of GSTM1 and 

GSTT1 is a risk factor for IDILI by NSAIDs, with an odds-ratio of 8.8 [26]. DF was one of the 

NSAIDs included in this association study, however only four cases of DF-induced IDILI 

were reported. Therefore, further studies are required to confirm the importance of 

deficiency in hepatic GST-contents as risk factor for DF-induced IDILI. Previously, we 

demonstrated that GSTP1, GSTA1 and GSTM1 catalyze GSH-conjugation of DF-1’,4’-QI and 

DF-2,5-QI to different extents when incubated at a fixed GST-concentration of 8 µM with 100 

µM GSH, to minimize non-enzymatic GSH-conjugation [17]. As shown in Table 2, 

concentrations of individual GSTs can range from undetectable to 150 µM, whereas GSH-

concentration in hepatic cytosol is estimated to be 5-8 mM. Because not all major GSTs were 

included in the previous study, the variability in GST-dependent inactivation of reactive QIs 

of DF cannot be estimated based on reported profiles and concentrations of GSTs in 

individual human livers. 

In the present study, GST activity in inactivation of reactive QIs of DF was determined for all 

major and minor GSTs which have been detected previously in human tissues (Table 1). The 

acquired data were subsequently used to simulate inter-individual variability in GST 

catalyzed detoxification of DF-1’,4’-QI and DF-2,5-QI for 22 individuals, based on their 

reported hepatic GST concentrations [20,21]. For the most active GSTs, the GSH 

concentration dependency of the inactivation of QIs of DF was studied because this can 
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Table 1 Tissue distribution and inter-individual variability of investigated GST isoforms. 

GST 

isoform 

Tissue  Hepatic abundance 

 (µg/mg cytosol) 

Functional 

polymorphisms 

Effect of 

polymorphism 

References 

A1 Liver, kindey, 

testis 

7.0 - 47  GSTA1*B  

(promotor) 

Low protein 

levels 

1,2,4 

A2 Liver, testis, 

pancreas,  

kidney  

1.9 - 40.5 

Correlation with A1 

genotype 

  1,2,4,5,6  

A3 Testis, ovary, 

adrenal gland, 

placenta  

   7 

A4 Small 

intestine, 

spleen, liver 

Unknown   5,8 

M1 Liver, testis, 

brain, kidney, 

lung skeletal 

muscle,  

0 - 18.5 

 

GSTM1*0  

 

GSTM1*1x2  

No protein 

expression 

High protein 

expression 

1,2,4,5,11  

M2 Brain, skeletal 

muscle, testis, 

heart, kidney 

   4,5 

M3 Liver, heart 

kidney 

prostate, 

skeletal muscle 

0.4 - 0.5 

 

  2,4  

M4 Brain, heart, 

skeletal muscle 

   5 

P1 Brain, heart, 

lung kidney, 

liver (bile 

duct) 

0 - 5.1  

 

GSTP1*B. *C and 

*D (SNPs) 

No effect on DF-

QI conjugation 

1,2,5,9,10 

T1 Liver, kidney, 

small intestine  

0 - 0.6  GST1*0  No protein 

expression 

3,5  

1. Van Ommen et et al. Biochem. J. 269, 609–13 (1990); 2. Rowe et al. Biochem. J. 325, 481–486 (1997); 3. 
Ploemen, J. P. et al. Toxicol. Appl. Pharmacol. 143, 56–69 (1997); 4. Sherratt et al., Biochem. J. 326 837–
846 (1997); 5. Hayes et al., Pharmacology 61, 154–66 (2000); 6. Coles et al. Pharmacogenetics 11, 663–669 
(2001); 7. Johansson et al., J. Biol. Chem. 276, 33061–33065 (2001); 8. Desmots et al., J. Histochem. 
Cytochem. 49, 1573–1580 (2001); 9. Yusof et al., Anal. Quant. Cytol. Histol. 25, 332–8 (2003); 10. Dragovic 
et al.Toxicol. Lett. 224, 727–281 (2014); 11. Widersten et al. Biochem J 276, 519–524 (1991). 
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affect the rate of both non-enzymatic and enzymatic GSH-conjugation. Since the previous 

study was performed with relatively high DF concentration, the inhibitory property of DF on 

GSTs was also studied to rule out masking of GST catalysis by enzyme inhibition [17]. Finally, 

the protective capacity of GST was demonstrated in vitro by showing the prevention of 

alkylation of N-acetylcysteine (NAC) as a model nucleophile. The results of the present study 

show that variability in GST expression will have significant effect on inactivation of reactive 

DF metabolites, supporting the hypothesis that low GST activity may be considered as a risk 

factor for DF-induced liver injury. 

Table 2 Reported concentrations of human GSTs (µM) in livers of 22 individuals. 

Donor GSTA1 GSTA2 GSTM1          GSTM3 GSTP1 

1 80.1 20.8 0.0  0.5 

2 68.1 37.2 0.0  6.5 

3 46.6 44.3 0.0  1.7 

4 71.0 16.1 0.0  1.5 

5 65.8 17.5 0.0  14.2 

6 41.7 25.7 0.0  4.5 

7 66.4 38.4 0.0  3.2 

8 61.0 29.9 0.0  7.4 

9 78.5 19.0 0.0 1.2 1.7 

10 119.3 128.0 4.1  17.6 

11 22.1 13.9 7.4  0.8 

12 37.1 9.7 8.7  1.8 

13 39.9 28.4 13.1  6.1 

14 64.3 6.1 17.0  1.8 

15 74.3 7.5 18.0  6.1 

16 74.7 46.3 18.3  0.0 

17 44.8 9.2 18.3  12.9 

18 99.1 20.5 28.4 1.5 1.7 

19 148.9 47.7 30.6  0.0 

20 54.5 32.9 31.3  3.2 

21 46.2 38.8 37.6  4.7 

22 61.2 44.5 58.2  11.4 

Data taken from Van Ommen et al. [20], except donors 9 and 18 which are from Rowe et al. [21] 
Calculations of concentrations of GSTs are based on a hepatic cytosolic protein concentration of 80.7 mg 
cytosolic protein/ g liver [35], 1 g liver/ mL and molecular weights: GSTA1, 25500; GSTA2, 25549; GSTM1,  
25582 and GSTP1, 23224. 22 GSTM1 concentration reflect the sum of GSTM1a and M1b. Donors are sorted 
based on increasing GSTM1 expression level. 
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2. Materials and Methods 

2.1. Enzymes, plasmids and chemicals 

Human liver microsomes (HLM, 50 donors lot No. 0710619) were obtained from Xenotech 

(Lenexa, United States) and contained 20 mg/mL protein. Diclofenac sodium salt, reduced 

GSH, N-acetylcysteine, ascorbic acid, ethacrynic acid and 1-chloro-2,4-dinitrobenzene 

(CDNB) (CDNB) were obtained from Sigma Aldrich (Zwijndrecht, The Netherlands). LC-MS 

grade acetonitrile and formic acid were obtained from Biosolve (Valkenswaard, The 

Netherlands). 4’-OH-DF and 5-OH-DF were obtained from Toronto Research Chemicals 

(North York, Canada). All other chemicals and reagents were of analytical grade and 

obtained from standard suppliers. Escherichia coli XL-1 Blue cells containing the expression 

plasmid for human GSTP1, M1 and A1 was a kind gift from Prof. Mannervik (Department of 

Biochemistry and Organic chemistry, Uppsala University, Sweden) and the plasmid for 

GSTT1 was a kind gift from Prof. Hayes (Biomedical Research Centre, University of Dundee, 

Scotland, United Kingdom). The cloning of the expression plasmids of GSTA2, M2 and M3 is 

described elsewhere [27].  

2.2. Cloning of expression plasmid of human GSTA3, A4 and M4 

Plasmids containing cDNA of GSTA3, GSTA4, and GSTM4 were purchased from Origene 

(Rockville, MD, United States). The following primers containing restriction sites of NdeI 

and BamHI were used to amplify the coding region of these genes, respectively. For GSTA4, 

rare codons at 5’-terminus of the forward primer were replaced to yield the optimal 

expression, as previously described [28]. 

GST A3-3 Forward: 5’-CAT ATG GCA GGG AAG CCC AAG-3’ 

GST A3-3 Reverse: 5’-GGA TCC C TTA GCC TCC ATG GCT GC-3’ 

GST A4-4 Forward: 5’-CAT ATG GCG GCG AGG CCA AAG CTT CAC TAT CCG AAC 

GGA AG-3’ 

GST A4-4 Reverse: 5’-GGA TCC TTA TGG CCT AAA GAT GTT GTA G-3’ 

GST M4-4 Forward: 5’-CAT ATG TCC ATG ACA CTG GGG TAC-3’ 

GST M4-4 Reverse: 5’-GGA TCC TTA CTT GTT GCC CCA GAC AGC-3’ 
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The amplified genes were subcloned into the pET-20b(+) vector obtained from Novagen 

(Madison, WI, United States) and transformed into competent E. coli BL21 cells. The correct 

sequences were verified by DNA sequencing (Macrogen, Amsterdam, the Netherlands). 

2.3. Heterologous expression and purification of recombinant GSTs 

Expression and purification were performed as previously described [29]. After GSH 

sepharose 4B purification, the purity of the enzymes was determined by SDS-polyacrylamide 

gel electrophoresis on a 12% gel with Coomassie blue staining. Protein concentrations were 

determined according to the method of Bradford with Bio-SafeTM Coomassie staining (Bio-

Rad, Hercules, CA, United States) [30]. The specific activities of the purified GSTs were 

determined using CDNB as a substrate according to the method of Habig et al. [31]. At room 

temperature, specific activities were: 27.6 µmol/min/mg protein for GSTA1-1, 11.5 

µmol/min/mg protein for GSTA2-2, 58.9 µmol/min/mg protein for GSTM1-1, 35.7 

µmol/min/mg protein for GSTM2-2, 4.2 µmol/min/mg protein for GSTM3-3 and 47.7 

µmol/min/mg protein for GSTP1-1. The specific activities of GSTA3-3, A4-4 and M4-4 were 

determined with 400 µM CDNB and were 3.9 μmol/min/mg protein for GSTA3-3, 9.5 

μmol/min/mg protein for GSTA4-4, and 3.7 μmol/min/mg protein for GSTM4-4. Activity of 

GSTT1-1 was determined using 1,2-epoxy-3-(p-nitrophenoxy)propane (EPNP) as substrate as 

described by Jemth and Mannervik [32]. The specific activity of this enzyme was 1.83 

μmol/min/mg protein under the conditions used. 

2.4. Inhibition of recombinant human GSTs by diclofenac 

GST inhibition assays were based on a previous described method [33]. In short, GST 

mediated GSH conjugation of CDNB was measured using a Bio-Tek PowerWave X 340 

microplate spectrophotometer (Bio-Tek Instruments Inc, Winooski, VT, USA) at 340 nm. 

The initial slope of the reaction at room temperature was used to determine the reaction 

rate. Incubations were performed in 96 wells format in a final volume of 200 μL, containing 

100 mM potassium phosphate buffer (KPi, pH 6.5), 1 mM CDNB (1% ethanol final), 2 mM 

GSH and DF concentrations ranging from 0 and 1000 μM (1% DMSO final). The GST 

concentration was chosen such that the reaction rate was accurately measurable and linear 

for at least 1 minute. Reactions were started by addition of GSH. 

To study the inhibition of GSTT1-1 by DF, the conversion of EPNP to S-(2-hydroxy-3-(p-

nitrophenoxy)-propyl-GSH was measured. GSTT1-1 mediated conjugation of EPNP was 

measured using 8 µM GST T1-1, 500 µM EPNP (1% ethanol final), 5 mM GSH and 0 - 1000 μM 
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DF (1% DMSO final) in 100 mM KPi buffer pH 6.5. The reaction was allowed to proceed for 

30 sec at 37 °C and then stopped with 1.5% (v/v) trichloro acetic acid. After centrifuging the 

sample for 15 min at 14.000 rpm, supernatants were analyzed by HPLC-UV. Separation was 

performed on a Phenomenex Luna C18 column (5µm, 150 x 4.6 mm). The HPLC method was 

based on a previously described method [34]. A binary gradient was used composed of 

eluent A (1% acetonitrile, 99% water, 0.2% acetic acid) and eluent B (1% water, 99% 

acetonitrile, 0.2% acetic acid). The first 1 min was isocratic at 30% B. From 1 till 16 min, the 

concentration of B linearly increased to 90% and was held at 90% till 20 min, followed by 

linear decrease back to 30% until 21 min. Isocratic re-equilibration at 30% B was maintained 

until 35 min. The flow rate was 0.5 mL/min and detection was performed at 315 nm.  

IC50 values were obtained using the nonlinear regression analysis option of the Graphpad 

Prism software (version 5.00, GraphPad Software, San Diego, CA). 

2.5. Activity of recombinant GSTs in inactivation of reactive 
metabolites of 4’-OH-DF and 5-OH-DF formed by HLM 

HLM incubations (2 mg/mL final) containing 50 µM 4’-OH-DF or 5-OH-DF were performed 

in 100 mM KPi buffer (pH 7.4 containing 5 mM MgCl2, 2 mM EDTA) in a volume of 50 µL. 

Incubations were performed with 8 µM of the individual recombinant GST isoforms in the 

presence of 100 µM or 2 mM GSH. For the most active GST isoforms incubations were also 

performed in presence of a wide range of GSH concentrations (62.5 to 5000 µM) to 

investigate the GSH dependency of the reaction. Reactions were initiated by the addition of 

NADPH regenerating system (final concentrations: 100 µM NADPH, 10 mM glucose-6-

phosphate and 0.5 units/mL glucose-6-phosphate dehydrogenase). After 60 minutes at 37 °C, 

incubations were terminated by the addition of an equal volume (50 µL) ice-cold methanol 

containing 2% (v/v) 50 mM aqueous ascorbic acid. Samples were centrifuged at 14000 rpm 

for 15 min to remove precipitated protein and supernatant was analyzed by LC-MS as 

described in section 2.9. 

2.6. Simulation of inter-individual differences in GSH-dependent 
inactivation of reactive metabolites of 4’-OH-DF and 5-OH-DF 

In previous studies by Van Ommen et al. the hepatic contents of the subunits GSTA1, A2, M1 

and P1 of 20 individuals were determined [20]. In addition, a similar study was done for two 

individuals which also included GSTM3 content [21]. These data were used to estimate the 

hepatic concentration of each individual GST, considering their molecular weight, an 
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average cytosolic protein concentration of 80.7 mg/gr liver and assuming that 1 gram liver 

equals 1 mL volume [35]. The activities which were obtained at 8 µM GST were used to 

predict total GST-activity in each individual, assuming that activities of each GST is 

proportional to the its concentration. It is known that part of the GSTs in human liver exist 

as heterodimer of GSTs of the same class. In our simulation it is assumed that each subunit 

is kinetically independent, as was demonstrated previously for the cytosolic GSTs from rat 

[36]. In this case, the predicted activity is independent on whether the subunits are part of 

homodimeric or heterodimeric GSTs. Although the studies of Van Ommen et al. and Rowe 

et al. also reported hepatic GSTP1 concentrations, this GST was excluded from the 

simulation since this isoform is mainly expressed in the bile duct according to 

immunohistochemical analysis [37].  

Simulations were done for 100 µM GSH, using the GST-activities at this low GST-

concentration, and for 8 mM GSH which is close to the physiological concentration of GSH 

[38]. Previously it was reported that enzymatic reactions are independent of GSH at 

concentrations larger than Km-values of GSH [39]. Therefore, for the simulation at 8 mM 

GSH, the GST activities measured at 2 mM GSH concentrations were used. Because non-

enzymatic GSH conjugation of electrophiles is linearly proportional to GSH concentration, 

the non-enzymatic reaction at 8 mM GSH was predicted to be 4-fold higher than at 2 mM 

[39].  

2.7. Protective effect of recombinant GST against alkylation of N-
acetylcysteine by reactive metabolites of 4’-OH-DF and 5-OH-DF 

To study the protective potential of human GSTs in vitro, incubations were performed in the 

presence of the probe thiol NAC. Incubations contained 2 mg/mL HLM, 50 µM 4’-OH-DF or 

5-OH-DF (1% DMSO final), 100 μM GSH and 10 mM NAC. Reactions were performed in 

presence and absence of 8 μM GSTM1-1 or P1-1. To confirm if the observed effect was related 

to catalytic activity of GSTs, incubations were also performed in presence of 100 µM of the 

GST inhibitor ethacrynic acid (1% ethanol final) [40]. Incubation conditions and sample 

preparation were identical to section 2.6 and the analytical method as described in section 

2.9 was applied for quantification of GSH and NAC conjugates.  

2.8. Analytical methods 

4’-OH-DF, 5-OH-DF and their corresponding GSH and NAC conjugates were quantified 

using LC/MS with parallel UV detection. Separation was performed using an Agilent 1200 
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Series Rapid resolution LC system with a Waters Symmetry Shield RP18 column (3,5µm id, 

100 x 4.6 mm), protected by a Phenomenex security guard C18 guard column (4.0 mm x 3.0 

mm). A binary gradient was used composed of eluent A (1% acetonitrile, 99% water, 0.2% 

formic acid) and eluent B (1% water, 99% acetonitrile, 0.2% formic acid). The first minute 

was isocratic at 1% B. From 1 till 23 minutes, the concentration of B linearly increased to 

100%, followed by linear decrease back to 1% until 23.5 minutes. Isocratic re-equilibration at 

1% B was maintained until 30 minutes. The flow rate was 0.5 mL/min and UV detection was 

performed at 280 nm. MS analysis was performed using a time-of-flight (TOF) Agilent 6230 

mass spectrometer, equipped with an electrospray ionization (ESI) source operating in 

positive mode (2GHz, extended dynamic range). The MS ion source parameters were set 

with a capillary voltage at 3500 V. Nitrogen was used as drying gas (10 L/min) and nebulizing 

gas (pressure 50 psig) at a constant gas temperature of 350 °C. Data analysis was performed 

using Agilent MassHunter Qualitative analysis software version 2.00. Peak areas of extracted 

ion chromatograms (m/z 617.1 for M1, M2 and M3; 583.1 for M5 and 312.1 for 4’-OH-DF and 5-

OH-DF) were compared to standard curves of the authentic GSH conjugates for 

quantification. 

3. Results 

3.1. Inhibition of recombinant human GSTs by diclofenac 

To investigate whether DF has a direct inhibitory effect on GST activity, thereby potentially 

masking the GST-dependent inactivation of its benzoquinoneimines, first concentration-

dependent inhibition of GSH-conjugation of EPNP (GSTT1-1) or CDNB (all other GSTs) was 

studied. As shown in Figure 1, the strongest GST-inhibition by DF was observed for GSTA1-1, 

A3-3, A4-4, M1-1 and M2-2, with IC50 values ranging from 35 to 55µM (Figure 1). Weaker 

inhibition was observed for GSTT1-1, M4-4 and P1-1, with IC50-values of 120 µM, 375 µM and 

355 µM, respectively. GSTA2-2 and M3-3 were not inhibited by DF at concentrations up to 1 

mM. These results imply that the previously reported catalysis of GSTs A1-1, M1-1 and T1-1 

were probably underestimated due to the high DF concentration (500 µM) used [17]. For 

GSTA1-1, the major hepatic GST isoform, the type of inhibition was also investigated. GSTA1-

1 inhibition by DF appeared competitive with the substrate CDNB and non-competitive with 

GSH (Supplemental Figure S1).  
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Figure 1 Inhibition curves of GST activity in presence of DF with CDNB (1 mM) as substrate. For GSTT1-1 
EPNP (500 μM) is used as substrate. Each data point represents the mean of duplicates with SD, expressed 
relative to the incubations without DF. The obtained IC50 values are: 45 μM (GSTA1-1), 55 μM (GSTA3-3), 
35 μM (GSTA4-4), 40 μM (GSTM1-1), 55 μM (GSTM2-2), 375 μM (GSTM4-4), 355 μM (GSTP1-1) and 120 μM 
(GSTT1-1). 
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3.2. Activity of recombinant human GSTs on GSH-conjugation of 
QIs of diclofenac  

In order to assess the relative activity of individual GST isoforms on the GSH conjugation of 

QIs of DF, incubations were performed at a GST concentration of 8 µM and in presence of 

100 µM or 2 mM GSH. A substrate concentration of 50 µM 4’-OH-DF and 5-OH-DF was used 

to minimize inhibition of the GSTs. The total concentration of GSH-conjugates formed in 

incubations of HLM with 50 µM 4’-OH-DF and 5-OH-DF, with and without the individual 

recombinant GSTs, are shown in Figure 2.  

 

Figure 2 Activity of GST isoforms in incubations with 4′-OH-DF or 5-OH-DF (50 μM) in presence of 
100 μM or 2 mM GSH. Absolute quantities of GSH conjugate are expressed on the y-axis. Each bar 
represents a mean of duplicates ±SD. 

As shown in Figure 2A, at 100 µM GSH the conjugation of DF-1’,4’-QI was catalyzed most  

efficiently by GSTP1-1, increasing levels of GSH-conjugates 24-fold. Also GSTM3-3, M1-1, A2-2 

and A1-1 strongly increased total conjugate formation, 7-, 5-, 4- and 3-fold, respectively. 

Smaller catalytic effects were observed for GSTA3-3 and A4-4. No catalysis of GSH-

conjugation was observed in incubations supplemented with GSTM2-2, GSTM4-4 and 

GSTT1-1. At 2 mM GSH the total amount of GSH-conjugates of DF-1’,4’-QI was increased 8-



 
124 

fold compared to 100 µM GSH. Due to the higher rate of chemical conjugation, the relative 

increases by GSTs were smaller (Figure 2B). Under these conditions a 5-fold increase was 

observed with the most active GSTP1-1. For GSTA1-1, A2-2, A3-3 and A4-4 the GSH 

conjugation was increased 2-fold compared to the non-enzymatic GSH conjugation. 

Interestingly, the addition of GST isoforms did not only increase the total amount of GSH 

conjugates, but also changed the ratio of the individual GSH conjugates M2 and M5, which 

most likely reflect different binding orientations of the QIs in the catalytic site of GSTs. The 

strongest effect was observed with GSTP1-1 which increased the percentage of M2 from 30% 

(non-enzymatic) to 99%. All other active GST isoforms also increased the percentage of M2, 

except for GSTA4-4 which increased the percentage of M5 from 70% to 90%.  

Six of the GST isoforms also showed activity towards the GSH conjugation of DF-2,5-QI 

(Figure 2C and D). In the presence of 100 µM GSH total conjugate formation is strongly 

increased by GSTP1-1 (22-fold), GSTM1-1 (17-fold), GSTM3-3 (13-fold), GSTA1-1 (9-fold), 

GSTA3-3 (4-fold) and GSTA2-2 (3-fold). No significant catalysis was found with GSTA4-4, 

GSTM2-2, GSTM4-4 and GSTT1-1. Because of the higher non-enzymatic GSH-conjugation at 

2 mM GSH, the enzymatic conjugation was increased to 2- to 4-fold by addition of 8 µM of 

GSTP1-1, A1-1 M1-1, A3-3 and M3-3 or A2-2 (Figure 2D). 

In most incubations of 5-OH-DF with GSH and GSTs, GSH-conjugate M1 was the major 

product being about 85% of the total. In incubations supplemented with GSTM1-1 and P1-1 

the relative amount of GSH-conjugate M3 was strongly increased. Addition of GSTP1-1 and 

GSTM1-1 results in 80% and 65% formation of M3, respectively.  

3.3. GSH concentration dependency of non-enzymatic and GST 
catalyzed GSH conjugation 

For the most active GST isoforms the effect of GSH concentration on the total amount of 

GSH conjugation was investigated (Figure 3). Therefore, HLM incubations with 4’-OH-DF or 

5-OH-DF were performed in absence and presence of individual GST isoforms at GSH 

concentrations ranging from 62.5 to 5000 µM. Both non-enzymatic and GST-catalyzed 

conjugation showed saturation above 1 mM GSH. Interestingly, by addition of GSTs the 

maximal amount of GSH-conjugates was strongly increased compared to the incubations 

without GST. For DF-1’,4’-QI, the maximal amount of GSH conjugates was increased 4-fold 

upon addition of GSTP1-1 (Figure 3A). A 2-fold increase was found in presence of GSTA1-1 

and M1-1. Also the GSH concentration at which saturation was reached was lowered in 

presence of especially GSTP1-1 and M1-1.  
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For the conjugation of DF-2,5-QI, the increase of maximal amount of GSH-conjugate 

compared to maximal non-enzymatic GSH conjugation was most profound for GSTA1-1 and 

P1-1 (3-fold), closely followed by GSTM1-1 and M3-3 (up to 2-fold). The GSH concentration at 

which the saturation levels is reached was similar for all GSTs and significantly lower 

compared to chemical conjugation. Corresponding to the regioselectivity of GSTs (Figure 2), 

the GST effect on M5 formation (derived from DF-1’,4’-QI) is absent. For M1 and M3 (derived 

from DF-2,5-QI), the order of most active GSTs is different, and GST effects are more 

pronounced for M3 (supplemental Figure S2).  

 

Figure 3 GSH dependency of total GSH conjugate formation in absence and presence of GST (8 μM) in 
incubations with 4′-OH-DF (panel A) or 5-OH-DF (panel B). Each data point represents the mean of 
duplicates ± SD. The trend line is fitted using non-linear regression. Data is shown for chemical 
conjugation (circles), GSTA1-1 (squares), M1-1 (triangles), M3-3 (diamonds for DF-2,5-QI conjugation) and 
P1-1 (inversed triangle). 

3.4. GSTM1-1 and GSTP1-1-catalyzed protection against alkylation 
of N-acetylcysteine by DF-1’,4’-QI and DF-2,5-QI 

In order to investigate whether GST-catalyzed GSH conjugation of DF-1’,4’-QI and DF-2,5-QI 
can decrease covalent binding to target nucleophiles, NAC was added as model nucleophile 

to incubations in absence or presence of GSTM1-1 and P1-1. The GST-dependent decrease in 

covalent binding to NAC will reflect the protective potential of the active GST isoforms. NAC 
conjugates were only detectable in presence of low concentrations of GSH [data not shown], 

therefore incubations are performed in presence of 100 µM GSH and 10 mM NAC. For each 
QI of DF two different NAC conjugates were detected, consistent with literature [41,42]. For 

DF-1’,4’-QI both a chlorine substitution (m/z 439.1) and a NAC addition (m/z 473.0) reaction 

was found. For DF-2,5-QI, two regioisomeric conjugates were found resulting from NAC 
addition (m/z 473.0). In Figure 4 the relative GSH and NAC conjugate formation is shown 

for both DF-1’,4’-QI and DF-2,5-QI in presence and absence of GSTM1-1 and P1-1. Addition of 
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GSTM1-1 and P1-1 results in a strong increase in GSH conjugate formation, which is in line 

with the GST activity profile (Figure 4A and C). The reduction in NAC conjugate formation 

is inversely correlated to the extent of GSH conjugate formation (Figure 4B and D). Thiol 
alkylation of DF-1,’4’-QI is reduced for both NAC conjugates in presence of GSTM1-1 (45% for 

m/z 439, 20% for m/z 473) and in presence of GSTP1-1 (90% for m/z 439, 50% for m/z 473). 

For the two NAC conjugates derived from DF-2,5-QI a decrease of 30-40% is observed in 
presence of GSTM1-1 and 65-75% in presence of GSTP1-1. Addition of GSTP1-1 inhibitor 

ethacrynic acid to the incubations completely blocked enzymatic GSH conjugation (Figure 

4C) and the protection against NAC-alkylation (Figure 4D). 

 

Figure 4 Protection against alkylation of N-acetylcysteine (NAC; 10 mM) by GSTM1-1 and P1-1 (8 μM) in 
presence of 100 μM GSH. The GSH and NAC conjugation of DF-1′,4′-QI is shown in panel A and B 
respectively. GSH and NAC conjugation of DF-2,5-QI are shown in panel C and D respectively. Each bar 
represents the relative conjugate formation (GSH conjugates relative to M1-1 incubations, NAC conjugates 
relative to no GST incubations) ±SD. 

3.5. Simulation of inter-individual variation in GSH conjugation of 
DF-QIs 

Figure 5 shows the prediction of the inter-individual variability in GSH conjugation of 

reactive DF metabolites in a panel of 22 individuals of which the hepatic contents of 

individual GSTs were quantified. As shown in Figure 5A, at 8 mM a 3.5-fold variability in 
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GSH-conjugation of DF-1’,4’-QI is predicted in this small population. The enzymatic 

contribution to GSH-conjugation of DF-1’,4’-QI is predicted to range from similar (donor 11) 

to 6-fold higher (donor 10), compared to the non-enzymatic reaction. For all donors, the 

enzymatic GSH conjugation is mainly catalyzed by GSTA1-1 and GSTA2. Although GSTA2 is 

generally expressed at lower levels than GSTA1, due to its higher activity in catalyzing GSH 

conjugation of DF-1’,4’-QI, it is predicted to contribute to the same extent as GSTA1. At 8 

mM GSH-concentrations, the highest contribution of GSTM1 in the GSTM1-positive livers 

(donors 10 to 22) is predicted to be less than 20% of that of the Alpha-class GSTs. At 100 µM 

GSH, non-enzymatic GSH conjugation of DF-1’,4’-QI is predicted to be negligible compared 

to the total of enzymatic GSH conjugation (Figure 5C). In the GSTM1-positive donors, the 

relative contribution of GSTM1 ranged from 3% to 40%, depending on the donor. Based on 

the different levels and profiles of GSTs, a 5- to 6- fold variability in conjugation of DF-1’,4’-

QI is predicted between the most active (donor 10) and the least active donor (donor 11).  

 

Figure 5 Simulation of inter-individual variability in GSH conjugate formation. On the y-axis the relative 
increase in GSH conjugate formation is expressed relative to the non-enzymatic component (set at 100%). 
GST concentrations are derived from van Ommen et al. and Rowe et al., and GST activity is based on 
the in vitro activity profiles. Donors are sorted based on GSTM1 concentration (donor 1–9 are GSTM1 
deficient, donor 10–22 in increasing order). 
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As shown in Figure 5B and 5D, GSH-conjugation of DF-2,5-QI is predicted to be almost 

completely dependent of GST-activity even at 8 mM GSH. In the group of 22 donors, a 5-fold 

variability in GSH-conjugation of DF-2,5-QI is predicted at both 100 µM and 8 mM GSH. In 

GSTM1-negative donors, GSTA1 is predicted to contribute for 70 to 95% of total GSH 

conjugation because of its higher expression and catalytic activity compared to GSTA2-2. In 

the GSTM1-positive donors, the contribution of GSTM1 to total GSH-conjugation of DF-2,5-

QI is predicted to range from 2% to 30% at 8 mM GSH, and from 5 to 60% at 100 µM GSH.  

4. Discussion 

Bioactivation of DF by CYP-dependent oxidative metabolism has been suggested previously 

to contribute to hepatotoxicity and gastrointestinal toxicity [9–11]. Therefore, high 

expression levels of the CYPs involved in bioactivation of DF, in particular CYP3A4 and 

CYP2C9, is expected to give high hepatic exposure to the reactive QIs DF-1’,4’-QI and DF-

2,5-QI. However, both NQO1 and a selection of human GSTs were shown to catalyze 

inactivation of these reactive metabolites, indicating that expression levels of these 

protective enzymes also may be important factors determining susceptibility to DF-induced 

liver injury [17,18]. In the current study, the activity of all major and minor cytosolic human 

GST isoforms in the GSH conjugation of DF-1’,4’-QI and DF-2,5-QI was investigated. Using 

these activities and previously reported profiles of hepatic GSTs the inter-individual 

variability in the protective activity by GSTs was simulated. 

Our previous study showed that addition of GSTM1-1 to incubations of DF with HLM led to a 

2-fold increase in total GSH-conjugates, whereas addition of GSTA1-1 showed no significant 

effect [17]. However, these incubations were performed at a DF concentration of 500 µM. 

The results of the present study show that at this high concentration DF strongly inhibits 

several GSTs, since IC50-values ranged from 35 to 375 µM. Both GSTA1-1 and GSTM1-1 were 

strongly inhibited by DF with IC50-values of 45 µM and 40 µM. Therefore the low activities in 

the previous study can be explained by the masking effect of the high DF concentration 

used. GSTP1-1, which previously showed highest activity, is less strongly inhibited by DF, 

with an IC50-value of 355 µM. Although the plasma concentration of DF is in the low µM 

range, Mateus and co-workers showed a 37-fold intracellular accumulation of DF in HEK293 

cells [43]. Whether inhibition of GST isoforms by DF is of physiological relevance remains to 

be established, however.  

The present study shows that at lower substrate concentrations addition of GSTA1-1, M1-1 

and P1-1 to HLM incubations results in much stronger increases in GSH conjugates when 
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compared to the previous study, due to the lower inhibitory effect of substrate [17]. GSTA2-2, 

which was not studied previously, showed a 50% higher activity in conjugation of DF-1’,4’-QI 

than GSTA1-1, but appeared to be less active in inactivating DF-2,5-QI (Figure 2). Therefore, 

GSTA2-2, which is also expressed at high levels in human liver, is expected to significantly 

contribute to the protection against reactive DF metabolites. As shown in Figure 3, the 

catalysis of GSH conjugation of DF-1’,4’-QI and DF-2,5-QI by human GSTs showed strong 

dependence of GSH conjugation. The strongest increase was found at low GSH-

concentrations where amounts of GSH conjugates were increased more than 20-fold 

compared to incubations in absence of GST. Therefore, the role of GSTs will be relatively 

more important in conditions with reduced GSH concentrations such as oxidative stress. 

The strong protective effect of GSTs at low GSH concentration is illustrated in Figure 4, 

where it is shown that 100 µM of GSH can strongly decrease modification of a 100-fold higher 

concentration of N-acetylcysteine (10 mM) in presence of GSTP1-1, whereas minor protection 

was observed in absence of GSTP1-1. When increasing GSH concentration up to 5 mM, it was 

observed that the ratio of enzymatic vs. non-enzymatic GSH conjugation is decreased 

(Figure 3), which can be explained by the fact that the GST activity will become saturated 

with respect to GSH whereas the non-enzymatic reactions will still increase proportional to 

the GSH-concentration. In absence of GSTs, maximal concentration of GSH-conjugates was 

reached at 2 mM GSH, suggesting quantitative trapping of QIs. Interestingly, a strong 

increase in total GSH conjugate formation was observed upon addition of GSTs. Protection 

by GSTs against inactivation of CYPs was considered as an explanation of the increased 

levels of GSH conjugates. To test this hypothesis, the activity of CYP3A4 and CYP2C9 was 

determined after incubations of HLM with 4’-OH-DF or 5-OH-DF in absence or presence of 

GSTP1-1. CYP3A4-activity, as determined by midazolam 1-hydroxylation, was not increased 

by addition of GSTP1-1 (Supplemental Figure S3). The activity of CYP2C9 was found to be 10-

30% higher after incubations in presence of GSTP1-1. This relatively small protection of 

CYP2C9 by GSTP1-1 therefore cannot explain the 4-fold increase in maximal level of GSH 

conjugates by GSTP1-1 (Figure 3). An alternative explanation for the increased amount of 

GSH conjugates by GST might be a shift from reductive inactivation of QIs by GSH to GSH 

conjugation. In case of N-acetyl-p-benzoquinonimine (NAPQI), the reactive metabolite of 

acetaminophen, 68% percent of the non-enzymatic reaction with GSH proceeds via GSH 

conjugation whereas 32% is accounted for by GSH oxidation, forming acetaminophen and 

GSSG [44]. In presence of GSTP1-1 from rat, the conjugative pathway was shown to increase 

from 68 to 93%. Therefore, an explanation for the increase of total amount of GSH-

conjugates of DF-1’,4’-QI and DF-2,5-QI by GSTs, might be a similar shift from GSH-
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oxidation to conjugation. This would implicate that the oxidative properties of DF-1’,4’-QI 

and DF-2,5-QI should be considered as mechanism for the cytotoxic effect of DF 

metabolites. 

Lucena et al. previously described an association between NSAID-induced liver toxicity and 

the combined GSTM1*0 and GSTT1*0 genotype [26]. All four cases of DF-induced IDILI 

included is this association study, were deficient in one or both GSTs. The present study 

shows that GSTM1-1 is active in inactivation of both DF-1’,4’-QI and DF-2,5-QI, which might 

be supportive for the GSTM1*0 genotype as risk factor for DF-induced IDILI. However, as 

shown in Figure 2, next to GSTM1-1 also the more abundant GSTA1-1 and GSTA2-2 were able 

to catalyze the GSH conjugation of DF-1’,4’-QI and DF-2,5-QI when incubated at a 

concentration of 8 µM. When considering the variability in expression levels of GSTM1, 

GSTA1 and GSTA2, the inter-individual differences in enzymatic GSH conjugation of DF-1’,4’-

QI and DF-2,5-QI were simulated based on the profiles of GSTs reported for a panel of 22 

individuals and the activities of each GST (Figure 5). In this small population, a 6-fold 

difference in GSH-conjugation is predicted between individuals for both DF-1’,4’-QI and DF-

2,5-QI. This variability was mainly determined by the variability in levels of the more 

abundant GSTA1 and GSTA2, and to a minor extend by variability of GSTM1. Therefore, for 

this set of individuals the average activity of the 13 GSTM1-positive individuals was not 

significantly different from that of the 9 GSTM1-negative individuals. In later studies by 

Coles and Kadlubar, expression levels of GSTA1, GSTA2 and GSTM1 were quantified in 55 

human liver samples [22,23]. Consistent with the studies of Van Ommen et al. and Rowe et 

al. a large variability in expression levels were found. However, because the profiles of each 

individual were not reported similar simulations using this larger number of liver samples 

could not be performed. This study showed that levels of GSTA1 were correlated with those 

of GSTA2, indicating that part of the population will have both low GSTA1 and GSTA2 

concentrations [22]. In combination with deficiency of GSTM1, this will result in a poor 

defense against reactive metabolites of DF. In context of IDILI, the chronic exposure to DF 

can lead to increased exposure to QIs in patients with low GST activity. In these individuals 

the covalent modification of macromolecules can accumulate over time and, potentially, 

contribute to the toxicity on longer term. In this context, concerning a multifactorial 

process, only assessing the GST levels would be an oversimplification. However, based on 

the presented data low GST levels can potentially be considered as a risk factor.  

Similar to the previous study, GSTT1-1 did not show any catalytic activity in GSH conjugation 

of DF-1’,4’-QI and DF-2,5-QI (Figure 2). It can therefore be excluded that the GSTT1-null 
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genotype has an effect on GSH-conjugation of these QIs. However, for a number of GSTs 

including GSTP1, GSTA1 and GSTM1, also alternative cellular functions have been identified, 

such as regulation of signaling pathways and protein redox-regulation by glutathionylation 

[45]. Whether similar alternative functions are applicable for GSTT1-1 cannot be excluded. 

In conclusion, the results of the present study show that GSH-dependent inactivation of 

both QI metabolites of DF is predicted to be highly dependent on catalysis by GSTs. Low 

expression levels of both GSTA1, GSTA2 and GSTM1 in combination with high rates of CYP-

dependent bioactivation of DF, might strongly increase the risk for DF-induced IDILI. 

Furthermore, next to activity of bioactivating CYPs, expression levels of GSTs in in vitro 

models for hepatotoxicity may be important factors determining the sensitivity to 

cytotoxicity of hepatotoxins. 
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Supplemental material 

 

 
Figure S1 Type of inhibition of GSTA1-1 as determined by CDNB and GSH dependency of the reaction in 
absence (circles) and presence (triangles) of 50 µM DF. The presence of DF does significantly increase the 
km of CDNB from 355 ± 70 µM in absence of DF to no saturation up to 1 mM in presence of 50 µM DF 
indicating competitive inhibition. Addition of DF does not significantly affect the km value of GSH (22 ± 3 
µM to 18 ± 6 µM), but the Vmax value is lowered, indicating non-competitive inhibition.   

 
Figure S2 Effect of GSH concentration on chemical and GST catalyzed conjugation of individual GSH 
conjugates. The upper panels show the saturation curves of M2 and M5, resulting from conjugation of DF-
1’,4’-QI. The lower panels show the GSH dependency of M1 and M3 formation, resulting from DF-2,5-QI 
conjugation. Data is shown for chemical conjugation (circles), GSTA1-1 (squares), M1-1 (triangles), M3-3 
(diamonds for DF-2,5-QI conjugation) and P1-1 (inversed triangle). Each data point represents the mean of 
duplicates ± SD.  
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Figure S3 CYP3A4 and CYP2C9 activity after 1 hour HLM incubations with 4’OH-DF or 5OH-DF in 
absence and presence of GSTP1-1. After 1hour, the probe substrates (15 µM midazolam for CYP3A4 and 80 
µM tolbutamide for CYP2C9) are added, together with fresh NADPH regenerating system, and incubated 
for 5 minutes. CYP2C9 activity is protected by GSTP1-1 significantly in 4’OH-DF incubations (30%). The 
activity of CYP2C9 is slightly higher after incubating with 5OH-DF containing GSTP1-1 (10%). Activity is 
expressed relatively to the corresponding incubation without GST.  
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Abstract 

Mefenamic acid (MFA) has been associated with rare but severe cases of hepatotoxicity, 

nephrotoxicity, gastrointestinal toxicity, and hypersensitivity reactions that are believed to 

result from the formation of reactive metabolites. Although formation of protein-reactive 

acylating metabolites by phase II metabolism has been well-studied and proposed to be the 

cause of these toxic side effects, the oxidative bioactivation of MFA has not yet been 

completely characterized. In the present study, the oxidative bioactivation of MFA was 

studied using human liver microsomes (HLM) and recombinant human P450 enzymes. In 

addition to the major metabolite 3′-OH-methyl-MFA, resulting from the benzylic 

hydroxylation by CYP2C9, 4′-hydroxy-MFA and 5-hydroxy-MFA were identified as 

metabolites resulting from oxidative metabolism of both aromatic rings of MFA. In the 

presence of GSH, three GSH conjugates were formed that appeared to result from GSH 

conjugation of the two quinoneimines formed by further oxidation of 4′-hydroxy-MFA and 

5-hydroxy-MFA. The major GSH conjugate was identified as 4′-OH-5′-glutathionyl-MFA and 

was formed at the highest activity by CYP1A2 and to a lesser extent by CYP2C9 and CYP3A4. 

Two minor GSH conjugates resulted from secondary oxidation of 5-hydroxy-MFA and were 

formed at the highest activity by CYP1A2 and to a lesser extent by CYP3A4. Additionally, the 

ability of seven human glutathione S-transferases (hGSTs) to catalyze the GSH conjugation 

of the quinoneimines formed by P450s was also investigated. The highest increase of total 

GSH conjugation was observed with hGSTP1-1, followed by hepatic hGSTs hGSTA2-2 and 

hGSTM1-1. The results of this study show that, next to phase II metabolites, reactive 

quinoneimines formed by oxidative bioactivation might also contribute to the idiosyncratic 

toxicity of MFA. 
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1. Introduction 

Mefenamic acid (MFA) belongs to the class of N-aryl-anthranilic acid containing non-

steroidal anti-inflammatory drugs (NSAIDs) and is widely used in the treatment of pain, 

arthritis and dysmenorrhea [1,2]. The anti-inflammatory effect of MFA is due to the 

inhibition of the production of prostaglandins formed by cyclooxygenase (COX) enzymes 

[3]. Use of MFA has been associated with gastrointestinal toxicity which is a common 

adverse effect of carboxyl-group containing NSAIDs [4,5]. Additionally, MFA has also been 

shown to produce rare cases of nephrotoxicity and hepatotoxicity in patients [6–8]. 

A proposed mechanism for MFA’s NSAID-mediated toxicity is the bioactivation of the drug 

to chemically reactive metabolites that can then covalently bind to proteins [9]. Both 

formation of acyl glucuronides and reactive oxidative metabolites, such as arene oxides and 

quinoneimines, have been shown to contribute to irreversible protein binding of NSAIDs. In 

the case of MFA, glucuronidation of the parent drug and its oxidative metabolites appear to 

be the major pathways of metabolism. Qualitative analysis of urine samples of patients 

undergoing MFA therapy showed that glucuronides of 3′-hydroxy-methyl-MFA, 3′-carboxy-

MFA, and MFA itself were excreted [10]. MFA is mainly glucuronidated to form 1-O- acyl-

MFA glucuronide (MFA-1-O-G), which can bind irreversibly to proteins in vitro and ex vivo. 

The covalent binding of MFA to cellular protein was increased in Chinese hamster V79 cells 

expressing UGT1A9 [2]. Also, the involvement of UGT1A9 and UGT2B7 in the 

glucuronidation of MFA by human kidney cortical microsomes has been reported [11]. More 

recently, MFA- acyl-adenylate (MFA-AMP), MFA-S-acyl-coenzyme A (MFA- CoA), and MFA-

S-acyl-glutathione (MFA-GSH) were shown to be additional reactive acylating metabolites of 

MFA, which appeared to be even more reactive than MFA-1-O-G [1,12].  

Although the bioactivation of MFA by phase II enzymes to acylating metabolites has been 

well-characterized, the possible role of oxidative bioactivation is much less defined. In the 

case of diclofenac, protein modification by oxidative metabolites were suggested to be more 

critical for acute cytotoxicity than modification by its acyl glucuronide [13]. It has been 

shown previously that MFA is mainly metabolized via benzylic hydroxylation to 3′-

hydroxymethyl-MFA in human liver microsomes (HLM) [14,15] (Figure 1). Inhibition studies 

showed that cytochrome P450 2C9 (CYP2C9) is the major enzyme involved. 3′-

Hydroxymethyl-MFA is further metabolized to form the 3′-carboxy-MFA. Zheng et al. 

showed that incubation of MFA with HLM in the presence of NAPDH and GSH resulted in 

the formation of GSH conjugates with m/z 563 and 547, which were proposed to originate 

from quinoneimine and epoxide metabolites, respectively [16]. A corresponding GSH 
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conjugate, with m/z 561 when detected using negative electrospray ionization, was recently 

 

 

Figure 1 Previously described metabolic pathways of mefenamic acid (MFA). 

found in incubations of MFA with rat liver microsomes in the presence of GSH [17]. The 

specific enzymes involved in these oxidative bioactivation reactions and the structures of the 

GSH-conjugates, however, have not yet been investigated. The conjugation of reactive 

quinoneimines to GSH can be spontaneous and/or mediated by glutathione S-transferases 

(GSTs) [18]. Because several human GSTs are known to be genetically polymorphic, 

interindividual variations in GSTs have been proposed as one of the factors determining 

susceptibility to adverse drug reactions [19,20]. For the structurally similar drug diclofenac, it 

has been shown that hGSTs play an important role in the inactivation of diclofenac 

quinoneimines [21]. In a recent study, hGSTP1-1 was shown to catalyze GSH conjugation, 

which indicated the importance of hGST in the inactivation of quinoneimines [22]. However, 

for MFA, the effect of other human hGSTs has not yet been reported. 

The aim of this study is to characterize the P450-dependent pathways that are involved in 

the oxidative bioactivation of MFA. To identify the specific P450s involved in bioactivation, 

incubations were performed with HLM, with and without isoenzyme-specific inhibitors, and 

recombinant human P450 enzymes. To enable structural elucidation of the metabolites by 

NMR, the drug-metabolizing cytochrome P450 BM3 mutant CYP102A1M11H was used to 

produce human relevant metabolites of MFA in large amounts [23–25]. In addition, the role 

of a panel of seven human GSTs in the GSH conjugation of reactive quinoneimine 
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metabolites was studied in incubations of MFA using the drug-metabolizing bacterial P450 

BM3 mutant CYP102A1M11H as the bioactivation system. 

2. Materials and methods 

2.1. Materials 

Human liver microsomes (HLM; Lot No. 0710619), pooled from 50 donors, were obtained 

from Xenotech (Lenexa, USA) and contained 20 mg protein/mL. Supersomes containing 

cDNA-expressed human cytochrome P450 enzymes were purchased from BD Biosciences 

(Breda, Netherlands). The enzymes used were CYP1A1(Lot No. 35400), CYP1A2 (Lot No. 

21667), CYP2A6 (Lot No. 33769), CYP3A4 (Lot No.38275), CYP3A5 (Lot No. 44743), CYP1B1 

(Lot No. 26314), CYP2B6 (Lot No. 62543),CYP2C8 (Lot No. 62556), CYP2C9*1(Arg144) (Lot 

No. 41274), CYP2C18 (Lot No. 11301),CYP2C19 (Lot No. 62542), CYP2D6*1 (Lot No. 38273), 

CYP2E1 (Lot No. 44748) and CYP2J2 (Lot.No. 456264). Cytochrome P450 BM3 mutant 

CYP102A1M11H was expressed and purified as described previously [24]. MFA was purchased 

from Sigma Aldrich. Escherichia coli XL-1 Blue cells containing the expression plasmid for 

human GSTP1-1, M1-1, A1-1 was a kind gift from Prof. Mannervik (Department of 

Biochemistry and Organic chemistry, Uppsala University, Sweden). Expression plasmid for 

GST T1-1 was a kind gift from Prof. Hayes (Biomedical Research Centre, University of 

Dundee, Scotland, United Kingdom). All other chemicals and reagents were of analytical 

grade and obtained from standard suppliers. 

2.2. Construction of expression plasmids for hGST A2-2, hGST M2-2 
and hGST M3-3 

The coding region of GSTA2-2, GSTM2-2 and GSTM3-3 was amplified by polymerase chain 

reaction from human GST cDNA clones obtained from Origene, Rockville, USA (SC119650 

for A2-2, SC119651 for M2-2, SC319401 for M3-3) using the following gene specific primers 

flanked by upstream restriction site NdeI and downstream site BamH1. 

GSTA2-2 (F) : 5’- GGA ATT CCA T ATG GCA GAG AAG CCC AAG CTC C - 3’ GSTA2-2 (R) : 

5’- CG GGA TCC TTA AAA CCT GAA AAT CTT CCT TGA TTC -3’ 

GSTM2-2 (F) : 5’- GGA ATTC CAT ATGCCCATGACACTGGGGTAC-3’ 

GSTM2-2 (R) : 5’-CG GGA TCC CTA CTT GTT GCC CCA GAC AGC CAT C -3’ 

GSTM3-3 (F) : 5’ -GGA ATTC CAT ATGTCG TGC GAG TCG TCT ATG G-3’ 
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GSTM3-3 (R) : 5’-CG GGA TCC TCA GCA TAC AGG CTT GTT GCC CC-3’ 

The amplified gene was subcloned into the NdeI and BamHI sites of the pET-20b(+) vector 

(Novagen, Madison, WI), and introduced into E. coli BL21(DE3). The subcloned cDNAs were 

confirmed by sequencing (Macrogen, Amsterdam, The Netherlands).  

2.3. Expression and purification of hGST enzymes  

Human GST enzymes were expressed and purified as described previously [25]. Protein 

concentrations were determined according to the method of Bradford [26] with reagent 

obtained from Bio-Rad. Purity of the enzymes was checked by SDS polyacrylamide gel 

electrophoresis on a 12% gel with Coomassie staining. The specific activity of the purified 

hGSTs was assayed according to Habig et al., [27] . The specific activities of the purified 

recombinant hGSTs using 1 mM CDNB as a substrate were: 27.6 µmol/min/mg protein for 

GSTA1-1, 11.5 µmol/min/mg protein for GSTA2-2, 58.9 µmol/min/mg protein for GSTM1-1, 

35.7 µmol/min/mg protein for GSTM2-2, 4.2 µmol/min/mg protein for GSTM3-3 and 47.7 

µmol/min/mg protein for GSTP1-1. The specific activity of hGSTT1-1 was determined using 

1,2-epoxy-3 (p-nitrophenoxy)propane as a substrate as described [28] and was 1.83 

μmol/min/mg protein. 

2.4. Incubation of MFA with HLM and recombinant human 
cytochrome P450s 

Incubations containing 100 μM MFA with and without 5 mM GSH were performed in 100 

mM potassium phosphate buffer (pH 7.4) at a final volume of 250 μL containing 2 mg/ml 

HLM. Reactions were initiated by the addition of a NADPH regenerating system (0.5 mM 

NADPH, 20 mM glucose-6-phosphate, 0.4 U/mL glucose-6-phosphate dehydrogenase, final 

concentrations) and performed for 60 min at 37 ºC. 

For bioactivation of MFA by recombinant human P450s, incubations were performed at a 

final volume of 125 μL and consisted of 100 mM potassium phosphate buffer (pH 7.4), 100 μM 

MFA (in DMSO), 5 mM GSH, and recombinant P450 enzymes at a concentration of 100 nM. 

Final DMSO concentrations in the incubations were always below 1%. Reactions were 

initiated by the addition of an NADPH regenerating system and continued for 60 min at 37 

°C. All reactions were terminated by addition of an equal volume of ice-cold methanol 

containing 2% (v/v) aqueous 50 mM ascorbic acid and centrifuged for 15 min at 14 000 rpm. 

The supernatants were analyzed by reversed-phase liquid chromatography and LC-MS/MS 

as described below.  
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For three of the most active recombinant human P450s (CYP1A2, CYP2C9, CYP3A4) and 

HLM, the enzyme kinetic parameters of product formation were subsequently determined 

by incubating enzyme fractions in the presence of eight different concentrations of MFA, 

ranging from 5 to 400 μM. Each concentration of MFA was incubated in duplicate, and all 

incubations were performed in the presence of 5 mM GSH. As described above, incubations 

were initiated by addition of an NADPH regenerating system and terminated by adding an 

equal volume of ice-cold methanol containing ascorbic acid. To determine initial rate of 

metabolite production, short incubation times of 7 min were used, which was in the linear 

phase of metabolite formation (data not shown). The enzyme kinetics data were determined 

by nonlinear regression using GraphPad Prism 5. 

2.5. Inhibition of metabolite formation in incubations of MFA with 
pooled human liver microsomes by isoenzyme-specific inhibitors of 
P450s 

The contribution of individual human P450s to metabolite formation in incubation of MFA 

with pooled HLM was determined by performing incubations in the presence or absence of 

specific inhibitors of individual P450 enzymes. The final concentration of HLM was 2 

mg/mL. Incubations were performed in 100 mM potassium phosphate buffer (pH 7.4) and at 

a final volume of 100 µL. The concentration of MFA was 100 µM and the final concentration 

of DMSO in incubations was less than 1%. P450 selective inhibitors, furafylline (FURA,10 

µM), ketoconazole (KTZ, 2 µM), sulfaphenazole (SPZ, 10 µM) and quinidine (QND, 2 µM)  

were used to investigate the involvement of CYP1A2, CYP3A4, CYP2C9 and CYP2D6 

respectively [29–31]. All inhibitors were dissolved in methanol and the final concentration of 

methanol in the incubations did not exceed 1%. Reactions were initiated by the addition of 

an NADPH regenerating system and incubated for 60 min at 37 ºC. Incubations containing 

the mechanism-based inhibitor FURA were first pre-incubated for 15 min in the presence of 

NADPH before addition of MFA. The reactions were terminated by the addition of 100 µL of 

ice-cold methanol containing 2% (v/v) of 50 mM aqueous ascorbic acid and centrifuged for 

15 min at 14000 rpm. The supernatants were analyzed by HPLC and LC-MS/MS, as described 

in section 2.7. Control incubations without MFA were performed under the same conditions 

to ensure that the presence of inhibitors did not interfere with the quantification of formed 

metabolites.  
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2.6. Bioactivation of 4’-OH and 5-OH mefenamic acid in the 
presence of GSH and human recombinant hGSTs 

Incubations in 100 mM potassium phosphate buffer (KPi buffer, pH 7.4) containing 4′-OH-

MFA or 5-OH-MFA (final concentration 50 μM) were performed using purified 

CYP102A1M11H (20 nM) as the bioactivation system in the presence of 0.1 mM GSH for 60 

min at 24 °C. The concentration of CYP102A1M11H was chosen such that bioactivation rates 

similar to that of HLM (2 mg/mL) were obtained. Enzymatic GSH conjugation catalyzed by 

recombinant human GSTs was investigated by adding 8 μM(final concentration) hGSTs A1-1, 

A2-2, M1-1, M2-2, M3-3, P1-1, or T1-1 to the incubations in the presence of 0.1 mM GSH. The 

reactions were initiated and stopped as described above. Samples were analyzed by an LC-

MS method as described below. 

2.7. Analytical methods 

The analyses of metabolites were performed by reversed-phase liquid chromatography on a 

Shimadzu HPLC equipped with two LC-20AD pumps, a SIL20AC autosampler, and SPD20A 

UV detector using a Luna 5 μm C18 column (4.6 × 150 mm) as the stationary phase. For 

separation of parent compound and metabolites, a gradient method was used with two 

mobile phases: solvent A (1% acetonitrile, 99% water, 0.2% formic acid) and solvent B (1% 

water, 99% acetonitrile, 0.2% formic acid). The first 5 min was isocratic at 20% solvent B. 

From 5−30 min, the concentration of solvent B linearly increased to 100%, followed by linear 

decrease back to 20% until 30.5 min. Isocratic re-equilibration at 20% solvent B was 

maintained until 45 min. The flow rate was 0.5 mL/min, and the detection was at 254 nm.  

For MS analysis, samples were analyzed using an Agilent 1200 series rapid resolution LC 

system connected to a time-of-flight (TOF) Agilent 6230 mass spectrometer equipped with 

electrospray ionization (ESI) source and operating in the positive mode. The LC conditions 

were similar to those described above. The MS ion source parameters were set with a 

capillary voltage at 3500 V. Nitrogen was used as drying gas (10 L/min) and nebulizing gas 

(pressure 50 psig) at a constant gas temperature of 350 °C. Data analysis was performed 

using Agilent MassHunter Qualitative analysis software. For the product ion spectrum, 

samples were analyzed by automated MS/MS analysis using an Agilent 1200 series rapid 

resolution LC system connected to a hybrid quadrupole-time-of-flight (Q-TOF) Agilent 6520 

mass spectrometer (Agilent Technologies, Waldbronn, Germany). 
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2.8. Large scale incubation of MFA with cytochrome P450 BM3 
mutant CYP102A1 M11H 

To obtain the oxidative metabolites and major GSH conjugate MG1 of MFA on a preparative 

scale, large- scale incubations were performed with CYP102A1M11H as the biocatalyst. A 20 

mL reaction volume containing 250 nM purified CYP102A1M11H, 500 μM MFA, 5 mM GSH, 

and an NADPH regenerating system (0.5 mM NADPH, 20 mM glucose-6-phosphate, 0.4 

U/mL glucose-6-phosphate dehydrogenase) was prepared in 100 mM potassium phosphate 

buffer, pH 7.4. The reactions were allowed to continue for 4 h at 25 °C. The reactions were 

terminated by adding an equal volume of ice-cold methanol containing 2% (v/v) aqueous 50 

mM ascorbic acid and centrifuged for 15 min at 14 000 rpm. After precipitation of the 

proteins, the sample was evaporated and reconstituted in 20% eluent B. A series of 1 mL 

injections of the sample was loaded on a preparative HPLC column, Luna 5 μm C18(2) 

column (250 mm × 10 mm i.d.) from Phenomenex (Torrance, CA, USA), which was initially 

equilibrated with 20% eluent B. A flow rate of 1.5 mL/min and a gradient using the eluent A 

(0.8% acetonitrile, 99% water, and 0.2% formic acid) and B (99% acetonitrile, 0.8% water, 

and 0.2% formic acid) was applied for separation of formed MFA metabolites. The first 10 

min was isocratic at 20% eluent B; from 10 to 45 min, the percentage of eluent B increased 

linearly to 100% followed by linear decrease back to 20% until 45.5 min. Isocratic re-

equilibration at 20% solvent B was maintained until 60 min. Metabolites were detected using 

UV detection (254 nm) and collected by automated fraction collector. Collected fractions 

were first analyzed for purity and identity by the analytical HPLC and LC-MS/MS methods 

as described above. The samples were evaporated to dryness under a nitrogen stream and 

redissolved in 500 μL of methyl alcohol-d4. 1H NMR analysis was performed on Bruker 

Avance 500 (Fallanden, Switzerland) equipped with a cryoprobe. 1H NMR measurements 

were carried out at 500 MHz. The structural assignment of the metabolites was done by 

using COSY spectra. 

To obtain the oxidative metabolites and major GSH conjugate MG1 of MFA on a preparative 

scale, large scale incubations were performed with CYP102A1 M11H as biocatalyst. A 20 mL 

reaction volume containing 250 nM purified CYP102A1 M11H, 500 µM MFA, 5 mM GSH and 

an NADPH regenerating system (0.5 mM NADPH, 20 mM glucose-6-phosphate, 0.4 U/mL 

glucose-6-phosphate dehydrogenase) was prepared in 100 mM potassium phosphate buffer 

pH 7.4. The reactions were allowed to continue for 4 h at 25°C. The reactions were 

terminated by adding an equal volume of ice cold methanol containing 2 % (v/v) of aqueous 

50 mM ascorbic acid and centrifuged for 15 min at 14000 rpm. After precipitation of the 
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proteins, the sample was evaporated and reconstituted in 20% B. A series of 1 mL injections 

of the sample were loaded on a preparative HPLC column Luna 5 µm C18(2) column (250 

mm x 10 mm i.d.) from Phenomenex (Torrance, CA, USA) which was initially equilibrated 

with 20% eluent B. A flow rate of 1.5 mL/min and a gradient using the eluent A (0.8% 

acetonitrile, 99% water, and 0.2% formic acid) and B (99% acetonitrile, 0.8% water, and 

0.2% formic acid) was applied for separation of formed MFA metabolites. The first 10 min 

was isocratic at 20% eluent B: from 10 to 45 min, the percentage of eluent B increased 

linearly to 100% followed by linear decrease back to 20% until 45.5 min. Isocratic re-

equilibration at 20% solvent B was maintained until 60 min. Metabolites were detected using 

UV detection (254 nm) and collected by automated fraction collector. Collected fractions 

were first analyzed for purity and identity by the analytical HPLC and LC-MS/MS methods 

as described above. The samples were evaporated to dryness under a nitrogen stream and 

redissolved in 500 µL of methyl alcohol-d4. 1H-NMR-analysis was performed on Bruker 

Avance 500 (Fallanden, Switzerland), equipped with cryoprobe. 1H-NMR measurements 

were carried out at 500 MHz. The structural assignment of the metabolites was done by 

using COSY spectra. 

2.9. Quantification of isolated metabolites of mefenamic acid by 1H 
NMR 

To enable absolute quantification of the major metabolites of mefenamic acid by NMR, 

dimethyl formamide (DMF) was used as an internal standard. A final concentration of 3.2 

mM DMF was added to dmso-d6 solutions of M1, M2 and MG1 and analyzed by 1H NMR. All 

NMR data were acquired on Bruker 500 MHz spectrometer equipped with 5 mm cryoprobe. 

DMF was selected as internal standard because its signals (singlets at 2.73 ppm and 2.89 ppm 

corresponding to 2 methyl groups) do not interfere with the 1H-NMR signals of the MFA 

metabolites. By integrating the signals of aliphatic methyl group protons of M1 [5H], M2 

[6H] and MG1 [6H] and comparing to that of DMF ([6H]), the concentration of the 

metabolites were determined. Standard curves of 3’-OH-MFA, 4’-OH-MFA and the major 

GSH conjugate were prepared using these solutions quantified by 1H NMR spectroscopy. The 

samples were analyzed by HPLC-UV and LC-MS methods as described above. Linear 

standard curves were obtained for each of the metabolites by HPLC UV-VIS (0.5 μM-100 μM) 

and by LC-MS (0.020 μM-100 μM). Standard curves of M2 and MG1 were used to estimate 

the amount of M3 and minor GSH conjugates (MG2 and MG3) respectively as high amount 

of material could not be generated to enable NMR quantification. 
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3. Results 

3.1. Oxidative metabolism of MFA by HLM 

MFA was first incubated with HLM in the presence of NAPDH and GSH to identify all the 

oxidative metabolites and GSH conjugates. As shown in Figure 2A, incubation of MFA with 

HLM produced 3 metabolites (M1, M2, M3) with an m/z value of 258.11 (Figure 2B) 

corresponding to mono-oxygenated products. The major product M1 contributed to about 

84% of the total mono-hydroxylated product formed while M2 and M3 accounted for about 

13% and 3% respectively. The major product of MFA formed by human P450s was previously 

identified as 3’-hydroxy-methyl-MFA [15,32]. 

 

Figure 2 (A) Representative HPLC chromatogram obtained after incubation of mefenamic acid (100 μM) 
with human liver microsomes (2 mg/mL) in the presence of NADPH and reduced glutathione (GSH). (B) 
Extracted ion chromatogram (EIC) at m/z 258.11 of monohydroxylated metabolites. (C) Extracted ion 
chromatogram (EIC) at m/z 563.18 of GSH conjugates. 

As shown in Figure 2C, in the presence of 5 mM GSH, three GSH conjugates were observed 

with m/z values of 563, indicating the incorporation of both an oxygen atom and GSH into 

the MFA moiety. These products implicate the involvement of quinoneimine intermediates. 
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The product ion spectrum of the major conjugate MG1 showed the characteristic fragments 

arising from the cleavage of the GSH moiety such as the loss of glycine, loss of 

pyroglutamate, loss of GSH, cleavage between the cysteinyl C-S bond with charge retention 

on the aromatic moiety and further loss of a water molecule from the fragment ion 

(Supplementary Figure S1). The product ion spectrum of MG1 was identical to the GSH 

conjugate observed by Zheng et al., [16] which was attributed to GSH conjugation to a 

quinoneimine metabolite. However, it was not yet elucidated which ring of MFA was 

bioactivated to the quinoneimine. 

The product ion spectrum of the two minor GSH conjugates is shown in Supplementary 

Figure S2. The product ions with m/z 244, m/z 444 and m/z 519 show that the GSH 

conjugates MG2 and MG3 are most likely to be derived from 5-OH-MFA pathway, 

corresponding to aromatic hydroxylation on carboxy phenyl ring. These two minor 

conjugates were not reported previously in the study of Zheng et al. [16]. 

3.2. Large scale production of MFA metabolites by CYP102A1 M11H 
and structural elucidation by NMR 

Incubation of CYP102A1M11H with MFA resulted in the formation of all relevant metabolites 

observed from the HLM incubation (Figure 3). The retention times and fragmentation 

patterns of the products formed by CYP102A1M11H and HLM were identical (Table 1). In 

addition, three metabolites with m/z values of 274 (S1), 272 (S2), and 256 (S3) were observed 

in the CYP102A1M11H incubation, possibly due to secondary oxygenation and 

dehydrogenation. In the case of CYP102A1M11H incubation, M1 contributed to about 20% of 

the total monohydroxylated product formed, whereas M2 and M3 contributed to about 70 

and 10%, respectively. Although the product ratio of the hydroxylated metabolites was 

different between CYP102A1M11 and HLM, the cytochrome P450 BM3 mutant was highly 

active and converted more than 70% of MFA to the oxidative metabolites. 

As shown in Figure 3C, CYP102A1M11H was also able to produce all three human-relevant 

GSH conjugates, with the highest production being that of the major GSH conjugate MG1. 

The retention time and fragmentation pattern of the GSH conjugates were identical to those 

observed in HLM incubations. Large-scale incubations were performed using CYP102A1M11H 

as the biotransformation system to generate the metabolites on a large scale to obtain their 

structural information by NMR.  
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Figure 3 (A) Representative HPLC chromatogram obtained after incubation of mefenamic acid (500 μM) 
with CYP102A1 in the presence of NADPH and reduced glutathione (GSH). S1, S2, and S3 denote secondary 
oxidation products with m/z 274, 272, and 256, respectively. (B) Extracted ion chromatogram (EIC) at m/z 
258.11 of monohydroxylated metabolite. (C) Extracted ion chromatogram (EIC) at m/z 563.18 of GSH 
conjugates. 

Table 1 Oxidative metabolites and GSH conjugates formed in incubation of MFA with HLM and CYP102A1 
M11H.  

Metabolites tr 

min 

Exact mass  

m/zc 

Elemental composition Proposed structure 

Oxidative metabolites a     

M1 21.58 258.117 C15H16NO3 MFA+O 

M2 

M3 

23.35 

23.68 

258.117 

258.117 

C15H16NO3 

C15H16NO3 

MFA+O 

MFA+O 

GSH-conjugates b     

MG1 16.41 563.189 C25H31N4O9S MFA+O+SG 

MG2 15.97 563.189 C25H31N4O9S MFA+O+SG 

MG3 15.27 563.189 C25H31N4O9S MFA+O+SG 

a Retention time tr in minutes is based on HPLC-UV chromatogram b Retention time tr in minutes is based 
on MS analysis c m/z values correspond to the singly protonated molecule [(M+H)]+. 
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The 1H NMR spectrum of M1 was identical to that of 3’-OH-methyl MFA, as previously 

described [33]. The 1H NMR spectra of M2 and M3, showed that the two benzylic methyl 

groups were unchanged implicating that the hydroxylation has taken place on any one of the 

aromatic rings.  

The aromatic region of the 1H NMR spectrum of M2 showed 6 signals with an integral of 6 

protons. The presence of a doublet of doublet signal with ortho coupling of 7.9 Hz and meta 

coupling of 1.6 Hz corresponding to proton H-6 in the carboxy phenyl ring, indicated that 

protons H-5 and H-4 were still present (Table 2). Also, the presence of doublet of doublet of 

doublet multiplicity pattern (ddd) with 2 ortho couplings and one meta coupling 

corresponding to H-4 was, found. This indicates that the hydroxyl group is localized on the 

dimethyl phenyl ring. The aromatic protons of this ring were assigned with help of COSY 

spectra (Supplementary Figure S3). The presence of doublets at 6.88 and 6.67 ppm with 

strong ortho couplings corresponding to H-5’ and H-6’, respectively, and the absence of a 

signal corresponding to H-4’ indicated that the metabolite M2 results from hydroxylation at 

4’ position on the dimethyl phenyl ring. 

Table 2 1H NMR shifts of aromatic region for the mefenamic acid metabolites M2, M3 and major 
glutathione conjugate MG1.  

Proton 4’-OH-MFA  
(M2) 

5-OH-MFA  
(M3) 

Major Glutathione conjugate  
(MG1) 

2’-CH3 2.12(3H,s) 2.17(3H,s) 2.13(3H,s) 
3’-CH3 2.18(3H,s) 2.32(3H,s) 2.26(3H,s) 

4’-H - 7.09(1H,d) 

J=7.9Hz 

- 

 
5’-H 6.88 (1H,d) 

J=8.5 Hz 

7.03(1H,t) 

J= 7.7 Hz 

- 

 
6’-H 6.67 (1H,d) 

J=8.5 Hz 

6.92(1H,d) 

J=7.3 Hz 

7.22 (1H,s) 

3-H 6.41 (1H,d) 
J=8.2 Hz 

6.74(1H,d) 
J=8.8 Hz 

6.48(1H,d) 
J=8.5 Hz 

4-H 7.11(1H,ddd) 
J=8.5, 7.6, 1.6 Hz 

6.83(1H,dd) 
J=8.9, 3.0 Hz 

7.25(1H,ddd) 
J=8.8, 7.6, 1.6 Hz 

5-H 6.57(1H,t) 
J=7.6 Hz 

- 6.63(1H,t) 
J=7.6 Hz 

6-H 7.91(1H,dd) 

J=7.9, 1.6 Hz 

7.42(1H,d) 

J=2.8 Hz 

7.94(1H,dd) 

J=7.9, 1.6 Hz 

Metabolite M3, which is also hydroxylated on an aromatic ring, did not show the 

characteristic meta and ortho coupling arising from H-6, clearly showing that the 
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hydroxylation took place on the carboxy phenyl ring. The H-6 proton of metabolite M3 is 

strongly shifted 0.5 ppm up-field (δ7.42 ) accompanied by a change in the coupling pattern  

from a double doublet (dd) to a doublet (d) with a coupling constant of 2.8 Hz 

corresponding to a meta coupling. Also, H-4 proton showed only one ortho coupling and 

one meta coupling, indicating that proton H-5 was no longer present and confirming that 

the position of hydroxylation was C-5, thus assigning M3 to be 5-OH-MFA. 

 

Figure 4 Comparison of aromatic regions of the 1 H HMR spectrum of (A) 4′-OH-MFA. (B) Major GSH 
conjugate 4′-OH-5′-(glutathion-S-yl)- MFA (MG1) formed via the 4′-OH pathway. 

Figure 4B shows the aromatic region of 1H NMR spectra of the major GSH conjugate MG1 

isolated by preparative HPLC from the large-scale incubation. The signal at 7.94 ppm 

corresponding to proton H-6 gives rise to doublet of doublet with both ortho and meta 

coupling with the neighbouring protons. This confirms that the major GSH conjugate 

formed is via the hydroxylation on dimethyl phenyl ring. Comparison of the 1H NMR 

spectrum of 4´-OH-MFA and the GSH conjugate MG1 clearly shows that all signals from 

carboxy phenyl ring protons were identical (Figure 4). Additionally, the dimethyl phenyl ring 
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showed only a singlet from one proton. On the basis of COSY spectra, this proton was 

assigned to be H-6’ (Supplementary Figure S4). This further confirms that the addition of 

GSH has taken place at the C-5’ position in the dimethyl phenyl ring. Therefore, the major 

GSH conjugate was assigned as 4´-hydroxy-5´-glutathionyl-MFA (4´-OH-5´-GS-MFA) which 

can be rationalized by GSH-conjugation of MFA-1',4'-quinoneimine (MFA-1',4'-QI). NMR 

characterization of the minor GSH conjugates was not possible because of the low amount of 

products formed. However, incubation of purified 5-OH-MFA with HLM and GSH resulted 

in the formation of both MG2 and MG3 (Supplementary Figure S5). This indicates that these 

two GSH conjugates are derived from MFA-2,5-quinoneimine (MFA-2,5-QI) which is formed 

by secondary oxidation of 5-OH-MFA. 

3.3. Metabolism and bioactivation of MFA by recombinant P450s 

To investigate the ability of individual human cytochrome P450 enzymes to produce the 

identified metabolites of MFA, incubations were performed with Supersomes containing 

human recombinant P450s at an MFA concentration of 100 μM. Figure 5 shows the relative 

amounts of product formed after 60 min relative to the most active recombinant CYP. 

The major metabolite of MFA, 3′-OH-methyl-MFA (M1), was produced to the highest extent 

by CYP2C9 and to a lesser extent by CYP2C19 (Figure 5A). The relative amounts of the 

formation of 4′-OH-MFA (M2) and the major GSH adduct MG1 from the 4′-OH pathway 

with respect to the most active CYP is shown in Figure 5B. CYP1A2 and CYP2C9 showed the 

highest activity, forming almost equal amounts of 4′-OH-MFA, followed by CYP1A1 and 

CYP3A4 to lesser extents. CYP1A2 showed the highest activity for MG1, which results from 

the addition of GSH to MFA-1′,4′-QI. CYP2C9 also produced MG1, but at significantly lower 

levels than that from CYP1A2, suggesting that CYP1A2 may catalyze the secondary oxidation 

of 4′-OH-MFA to MFA-1′,4′-QI more efficiently. 

Figure 5C shows the relative rates of formation of 5-OH-MFA and the minor GSH adducts 

resulting from MFA-2,5-QI. Incubations with CYP1A2 showed the highest level of formation 

of 5-OH MFA followed by CYP3A4, CYP2C19, and CYP1A1. The formation of GSH 

conjugates MG2and MG3, which result from bioactivation of 5-OH-MFA, was also 

predominantly catalyzed by CYP1A2 (Supporting Information Figure S6) and to a relatively 

lower extent by CYP 3A4 and CYP 1A1 (Figure 5B). 

  

http://pubs.acs.org/doi/full/10.1021/tx500288b#fig5
http://pubs.acs.org/doi/full/10.1021/tx500288b#fig5
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153 

 

Figure 5 Relative formation of MFA metabolites normalized to that of the most active CYP isoform at 100 
μM MFA. (A) 100% M1 (CYP2C9) corresponds to 41.4 ± 1.3 μM; (B) 100% M2 (CYP2C9) corresponds to 5.1 ± 
0.4 μM and 100% MG1 (CYP2C9) corresponds to 0.74 ± 0.08 μM; (C) 100% M3 (CYP1A2) corresponds to 
4.6 ± 0.4 μM and 100% of the sum of MG2 and MG3 (CYP1A2) corresponds to 0.22 ± 0.04 μM. The 
quantification was performed as described in the Materials and Methods section. 

3.4. Enzyme Kinetics Characterization of Oxidative Metabolism of 
MFA 

The pooled HLM and the enzymes showing the highest yield of oxidative metabolites and 

GSH conjugates were subjected to subsequent enzyme kinetics analysis. Table 3 shows the 

enzyme kinetics constants, which were calculated from the saturation curves that were 

http://pubs.acs.org/doi/full/10.1021/tx500288b#tbl3
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obtained by varying the MFA concentration from 5 to 400 μM. The saturation curves can be 

found in the Supporting Information (Figures S7–S10). In incubations with pooled HLM, the 

enzyme kinetics parameters of the major metabolite, 3′-OH-methyl MFA, showed a relatively 

Table 3 Enzyme Kinetics Data of Oxidative Metabolism of Mefenamic Acid by Human Liver Microsomes 
(HLM) and Recombinant Human P450sa. 

Enzyme fraction metabolite Km  

μM 

Vmax 

 

Vmax/Km  

HLM 3′-OH-methyl MFA 16.3 ± 1.8 212 ± 5.4b 13.0 ± 2.0c 

 4′-OH MFA 38.7 ± 2.1 86.8 ± 1.4b 2.2 ± 0.2c 

 5-OH MFA 125 ± 16 130 ± 15b 1.0 ± 0.1c 

CYP1A2 3′-OH-methyl MFA N.Q.f N.Q.f N.Q.f 

 4′-OH MFA 8.9 ± 0.7 1.57 ± 0.02d 0.17 ± 0.2e 

 5-OH MFA 7.6 ± 0.4 3.80 ± 0.04d 0.50 ± 0.03e 

CYP2C9 3′-OH-methyl MFA 5.4 ± 1.5 1.93 ± 0.09d 0.36 ± 0.16e 

 4′-OH MFA 5.7 ± 1.0 0.62 ± 0.02d 0.11 ± 0.03e 

 5-OH MFA 13.4 ± 1.3  

0.13 ± 0.01d 

 

0.010 ± 0.001e 

CYP3A4 3′-OH-methyl MFA N.Q.f N.Q.f N.Q.f 

 4′-OH MFA N.Q.f N.Q.f N.Q.f 

 5-OH MFA 316 ± 75 8.9 ± 1.5d 0.028 ± 0.009e 

a Kinetic parameters were calculated by nonlinear regression using GraphPad Prism 5; b Units of pmol 
product/min/mg microsomal protein; c Units of μL/min/mg microsomal protein; d Units of pmol 
product/min/pmol recombinant P450; e Units of μL/min/pmol recombinant P450; f N.Q., enzyme kinetic 
parameters could not be quantified because metabolite concentrations were below the level of 
quantification (less than 20 nM). 

high Vmax value in combination with a low apparent Km value, resulting in the highest 

intrinsic clearance value (Vmax/Km). Of the three recombinant enzymes studied, only CYP2C9 

showed both relatively high affinity and high activity, suggesting that this P450 is the major 

enzyme involved in the hydroxylation of the 3′-methyl-group. Both 4′-OH-MFA and 5-OH-

MFA were formed by CYP2C9 with significantly lower intrinsic clearance than that of 3′-OH-

methyl MFA, which was mainly due to lower Vmax values. Both CYP1A2 and CYP2C9 were 

able to produce 4′-OH-MFA with relatively low apparent Km values and comparable intrinsic 

clearances. Determining which of these P450s contributes most to the 4′-OH MFA 

formation, therefore, will be strongly dependent on their expression level in human liver. 

The minor metabolite 5-OH-MFA is produced in pooled HLM with a relatively high Km value 

of 125 μM, resulting in a low intrinsic clearance value (Table 3). For CYP1A2, 5-OH-MFA was 

the major metabolite of MFA, being formed at about 3-fold higher levels than that of 4′-OH-

http://pubs.acs.org/doi/full/10.1021/tx500288b#notes-1
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn1
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn2
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn1
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn2
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn1
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn2
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn5
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn5
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn5
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn3
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn4
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn3
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn4
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn3
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn4
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn3
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn4
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn3
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn4
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn5
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn5
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn5
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn5
http://pubs.acs.org/doi/full/10.1021/tx500288b#t3fn5
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MFA. The apparent Km value of CYP1A2 was significantly lower than that found with pooled 

HLM. Of the three recombinant P450s studied, only recombinant CYP3A4 showed a high 

apparent Km value, although its intrinsic clearance is low when expressed on a per picomole 

of P450 basis. 

Because of the short incubation times used in the enzyme kinetics studies, the levels of GSH 

conjugates were below the threshold of detection (∼20 nM). After incubating for 60 min, 

only GSH conjugate MG1 could be found in incubations of 5 μM of MFA in the presence of 

CYP1A2, CYP2C9, and CYP3A4. The highest levels of MG1 were observed with CYP1A2, as 

was also found in incubations with 100 μM MFA. 

3.5. Inhibition of oxidative metabolism of MFA by HLM by P450-
specific inhibitors 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Effect of CYP450 inhibitors on the metabolism of 
mefenamic acid (MFA) by HLM to (A) 4′-OH mefenamic 
acid (4′- OH-MFA) and major GSH conjugate MG1 formed 
via the 4′-OH quinoneimine pathway and to (B) 5-OH 
mefenamic acid (5-OHMFA) and minor GSH conjugates 
MG2 and MG3 formed via the 5- OH quinoneimine 
pathway. Data are expressed as the percent of control 
activity and represent the mean of duplicate 
determinations. 
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Incubations of MFA with HLM were performed with P450 isoenzyme-specific inhibitors to 

test the effect of the inhibitors on the formation of M2, M3, and the GSH conjugates 

(MG1, MG2, and MG3) formed by the respective quinoneimine pathways. Figure 6 shows the 

effect of P450 isoenzyme-selective inhibitors on the formation of 4′-OH and 5-OH-MFA and 

their corresponding GSH conjugates. The results obtained are expressed as the percent of 

activity of the control HLM incubation, in which no inhibitor was added. As shown in 

Figure 6A, addition of the CYP2C9 inhibitor SPZ resulted in the highest amount of inhibition 

(75%) for the formation of 4′-OH-MFA, followed by the CYP1A2 inhibitor FUR. FUR and SPZ 

inhibited the formation of the major GSH conjugate MG1 to an almost similar extent, which 

is consistent with the results obtained with recombinant P450s. 

For the formation of 5-OH-MFA (M3) and the corresponding GSH conjugates derived from 

this pathway, addition of FUR inhibited formation of M3, MG2, and MG3 by about 70% 

(Figure 6B). The results from the inhibition studies were consistent with the results obtained 

with the recombinant P450 incubations, indicating that CYP1A2 and CYP2C9 play an 

important role for the 4′-OH pathway and that CYP1A2 is the main isoform for the 5-OH 

pathway.  

3.6. Human glutathione S-transferases mediated inactivation of 
mefenamic acid quinoneimines 

In order to study the effect of human glutathione S-transferases on the inactivation of the 

quinoneimine intermediates of MFA, incubations were performed with 4′- and 5-OH-MFA in 

the presence of one of the seven hGSTs and bacterial CYP102A1M11H as the bioactivation 

system. As shown in Figure 7A, using 4′-OH-MFA as substrate, addition of 8 μM of the 

different hGSTs to the incubations resulted in about a 1.3–1.5-fold increase compared to the 

non-enzymatic formation of MG1. This increase in GSH conjugation is moderate in 

comparison to that for structurally comparable 4′-OH-diclofenac, which showed much 

higher GSH conjugation in the presence of hGSTs [21]. This may be attributed to the fact 

that non-enzymatic glutathione conjugation is higher for MFA than it is for diclofenac. 

For 5-OH-MFA, GSH conjugate formation from MFA-2,5-QI was significantly increased by 

the addition of the different hGSTs. Consistent with a previous study, hGSTP1-1 showed the 

highest increase (about 8.5-fold) toward the formation of GSH conjugates in comparison to 

that from the non-enzymatic conjugation [22]. The addition of hepatic hGSTs A2-2 and M1-1 

also resulted in a 3.5–4-fold increase toward the formation of GSH conjugates from the 5-OH 

pathway (Figure 7B). 

http://pubs.acs.org/doi/full/10.1021/tx500288b#fig6
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Figure 7 Effect of 8 μM human glutathione S-transferases on the inactivation of (A) MFA-1′4′-
quinoneimine and (B) MFA-2,5- quinoneimine. 

4. Discussion 

Several recent studies have demonstrated that the carboxylic acid-containing NSAID MFA 

can be bioactivated by phase 2-enzymes to a variety of protein-reactive acylating 

metabolites, such as MFA-1-O-G, MFA-AMP, MFA-CoA and MFA-GSH [1,12]. The formation 

of protein adducts from these acylating agents have been suggested to play a role in the 

onset of the idiosyncratic toxicities of MFA, which include hepatic and renal toxicity and 

hypersensitivity reactions [6,8,34]. Although GSH-conjugates derived from oxidative 

bioactivation of MFA have been detected previously [16,17], the structures of the reactive 

intermediates and the P450s involved have not yet been characterized. Therefore, the aim of 

the present study was to characterize the P450-dependent bioactivation of MFA to 

quinoneimines and their inactivation by human glutathione S-transferases in more detail. 

Consistent with previous studies, the major P450 mediated oxidative metabolite formed by 

HLM was found to be 3’-OH-methyl-MFA [15,32]. In addition to 3’-OH-methyl-MFA, 4'-OH-

MFA (M2) and 5-OH-MFA (M3) were identified as metabolites resulting from aromatic 

hydroxylation (Figure 2). According to the intrinsic clearance by which 4′-OH-MFA and 5-

OH-MFA are formed by pooled HLM, their formation amounted to approximately 16 and 

7.5%, respectively, of that of the major oxidative pathway, 3′-methylhydroxylation. Although 

they can be considered to be relatively minor metabolites, both hydroxylated MFA 

metabolites can be bioactivated by dehydrogenation to reactive quinoneimines, which might 

potentially play a role in adverse drug reactions, as has been previously reported for drugs 
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like diclofenac, meclofenamic acid, glafenine, and lumiracoxib [35–38]. For the structurally 

related NSAIDs diclofenac and meclofenamic acid, several GSH conjugates have been 

identified that result from GSH-conjugation to the quinoneimines formed via the 4’-OH- 

and 5-OH-hydroxylation pathways [37,39]. Zheng et al., previously reported the formation of 

one GSH adduct of MFA with m/z 563, which was tentatively assigned to a reactive 

quinoneimine metabolite [16]. In the present incubations with HLM and recombinant P450s, 

three GSH conjugates with m/z value of 563 could be detected, which can be explained by 

GSH-conjugation to reactive quinoneimine metabolites. The major conjugate, MG1, was 

shown to be formed via 4′-hydroxylation and subsequent dehydrogenation to MFA-1′,4′-QI 

(Figure 8). The two minor GSH conjugates, MG2 and MG3, were identified as regioisomeric 

GSH conjugates formed via 5- hydroxylation and subsequent dehydrogenation to MFA-2,5-

QI (Figure 8). Formation of GSH conjugates with m/z 547, which were reported by Zheng et 

al., [16] was not observed in our incubations of MFA with HLM and recombinant P450s. This 

may be explained by the higher sensitivity of the multiple reaction monitoring method used. 

The extremely low levels of these products may call into question the toxicological relevance 

of the short-lived epoxide intermediates of MFA. 

As shown in Figure 5, the incubations of MFA with recombinant human P450s revealed that 

both CYP1A2 and CYP2C9 catalyze the formation of 4′-OH-MFA, whereas GSH conjugate 

MG1 was formed in higher amounts by CYP1A2 compared to that with CYP2C9. The 

inhibition studies with pooled HLM showed that inhibitors of CYP2C9 and CYP1A2 reduced 

the formation of MG1 to almost equal amounts (Figure 6). This may be due to the relatively 

higher abundance of CYP2C9 compared to that of CYP1A2 in human liver [40,41]. Aromatic 

oxidation to 5-OH and the formation of GSH conjugates MG2 and MG3 were mainly 

catalyzed by CYP1A2. Previously, it was shown that MFA inhibited phenacetin O-

deethylation catalyzed by CYP1A2 with IC50 < 10 μM, indicating that it has high affinity for 

CYP1A2 [42]. However, prior to this study, there is no information available about the 

involvement of CYP1A2 or other human P450s in the bioactivation pathway of MFA. CYP2C9 

is polymorphic in human population [43] and polymorphic variants of CYP2C9 have been 

shown to exhibit differences in metabolic clearance for NSAIDs [44]. Additionally, CYP1A2 is 

an inducible P450 enzyme [45] and therefore variations in CYP1A2 and CYP2C9 enzyme 

activities between individuals can be a risk factor for adverse drug reactions caused by MFA. 

Quinoneimines formed from the diphenyl amine moiety of NSAIDs have been proposed to 

play an important role in hepatotoxicity [46]. Recently, we demonstrated that NQO1 is 

highly efficient in inactivation of the quinonimines of MFA [22]. In the present study, the 
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capacity of several human GSTs to inactivate MFA quinoneimines was also studied. As 

shown in Figure 7A, the formation of 4′-OH-5′-SG-MFA was not significantly increased by 

the addition of hGSTs, consistent with previous results [22]. However, the amount of GSH 

conjugates derived from the 5-hydroxylation pathway, leading to the formation of 5-OH-4/6-

SG-MFA, was significantly increased by the addition of hepatic hGSTs A1-1, A2-2, and M1-1, 

and P1-1. Interestingly, in the case of diclofenac, the quinonimine from the minor metabolite 

5-hydroxydiclofenac appeared to be more immunogenic than the quinonimine derived from 

the major metabolite 4′-hydroxydiclofenac [47]. Whether the minor bioactivation pathway 

of MFA also has higher toxicological significance remains to be established. 

For the total GSH conjugation, hGST P1-1 was found to be the most active GST catalyzing the 

formation of GSH conjugates. A recent study reported that among the human hepatic drug 

metabolizing enzymes, hGST A1 and A2 enzymes were shown to exhibit one of the highest 

differences in expression among individuals [48]. Therefore, polymorphism of cytochrome 

P450s at the bioactivation level combined with interindividual variations in the hGST 

expression at the detoxification level may be potential risk factors in susceptibility to adverse 

drug reactions. Although hGSTP1 is expressed in low quantities in liver, it has high 

extrahepatic tissue expression. For example, hGSTP1-1 is highly expressed throughout the 

gastrointestinal (GI) tract with a slight decrease of expression from stomach to colon [49]. 

Apart from hepatotoxicity, MFA has also been associated with GI tract toxicity [4,5,50]. 

Therefore, reduced protective effect of hGSTP1 due to genetic polymorphism may be an 

aggravating factor for the adverse effects. The contribution of MFA quinoneimines to MFA 

induced toxicity still remains to be established in cellular context. Cellular toxicity studies 

using transgenic knock out models lacking a specific hGST or P450 can provide more 

insights into the mechanism of bioactivation/bio-inactivation. 

In conclusion, the present study shows that MFA undergoes P450-mediated aromatic ring 

hydroxylation as a minor pathway, which can be further bioactivated to two different 

reactive quinoneimines. Three human P450s appeared to be involved in bioactivation to 

GSH-reactive metabolites, with the highest contribution being from CYP1A2 and CYP2C9 in 

pooled human liver microsomes, which is representative of the average human. However, 

due to enzyme induction and genetic polymorphisms, the activity of the activating P450s 

can vary dramatically in the population, which can put individuals with increased 

bioactivating enzyme activities at increased risk, especially when combined with deficiency 

in protectives GSTs and/or NQO1. 
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Supplemental material 

 

Figure S1. Product ion spectra of the major GSH conjugate MG1 (m/z 563) formed via quinoneimine 
pathway obtained after incubation of HLM with 5 mM glutathione. 

 

Figure S2 Product ion spectra of the minor GSH conjugates with m/z 563, MG3 (A) and MG2 (B), formed 
via quinoneimine pathway obtained after incubation of HLM with 5 mM glutathione. 
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Figure S3  COSY spectrum of 4’-OH-MFA (M2). 

 

Figure S4. COSY spectrum of 4’-OH-5’-SG-MFA (MG1). 

 

Figure S5 Extracted ion chromatogram (EIC) of m/z 563.18 obtained from incubations of human liver 
microsomes (2 mg/mL) with A. 4’-OH-MFA and B. 5-OH-MFA. The GSH conjugates MG1 and MG2, MG3 
are labelled. 
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Figure S6 HPLC chromatograms showing mefenamic acid metabolites formed in vitro by CYP1A2 (lower 
trace) and CYP1A2 in the presence of GSH (upper trace).100 µM MFA was incubated for 60 minutes with 
100 nM of CYP1A2. M1 (3’-OH-methyl-MFA) M2 (4’-OH-MFA) M3 (5-OHMFA). MG1 is the major GSH 
conjugate derived from 4’-OH pathway. MG2 and MG3 are GSH conjugates derived from 5-OH pathway. 
Background peak ‘X’ was also present in the control incubations. 

 

Figure S7 Concentration dependence of oxidative metabolism of mefenamic acid (MFA) by pooled human 
liver microsomes. Enzyme kinetical parameters: 3'-methylhydroxylation (A), KM, 16.3 ± 1.8 (µM); Vmax, 
212 ± 5.4 (pmol product/min/mg protein); 4'-hydroxylation (B), KM, 38.7 ± 2.1 (µM); Vmax, 86.8 ± 1.4 
(pmol product/min/mg protein). 5-hydroxylation (C), KM, 125 ± 16 (µM); Vmax, 130 ± 15 (pmol 
product/min/ pmol product/min/mg protein). For experimental conditions, see manuscript. 
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Figure S8 Concentration dependence of oxidative metabolism of mefenamic acid (MFA) by recombinant 
human CYP2C9. Enzyme kinetical parameters: 3'-methylhydroxylation (A), KM, 5.4 ± 0.7 (µM); Vmax, 
1.93 ± 0.09 (pmol product/min/pmol CYP2C9). (A) 4'-hydroxylation (B) KM, 5.7 ± 1.0 (µM); Vmax, 0.62 ± 
0.02 (pmol product/min/pmol CYP2C9). 5-hydroxylation (C), KM, 13.4 ± 1.3 (µM); Vmax, 0.13 ± 0.01 (pmol 
product/min/pmol CYP2C9). For experimental conditions, see manuscript. 

 

Figure S9 Concentration dependence of oxidative metabolism of mefenamic acid (MFA) by recombinant 
human CYP1A2. Enzyme kinetical parameters: 4'-hydroxylation (A) KM, 8.9 ± 0.7 (µM); Vmax, 1.57 ± 0.02 
(pmol product/min/pmol CYP1A2). 5-hydroxylation (B) KM, 7.6 ± 0.4 (µM); Vmax, 3.80 ± 0.04 (pmol 
product/min/pmol CYP1A2). For experimental conditions, see manuscript. 
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Figure S10 Concentration dependence of oxidative metabolism of mefenamic acid (MFA) by recombinant 
human CYP3A4. Enzyme kinetical parameters: KM, 316 ± 75 (µM); Vmax, 8.9 ± 1.5 (pmol 
product/min/pmol CYP3A4. For experimental conditions, see manuscript. 

 



 

 

 

 



  

 

Chapter 6 

 

Reduction and scavenging of chemically reactive drug 
metabolites by NAD(P)H:quinone oxidoreductase 1 and 
NRH:quinone oxidoreductase 2 and variability in hepatic 
concentrations 

 

Michiel W. den Braver*, Shalenie P. den Braver-Sewradj*, Robin M. Toorneman, Stephanie 

van Leeuwen, Yongjie Zhang, Stefan J. Dekker, Nico P.E. Vermeulen, Jan N.M. Commandeur 

and J. Chris Vos 

Accepted in: Chem. Res. Toxicol.  

* Authors contributed equally to this work 

 



 
170 

Abstract 

Detoxicating enzymes NAD(P)H:quinone oxidoreductase 1 (NQO1) and NRH:quinone 

oxidoreductase 2 (NQO2) catalyze the two-electron reduction of quinone-like compounds. 

The protective role of the polymorphic NQO1 and NQO2 enzymes is especially of interest in 

the liver as the major site of drug bioactivation to chemically reactive drug metabolites. In 

the current study, we quantified the concentrations of NQO1 and NQO2 in 20 human liver 

donors and NQO1 and NQO2 activities with quinone-like drug metabolites. Hepatic NQO1 

concentrations ranged from 8 to 213 nM. Using recombinant NQO1, we showed that low nM 

concentrations of NQO1 are sufficient to reduce synthetic amodiaquine and carbamazepine 

quinone-like metabolites in vitro. Hepatic NQO2 concentrations ranged from 2 to 31 μM. 

NQO2 catalyzed the reduction of quinone-like metabolites derived from acetaminophen, 

clozapine, 4’-hydroxydiclofenac, mefenamic acid, amodiaquine and carbamazepine. The 

reduction of the clozapine nitrenium ion supports association studies showing that NQO2 is 

a genetic risk factor for clozapine-induced agranulocytosis. The 5-hydroxydiclofenac 

quinone imine, which was previously shown to be reduced by NQO1, was not reduced by 

NQO2. Tacrine was identified as a potent NQO2 inhibitor and was applied to further 

confirm the catalytic activity of NQO2 in these assays. While the in vivo relevance of NQO2-

catalyzed reduction of quinone-like metabolites remains to be established by identification 

of the physiologically relevant co-substrates, our results suggest an additional protective role 

of the NQO2 protein by non-enzymatic scavenging of quinone-like metabolites. Hepatic 

NQO1 activity in detoxication of quinone-like metabolites becomes especially important 

when other detoxication pathways are exhausted and NQO1 levels are induced. 
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1. Introduction 

The human quinone reductase family consists of two members, NAD(P)H:quinone 

oxidoreductase 1 (NQO1, QR1 or DT diaphorase) and NRH:quinone oxidoreductase 2 (NQO2 

or QR2) [1]. NQO1 and NQO2 are FAD bound proteins and share significant structural 

similarity [2]. Both enzymes catalyze the two-electron reduction of quinone-like species to 

facilitate subsequent enzymatic conjugation and cellular excretion, thereby surpassing the 

one-electron reduction to toxic semiquinone-like radicals [3,4]. Reduction of substrates is 

enabled by a so-called ping-pong mechanism in which both the co-substrate and substrate 

sequentially bind to the active site resulting in FAD molecule reduction and subsequent 

electron transfer to the substrate [5,6]. Both NQO1 and NQO2 are involved in the 

bioactivation of antitumor drugs, like mitomycin C and CB1954, to reactive hydroquinones 

[7,8]. A major difference between NQO1 and NQO2 is the preference for co-substrates. In 

contrast to NOQ1, which utilizes NADH or NADPH as electron donor, NQO2 requires 

dihydro-nicotinamide riboside (NRH) [4]. In addition, the potent NQO1 inhibitors 

dicoumarol and ES936 only weakly inhibit NQO2, while potent NQO2 inhibitors, such as 

resveratrol and quercetin, have significantly less affinity towards NQO1 [4,9–11].  

NQO1 is generally considered to be a detoxicating enzyme because of its activity in 

reduction of drug-derived quinones imines [12–14] It has been shown that NQO1 protects 

against menadione- and benzo[a]pyrene-3,6-quinone-induced (cyto)toxicity in NQO1-

overexpressing Chinese hamster ovary cells and in transgenic mice [15,16]. However, recently 

it was shown that menadione and aminochrome cytotoxicity was augmented in NQO1-

overexpressing rat neural cells [17]. The role of NQO2 as a protective enzyme has been less 

well studied. It was shown in vitro that NQO2 generates superoxide anions following 

acetaminophen binding [18]. However, while menadione toxicity is decreased in NQO2-null 

mice [19], in vitro experiments indicated that NQO2 reduced reactive oxygen species 

formation [20] by reduction of menadione to the more stable hydroquinone [21]. 

Furthermore, two groups reported an association between a mutation in the NQO2 gene, 

resulting in lower levels of enzyme, and clozapine-induced agranulocytosis [22,23]. 

Therefore, as for many drug metabolizing enzymes, available data suggests both toxifying 

and detoxicating properties for NQO1 and NQO2. It has recently been hypothesized that the 

balance between toxicity of and protection against quinones is largely determined by the 

intrinsic reactivity or the cellular capacity of enzymatic conjugation of the resulting 

hydroquinone [20]. 
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Formation of quinone-like species may result from metabolism of endogenous products, 

such as vitamin K [24], and xenobiotics, including drugs [25]. A major site of exposure to 

drug-derived quinone-like species is the liver, since xenobiotics can be bioactivated by 

cytochromes P450 (CYPs) to chemically reactive metabolites including quinone-like 

metabolites. Basal levels of NQO1 in human liver are low, however, expression is increased in 

liver cancers and is strongly inducible via Nrf2 regulation [26–28]. NQO2, which is 

independently regulated [29], is predominantly expressed in human liver and Nrf2-mediated 

induction is weaker [18,28,30].  

In the current study, we have used recombinant enzymes to translate specific NQO1- and 

NQO2 activities in human liver cytosol from 20 donors into expression levels.  Enzymatic 

activity and enzyme concentration dependency of NQO2 in reduction of quinone-like 

metabolites which are generated by bioactivation of acetaminophen, clozapine, diclofenac 

and mefenamic acid was examined. NQO1 and NQO2-mediated reduction of synthetically 

prepared amodiaquine- and carbamazepine-derived reactive metabolites is also investigated 

with a range of enzyme concentrations. Conventional NQO2 inhibitors could not be applied 

in the current incubations because of interference with CYP activity. Instead tacrine, which 

was identified as a potent NQO2 inhibitor in in-house screening assays, was used to further 

confirm the enzymatic activity of NQO2. Together, these results demonstrate the potential 

of NQO1 and NQO2 as detoxicating enzymes against drug-induced liver injury.  

2. Materials and Methods 

2.1. Materials 

Pooled human liver microsomes (200 donors, Lot No. 1210347) were purchased from 

Xenotech (Lenexa, USA). Bovine serum albumin (BSA), 2,6-dichlorophenolindophenol 

(DCPIP), dicoumarol, glutathione (GSH), acetaminophen, mefenamic acid, resorufin, tacrine 

and iminostilbene were from Sigma-Aldrich (Steinheim, Germany). 4’- and 5-hydroxy 

diclofenac were obtained from Toronto Research Chemicals (North York, Canada. 

Amodiaquine dihydrochloride was obtained from INC Biomedicals (Aurora, OH, United 

States) and N-Desethylamodiaquine was obtained from BD Biosciences (Franklin Lakes, NJ, 

United States). Clozapine was obtained from Duchefa Farma (Haarlem, The Netherlands). 1-

benzyl-1,4-dihydronicotinamide (BNAH) was obtained from TCI Europe (Zwijndrecht, 

Belgium).  All other reagents and chemicals were of analytical grade and purchased from 

standard commercial suppliers.  
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2.2. Expression and purification of recombinant human NQO2 

NQO2 DNA was obtained by PCR amplification from the human cDNA ORF clone (SC319150, 

obtained from OriGene Technologies, Rockville, MD) using the forward primer 5’-

GCAACATATGGCAGGTAAGAAAGTAC-3’ and the reverse primer 5’-

GTAGAATTCATGCCCACGTGCCACAGAG-3’ to add an EcoRI site and a NdeI site at the 5’ 

and 3’ end of the cDNA, respectively. The amplified NQO2 fragment was gel-purified, cut 

with restriction enzymes EcoRI and NdeI and inserted into the 6His-encoding pET28(a)+ 

vector cleaved with the same enzymes. The final construct encoding His-tagged human 

NQO2 was monitored by sequencing and subsequently transformed into competent E.coli 

BL21 cells. Expression and purification of recombinant human NQO1 and NQO2 was 

performed as described previously [12]. 

Specific activities of NQO1 and NQO2 were determined using 6.25 nM NQO1 or 100 nM 

NQO2, 40 μM DCPIP and 1 mM NADPH (NQO1) or 250 μM NRH (NQO2, synthesized as 

described below). Incubations were performed in 100 mM KPi buffer containing 0.18 mg/ml 

BSA, 2 mM EDTA and 5 mM MgCl2 (pH 7.4). Reactions were carried out at 24 °C and DCPIP 

reduction was monitored at 600 nm. For NQO2, activities were corrected for chemical 

reduction of DCPIP by NRH. Specific activities for NQO1 and NQO2 were 295 ± 18 and 7.6 ± 

0.6 μmol DCPIP/min/mg protein, respectively. NQO1 specific activity was in similar range of 

previous reports [31,32].  

2.3. Synthesis of NRH 

NRH was synthesized as described previously [33] with some modifications. NADH (1 g, 1.5 

mmol) was incubated with 0.2 units of phosphodiesterase 1 (Sigma-Aldrich, Steinheim, 

Germany) and 1000 units of alkaline phosphatase (Sigma-Aldrich, Steinheim, Germany) in 

40 ml of 0.4 M sodium carbonate/bicarbonate buffer (pH 10.0) for 16 h at 37 °C. The 

incubation was then freeze dried and the powder was extracted five times with 12 mL 

methanol. The combined methanol fractions were dried by rotary evaporation and the 

products were dissolved in 10 ml of water. The solution was loaded in fractions of 0.25 ml 

into a preparative HPLC equipped with a Waters XBridge prep 5 μm C18 (50 x 10 mm) 

column and eluted with 55% MeOH at a flow rate of 4.5 ml/min. NRH was detected at 335 

nm and eluted at 13.6 min. The NRH peak was collected, freeze dried and stored at -80 °C 

until use.  
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2.4. Preparation of liver cytosol 

Cytosol was prepared from healthy liver tissue from 20 donors (Chapter 7) as follows: tissue 

samples were suspended in two volumes ice-cold 100 mM KPi buffer (pH 7.4) containing 125 

mM NaCl and 1 mM EDTA and homogenized using an Omni Mixer (Soryall, Inc) followed by 

further homogenization by a Potter-Elvehjem (Sigma-Aldrich, Steinheim, Germany) 

homogenizer. The homogenate was centrifuged for 20 minutes at 9000g. The supernatant 

was subsequently centrifuged for 1 hour at 100,000g. The cytosolic fraction (supernatant) was 

collected and dialyzed overnight at 4ºC against 100 mM KPi buffer (containing 125 mM NaCl 

and 1 mM EDTA, pH 7.4) using a 12-14 kDa exclusion size tubing (Spectrum Europe, Breda, 

The Netherlands) and stored at -80 °C until use. The protein contents in cytosolic fractions 

were determined using the bicinchoninic acid method with bovine serum albumin as 

standard (ThermoFisher Scientific, Bleiswijk, The Netherlands).  

2.5. Determination of human hepatic NQO1 concentrations 

NQO1 activity in cytosol was measured as described before with minor modifications [34]. 

Resorufin reduction was analyzed in 96 well format at 37 °C. 500 nM of resorufin (0.1 % 

DMSO final) was pre-incubated with 100 μM of NADH in 100 mM KPi buffer containing 0.18 

mg/ml BSA, 2 mM EDTA and 5 mM MgCl2 (pH 7.4). Reactions were started by addition of 

cytosol (5% v/v) and the decrease of resorufin was measured over time (λem 530 nm, λex 572 

nm, Perkin Elmer Victor3 1420 multilabel counter). Contribution of NQO1 to resorufin 

reduction was quantified by determining resorufin reduction in absence and presence of 10 

µM of the specific NQO1 inhibitor dicoumarol. NQO1 activity was converted to NQO1 

protein concentrations using a calibration curve constructed of purified recombinant NQO1 

protein, which was incubated and analyzed under identical conditions except for the 

presence of cytosol. Next, individual cytosolic protein contents (Chapter 7) and an 

intracellular hepatocyte volume of 0.55 ml/g liver [35] were used as scaling factors for 

extrapolation of cytosolic to hepatic NQO1 concentrations. 

2.6. Determination of human hepatic NQO2 concentrations 

NQO2 activity in cytosol was measured by by exploiting the selective ability of human 

NQO2 to reduce the drug CB1954. Measurements were based on previously described 

methods [36,37]. Experimental conditions were pre-optimized with respect to linearity in 

time and with protein concentration. 100 µM of CB1954 was pre-incubated for 4 min at 37ºC 

with 5% cytosol in 100 mM KPi buffer containing 0.18 mg/ml BSA, 2 mM EDTA and 5 mM 
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MgCl2, (pH 7.4). Reactions were started by addition of 500 µM NRH and terminated after 10 

min by addition of an equal volume ice-cold acetonitrile. Precipitated protein was removed 

by centrifugation (20 min 14.000 rpm) and parent consumption was quantified by HPLC. 15 

µL of sample was injected on a Shimadzu Prominence LC-20 HPLC system, equipped with a 

Shimadzu SPD-20A UV/vis detector set at 325 nm. The analytes were separated on an 

Agilent XDB-C18 1.8 µm column (4.6 x 50 mm) protected by a Phenomenex security guard 

column (C18, 4.0 x. 3.0 mm) as stationary phase and a binary gradient composed of solvent A 

(0.1% formic acid in water) and B (0.1 % formic acid in methanol). The gradient was 

programmed as follows: 0 min, 20% B; 1 min 20% B; 8 min 99% B; 8.5 min, 20% B; 18 min, 

20% B. The flow rate was 0.4 ml/ min. Separate control incubations with NADPH excluded 

participation of NQO1 and non-specific activity in CB1954 reduction. NQO2 activity was 

converted to NQO2 protein concentrations using a calibration curve based on recombinant 

NQO2 protein, which was incubated and analyzed under identical conditions except for the 

presence of cytosol. Next, individual cytosolic protein contents (Chapter 7) and an 

intracellular hepatocyte volume of 0.55 ml/g liver [35] were used as scaling factors for 

extrapolation of cytosolic to hepatic NQO2 concentrations. 

2.7. Reduction of acetaminophen-, diclofenac-, mefenamic acid and 
clozapine-derived reactive metabolites by NQO2 

Reduction of reactive metabolites by NQO2 was determined indirectly by quantifying the 

decrease of GSH conjugation. Reactive metabolites were generated by CYP catalyzed 

oxidation using HLM as bioactivating system. HLM (2 mg/ml) was pre-incubated with 

parent drug (250 μM acetaminophen or mefenamic acid, 100 μM clozapine, 50 μM 4’-

hydroxy- or 5-hydroxydiclofenac, 0.5% DMSO final), GSH (500 μM), NQO2 (0-20 μM) and 

NRH (250 μM, when applicable). Incubations were performed in 100 mM KPi buffer 

containing 2 mM EDTA, 5 mM MgCl2 and 0.18 mg/ml BSA (pH 7.4) for 4 min at 37 °C. 

Reactions were started by addition of NADPH regenerating system (100 μM NADPH, 10 mM 

glucose-6-phosphate and 0.5 U/ml glucose-6-phosphate dehydrogenase, final 

concentrations) and incubated for 30 minutes. Incubations with mefenamic acid and 

hydroxydiclofenac were stopped by addition of an equal volume of ice-cold methanol 

containing 1 mM ascorbic acid and 10 μM carbamazepine as analytical internal standard. 

Incubations with clozapine were terminated by addition of an equal volume ice-cold 

methanol containing 2% perchloric acid and 10 μM carbamazepine as analytical internal 

standard. Acetaminophen incubations were terminated with an equal volume ice-cold 

methanol. Precipitated protein was removed by centrifugation at 14,000 rpm for 15 min and 
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supernatants were analyzed using HPLC or LC/MS. Acetaminophen, clozapine and their 

metabolites were separated on a Phenomenex Luna 5 μm C18 column (4.6 x 150 mm) 

protected by a Phenomenex security guard (5 µm, 4.0 x 3.0 mm). Binary gradients were used 

mixing solvent A (1% acetonitrile, 0.2% formic acid) and solvent B (99% acetonitrile, 0.2% 

formic acid) at 0.5 ml/min. Acetaminophen incubations were analyzed on HPLC (Shimadzu 

Prominence LC-20 coupled to a Shimadzu SPD-20A UV/vis detector set at 254 nm) using the 

following gradient: 0 min, 20% B; 5 min, 20% B; 30 min, 99% B; 30.5 min, 20%; 40 min, 20%. 

Clozapine was analyzed by LC/MS using an Agilent 1200 Series Rapid Resolution LC system 

connected to a Agilent 6230 time-of-flight (TOF) mass spectrometer. The TOF was operating 

in positive ion electrospray mode and MS conditions were as follows: capillary voltage, 3500 

V; drying gas (N2), 10 l/min; desolvation gas (N2), 50 psig; source temperature, 350 °C; 2GHz, 

extended dynamic range mode. The following gradient was used to separate clozapine and 

metabolites: 0 min, 1% B; 5 min, 1% B; 30 min, 80%B; 30.5 min, 1%B; 40 min, 1%B. 

Hydroxydiclofenac and mefenamic acid incubations were analyzed on LC-MS as described 

previously [38,39]. Quantification of GSH conjugates was performed with authentic 

references which were synthesized by the method of den Braver et al. [39,40]. 

2.8. Synthesis of amodiaquine-derived quinone imines 

Synthesis of amodiaquine quinone imines was adapted from Harrison et al. [41] Briefly, 5 

equivalents of freshly-prepared silver oxide was added to one equivalent of amodiaquine or 

desethylamodiaquine in anhydrous chloroform and the mixture was stirred for 1 hour at 

room temperature. Amodiaquine quinone imines were concentrated in vacuo and then 

applied to a silica-60 column to remove the residual amodiaquine or desethylamodiaquine. 

The identity and purity of synthetic amodiaquine quinone imines were verified by mass 

spectrometry and HPLC-UV.  

2.9. Synthesis of carbamazepine-derived iminoquinone  

The iminoquinone of carbamazepine was synthesized using the method adapted from Ju et 

al. [42]. In short, 1 g of iminostilbene in 260 ml acetone was added to 2.6 g of Fremy’s Salt in 

260 ml 100 mM KPi buffer (pH 7.0). The mixture was stirred on ice for 10 minutes and slowly 

allowed to warm to room temperature. The resulting iminoquinone was extracted with 3 

times 200 ml chloroform, washed with 3 times 100 ml water and dried over magnesium 

sulfate. The resulting extract was purified using silica-60 column chromatography 

(hexane/ethyl acetate 7:3 v/v) and evaporated to dryness. The identity and purity were 

confirmed by 1H-NMR. 
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2.10. Reduction of synthesized amodiaquine-derived quinone 
imines and carbamazepine-derived iminoquinone by NQO1 and 
NQO2 

Synthetically prepared amodiaquine quinone imines and carbamazepine iminoquinone were 

directly incubated with NQO1 or NQO2. Incubations consisted of NQO1 (0-5 μM) or NQO2 

(0-10 μM) with cofactor (250 μM NADPH or NRH, respectively) and GSH (50 μM) in 100 mM 

KPi buffer containing 2 mM EDTA, 5 mM MgCl2 and 0.18 mg/ml BSA (pH 7.4). After a pre-

incubation for 4 min at 37 °C, reactions were started by addition of 50 μM of reactive 

metabolite (amodiaquine- or desethylamodiaquine quinone imine, 0.02% DMF final; 

carbamazepine iminoquinone 0.02% DMSO final) and incubated for 1 min. Reactions were 

stopped by addition of 10% (v/v) of stop solution (10% perchloric acid containing 10 mM 

ascorbic acid) and centrifuged for 15 min at 14,000 rpm to remove precipitated protein. 

Amodiaquine and metabolites were analyzed on HPLC as described by Zhang et al. [43]. The 

GSH conjugate of carbamazepine iminoquinone was analyzed by LC-MS (Agilent 1200 Series 

Rapid Resolution LC system connected to a TOF Agilent 6230 mass spectrometer). Mobile 

phases consisted of 0.1 % formic acid in water (A) and 0.1% formic acid in acetonitrile (B). 

Metabolites were separated on a Phenomenex Kinetex C18 column (5 µm, 4.6 x 100 mm) 

protected by a Phenomenex security guard (5 µm, 4.0 x 3.0 mm) using the following binary 

gradient: 0 min, 20% B; 2 min, 20% B; 12 min, 60% B; 15 min, 99% B; 15.5 min, 20% B; 25 min, 

20% B. The flow rate was 0.5 ml/min and analytes were detected with the TOF operating in 

positive ion electrospray mode. MS conditions were as follows: capillary voltage, 3500 V; 

drying gas (N2), 10 l/min; desolvation gas (N2), 50 psig; source temperature, 350 °C; 2GHz, 

extended dynamic range mode. 

2.11. Inhibition of NQO2 activity by tacrine 

Tacrine was applied as a NQO2 inhibitor to determine the enzymatic activity of NQO2. Ki 

values of tacrine and resveratrol (positive control) were determined in 96 well format by 

incubating 50 nM NQO2 with 100 μM BNAH with inhibitor (0-200 μM tacrine, 0-250 μM 

resveratrol) in 100 mM KPi buffer containing 2 mM EDTA, 5 mM MgCl2 and 0.18 mg/ml BSA 

(pH 7.4). After a pre-incubation of 15 minutes reactions were started by addition of DCPIP at 

a concentration corresponding to its Km (25 μM, supplemental figure 3A). DCPIP reduction 

was monitored in time by recording the absorbance at 600 nm using a Bio-Tek Powerwave X 

340 plate reader. Ki values were determined by fitting the data to log(inhibitor) vs. 

normalized response equation implemented in GraphPad Prism (version 5.0). 
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Figure 1 Structures of reactive quinone metabolites investigated in this study. Parent drugs are indicated 
between brackets.  

Inhibition of NQO2-mediated reduction of N-acetyl-p-benzoquinone imine (NAPQI), the 

acetaminophen-derived quinone imine, was investigated by incubating 2 mg/ml HLM, 500 

μM GSH, 250 μM acetaminophen, 2.5 μM NQO2 and 250 μM NRH in 100 mM KPI BUFFER 

containing 2 mM EDTA, 5 mM MgCl2 and 0.18 mg/ml BSA (pH 7.4). Tacrine (0, 2.5, 5 or 10 

μM) was included if applicable. After a pre-incubation of 4 min at 37 °C, reactions were 

started by addition of NADPH regenerating system (100 μM NADPH, 10 mM glucose-6-

phosphate and 0.5 U/ml glucose-6-phosphate dehydrogenase, final concentrations) and 
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incubated for 30 min. Samples were stopped by addition of an equal volume ice-cold 

methanol and analyzed as described above. Inhibition of NQO2-mediated reduction of 

amodiaquine quinone imines was investigated by incubating 0.25 μM NQO2, 50 μM GSH 

and 250 μM NRH in 100 mM KPi buffer containing 2 mM EDTA, 5 mM MgCl2 and 0.18 

mg/ml BSA (pH 7.4). Tacrine (0, 5, 10 or 20 μM) was included if applicable. After a pre-

incubation of 4 min at 37 °C, reactions were started by addition of 50 μM amodiaquine 

quinone imine and incubated for 1 min. Samples were stopped, prepared for HPLC analysis 

and analyzed as described above.  

3. Results 

3.1. Concentrations of NQO1 and NQO2 in human liver  

Previously, we have reaction phenotyped human liver cytosols from 20 donor livers for 

NQO1 and NQO2 activity using NQO1-specific resorufin reduction and CB1954 as selective 

NQO2 substrate (Chapter 7). In the current work these specific activities are related to 

hepatic concentrations by using standard curves of recombinant NQO1 and NQO2 activities. 

 

 

Figure 2 Hepatic expression levels of NQO1 (A) and NQO2 (B) in 20 donors. Liver concentrations were 
determined by analysis of enzyme specific reaction velocities and comparison with calibration curves 
made from recombinant enzymes. Cytosolic concentrations are extrapolated to hepatic concentrations 
using cytosolic liver contents and intracellular hepatocytes volumes. Donors are sorted by NQO1 
concentrations. Data represent average and range of duplicates.  

Hepatic NQO1 levels ranged from 10 nM (donor S1344T) to 213 nM (donor S1402T), and 

NQO2 levels from 2.4 μM (donor S1332T) to 30.6 μM (donor S1336T) (Figure 2). The high 

variation of NQO1 levels (coefficient of variation, CV 89%) is in line with the fact that NQO1 

expression is both inducible and genetically determined [26,44,45]. These estimated hepatic 
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concentrations of NQO1 and NQO2 were used in the subsequent in vitro incubations to 

study their activity in inactivating reactive drug metabolites. 

3.2. NQO1 and NQO2 inhibition by parent drugs  

NQO2 binds diverse drugs like imatinib, chloroquine and acetaminophen [18,46,47]. 

Therefore, prior to the bioactivation experiment , we investigated the potential inhibition of 

NQO1 and NQO2 activities by the parent drugs. Acetaminophen did not inhibit NQO1 and 

NQO2 activities up to 1 mM. However, using DCPIP as substrate, NQO1 was inhibited by 

diclofenac and mefenamic acid (Ki of 13 and 40 μM, respectively,). Inhibition of NQO2 was 

only found for mefenamic acid when using menadione as substrate (Ki of 66 μM). A 

complete overview is given in Supplemental Table 1.  

3.3. NQO2-mediated reduction of acetaminophen, clozapine, 
diclofenac and mefenamic acid derived quinone-like metabolites 
generated with HLM  

The quinone imines formed by CYP-catalyzed bioactivation of acetaminophen, diclofenac or 

mefenamic acid results were previously shown to be substrates for NQO1 [12,13]. No NQO1 

activity was found in reduction of the reactive nitrenium ion of clozapine (unpublished 

data). NQO2 is not active in the presence of NADPH, but requires NRH as co-substrate [4]. 

Since at high NRH concentrations (1 mM) significant chemical reduction of acetaminophen 

quinone-imine was observed (data not shown), the NRH concentration was selected at the 

lowest concentration for which NQO2 activity with menadione was still maximal (250 μM, 

Supplemental Figure 1). Chemical reduction of reactive metabolites by NRH was determined 

in incubations in absence of NQO2, and in absence or presence of NRH. To further 

distinguish between enzymatic reduction and non-enzymatic scavenging of quinone-like 

metabolites by NQO2, incubations were performed in the presence and absence of NRH 

with increasing NQO2 concentrations.  

Acetaminophen oxidation by CYP results in NAPQI (Figure 1) [48]. Chemical reduction of 

NAPQI by NRH was minimal (Figure 3A, 0 μM NQO2). NQO2 was highly active with a 

maximal enzymatic reduction of quinone-imine at 10 μM of NQO2 (Figure 3A). In the 

absence of co-substrate NRH (Figure 3A, black bars), also a NQO2 concentration-dependent 

decrease in GSH-conjugate was observed, likely due to non-enzymatic NAPQI scavenging by 

NQO2.  
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Figure 3 NQO2-catalyzed reduction of the acetaminophen-derived quinone imine NAPQI (A) and the 
clozapine-derived nitrenium ion (B). CYP-catalyzed oxidation to quinones and subsequent enzymatic 
reduction or chemical GSH conjugation occurred simultaneously in a 30 minutes incubation containing 
acetaminophen (250 μM) or clozapine (100 μM), HLM, recombinant NQO2 and GSH (500 μM) in absence 
(black) or presence (white) of NRH (250 μM). Data are presented relative to the incubation without NQO2 
and NRH and represent the average and range of duplicates.  

Clozapine is bioactivated by CYP or myeloperoxidase to a reactive nitrenium ion [49,50], 

which contains a quinone-diimine moiety (Figure 1). Chemical reduction of the nitrenium 

ion by NRH was significant with a 20% decrease of the total GSH-conjugate formation 

(Figure 3B, 0 μM NQO2). An additional 15% decrease upon addition of 20 μM of NQO2 

indicated that the clozapine nitrenium ion was also reduced enzymatically by NQO2 (Figure 

3B).  

Diclofenac and mefenamic acid are bioactivated via a two-step oxidation catalyzed by CYPs, 

the first step being formation of 4’- and 5-hydroxymetabolites, which can be further oxidized 

to the respective quinone imines (Figure 1) [38,39]. Addition of only NRH did not decrease 

the formation of GSH conjugation, indicating that the chemical reduction of these quinone 

imines by NRH was minimal (Figure 4, 0 μM NQO2). For both diclofenac and mefenamic 

acid, NQO2 was clearly enzymatically active in reduction of the quinone imines derived 

from the 4’-hydroxy metabolites (Figure 4A and C). In contrast, the quinone imines derived 

from the 5-hydroxymetabolites were not (diclofenac) or barely (mefenamic acid) 

enzymatically reduced by NQO2 (Figure 4B and D). For both diclofenac- and mefenamic 

acid-derived quinone imines significant non-enzymatic scavenging by the NQO2 protein 

was observed (Figure 4, black bars). 
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Figure 4 NQO2-catalyzed reduction of diclofenac- and mefenamic acid-derived quinones. CYP-catalyzed 
formation of quinone imines from 4’-hydroxydiclofenac (50  μM) (A), 5-hydroxydiclofenac (50 μM) (B), 4’-
hydroxymefenamic acid (250 μM mefenamic acid) (C) or 5-hydroxymefenamic acid (250 μM mefenamic 
acid) (D) and subsequent enzymatic reduction or chemical GSH conjugation was simultaneous in a 30 
minutes incubation containing HLM, recombinant NQO2 and GSH (500 μM) in absence (black) or 
presence (white) of NRH (250 μM). Data represent the sum of GSH conjugates derived from 4’- or 5-
hydroxydiclofenac or 4’- or 5-hydroxymefenamic acid and are presented relative to the incubation without 
NQO2 and NRH. Data represent the average and range of duplicates. 

3.4. NQO1- and NQO2-mediated reduction of amodiaquine-derived 
quinone imines and carbamazepine-derived iminoquinone 

Amodiaquine can be directly bioactivated by CYPs to amodiaquine quinone imine, or can be 

first metabolized to desethylamodiaquine which can be further oxidized to 

desethylamodiaquine quinone imine (Figure 1) [43]. Carbamazepine is oxidized by CYPs to 2-

hydroxycarbamazepine which is either directly oxidized to the reactive carbamazepine  
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Figure 5 NQO2-catalyzed reduction of amodiaquine- and carbamazepine-derived quinones. Recombinant 
NQO1 or NQO2 was incubated for 1 minute with purified quinone imines (50 μM) and GSH (50 μM) in 
absence (filled circles) or presence (open circles) of 250 μM NADPH or NRH. Amodiaquine quinone imine 
(A and B) and desethylamodiaquine quinoneimine (C and D) are formed by CYP-catalyzed oxidation of 
amodiaquine and iminoquinone is a metabolite of carbamazepine (E and F). GSH conjugation is presented 
relative to the incubation without NQO and cofactor. Data represent the average and range of duplicates.  

iminoquinone (Figure 1) or via a secondary oxidation to 2-hydroxyiminostilbene [51]. The 

relative stable amodiaquine-derived quinone imines and carbamazepine iminoquinone 

allowed direct assessment of NQO1 and NQO2 activities using synthetized metabolites. 
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Because of the rapid enzymatic reduction and chemical GSH conjugation, incubations were 

stopped after 1 minute. For all three reactive metabolites, both NQO1 and NQO2 were active 

and complete reduction of all three reactive metabolites was already achieved at low nM 

(NQO1) to low μM (NQO2) concentrations of enzyme (Figure 5). For none of the reactive 

metabolites chemical reduction by NRH at the chosen conditions was observed and all were 

scavenged spontaneously by GSH rather than non-enzymatically by the NQO1 or NQO2 

protein (Figure 5, closed circles).  

3.5. Application of tacrine as NQO2 inhibitor 

Application of an NQO2 inhibitor can further confirm enzymatic reduction, as is generally 

done for NQO1 using dicoumarol as specific inhibitor. However, the well-known NQO2 

inhibitors resveratrol and quercetin were not suited for incubations containing HLM, 

because of their CYP inhibiting characteristics [52–55]. Screening for NQO2 inhibition by 

drugs identified tacrine, which is structurally very similar to the previously reported NQO2 

inhibitor 9-aminoacridine [56], as a potent NQO2 inhibitor. Inhibition of NQO2 by tacrine 

had a Ki of 3 and 15 µM using DCPIP or MTT as substrate, respectively (Table 1, 

Supplemental Figure 3B). This Ki is 9-fold lower than found for NQO2 inhibition by 

resveratrol and 64-fold lower compared to the Ki for NQO1 (Table 1). Although tacrine is also 

a CYP1A2 substrate [57], no effect on CYP metabolism was observed up to 25 μM of tacrine 

for all four HLM-activated drugs (data not shown). In HLM containing incubations, addition 

of tacrine resulted in a shift towards GSH conjugation rather than reduction of quinones for 

all four HLM-activated drugs examined in this study (exemplified for acetaminophen in 

Figure 6A), thereby confirming a catalytic role of NQO2 in reduction of the reactive drug 

metabolites. Also in incubations with the synthetic quinone imine from amodiaquine, a 

concentration dependent inhibition of NQO2 was observed with tacrine (Figure 6B). 

Table 1 Inhibition of recombinant NQO1 and NQO2 by tacrine , dicoumarol and resveratrol. 
Enzyme Substrate Inhibitor Kia 

NQO1 DCPIP Dicoumarol 170 ± 1 nM 

  Tacrine 193 ± 1 µM 

NQO2 DCPIP Resveratrol 28 ± 1 µM 

  Tacrine 3 ± 1 µM 

 MTT Resveratrol 133 ± 2 µM 

  Tacrine 15 ± 1 µM 

a Values are presented as mean ± S.D. (n=3)  
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Figure 6 Inhibition of NQO2-mediated quinone reduction by tacrine. Acetaminophen (250 μM, A) was 
bioactivated by HLM to NAPQI, which was reduced by recombinant NQO2 in presence of NRH (250 μM) 
and GSH (500 μM). Inhibition of NQO2 was shown over a range of tacrine concentrations. Synthetic 
amodiaquine quinone imine (50 μM, B) was incubated with recombinant NQO2, NRH (250 μM) and GSH 
(50 μM). Incubations were performed for 30 min (acetaminophen) or 1 min (amodiaquine quinone). NQO2 
was preincubated with a range of tacrine concentrations before starting the reaction by addition of 
NADPH (A) or quinone imine (B). Data represents the average and range of duplicates.  

4. Discussion 

Exposure to chemically reactive drug metabolites, such as quinones-like metabolites, is 

postulated to contribute to the onset of many adverse drug reactions [58]. Although the role 

of NQO1 in inactivation of reactive drug metabolites has been well studied, this capability of 

NQO2 had not been shown yet. In the present study, the ability of NQO2 to reduce quinone-

like metabolites derived from 6 drugs was studied. NQO1 and NQO2 activities are especially 

of interest in the liver, where bioactivation of drugs and other xenobiotics by CYP enzymes is 

relatively high compared to other tissues. As the expression levels of quinone reductases is 

highly variable (and polymorphisms are known) [29,45] it was of interest to further clarify 

the role of NQO1 and NQO2 in detoxication of quinone-like metabolites. 

Substrate selectivity and enzyme expression levels are a determining factor in the 

contribution of NQO1 or NQO2 to reduction of quinone-like metabolites. Relative activity 

levels of NQO1 in human liver are well investigated and the general finding is that basal 

NQO1 expression in human liver is low [27,59]. So far, absolute NQO1 protein 

concentrations have only been determined in human colon and lung [60]. As abundances in 

colon and lung are similar to human liver, hepatic NQO1 concentrations were previously 

estimated to be around 300 nM [12]. In the current study, we extrapolated specific NQO1 

activities to NQO1 hepatic expression levels and found protein abundances in 20 human 
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liver donors in similar levels, ranging from 8 to 213 nM (Figure 2A). These concentrations 

appeared sufficient to reduce quinone-like metabolites in vitro, as 50 nM of recombinant 

NQO1 reduced 50-100% of synthetic amodiaquine quinone imines or carbamazepine 

iminoquinone within a minute in presence of 50 μM of GSH (Figure 5A, C, E). However, 

intact hepatocytes also contain competing enzymes such as NADPH-cytochrome P450 

reductase, carbonyl reductase and glutathione-S-transferases and up to 5-10 mM of GSH [61–

63]. NQO1 levels are highly inducible in human liver, especially during (drug-induced) liver 

injury [26,45] when GSH levels usually decrease. In mice hepatocytes, which contain low 

basal levels of NQO1, enhanced NQO1 activities were not sufficient to protect against 

cytotoxicity of NAPQI [64]. NQO1 KO mice studies suggested a critical (non-enzymatic) 

protective role of NQO1 against acetaminophen-mediated ATP-depletion instead [65]. In 

isolated rat hepatocytes, which contain higher NQO1 levels [27], NQO1 inhibition by 

dicoumarol increased amodiaquine quinone imine cytotoxicity [14]. In this study, using 

pooled primary human hepatocytes, inhibition of NQO1 did not increase cytotoxicity of 

amodiaquine quinone imine (Supplemental Figure 4). It is important to note however that 

the use of pooled primary human hepatocytes neglects variability of NQO1 expression. 

Furthermore, it remains to be investigated whether induced NQO1 activities in human 

hepatocytes are sufficient to protect against drug-induced cytotoxicity.  

Extrapolation of NQO2 specific activities to NQO2 hepatic expression levels showed that 

hepatic NQO2 concentrations ranged from 2 μM to 31 μM (Figure 2B). In subsequent HLM 

incubations to investigate NQO2 enzymatic activity, the fact that NQO2 uses NRH instead 

of NADPH as co-substrate [4] was exploited. Non-enzymatic quinone imine scavenging by 

NQO2 protein was identified by the NQO2 concentration-dependent decrease of GSH 

conjugation in incubations without the co-substrate NRH, while in presence of NRH 

enzymatic reduction is included as well. The concentration of recombinant of NQO2 that 

was needed to reduce at least 50% of quinone imines generated by HLM (5 μM to 20 μM, 

Figure 3A and 4A and C) was in similar range as the hepatic NQO2 concentrations. Also in 

incubations with chemically synthesized reactive metabolites, when formation of the 

product is not limiting for NQO2 activity, complete reduction of amodiaquine quinone 

imines and carbamazepine iminoquinone was achieved at 1-5 μM of enzyme (Figure 5). With 

the exception of 5-hydroxydiclofenac quinone imine, NQO2-catalyzed reduction was found 

for all 8 quinone-like metabolites tested.  

Tacrine was identified as a novel and much more potent NQO2 inhibitor than resveratrol, 

and its utility in in vitro assays was shown here as enzymatic reduction of reactive 
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metabolites was further confirmed by application of tacrine as NQO2 inhibitor (Table 1, 

Figure 6). The clinical relevance of NQO2 inhibition by tacrine is likely to be small as the Ki 

value (3-15 μM, Table 1) is much higher than the plasma concentration of tacrine in humans 

(around 0.04 μM) [66].  

Expression levels and polymorphisms of both NQO1 and NQO2 have been associated with 

numerous cancers [67–70]. Also, lowered levels of NQO2 have been correlated with an 

increased risk for clozapine-induced agranulocytosis [22,23]. Another role in preventing 

agranulocytosis by NQO2, independent of non-enzymatic scavenging and enzymatic 

reduction, remains possible. Both NQO1 and NQO2 have been described to influence 

proteasomal degradation of transcription factors [71]. Thus, the high hepatic levels of NQO2 

may also be related to its postulated role as a stabilizer of p53 [72,73].  

NQO2 has been reported to reduce ortho-quinones more efficiently than NQO1 [74]. In line 

with these observations, drug-derived para-quinone imines in this and a previous study [12] 

(i.e. from acetaminophen, diclofenac, mefenamic acid, amodiaquine and carbamazepine) are 

more efficiently reduced by NQO1 when compared to NQO2. In addition, the ortho-quinone 

diimine (from clozapine), was reduced by NQO2 only. These results suggest a more 

important role of NQO1 in protection against para-quinone imines, however the role of 

NQO2 in human liver cannot be neglected as expression levels are substantially higher 

(Figure 2). 

Endogenous catalytic activity of NQO2 in humans is still unclear since its physiologically 

relevant co-substrate remains to be established. Although NRH has been detected in mice 

[75], cellular levels are presumably too low as co-administration of NRH significantly 

increased NQO2 activity in vivo [19]. Nevertheless, inhibition of human NQO2 catalytic 

activity has been suggested as one of the modes of action for the antimalarial drug 

primaquine [76]. It has been hypothesized that levels of NRH, which can be formed by 

cleavage of NADH, increase during cellular stress thereby ‘awakening’ the NQO2 enzyme 

[6,77]. Alternatively, however, especially under acidic conditions (e.g upon cellular ATP-

depletion) [78], NQO2 seems to use NADH as a co-substrate [79]. According to these 

hypotheses NQO2 is a latent enzyme under homeostatic conditions. 

Interestingly, with the exception of the clozapine nitrenium ion, non-enzymatic scavenging 

of quinone-like metabolites by the NQO2 protein was observed in all incubations containing 

HLM as bioactivating system (Figure 3 and 4). Non-enzymatic scavenging of the 5-

hydroxydiclofenac derived quinone imine was more extensive than the  4’-hydroxydiclofenac 
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derived quinone imine, as was reported before [80,81], but no enzymatic reduction was 

observed (Figure 4B). Under the conditions used in this study up to 5 μM of 5-

hydroxydiclofenac quinone imine could be trapped with GSH combined with GST [82]. 

Inactivation of NQO2 as a result of covalent modification by 5-hydroxydiclofenac quinone 

imine might therefore contribute to but not account for the lack of NQO2 activity. It can be 

argued that NQO2, in contrast to NQO1 [64], is a preferential protein target for adduction of 

reactive drug metabolites and thereby further fulfills a detoxicating function. Indeed, NQO2 

has been described to bind a number of planar aromatic compounds, thereby preventing 

DNA intercalation [83].  Of note is that, although protein-reactivity of amodiaquine quinone 

imine has been described [25,84], no protein scavenging was observed in incubations with 

chemically synthesized amodiaquine quinone imines  (Figure 5). An important scavenging 

role of NQO2 is consistent with relatively high protein concentrations in the cell. 

In conclusion, we showed that the estimated hepatic NQO1 levels in livers from human 

donors were sufficiently high to reduce quinone-like drug metabolites from amodiaquine 

and carbamazepine. We also demonstrated that NQO2 was able to catalyze reduction of 

quinone-like drug metabolites in vitro at physiologically relevant enzyme concentrations and 

was strongly inhibited by tacrine, a newly identified NQO2 inhibitor. Additionally, NQO2 

acted as a non-enzymatic scavenger of quinone-like metabolites. The physiological relevance 

of these findings remain to be established. Nevertheless, together with their roles in cellular 

signaling, the present results provide further evidence that both proteins may be important 

factors in risk assessment of drug toxicity.  
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Supplemental material  

Supplemental Table 1 Inhibition of recombinant NQO1 and NQO2 by parent drugs used in this study. All 
inhibition experiments were performed in 96-well format in 100 mM KPi buffer containing 2 mM EDTA, 5 
mM MgCl2 and 0.18 mg/ml BSA (pH 7.4). Before starting the reactions, incubations were pre-incubated at 
37 °C for 15 min. Concentrations of substrate were chosen at respective Km concentrations, which were 
previously determined in house in identical format. When 100% inhibition was achieved, Ki values were 
determined by fitting the data to log(inhibitor) vs. normalized response equation implemented in 
GraphPad Prism. NQO1 inhibition was investigated by monitoring incubations containing 5 nM NQO1 
with 4 μM DCPIP, 100 μM NADPH and inhibitor at 600 nm in time (Bio-Tek Powerwave X 340). NQO2 
inhibition was investigated by incubating a) 15 nM NQO2, 25 μM menadione and 100 μM BNAH, b) 50 nM 
NQO2, 25 μM DCPIP and 100 μM BNAH or c) 75 nM NQO2, 30 μM MTT and 500 μM BNAH which were 
monitored by a) fluorescence of BNAH (excitation 355 nm and emission 460 nm, Victor 3 Perkin Elmer 
[1]), b) absorption of DCPIP (600 nm, Bio-Tek Powerwave X 340) or c) absorbance of formazan (product 
of MTT reduction, 610 nm, Bio-Tek Powerwave X 340). Cmax values were from literature [2–6]. 

Enzyme substrate Inhibitor Kia     Cmax (μM) 

NQO1 DCPIP Dicumarol 170 ± 1 nM 14.5 

Diclofenac  13 ± 1 µM 5 

Mefenamic Acid 40 ± 1 µM 29 

Acetaminophen > 1 mM 100 

Amodiaquine > 100 µM 0.11 

Carbamazepine 811 ± 1 µM 38 

NQO2 Menadione Resveratrol 2 ± 0.001 µM 0.3 

Diclofenac >  1 mM 5 

Mefenamic Acid 66 ± 1 µM 29 

Acetaminophen >  1 mM 100 

Amodiaquine 160 ± 1 µM 0.11 

 Clozapine 746 ± 2 µM 1 

DCPIP Resveratrol 28 ± 1 µM 0.3 

Diclofenac >  1 mM 5 

Mefenamic Acid >  500 µM 29 

Carbamazepine >  500 µM 38 

MTT Resveratrol 133 ± 2 µM 0.3 

Diclofenac >  1 mM 5 

Mefenamic Acid >  500 µM 29 

Carbamazepine >  500 µM 38 

a Values are presented as mean ± S.D. (n=3)  
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Supplemental Figure 1 Enzyme kinetics of co-substrate NRH oxidation by NQO2, in presence of the 
substrate menadione. 100 nM of recombinant NQO2 was pre-incubated with NRH (0-1000 μM) in 100 mM 
KH2PO4 buffer containing 2 mM EDTA, 5 mM MgCl2 and 0.18 mg/ml BSA (pH 7.4) for 15 minutes at 37 °C 
in a 96 well plate. Reactions were started by addition of 100 μM (final) menadione and depletion of NRH 
was measured monitored in time for 2 min (excitation 355 nm and emission 460 nm, Victor 3 Perkin Elmer 
[1]). The y-axis shows the decrease of arbitrary fluorescence units (FSU)/second. Data is corrected for 
chemical reduction and represent means of triplicates. Data is fitted in Graphpad Prism (version 5.0) 
using the substrate inhibition model. Data represents the mean and S.D. of triplicates. 

 

Supplemental Figure 2 Inhibition of NQO1 or NQO2 by hydroxydiclofenac. Quinone reductases (5 nM 
NQO1 or 50 nM NQO2) were pre-incubated with 100 μM co-substrate (NADPH for NQO1, NRH for 
NQO2) with or without inhibitor (50 μM) in 100 mM KPi buffer containing 2 mM EDTA, 5 mM MgCl2 and 
0.18 mg/ml BSA (pH 7.4) for 15 minutes at 37 °C in a 96 well plate. Reactions were started by addition of 25 
μM (final) DCPIP. DCPIP reduction was followed in time at 600 nm, for 2 min (Bio-Tek Powerwave X 340). 
Abbreviations: 4’OH-DF, 4’hydroxydiclofenac; 5OH-DF, 5-hydroxydiclofenac. Data represents the average 
and range of duplicates. 
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Supplemental Figure 3 Enzyme kinetics of DCPIP reduction by NQO2 (A) and determination of Ki (B) 
and mode of inhibition (C) of tacrine. Incubations were performed in 96 well format in 100 mM KPi 
containing 2 mM EDTA, 5 mM MgCl2 and 0.18 mg/ml BSA. Enzyme kinetics were investigated by pre-
incubation of 50 nM of NQO2 with 100 μM BNAH for 15 minutes at 37 °C. Reactions were started by 
addition of DCPIP (6.25-100 μM) and absorbance at 600 nm was followed in time (Bio-Tek Powerwave X 
340). The Km value (25 μM) was determined by fitting the data to the Michaelis Menten equation in 
Graphpad Prism (version 5.0). The Ki (A) and mode of inhibition (B) was investigated under similar 
conditions. For determination of the Ki (A, 3 ± 1 μM)  tacrine (0-200 μM) was included in the pre-
incubation. Data was fitted to log(inhibitor) vs. normalized response equation implemented in GraphPad 
Prism (version 5.0). For the mode of inhibition (B) tacrine was excluded (circles) or included at its IC25 
(squares, 1 μM), IC50 (triangles, 3 μM) or IC75 (diamonds, 7 μM) concentrations. Data was analyzed 
using the Menten equation in Graphpad Prism (version 5.0). Both Km and Vmax changed in presence of 
tacrine, identifying tacrine as a mixed-type inhibitor. Data represents the mean and S.D. of triplicates.  
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Supplemental Figure 4 Cytotoxicity of amodiaquine quinone imine in pooled primary human 
hepatocytes (P2109A, KalyCell). Primary human hepatocytes were incubated in suspension as described in 
[7,8]. Cells were exposed to selected concentrations of amodiaquine quinone imine (0.1% final DMF) in 
presence (open circles) or absence (closed circles) of 20 μM dicoumarol. Dicoumarol was pre-incubated for 
15 minutes. Following an incubation with amodiaquine quinone imine of 2 hours, cytotoxicity was 
assessed using reduction of resazurin as viability marker as described in [7]. IC50 values were 23 μM and 27 
μM (in presence or absence of dicoumarol, respectively) and were not significantly different. Data 
represents the average and range of duplicates. 
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Abstract 

Background: Inter-individual variability in hepatic drug metabolizing enzyme (DME) 

activity is a major contributor to heterogeneity in drug clearance and safety. Accurate data 

on expression levels and activities of DMEs is an important prerequisite for in vitro-in vivo 

extrapolation and in silico based predictions. Characterization and assessment of inter-

correlations of the major DMEs cytochrome P450s (CYPs) and UDP-

glucuronosyltransferases (UGTs) have been extensively documented, but simultaneous 

quantification including other major DMEs has been lacking. Objective: Assessment of 

inter-donor variability and inter-correlations of CYPs, UGTs, sulfotransferases (SULTs), 

glutathione S-transferases (GSTs), NAD(P)H:quinone oxidoreductase 1 (NQO1) and 

NRH:quinone oxidoreductase 2 (NQO2) in a set of 20 individual liver homogenates. 

Method: The main drug metabolizing isoforms of CYP and UGT have been reaction 

phenotyped in individual liver microsomes and NQO1, NQO2, GSTT1 and GSTT2 in 

corresponding cytosol. In addition, we assessed overall SULT activity in liver cytosol using 

acetaminophen and 7-hydroxycoumarin as non-selective substrates and cytosolic GST 

activity using the non-selective substrate 1-chloro-2,4-dinitrobenzene (CDNB). Expression of 

GST isoforms was also assessed. Results and conclusion: While hepatic NQO1 activity was 

highly variable, NQO2 activity was more conserved. In addition, we found that of the hepatic 

GST isoforms, the variation in GSTM3 levels, which is poorly studied, was highest. The 

majority of significant correlations were found amongst CYP and UGT enzyme activities. The 

dataset presented provides the absolute quantification of the largest number of hepatic DME 

activities so far and constitute an essential resource for in silico toxicokinetic and metabolic 

modelling studies.  
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1. Introduction 

Hepatic drug metabolism is the major route of clearance from the human body for the 

majority of drugs [1]. The main drug metabolizing enzymes (DMEs) are the phase I 

cytochrome P450s (CYPs) and phase II UDP-glucuronosyltransferases (UGTs) [2]. 

Furthermore, because of their generally high affinity and abundance, the phase II 

sulfotransferases (SULTs) often cover the first metabolic route at low drug doses [1,3]. Phase 

II metabolism is increasingly important for new drug leads since CYP-mediated metabolism 

is evaded in drug development to avoid drug-drug interactions [4]. CYP, SULT and UGT 

catalyzed reactions may also produce chemically reactive metabolites (CRMs) with intrinsic 

reactivity linked to toxicity [5–8]. To counteract these CRMs, the liver is equipped with 

detoxifying DMEs such as the glutathione S-transferases (GSTs), which inactivate 

electrophilic species by conjugation to the endogenous nucleophile GSH [9,10]. Also, 

quinone reductases (NAD(P)H:quinone oxidoreductase 1, NQO1 and NRH:quinone 

oxidoreductase 2, NQO2) deactivate reactive quinones [11–13]. Inter-individual differences in 

DME activity result in heterogeneity in intracellular levels of drugs and metabolites and 

consequently in drug efficacy or safety [14,15]. It is therefore essential to have insight into the 

variation of DME activities and their correlations in the population. In fact, the lack of data 

on DME activities at the level of human individuals a major limitation in development of 

personalized medicines [16].  

Expression of DMEs is widely investigated at mRNA level which provides insight in tissue-

specific and relative DME expression levels, however the translation to protein and activity 

levels is inaccurate [17–19]. In contrast, CYP, UGT and NQO1 activities usually correlate well 

with protein levels and give a better reflection of inter-individual variability [17,20–24]. 

Variability of UGT and CYP protein expression is well investigated and has been summarized 

in extensive meta-analyses [25–27]. Only a few studies cover hepatic GST protein levels in 

individual donors [28–31] or variation in hepatic SULT or quinone reductase 

activity/expression [21,32–34]. In a recent study, relative quantification of the major hepatic 

DMEs by iTRAQ (isobaric Tags for Relative and Absolute Quantification) in isolated 

hepatocytes from three donors showed high variation in CYP, UGT and GST expression [35].  

There is to our knowledge no study reported assessing inter-donor variability of all major 

DMEs.  Indeed, although the inclusion of other metabolic routes than CYP-mediated ones 

increases the accuracy of in vitro to in vivo extrapolation [36], none of the reported studies 

gives an overview of the relevant DMEs simultaneously. It has been reported that for 

population toxicokinetic studies and in silico modeling (e.g. using SimCYP), sufficient 
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metabolic parameters are required at the level of each individual [37,38]. This is even more 

important in the context of risk assessment, since both CRM formation and inactivation play 

a pivotal role in drug-induced liver toxicity and thus inclusion of inactivating DMEs in the 

overall assessment is mandatory [39–41]. The aim of the present study was therefore to 

reaction phenotype human livers of 20 donors for multiple phase I and phase II DMEs, in 

order to obtain a comprehensive insight in their inter correlations and variations. Specific 

probe substrates for nine CYP isoforms, six UGT isoforms and NQO1 and NQO2 were 

applied. SULT activity was assessed using two general substrates (acetaminophen and 7-

hydroxycoumarin) covering different sets of SULT isoforms [42,43]. 1-Chloro-2,4-

dinitrobenzene (CDNB), 1,2-epoxy-3-(p-nitrophenoxy)-propane (EPNP) and 1-menaphtyl 

sulfate (MS) was used for assessment of general GST, GSTT1 and GSTT2 activity, respectively. 

In addition, remaining GST isoforms were distinguished by measuring GST protein levels 

using isolation by affinity chromatography. The dataset (included as supplement, digitally 

available) is the most comprehensive overview of DMEs currently available and can be used 

as a database for in silico simulation of variability of hepatic drug metabolism in small 

populations. 

2. Materials and methods  

2.1. Materials and chemicals  

Propofol, β-estradiol, chenodeoxycholic acid and 4-hydroxyindole were purchased from TCI 

Chemicals (Zwijndrecht, Belgium). Naloxone and β-estradiol-3-glucuronide were from Santa 

Cruz (Heidelberg, Germany). Naloxone-glucuronide was purchased from Duchefa Farma 

(Haarlem, The Netherlands). Chenodeoxycholic acid-24-glucuronide, propofol-glucuronide 

and naloxone-glucuronide were supplied by Toronto Research Chemicals (North York, 

Canada). Trifluoperazine, 7-hydroxycoumarin, acetaminophen, CDNB, EPNP, 

acetaminophen sulfate, 7-hydroxycoumarin sulfate, CYP isoform selective substrates, 

trichloroacetic acid, CB1954, formic acid, UDPGA and Brij 58 were from Sigma-Aldrich 

(Steinheim, Germany). CYP metabolite references were obtained from BD-Gentest (Corning, 

Amsterdam, The Netherlands), except for 4’hydroxy-diclofenac (Toronto Research 

Chemicals, North York, Canada). Acetonitrile and methanol were LC-MS grade (Biosolve, 

Valkenswaard, The Netherlands). All other chemicals were of analytical grade. Adult healthy 

liver samples were provided by KaLy-Cell (Plobsheim, France) (Table 1).  
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Table 1 Donor Demographics, microsomal and cytosolic protein content of 20 donor preparations 

Donor 

ID 

Age Gender Ethnicity Medical History Medication 

B1327T 60 M C Metastasis from colorectal CA No medication 

S1329T 45 F C Hydatid cyst Inexium, Albunazole 

S1332T 57 F C Metastasis from ovarian CA Innoheb, Inexium 

S1334T 82 M C Metastasis from adeno CA Previscan, 

Omeprazole, 

Bisoprolol, Diamicron 

S1336T 51 M C Metastasis from colorectal CA No medication 

S1339T 42 M C Adeno CA No medication 

R1341T 67 M C Metastasis from colorectal CA Atenolol, Tahor, 

Inexium 

S1342T 56 F C Hepatic angioma No medication 

S1343T 51 F C Metastasis from colorectal CA Dolipran 

S1344T 81 F C Metastasis from colorectal CA Pravastatine, Exforge 

S1352T 42 F NC Caroli disease Lexomil, Delursan, 

Prothiaden 

S1356T 59 F C Metastasis from right lung CA No medication 

S1399T 47 M C Hepatic hemangioma No medication 

S1402T 48 F C Non transplantable liver Valsartan 

S1404T 71 F C Metastasis from colorectal CA No medication 

S1405T 63 F C Metastasis from colorectal CA Levothyroxine, 

Bricanyl, Kardegic, 

Tareg 

S1441T 32 F C Metastasis from colorectal CA Folfox 

S1442T 58 M C Cholangio CA Crestor, Nebivolol, 

Floxetine, Lysanxia, 

Cialis, Ibuprofen 

S1446T 50 F C Hepatic hemangioma Feldene 

S1449T 84 F C Non transplantable liver Cibacene, Kardegic 

M, male; F, female; C, Caucasian; NC, not communicated; CA, carcinoma   

2.2. Preparation of liver homogenates from human liver 

Preparation of liver homogenates was in agreement with [44]. In short, human liver tissues 

were homogenized at 4°C in two volumes of 100 mM potassium phosphate (KPi)  buffer 

(containing 125 mM NaCl and 1 mM EDTA, pH 7.4) (homogenization buffer) using an Omni 

Mixer (Sorvall, Inc) and subsequently by a Potter-Elvehjem (Sigma-Aldrich, Steinheim, 
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Germany) homogenizer. The resulting homogenate was centrifuged for 20 minutes at 9000g. 

The S9 fraction (supernatant) was subsequently centrifuged for 1 hour at 100,000g. The 

cytosolic fraction (supernatant) was dialyzed overnight in 500 volumes homogenization 

buffer using a 12-14 kDa exclusion size tubing (Spectrum Europe, Breda, The Netherlands) at 

4ºC. After one additional washing step, the microsomal fraction (pellet) was resuspended 

and homogenized in 100 mM KPi (pH 7.4, containing 0.1 mM NaCl and 20% glycerol) using 

the Potter-Elvehjem homogenizer. Protein concentrations were determined using the 

bicinchoninic acid method using bovine serum albumin as standard (ThermoFisher 

Scientific).  

2.3. CYP isoform specific activity in liver microsomes 

CYP activity was assessed as described previously [44]. In short, 1 mg/mL human liver 

microsomes (HLM) and NADPH regenerating system (100 µM NADP+, 10 mM glucose-6-

phosphate, 0.5 U/ml glucose-6-phosphate dehydrogenase) dissolved in 100 mM KPi buffer 

(containing 2 mM EDTA and 5 mM MgCl2, pH 7.4) were pre-incubated for 4 min at 37 °C. 

Subsequently, the reactions were started by addition of the probe substrate cocktail solution 

(final concentrations of 20 µM phenacetin, 10 µM coumarin, 20 µM bupropion 20 µM 

diclofenac, 100 µM mephenytoin, 20 µM bufuralol, 10 µM midazolam in 0.5 % DMSO). The 

reaction was terminated after 30 minutes by addition of an equal volume ice-cold 8% formic 

acid containing 20 µM carbamazepine as analytical internal standard. Precipitated protein 

was removed by centrifugation (20 min 14.000 rpm) and supernatants were analyzed by LC-

MS as described previously [44]. CYP2C8 specific activity was determined under similar 

conditions, using 1 µM of amodiaquine as substrate. After a 4 minute pre-incubation and a 1 

minute incubation reactions were stopped and prepared for analysis as described before [45]. 

2.4. UGT isoform specific activity in liver microsomes 

UGT activity was assessed as described previously [44]. In short, incubations contained 0.1 

mg/ mL HLM which was pre-incubated with 0.15 mg Brij 58/mg HLM in 100 mM KPi buffer 

(containing 10 mM MgCl2, pH 7.4) on ice for 15 min. Subsequently, individual substrates 

were added (in 0.5% DMSO final). The mixtures were pre-incubated at 37 °C for 4 minutes 

and subsequently started by addition of UDPGA (5 mM final). The reactions were allowed to 

proceed for 5 min (50 µM 4-hydroxyindole) or 30 min (100 µM β-estradiol, 40 µM 

chenodeoxycholic acid, 20 µM trifluoperazine, 40 µM propofol, 100 µM naloxone, 200 µM 7-

hydroxycoumarin) and terminated by addition of an equal volume ice-cold 8% formic acid 

containing 20 µM carbamazepine (trifluoperazine, naloxone, 7-hydroxycoumarin) or 7-
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hydroxycoumarin (β-estradiol, chenodeoxycholic acid, 4-hydroxyindole, propofol) as 

analytical internal standard. Precipitated protein was removed by centrifugation (20 min 

14.000 rpm) and supernatants were analyzed by LC-MS as described previously [44]. 

2.5. NQO1 and NQO2 activity in liver cytosol 

NQO1 activity was assessed by enzymatic resorufin reduction [46] in 96 wells format. 

Following a 4 minute pre-incubation at 37 °C of 500 nM resorufin (0.1 % DMSO final) and 

100 µM NADH in 100 mM KPi buffer (containing 0.18 mg/mL BSA, 2 mM EDTA and 5 mM 

MgCl2, pH 7.4), the reaction was initiated by addition of pre-warmed cytosol (5% final). The 

decrease in resorufin was measured over time (λem 530 nm, λex 572 nm, Perkin Elmer Victor3 

1420 multilabel counter) in absence and presence of 10 µM NQO1 inhibitor dicoumarol, in 

order to identify the NQO1 selective component in total reduction. The dicoumarol 

inhibited fraction ranged from 10-70% of total resorufin reduction. The decrease was 

quantified using a calibration curve of resorufin under identical conditions.  

NQO2 activity was assessed under conditions, which were optimized with respect to 

linearity over time and protein concentration. 100 µM of the selective substrate CB1954 

[47,48] was incubated with 5% cytosol in 100 mM KPi buffer (containing 0.18 mg/mL BSA, 2 

mM EDTA and 5 mM MgCl2, pH 7.4). After a 4 min pre-incubation at 37ºC, the reaction was 

started by addition of 500 µM dihydronicotinamide riboside (NRH). After 10 min the 

reaction was terminated by addition of an equal volume ice-cold acetonitrile. Precipitated 

protein was removed by centrifugation (20 min 14.000 rpm) and parent depletion was 

assessed by HPLC and quantified with a standard curve of CB1954. 15 µL of sample was 

injected on a Shimadzu Prominence LC-20 HPLC system, equipped with a Shimadzu SPD-

20A UV/vis detector set at 325 nm. The analytes were separated on an Agilent XDB-C18 1.8 

µm column (4.6 x 50 mm) protected by a Phenomenex security guard column (C18, 4.0 x. 3.0 

mm) as stationary phase and a binary gradient composed of solvent A (0.1% formic acid in 

H2O) and B (0.1 % formic acid in methanol). The time program was as follows: 0 min, 20% B; 

1 min 20% B; 8 min 99% B; 8.5 min, 20% B; 18 min, 20% B. The flow rate was 0.4 mL/min. 

2.6. Sulfation of acetaminophen and 7-hydroxycoumarin in liver 
cytosol 

Acetaminophen and 7-hydroxycoumarin sulfation was assessed in order to determine inter-

individual variation in SULT activity. Conditions were optimized with respect to linearity in 

time and protein concentrations. Following a 4 min pre-incubation of 500 µM of the 
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individual substrates and 1 mg/ mL cytosol in 100 mM KPi buffer (containing 10 mM MgCl2, 

pH 7.4) at 37ºC, the reaction was initiated by addition of 200 µM 3'-phosphoadenosine-5'-

phosphosulfate (PAPs). After 20 min reactions were terminated by addition of 1 volume ice-

cold acetonitrile. Precipitated protein was removed by centrifugation (20 min 14.000 rpm) 

and supernatants were analyzed with LC-MS. 25 μL of sample was injected on an Agilent 

1200 Series Rapid Resolution LC system connected to an Agilent 6230 time of flight (TOF) 

mass spectrometer. The analytes were separated on an Agilent XDB-C18 1.8 µm column (4.6 

x 50 mm) protected by a Phenomenex security guard column (C18, 4.0 x 3.0 mm) as 

stationary phase and a binary gradient composed of solvent A (10 mM ammonium acetate) 

and B (90 % acetonitrile containing 10 mM ammonium acetate). The time program was as 

follows: 0 min, 15% B; 1 min 15% B; 6 min 99% B; 6.5 min, 15% B; 15 min, 15% B. The flow rate 

was 0.5 mL/ min. Sulfates were analyzed with the TOF operating in negative ion mode, using 

the following MS conditions: capillary voltage, 3500 V; drying gas (N2), 10 l/min; desolvation 

gas (N2), 50 psig; source temperature, 350 °C; 2GHz, extended dynamic range mode. Data 

was acquired and analyzed using the MASS Hunter workstation software (version B.05.00).  

2.7. Enzymatic GSH conjugation of CDNB and EPNP in liver cytosol 

CDNB activity was assessed according to Habig’s method [49], adjusted to 96 wells format as 

described previously [50]. In short, 500 µM CDNB (1% ethanol final) was pre-incubated for 4 

min at 37ºC with 0.2% cytosol (final) in 125 mM KPi buffer (pH 6.5). The reaction was 

initiated by the addition of 1 mM GSH (final) and the formation of the GSH conjugate was 

followed in time at 340 nm for 1 min. The reported extinction coefficient (ε = 9.6 mM-1 cm-1) 

[49] was applied for quantification of the conjugate and the path length in 96 wells plate was 

derived by comparison with simultaneous measurements in 1 cm format.  

GSTT1 activity was investigated using EPNP as substrate [51] by a method which was 

previously described [52]. Conditions were optimized with respect to linearity in time and 

protein concentrations. 2.5% cytosol and 500 µM EPNP (2.5% ethanol final) were pre-

incubated for 4 min at 37ºC. The reaction was initiated by addition of 5 mM GSH and 

allowed to proceed for 5 min. Protein was precipitated by addition of 1.5% (w/v final) 

trichloroacetic acid and removed by centrifugation (20 min 14.000 rpm). HPLC analysis was 

performed as described before [50]. Quantification was performed using a calibration curve 

of EPNP conjugate which was generated by complete conjugation of EPNP by recombinant 

GSTT1 which was expressed as described previously [53].  
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GSTT2 activity was determined using 1-Menaphthyl Sulphate (MS) as substrate [54]. Since 

the colorimetric assay of [55] appeared not sensitive enough to accurately measure activity in 

human liver cytosols a more sensitive HPLC-based assay was developed and validated, as will 

be described elsewhere (Zhang et al., manuscript in preparation). In short,  100 μM MS was 

pre-incubated with 5% cytosol for 4 minutes at 37ºC. The reaction was started by addition of 

5 mM GSH and stopped after 5 min by addition of 1% perchloric acid (v/v final). Precipitated 

protein was removed by centrifugation (20 min 14.000 rpm). GSH conjugation of MS was 

analyzed by HPLC-UV at  298 nm (Zhang et al., manuscript in preparation) and quantified 

using a synthetic GSH conjugate of MS as calibration standard [56].  

2.8. Isolation, identification and quantification of GST isoforms 
from liver cytosol 

GST isoforms were isolated form human liver cytosol by affinity chromatography (GSH 

sepharose-4B GE healthcare) and isoforms were identified based on molecular mass by LC-

MS. The total amount of protein in the isolated mixture was quantified using the 

bicinchoninic acid method with bovine serum albumin as standard (ThermoFisher 

Scientific). Subsequently, concentrations of each isoform were calculated by the relative 

responses at 214 nm obtained from the HPLC-UV chromatogram. Detailed methods are 

provided in Chapter 8.  

2.9. Statistical analysis  

The coefficient of variation (CV) was calculated as the ratio of the standard deviation and 

the average value expressed as percentage. 

Statistical analysis on the matrix of enzyme activity values obtained for the various DMEs in 

the 20 donors was performed using the R statistical environment [R Development Core 

Team (2016). R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org.] 

version 3.3.0. Pearson’s product-moment correlation (r), Spearman’s rank correlation (rs) and 

associated p-values where calculated with the build-in cor function. The correlation matrix 

(Figure 5) was obtained using the gpairs package version 1.2 [John W. Emerson and Walton 

A. Green (2014). gpairs: The Generalized Pairs Plot. R package version 1.2. https://CRAN.R-

project.org/package=gpairs].  



 
206 

3. Results 

3.1. Donor demographics and inter-individual variation in 
microsomal and cytosolic protein content  

Healthy liver tissues of 20 individuals in an age range of 32 to 84 (35% male) were processed 

into HLM and cytosol (Table 1). The number of hepatocytes/g liver was not determined. 

Microsomal and cytosolic protein content per gram liver are among the essential scaling 

factors for PBPK modelling and extrapolation to in vivo clearance [16,57]. Significant 

variability in microsomal protein content was reported before (up to 19-fold), but no such 

data is available for cytosolic protein content [16]. In this study, microsomal protein content 

ranged from 11.1 (S1343T) to 68.5 (B1327T) mg protein/g liver and cytosolic protein ranged 

from 107 (S1356T) to 411 (S1342T) mg protein/g liver (Supplementary Table 1, Supplemental 

Figure S1). Microsomal protein content showed higher variability (CV 40%) compared to 

cytosolic protein content (CV 29%).  

3.2. Inter-individual variability in DMEs 

In Figures 1 – 4, the measured DME activities are presented as percentage of the average 

activity across the 20 donors. Donors S1336T, S1402T, S1441T and S1399T are highlighted to 

illustrate marked activity differences of DMEs between individual donors. 

3.2.1 Inter-individual variability in CYP and UGT activity 

 

Figure 1 Variability in relative CYP (panel A) and UGT (panel B) isoform activity for probe reactions in 
microsomal incubations originating from 20 donors. Four donors are highlighted to visualize variation 
between donors: filled circles (S1336T), filled squares (S1402T), filled triangles (S1441T) and stars (S1399T). 
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Table 2 Overview of substrates, activities, and CV of assessed DME reactions 
Enzyme family Isoform Substrate Mean 

activity* 

Range CV 

(%) 

CYP      

 1A2 phenacetin 15.4a 5.9 – 29.5 48 

 2A6 coumarin 32.6a 11.5 – 59.8 38 

 2B6 bufuralol 5.3a 1.0 – 11.7 77 

 2C8 amodiaquine 310a 56.9 – 595 38 

 2C9 diclofenac 586a 311 – 863 24 

 2C19 mephenytoin 10.7a 0 – 27.9 79 

 2D6 bupropion 74.0a 2.9 - 154 51 

 2E1 chlorzoxazone 139a 76.5 – 194 24 

 3A4 midazolam 410a 167 -  572 23 

UGT      

 1A1 β-estradiol 20.9a 7.7 – 56.5 60 

 1A3 chenodeoxycholic 

acid 

2.6a 1.4 - 4.0 30 

 1A4 trifuoperazine 160a 68.9 - 229 35 

 1A6 4-hydroxy indole 16.5b 6.5 – 44.5 61 

 1A9 propofol 230a 131 - 440 37 

 2B7 naloxone 883a 514 - 1366 27 

SULT      

 Non-

specific 

acetaminophen 783a 93.5 – 1720 59 

 Non-

specific 

7-hydroxycoumarin 1200a 287 – 2100 58 

GST      

 Non-

specific 

CDNB 49.9b 12.0 – 83.1 37 

 T1 EPNP 147a 39.2 – 282 49 

 T2 MS 72.5a 2.0 – 207 93 

Quinone reductase      

 NQO1 resorufin 9.3a 0.6 – 32.0 89 

 NQO2 CB1954 1800a 847 – 3280 43 

* units in a)  pmol/mg/min or  b) nmol/mg/min, expressed relative to mg microsomal protein 
(cytochrome P450, UDP-glucuronosyltransferase) or mg cytosolic protein (sulfotransferase, glutathione –
S transferase, quinone reductase). 
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Variability in phase I and phase II enzyme activity in microsomal preparations was assessed 

using CYP- and UGT-isoform specific probe substrates [44] (Table 2). The strongest inter-

individual variabilities in isoform-specific activities were observed for CYP2C19 and CYP2B6 

(CV ~78%) followed by CYP2D6 and CYP1A2 (CV ~50%) (Table 2, Figure 1). Variation in 

activities of CYP2C9, CYP3A4 and CYP2E1 were much less (CV ~25%). For UGT activity, 

highest variations were observed for UGT1A1 and UGT1A6 (CV ~60%), while the other UGT 

isoforms exhibited smaller variability between donors (CV ~30-40%) (Table 2, Figure 1). 

S1336T HLM displayed overall low CYP and UGT activities, while enzyme activity in S1441T 

HLM was generally high. Most CYP and UGT isoform activities were low in HLM derived 

from donor S1402T, however UGT1A6 and UGT1A9 activities were highest for this donor. 

S1339T HLM mostly had high CYP activity, however activities of all UGT isoforms were 

average or below. Absolute CYP and UGT activities for each individual, normalized per mg of 

microsomal protein, are digitally available.  

3.2.2. Inter-individual variability in SULT activity 

Variation in SULT activity in cytosols was investigated using acetaminophen and 7-

hydroxycoumarin, which are commonly used as nonspecific SULT substrates [58–61] The 

degree of inter-donor variability was similar between the substrates (CV ~59%) (Table 2, 

Figure 2). Only a weak correlation was observed between acetaminophen and 7-

hydroxycoumarin sulfation, which confirms that different (possibly overlapping) sets of 

SULT isoforms were responsible for sulfation of the two substrates [42]. Of the highlighted 

donors, S1336T, S1402T and additionally B1327T displayed similar SULT activity in both 

reactions, while donors S1441T and donor S1399T had a (strong) discrepancy between 

acetaminophen and 7-hydroxycoumarin sulfation (Figure 2). 

 

 

 

Figure 2 Relative sulfation of 7-hydroxycoumarin 
and acetaminophen in cytosolic incubations 
originating from 20 donors. Inter-individual 
variation is indicated by five highlighted donors: 
filled circles (S1336T), filled squares (S1402T), 
filled triangles (S1441T), stars (S1399T) and filled 
diamonds (B1327T). 
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3.2.3. Inter-individual variability in quinone reductases  

The activity of NQO1 in cytosol was determined by measuring the reduction of resorufin, 

which could be inhibited by the NQO1-inhibitor dicoumarol. CB1954 was used as specific 

probe substrate for determining NQO2 activity. The largest variation in activity among all 

assessed enzymes was found for NQO1 (CV 89%). NQO2 was much more conserved among 

donor preparations (CV 43%) (Table 2, Figure 3). The highlighted donors suggested a 

negative correlation between NQO1 and NQO2 activity, for example S1402T displayed the 

highest NQO1 activity, while NQO2 activity is in the lower range (Figure 3). However, the 

correlation between NQO1 and NQO2 activity was not significant as shown in the 

correlation analysis below.  

 

 

 

 

Figure 3 Relative activity of NQO1 (dicoumarol-
inhibited resorufin reduction) and NQO2 (CB1954 
conversion) in incubations with liver cytosol 
originating from 20 donors. Variation is indicated 
by the donors represented by: closed circles 
(S1336T), filled squares ( S1402T), filled triangles 
(S1441T) and stars (S1399T). 

 

3.2.4. Inter-individual variability in GST activity and GST protein 
levels 

Overall GST activity in human liver cytosol was investigated with the nonspecific substrate 

CDNB, which is conjugated to GSH by multiple hepatic GSTs [9]. Variation in total CDNB 

conjugation was relatively low (CV 37%) (Table 2, Figure 4A). Since selective substrates for 

most GST isoforms are not available, GSTs were isolated from cytosol using affinity 

chromatography, and subsequently identified using LC-MS. Variation of individual GST 

isoforms was investigated by quantification of GST protein amounts using LC-UV (see 

chapter 8 for more details). GSTA1 expression levels were least variable (CV 41%), while 

GSTM1 and GSTM3 proved highly variable (CV 168% and 213%, respectively) (Table 3, Figure 

4B). GSTT1 and GSTT2 do not react with CNDB and also do not bind to GSH Sepharose. 

Variation of GSTT1 activity was therefore investigated using the GSTT1-selective probe 
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substrate EPNP in liver cytosol (Table 2, Figure 4A) [51]. GSTT1 activity was found in all 20 

donors and displayed a relatively low variation (CV 49%) compared to other GSTs. Variation 

of GSTT2 activity, which was investigated using the selective probe MS [62], was higher than 

for most GSTs (CV 93%). 

 

Figure 4 Relative variability of GST activity (A) and GST protein expression (B). Activities are assessed 
using cytosolic incubations with CDNB as general GST substrate, and EPNP and MS as GSTT1 or GSTT2 
substrate, respectively (A). Relative GST subunit (B) levels are determined after affinity chromatography. 
Highlighted donors: filled circles (S1336T), filled squares (S1402T), filled triangles (S1441T), stars (S1399T). 

Table 3 GST protein content in liver cytosol (ng/mg) from 20 donors as determined by HPLC-UV after 
glutathione sepharose isolation. 

Isoform Mean Range CV  

(%) 

GSTA1 3950 960 - 7830 41 

GSTA2 750 125 - 2340 71 

GSTM1 200 0 - 915 168 

GSTM3 15 0 - 120 213 

GSTP1 88 0 – 265 69 

3.3. Correlation analysis of DME activities 

For accurate in vitro-in vivo extrapolation and in silico pharmacokinetic predictions, 

correlations between enzyme activities are very useful [63]. Furthermore, it may give clues 

towards the co-regulation of enzyme expression or protein-protein interactions of DMEs. 

Complete correlation matrixes are shown in Figure 5 (Pearson’s product moment correlation 

coefficient, r) and Supplemental Figure S2 (Spearman’s rank correlation coefficient, Rs). 

Both methods identified the same correlations. The most significant correlations (p < 0.001) 
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were observed for the DME pairs CYP2E1/CYP3A4 (r 0.83, Rs 0.78), UGT1A6/UGT1A9 (r 0.83, 

Rs 0.61), UGT1A3/UGT2B7 (r 0.76, Rs 0.74), CYP1A2/CYP2E1 (r 0.75, Rs 0.71), 

UGT1A1/UGT1A4 (r 0.64, Rs 0.42) and UGT1A4/CYP2C9 (r 0.64, Rs 0.70) (p < 0.01). 

Additional significant correlations are found (in) between pairs of CYPs, UGTs, GSTs, and/or 

the nonspecific GST and SULT substrates (marked with stars in Figure 5 and Supplemental 

Figure 2). Curiously, a significant negative correlation (r -0.70, p < 0.001) was found between 

UGT1A9 activity and the overall GST activity using the non-selective substrate CDNB. 

However, UGT1A9 activity was not significantly correlated with protein levels of individual 

GST isoforms.  

 

Figure 5 Correlation matrix displaying the DMEs as label on the diagonal, a scatter plot matrix of DME 
pairs with fitted linear model (red line) in the lower half of the plot and the Pearson’s product-moment 
correlation values in the upper half of the plot. The upper half was further enhanced with a color 
gradient to emphasize the magnitude of the correlation (negative correlations in red, positive 
correlations in blue, zero point in white) and confidence intervals for the p-values displayed with stars 
(*: p=0.05, **: p=0.01, ***: p=0.001). Abbreviations: SULF_A, sulfotransferase activity with 
acetaminophen; SULF_HC, sulfotransferase activity with 7-hydroxycoumarin. 
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4. Discussion 

Frequently prescribed drugs are only effective in 25 to 60% of patients and, while the cause is 

multifactorial [64], variation in drug disposition is more often determined by genetics than 

by environmental factors factors (e.g. polypharmacy, tobacco smoking, dietary constituents) 

[65]. Variation in CYP activity has a profound effect on drug efficacy because of its major 

contribution to first-pass metabolism and subsequent drug bioavailability [64]. However, 

CYP-based prediction of in vivo hepatic clearance generally leads to an underprediction, 

which can be improved by inclusion of other major DMEs, such as UGT and SULT [36]. 

Furthermore, it is hypothesized that drug toxicity is determined by the balance of 

bioactivation and bioinactivation [40,41], in which case also the CRM detoxifying quinone 

reductases and GST enzymes are relevant [66–68]. For a complete picture of inter-individual 

variability in hepatic drug metabolism, all these major DMEs need to be considered. 

Therefore, the aim of this study was to simultaneously determine the enzyme activities of 

the major phase I and phase II DMEs (i.e. CYP, UGT, SULT, NQO1/NQO2, GST) in 20 

human livers. Additionally, correlations between the enzymes are reported, which may assist 

in population-based in silico simulation of drug metabolism and prediction of variability 

[63,69].  

Variations in CYP and UGT activities found in this study are largely consistent with previous 

reports [25,63]. CYP2C19, CYP2B6, CYP2D6 and CYP1A2 were identified as strongest variable 

isoforms (Table 2). Indeed, CYP2B6, CYP2C19 and CYP2D6 expression is genetically 

determined by the existence of gene variants (e.g. null genotypes, poor and ultra-rapid 

metabolizers) or promoter variants [70–72]. Variability of CYP1A2 is additionally strongly 

influenced by environmental factors [72]. Notably, CYP3A4 activity was relatively constant in 

our set of 20 livers, while expression is reported to be highly variable [25]. Although 

expression of hepatic UGT enzymes is mainly controlled by transcriptional regulation [73], 

variation in UGT protein levels shows high deviations across studies. The trend in variability 

reported in the current study (Table 2) matches well with the meta-analysis performed by 

[26], apart for UGT1A3, for which we determined a clearly lower variability (CV 75% versus 

30% in this study). 

Variations in CYP activity can partially explain the differences in cytotoxicity observed in 

cultured primary human hepatocytes, e.g. high CYP2C9 or CYP3A4/5 activity protecting 

against respectively ibuprofen [41] or cyclosporine A cytotoxicity [75,76], while high CYP3A4 

activity correlates with acetaminophen and cyclophosphamide cytotoxicity [77]. If activity of 

other major DMEs is available for a given drug as well, hepatocyte lots from characterized 
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donors can be selected for dedicated (cytotoxicity) studies. The outcome of such studies can 

significantly aid in risk assessment as well as the advancement of individualized medicine.  

Only one study describes variation in hepatic SULT isoforms, reporting 4- to 13-fold 

variation within variation in individual isoform expression [33]. The inclusion of SULT 

isoform activities in our analysis is an obvious next step. Instead, acetaminophen and 7-

hydroxycoumarin sulfation were investigated, because previous results indicated that 

different (sets of) SULT isoforms are involved [42]. Acetaminophen sulfation reflects activity 

of hepatic SULT1A1, SULT1E1 and SULT2A1 [32,78]. SULT isoforms are not identified for 7-

hydroxycoumarin. For both acetaminophen and 7-hydroxycoumarin, variability of sulfation 

was approximately 10-fold, which is in line with the study of Riches et al. [33]. Only a weak 

correlation was found between sulfation of both substrates (Figure 5). Sulfation is generally 

considered as the first line of metabolism at low doses because of the high affinities for 

xenobiotics and the relatively high hepatic SULT concentrations [1,3,43]. Inter-individual 

variability in SULT activity can therefore significantly impact clearance or the exposure to 

CRMs. For example, in the case of acetaminophen, donor S1399T (marked as stars in Figures 

1-4) has very low sulfation activity, while the CYP-mediated bioactivation potential is high. 

Variability of quinone reductases and GSTs may affect CRM detoxification, but they also play 

a role in cellular signaling. NQO1 and NQO2 have been implicated as oxidative stress sensors 

by regulating proteasomal degradation of transcription factors such as p53 [79]. Likewise, 

GSTP, GSTM and GSTA modulate signaling and cellular proliferation by protein-protein 

interactions with signaling molecules such as Jun Kinase [80,81].  

A few groups investigated NQO1 activity in liver cytosols [21,82,83] and its role in 

detoxification of CRMs is established [11,12,84]. We recently have also shown this for NQO2 

(Chapter 6). In the current study, NQO1 activity varied the most (CV 89%), which can be 

rationalized by the strong inducibility of the NQO1 gene [83], combined with 

polymorphisms in the Nrf2 protein [85] and the existence of genetic variants linked to 

decreased protein stability [82]. Although coordinated ARE-mediated induction of NQO1 

and NQO2 has been reported [86–88], NQO2 activity was more conserved (CV 43%) (Table 

2) and, in accordance with a recent report [34], no correlation was found between NQO1 and 

NQO2 activities (Figure 5).  

Conjugation of a general GST probe was not highly variable (Table 2), but poorly reflects 

variation of isoforms as each GST isoform has distinct specific activities [28]. Variation was 

higher at the level of isoforms (Table 2 and 3, Figure 4), which was comparable with 
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literature [30,89,90] Variability was especially high for GSTM1 (CV 168%) and GSTM3 (CV 

213%), which is in line with the existence of null genotypes (53% in Caucasians) and gene 

duplications [91,92]. So far GSTM3 levels have only been identified in two individuals [29] 

and the current study is the first to show that, in a small population, variability of this 

enzyme is highest of all GST isoforms. Two genetic variants of GSTM3 have been reported, 

GSTM3*A and GSTM3*B [93], distinguished by a recognition site for the negative 

transcription factor YY1 [94]. Notably, GSTM3 was not detectable in approximately half of 

the individuals, indicating either very low basal levels or absence of the protein in the liver. 

Variability in GSTT2 activity was also high (CV 93%, Table 2), which presumably results from 

negative regulation by its pseudogene (GSTT2b, 50% in Caucasians) [80] and mutations in 

its promoter [95].  Expression of GSTP1 (CV 69%, Table 3) is of specific interest as it is often 

active in detoxification of drug-derived CRMs [50,96,97]. It remains to be established 

whether GSTP1 is present in hepatocytes (i.e. site of metabolism) or in the bile-ducts as is 

suggested previously [98], in which case GSTP1 is especially relevant in detoxification of 

CRMs which are stable enough to spread to neighbouring cells.  

The majority of the correlations were found (in)between CYP and UGT isoforms (Figure 5, 

supplemental Figure S2). Interestingly, the strongest associations included three novel 

CYP2E1 correlations (with CYP1A2, CYP3A4 and UGT2B7). The absence of these associations 

in previous reports [25] might arise from post-translational protein modifications, which 

especially affects CYP2E1 activity [99,100] and which are overlooked when protein levels are 

assessed. Relationships between UGT and CYP enzyme activities are of special interest 

because of the limited available data and indications for co-regulation of UGT1A1 and CYP 

enzymes at the mRNA level [101]. The previously reported associations on protein level 

between the pairs UGT1A4/CYP2C9 and UGT2B7/CYP2C9 are confirmed on the level of 

activity, and we also report a correlation between UGT1A3 and CYP3A4 activity. Although 

co-induction by rifampicin was described before [102], no correlation was found between 

CYP3A4 and UGT1A1 activities. Most of the remaining strong correlations (UGT1A6/UGT1A9, 

CYP2A6/CYP2C9 and UGT1A1/UGT1A4) have been described before [26,63], with the 

exception of UGT2B7/UGT1A3 and CYP2D6/GSTT1.  

In conclusion, the current data show the in vitro biochemical characterization of twenty 

human livers for the highest number of relevant DME activities to date.  It not only includes 

P450s, but also major UGTs, NQO1, NQO2 and GSTs. The current study is limited by the 

small sample size and low heterogeneity in ethnic background.  No doubt, future studies will 

expand the number of individuals and will include even more isoforms of particular DMEs, 
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like sulfotransferases, and will provide more insight on the correlation DME expression 

levels and activity. We confirm at the level of DME activities correlations that have been 

reported at the level of expression and report new correlations as well. Accurate data on 

inter-human variability in drug metabolism is an important parameter for PBPK models for 

in vitro- in vivo extrapolation to predict drug disposition and intrinsic clearance [103]. 
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Supplemental material 

 

Supplemental Figure S1 Distribution of microsomal and cytosolic protein content per gram liver in 20 
donors. The microsomal (displayed on right y-axis) and cytosolic (displayed at left y-axis) protein 
contents are provided per gram of liver for each donor.  
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Supplemental Figure S2 Correlation matrix displaying DMEs as label on the diagonal, a scatter plot 
matrix of DME pairs in the lower half of the plot and the Spearman’s rank correlation values in the upper 
half of the plot together with p-value based confidence intervals: p=0.05 (*), p=0.01 (**)  and p=0.001(***). 
Abbreviations: SULF_A, sulfotransferase activity with acetaminophen; SULF_HC, sulfotransferase activity 
with 7-hydroxycoumarin.  
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Supplemental Table 1. Microsomal and cytosolic protein contents of 20 liver preparations 

Donor 

Preparation 

Microsomal protein content 

(mg / g liver) 

Cytosolic protein 

content  

(mg / g liver) 

B1327T 68.5 375 

S1329T 40.1 269 

S1332T 38.8 219 

S1334T 22.3 198 

S1336T 33.3 256 

S1339T 41.5 283 

R1341T 28.4 251 

S1342T 40.8 411 

S1343T 11.1 150 

S1344T 21.4 297 

S1352T 30.4 258 

S1356T 19.7 107 

S1399T 22.6 253 

S1402T 26.5 207 

S1404T 42.2 234 

S1405T 31.2 383 

S1441T 15.3 328 

S1442T 40.8 257 

S1446T 47.9 293 

S1449T 30.9 210 
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Supplemental Table 2. Observed masses used for assignment of GST isoforms. For variation assessment 
no distinction was made between genetic variants.   

GST isoform Genetic variant Mass observed for identification  

GSTA1  25541/ 25394 

GSTA2 *A 25575 

 *B 25517 

 *C 25589 

 *D 25500 

 *E 25565 

GSTM1 M1a 25580 

 M1b 25566 

GSTM3  26485 

GSTP1 *A 23225 

 *B 23211 

 *C 23239 

For quantification of the GST isoforms, 10 µL of the mixtures was injected on a Shimadzu Prominence LC-
20 HPLC system, equipped with a Shimadzu SPD-20A UV/vis detector set at 214 nm. The total protein 
content was determined using the bicinchoninic acid method using bovine serum albumin as standard 
(ThermoFisher Scientific). The relative peak areas at 214 nm were used to quantify the relative abundance 
of each isoform. 
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Abstract 

Idiosyncratic drug induced liver injury (IDILI) caused by the drugs diclofenac and clozapine 

is suggested to be initiated by the exposure to chemically reactive metabolites (CRMs). 

Cytochrome P450 (CYP) enzymes are the major enzymes involved in the formation of CRMs. 

CRMs can be detoxified by glutathione (GSH), both  chemically and catalyzed by glutathione 

S-transferase (GST). Although tissue expression and variability of CYPs has been thoroughly 

investigated, data are scarce for GSTs. In the present study, hepatic concentrations and 

inter-individual variability of GST isoforms were therefore investigated in liver fractions of 

20 donors. Characterization of isolated GSTs by LC-MS indicated a diverse distribution of 

expression levels and genetic variants of isoforms. GSTA1 was the major hepatic GST 

isoform, followed by GSTA2, GSTM1, GSTP1, GSTT1 and GSTM3. These characterized 

fractions enable the study of the effect of variability in GST expression on the balance in 

bioactivation and detoxification of drugs. Individual microsomal fractions and 

corresponding isolated GSTs of the 20 donors were therefore subsequently used to 

investigate inter-individual variability in bioactivation and detoxification of CRMs derived 

from clozapine and diclofenac. For clozapine, a strong variability was observed in 

bioactivation by CYPs, while contribution of GSTs in detoxification was primarily significant 

at low (100 μM) GSH concentrations. Diclofenac is first hydroxylated on the 4’ or 5 position, 

after which further oxidation results in respectively diclofenac-1’,4’-quinone imine and 

diclofenac-2,5-quinone imine. Variability in diclofenac-1’,4’-quinone imine formation had a 

higher contribution to the heterogenicity in the balance bioactivation / inactivation 

compared to the GST component. For diclofenac-2,5-quinone imine, both bioactivation and 

detoxification displayed significant inter-individual variability which will lead to 

heterogenicity in CRM exposure. Finally, the use of recombinant GST enzymes to predict 

activities of native GSTs in detoxification of diclofenac CRMs was evaluated. This 

methodology appears especially predictive for more stable CRMs such as diclofenac-2,5-

quinone imine.  
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1. Introduction 

Drug induced liver injury is the major cause of post marketing actions such as drug 

withdrawal and black box warnings [1]. Most of these cases concern idiosyncratic drug 

induced liver injury (IDILI) which, although being rare, can cause significant morbidity and 

mortality [2]. Because of the lack of predictive in vitro and in vivo models and the low 

frequency of IDILI, cases of IDILI are generally only identified late in clinical development or 

after marketing of the drug. Consequently, IDILI is a major clinical problem [3]. For many 

hepatotoxic drugs it is generally acknowledged that the formation of chemically reactive 

metabolites (CRMs) and subsequent covalent modification of proteins are the molecular 

initiating events of the adverse drug reaction ultimately leading to the onset of idiosyncratic 

toxicity [4]. Current hypothetical mechanisms of IDILI postulate inter-individual variability 

in metabolic and transporter activities and in immune components as potential risk factors 

[5]. It is therefore essential to have insight in the inter-individual variability of enzyme 

activities involved in the bioactivation and detoxification of hepatotoxic drugs.  

The non-steroidal anti-inflammatory drug diclofenac and the atypical antipsychotic drug 

clozapine display the clinical profile of IDILI, having a relatively high prevalence of mild but 

asymptomatic liver injury and rare but severe cases of liver failure [6–11]. Quantitatively, the 

major CRM derived from diclofenac is the reactive acyl-glucuronide, for which protein-

binding is well-established. In addition, the formation of reactive quinone imine 

metabolites, formed by two sequential oxidation reactions by cytochrome P450 (CYP) 

enzymes, were shown to cause cytotoxicity in vitro [12–14]. Diclofenac is hydroxylated to the 

major oxidative metabolite 4’-hydroxy-diclofenac (4’-OH-DF) and the less abundant 5-

hydroxy-diclofenac (5-OH-DF). The hydroxy metabolites can be further oxidized to 

diclofenac-1’,4’-quinone imine (DF-1’,4’-QI) and diclofenac-2,5-quinone imine (DF-2,5-QI), 

respectively [15–18]. The quinone imines formed (especially from 5-OH-DF) have been 

shown to activate lymphocyte proliferation in vivo [19] and increased DF-2,5-QI adduct 

formation in LPS co-treated rats which developed liver injury has been shown [20]. 

Together, these observations indicate a potential role of oxidative bioactivation as a risk 

factor in diclofenac-related IDILI. DF-1’,4’-QI and DF-2,5-QI can be inactivated by chemical 

conjugation or glutathione S-transferase (GST) catalyzed conjugation to glutathione (GSH), 

resulting in two GSH conjugates for each quinone imine [15,21–26]. GST activity for 

diclofenac CRMs has been shown in vitro, and estimations regarding variability in 

detoxifying capacity have been made by multiplying the specific activity of recombinant GST 

isoforms by the GST content in human liver [25,26]. GST null genotypes have been linked to 
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increased risk for diclofenac toxicity in human, and cytoprotective effects have been 

suggested in a cellular model indicating a protective role of GSTs against DF-1’,4’-QI and DF-

2,5-QI cytotoxicity [27,28]. In addition to the protective role of GST, quinone reductases 

comprise a protective enzyme family which were shown to catalyze the inactivation of 

diclofenac quinone imines [29] (Chapter 6).  

The second drug evaluated in the present study, clozapine, is prone to extensive oxidative 

metabolism by CYP and myeloperoxidase. The major metabolites in human are the stable 

products N-desmethylclozapine and clozapine N-oxide [30–32]. Clozapine can be oxidized 

by CYPs and activated neutrophils to a reactive nitrenium ion [30,33,34], which covalently 

binds to proteins [35–37]. Experimental support for CYP-mediated clozapine hepatotoxicity 

include aggravation of clozapine cytotoxicity in vitro in hepatoma cell lines or rat 

hepatocytes with enhanced CYP expression [38,39] and increased hepatotoxicity in vivo 

when activity of various CYP isoforms was simultaneously altered by inhibition and 

induction [40]. Similar to diclofenac, hepatitis or fatal liver failure due to clozapine 

treatment are rare [7,41,42]. It is hypothesized that the formation of CRMs is an initiating 

event [41], and that these are normally efficiently detoxified in human liver [34]. The major 

detoxification route of the nitrenium ion encompasses chemical conjugation to GSH, which 

is also significantly catalyzed by several hepatic GST isoforms at low GSH concentrations 

[43]. In addition, clozapine induced idiosyncratic agranulocytosis, which is a fatal event and 

is restricting the use of this anti-psychotic, is associated to the NRH:Quinone 

Oxidoreductase 2 (NQO2) genotype [44,45]. In vitro enzymatic inactivation by NQO2 has 

been shown recently (Chapter 6).  

Due to the strong inter-individual variability in CYP expression levels [46], the complexity of 

clozapine and diclofenac bioactivation pathways [18,30] and the substantial variations in GST 

levels [47,48], significant variations in hepatic exposure to CRMs of clozapine and diclofenac 

are anticipated. In the current study CYP catalyzed bioactivation and GST catalyzed 

detoxification of diclofenac and clozapine were investigated in liver fractions from 20 

donors. To this end, individual human liver microsomes (HLM) were incubated with 

diclofenac, hydroxy-diclofenac and clozapine. Additionally, cytosolic GSTs were isolated by 

affinity chromatography and the isolated mixtures were profiled with LC-MS and quantified 

with LC-UV in order to obtain insight in the variability in GST content. The GST extracts 

were subsequently co-incubated with pooled HLM and hydroxy-diclofenac or clozapine in 

order to assess the variability in detoxifying activity. Furthermore, the predictivity of 

recombinant GSTs was evaluated by comparing activities of recombinant GSTs with isolated 



  

 
229 

(native) GSTs. Together, these results provide insight in the ratio of CRM formation and 

inactivation at the individual level and the degree of variability in the balance of 

bioactivation and detoxification.   

2. Materials and methods 

2.1. Materials and chemicals  

Diclofenac, carbamazepine, 1-chloro-2,4-dinitrobenzene (CDNB), 1,2-epoxy-3-(p-

nitrophenoxy)-propane (EPNP), GSH, tris(2-carboxyethyl)phospine (TCEP), ascorbic acid 

and trifuoroacetic acid were obtained from Sigma Aldrich (Steinheim, Germany). 4’-OH-

diclofenac and 5-OH-diclofenac were obtained from Toronto Research Chemical (North 

York, Canada) and clozapine was purchased from Duchefa Farma (Haarlem, The 

Netherlands). LC-MS grade acetonitrile was obtained from Biosolve (Valkenswaard, The 

Netherlands). Pooled HLM (Xtreme 200, Lot 1210347) was obtained from Xenotech 

(Lenexa,USA). Adult healthy liver samples from 20 adult Caucasian donors (32-84 years; 13 

females; 7 males) were provided by KaLy-Cell (Plobsheim, France). Donor demographics and 

preparation of HLM and human liver cytosol (HLC) were described previously (Chapter 7).  

2.2. Isolation of human GST from human liver cytosol  

Affinity chromatography was applied to isolate GSTs from dialyzed HLC. 1.6 mL 50% GSH 

Sepharose 4B beads (GE Healthcare), equilibrated in ice-cold phosphate-buffered saline 

(PBS), was incubated with 2 mL dialyzed HLC for 2.5 hrs on a roller bank at 4 ºC. The 

mixtures were subsequently loaded on 2 mL disposable polystyrene columns with a frit 

(Thermo scientific, Rockfort, USA). PBS was drained by gravity and beads were washed with 

6.5 mL ice-cold PBS at 4 ºC. GSTs were eluted by incubating 3 times (10 min) with 800 µL 50 

mM Tris-HCl buffer (pH 8.0) containing 10 mM GSH at room temperature. Complete elution 

was assured by qualitative measurement of the protein content at 280 nm in the eluate using 

a nanodrop spectrophotometer. Eluted fractions were pooled and GSH was subsequently 

removed by repeated washing with 10 mM Tris-HCL (pH 7.8) containing 1 mM TCEP in an 

Amicon ultra-4 centrifugal filter device (Millipore, Amsterdam, The Netherlands) with an 

exclusion size of 10 kDa at 4000 rpm (4 ºC). The GSTs were repeatedly washed until the GSH 

concentration was below 50 nM and stored at -80°C in a final volume of 200 µL to obtain 10x 

concentrated GST mixtures. Activities of GSTs were determined using CDNB as substrate, as 

described previously [26]. 
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2.3. Identification of GST isoforms  

Cytosolic GST isoforms were identified using an Agilent 1200 Series Rapid Resolution LC 

system connected to an Agilent 6230 time-of-flight (TOF) mass spectrometer. 5 µL of 

isolated GST fractions were injected and separation of isoforms was achieved using a 

Phenomenex Aeris XB-C18 200 Å column (3.6 µm WIDEPORE, 4.6 mm i.d. x 250 mm) as 

stationary phase and a binary gradient using solvent A (98.95 % H2O, 1% ACN and 0.05% 

TFA) and solvent B (98.95% ACN, 1% H2O and 0.05% TFA) at a flowrate of 0.6 mL/min. The 

gradient was programmed as follows: 0-5 min, isocratic at 30% solvent B; 5-7 min, linear 

increase to 35% solvent B; 7-15 min, linear increase to 40% solvent B; 15-60 min, linear 

increase to 50% solvent B; 60-61 min, linear decrease to 30% solvent B; 61-75 min, re-

equilibration at 30% solvent B. The mass spectrometer was operating in positive mode with 

a capillary voltage of 3500 V and nitrogen was used as drying (10 L/ min) and desolvation (50 

psig) gas. The source temperature was set at 350 °C and the detector was operating in 4 GHz 

high resolution mode. Data was acquired and protein deconvolution was performed using 

the MassHunter workstation software (version B.05.00). The applied chromatographic 

method appeared not to separate GSTP1*A and GSTM1a (Supplemental Figure 1). For donors 

with this combination of isoforms, the isolated GST mixtures were additionally analyzed 

using a Vydac protein and peptide C18 (5 µm, 4.6 mm i.d. x 250 mm) column as stationary 

phase and a gradient composed of solvent A and B at a flowrate of 0.7 mL/ min: 0−10 min, 

linear increase from 20% to 40% solvent B; 10−60 min, linear increase to 70% solvent B; 

60−61 min, linear decrease to 20% solvent B; 61−75 min, re-equilibration at 20% solvent B.  

2.4. Quantification of GST subunits in human liver cytosol 

Isolated GST isoforms were quantified on HPLC-UV. 10 µL of each isolated GST mixture was 

injected on a Shimadzu Prominence LC-20 HPLC system, equipped with a Shimadzu SPD-

20A UV/vis detector set at 214 nm. LC conditions and stationary phase were as described in 

section 2.3. The total protein content in each isolated GST mixture was determined by the 

bicinchoninic acid method using bovine serum albumin as standard (ThermoFisher 

Scientific, Bleiswijk, The Netherlands). The peak areas at 214 nm and total protein content 

were used to calculate the abundance of each isoform in each isolated GST mixture. GST 

protein abundances in the isolated mixtures were subsequently expressed relative to the 

total HLC concentration for each individual as reported in (Chapter 7).  
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2.5. Quantification of GSTT1 in human liver cytosol  

Since GSTT1 has no affinity for GSH sepharose, GSTT1 concentrations in HLC fractions were 

determined using EPNP activities as was previously described [49] (Chapter 7). A calibration 

curve of recombinant GSTT1 protein was used to convert activities to protein concentrations. 

Recombinant GSTT1 was expressed and purified as described previously [43]. 

2.6. Incubations with individual HLM to assess bioactivation of 
diclofenac and clozapine 

250 µM diclofenac, 50 µM hydroxy-diclofenac or 100 µM clozapine were incubated with 

HLM from individual donors to assess variability in bioactivation potential, under conditions 

which were optimized with respect to linearity in time. Each substrate was pre-incubated 

with 2 mg/mL HLM in 100 mM KPi buffer (pH 7.4, supplemented with 2 mM EDTA and 5 

mM MgCl2) for 4 min at 37°C. In order to quantify the activity of the first oxidative step 

incubations with diclofenac were supplemented with 1 mM (final) ascorbic acid to reduce 

quinone imines back to corresponding hydroxy-metabolites [21]. Incubations were 

supplemented with 5 mM GSH and 8 µM recombinant GSTP1-1 to maximize trapping of their 

CRMs. Recombinant GSTP1-1 was expressed and purified as described previously [43]. 

Reactions were started by the addition of NADPH regenerating system (final concentrations: 

100 µM NADPH, 10 mM glucose-6-phosphate, 0.5 U/mL glucose-6-phosphate 

dehydrogenase). After 30 min at 37°C, the incubations were terminated by the addition of an 

equal volume ice-cold methanol containing 2 mM ascorbic acid (diclofenac and hydroxy-

diclofenac) or 1% (final) perchloric acid (clozapine). The stopping solutions contained 10 µM 

(final) carbamazepine as internal standard. Precipitated protein was removed by 

centrifugation for 15 min at 14.000 rpm and supernatants were analyzed by LC-MS as 

described before (Chapter 6). GSH conjugates were quantified as a measure of CRM 

formation, using authentic references which were generated as described previously [50].  

2.7. Incubations with isolated GST mixtures 

In previous work [25] and in preliminary experiments in which 10% (v/v) dialyzed HLC was 

added, GST activity was only minor, which may result from confounding activities of other 

enzymes (e.g. quinone reductases). Therefore, the incubations were performed with the 

GSTs isolated from HLC. Inter-donor variability in GST-mediated conjugation of CRMs was 

investigated under conditions which were linear in time. Linearity of GST activity with GST 

protein concentration (tested up to 10% v/v) was confirmed for 4’hydroxy- and 5 hydroxy-
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diclofenac (Supplemental Figures S2 and S3). 50 µM hydroxy-diclofenac and 100 µM 

clozapine were incubated with 2 mg/mL pooled HLM as uniform bioactivating system. 

Incubations were performed in in 100 mM KPi buffer (pH 7.4, supplemented with 2 mM 

EDTA and 5 mM MgCl2) and in presence of 100 µM or 2 mM GSH in order to investigate the 

GSH concentration dependency of the catalysis. These GSH concentrations were selected to 

mimic the liver under stress and homeostasis, as was done previously [26].The incubations 

contained 10% (v/v) of the 10x concentrated GST mixtures of the respective donors. After a 

pre-incubation time of 4 min, reactions were started by addition of NADPH regenerating 

system (see section 2.6) and incubated for 30 min at 37°C. Reactions were terminated and 

prepared for LC-MS analysis as described in section 2.6.  

2.8. Comparison of recombinant and native GST activities in the 
GST catalyzed conjugation of diclofenac quinone imines 

Extrapolation of recombinant to native GST activities, which was used previously to predict 

inter-individual variability in detoxification [26,51], was experimentally evaluated. The 

concentrations (μM) of isolated GST isoforms were determined using an average molecular 

weight of a GST monomer (25 kDa). For each donor, the GST isoform concentrations in the 

incubations were multiplied by the previously reported specific activities (with diclofenac 

quinone imines) of the respective recombinant GST enzyme [26]. The theoretical increase in 

GSH conjugate formation of individual donors were compared to the experimental values 

obtained from the incubations which are described in section 2.7.  

3. Results and Discussion 

3.1. Isolation of cytosolic GSTs from human liver cytosol 

GSTs were isolated from human liver tissues from 20 donors using glutathione affinity 

chromatography, which has been described to allow purification of human hepatic GSTs 

with high yields [52]. Efficiency of the purification procedure was assessed in four randomly 

chosen donors by quantification GST activity with CDNB in HLC and the eluted fraction 

(Table 1). Purification yields ranged from 13 to 46% and purification folds between 23 and 

340. The 0.8 mL Glutathione Sepharose column has a binding capacity of 6 mg protein [53], 

which is significantly more that the amount of GST proteins eluted (40 to 90 μg). Total GST 

activity in flow-through and wash fractions ranged between 3 to 10% of GST activity in HLC, 

indicating that binding of GSTs to the column was efficient. Observed yields are in line with 



  

 
233 

previous reports [54–57] and suggest lowered GST activity after purification, which may 

result from instability of protein by the change of matrix, protein degradation by proteases 

or instability of the enzyme during purification [54,58]. As purification of cytosolic GSTs of 

all 20 donors was performed simultaneously, we assume that this loss in activity was 

applicable for all fractions.  

Table 1 Recovery of absolute CDNB activity after isolation of GSTs from human liver cytosol. The absolute 
cytosolic activity is set at 100 %.  

Donor  

ID 

Purification 

step 

Total 

protein  

(mg) 

Total activity 

 

(mmol/min) 

Specific activity  

 

(mmol/min/mg) 

Yield  

 

(%) 

Purification 

fold 

S1402 Crude cytosol 82 0.41 ± 0.006 0.0050 ± 0.00007 100 1 

 Elution 0.11 0.19 ± 0.004 1.7 ± 0.04 46 340 

S1446 Crude cytosol 94 3.4 ± 0.004 0.037 ± 0.00004 100 1 

 Elution 0.58 1.2 ± 0.03 2.0 ± 0.05 33 54 

S1344 Crude cytosol 98 5.5 ± 2 0.056 ± 0.02 100 1 

 Elution 0.56 0.73 ± 0.05 1.3 ± 0.09 13 23 

S1336 Crude cytosol 84 3.0 ± 0.1 0.036 ± 0.001 100 1 

 Elution 0.66 0.86 ± 0.02 1.3 ± 0.04 29 36 

3.2. Identification and quantification of isolated cytosolic GST 
isoforms and genetic variants 

High resolution LC-MS was applied to identify the GST isoforms and respective genetic 

variants in the isolated GST fractions. The abundance of each GST isoform was estimated 

using the relative peak area (relative to the total peak area in the chromatogram) in the LC-

UV chromatogram. The observed masses are listed in Table 2, and concentrations of GST 

isoforms in individual donors are given in Table 3. Additionally, inter-individual variations 

are visualized in Figure 1. 

The major isoform, GSTA1, was detected with the anticipated mass of 25541 Da and with a 

neutral loss of 147 Da (25394 Da), which probably corresponded to the loss of either N-

terminal oxidized methionine or C-terminal phenylalanine. GSTA1 was present in all 20 liver 

homogenates and accounted for 53 to 91% of total isolated protein. Of note is that GSTA1 

eluted as three baseline separated peaks (Supplemental Figure 1). It was confirmed that this 

observation was not the result of online dimer dissociation, since pretreatment of the 

samples with 1,6-hexanediol (25%) [65] gave the same elution pattern. Further research may 

elucidate the cause of this observation. 
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Table 2 Masses of identified human GST isoforms. The observed mass accuracy was within 1 Da. 

GST 

isoform 

Genetic variant Observed masses  

(Da) 

Corresponding reported masses   

(Da) 

References 

GSTA1 *A 25541/25394 25542/25544 (59,60) 

GSTA2 *A 25575 25572/25577 (59) 

 *B 25517 GSTA2*A – 58 Da (61,62) 

 *C 25589 GSTA2*A + 14 Da (61,62) 

 *E 25565 GSTA2*A – 10 Da (61,62) 

GSTM1 M1a 25580 25582 (60) 

 M1b 25566 GSTM1a – 14 Da (63) 

GSTM3 *A 26470 26471 (60) 

GSTP1 *A 23225 23224 (60) 

 *B 23211 GSTP1*A – 14 Da (64) 

 *C 23239 GSTP1*A + 14 Da (64) 

In line with previous studies [47,60], GSTA2 was the second most abundant isoform, 

accounting for 4 to 40% of total isolated GSTs. Five hepatic genetic variants of GSTA2 have 

been described in literature (GSTA2*A, *B, *C,*D and *E) [61]. In the current study GSTA2*A 

and GSTA2*C genotypes were most abundant (50 and 80% of donors, respectively), which is 

in agreement with literature [61]. The absence of GSTA2*D and the low expression levels of 

GSTA2*C were in line with the previous data as well [61].  

As anticipated, GSTM1 and GSTP1 were less abundant (0 to 7% and 0 to 4% of total isolated 

protein, respectively). Both genetic variants of GSTM1 (M1a and M1b) were detected, and, 

corresponding to the frequencies reported for Caucasians [66], 13 out of 20 donors appeared 

to be GSTM1 negative. For GSTP1, 3 genetic variants (GSTP1*A, *B and *C) were found. The 

frequencies of these variants (respectively 80%, 35% and 20%) are in line with reported 

frequencies in Caucasians [64]. Donor S1402T displayed a GSTP1 variant with a mass of 23255 

Da, which has a difference of only 2 Da from the only rarely detected GSTP1*D genetic 

variant [64,67]. However, due to the very low incidence of this allele and the subsequent 

unlikeliness to find a homozygous donor this mass likely corresponds to oxidized GSTP1*C 

(23239 + 16 Da), which was the observed mass. 

GSTM3 was also a minor GST (0.1 to 0.5% of total cytosolic GSTs). The absence of GSTM3 in 

3 donors may result from concentrations which were below the detection limit. It should be 

noted however, that it has been reported that GSTM3 protein may specifically degrade after 

purification, which may have affected the quantified levels of GSTM3 and may have resulted 

in underestimation of its abundance [60].  
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Most of the available reports regarding absolute concentrations of GST isoforms in human 

liver described a subset of GST isoform [48,61,68–70]. and few cover a comprehensive set of 

hepatic isoforms (with the exception of GSTT1 and GSTT2) [47,60]. The abundances of GST 

isoforms quantified in this study are in agreement with the ranges reported in literature, 

with the exception of GSTM1. This GST isoform has been reported to range between 1 to 18 

μg/mg cytosolic protein in GSTM1 positive subjects [47,60,68], while this and one other 

study [69] found GSTM1 levels ranging from 0.05 to 0.4 μg/mg cytosolic protein. 

Less than 10% of the protein detected on LC-UV did not correspond with known masses of 

GST isoforms, posttranslational modifications (e.g. glutathionylation and acetylation) or 

genetic variants, and was therefore not assigned. 

 

Figure 1 Abundance of GST isoforms in human liver cytosol of 20 individual donor preparations. GSTA1, 
GSTA2, GSTM1, GSTM3 and GSTP1 abundances were quantified using LC-MS after purification from 
human liver cytosol using affinity chromatography. GSTT1 activities in cytosol were measured using EPNP 
as substrate, and conversed to GSTT1 protein abundances using a calibration curve with recombinant 
GSTT1-1. Panel A shows protein abundances of all assessed GST isoforms. In panel B GSTA1 and GSTA2 are 
omitted to visualize abundances of minor isoforms.    

3.3. Quantification GSTT1 in human liver cytosol 

GSTT1 abundances in the 20 donors were assessed to further complete the overview of 

cytosolic GST isoforms (Figure 1). GSTT1 activity in HLC fractions was assessed by EPNP 

conjugation to GSH, which was subsequently converted to enzyme concentrations using a 

calibration curve of recombinant GSTT1 protein. Enzyme dependent EPNP conjugation to 

GSH was observed in cytosols from all donors. GSTT1 null genotypes, which have a 

prevalence of 10 to 20% in Caucasians [71], are probably overlooked as very low levels of GST-

EPNP activity are still observed in HLC lacking GSTT1 [72]. Nevertheless, current hepatic 

GSTT1 concentrations (0.01 to 0.1 μg/mg) were in similar range as was estimated before [73].  
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3.4. Inter-donor variation in cytochrome P450 dependent 
bioactivation of the clozapine nitrenium ion 

To investigate inter-donor variability in bioactivation of clozapine, GSH conjugates were 

quantified to reflect formation of the clozapine nitrenium ion in incubations with the HLM 

fractions from the 20 donors (Figure 2A). GSH conjugation of the nitrenium ion was 

maximized by including 5 mM GSH and 8 μM GSTP1-1 in each incubation [25]. In agreement 

with previous observations [43], four GSH conjugates were detected (CG-1, CG-3, CG-4 and 

CG-6). A 6.7-fold difference in GSH total conjugation was found (0.83 to 5.6 μM). This 

variability is in a similar range as was previously observed in a set of 100 individual HLM 

(8.7-fold) [30], indicating that the current set of 20 donors is a good reflection of inter-

individual variability in clozapine bioactivation.  

3.5. Inter-donor variation in glutathione S-transferase mediated 
detoxification of the clozapine nitrenium ion 

In order to assess variability in GST activity in the conjugation of the clozapine nitrenium 

ion, clozapine was incubated with commercial pooled HLM as uniform bioactivation system 

in presence of 10% (v/v) isolated GSTs. Since the isolated GSTs were concentrated 10 times 

compared to HLC, the resulting GST concentrations resemble the cytosolic levels of each 

individual.  

The effect of GST addition on the formation of clozapine GSH conjugates was most 

significant in incubations with 100 µM GSH, resulting in 2- to 12-fold increase compared to 

chemical conjugation., The strongest increase was observed for GSTs from donor S1446T 

(Figure 2B). At 2 mM GSH, the GST catalyzed component is significantly less, being 

maximally 1.5-fold for the GSTs from donor S1344T, (Figure 2B). For the majority of the 

donor preparations, the addition of GST did not increase total GSH conjugation at 2 mM 

GSH but rather resulted in a change of relative amounts of GSH conjugates. At both GSH 

concentrations, the increase in total GSH conjugate was predominantly accounted for by the 

strongly increased formation of CG-6. Although GSTP1-1 was shown to be the most active 

GST in catalysis of CG-6 [25,43], GSTA1-1 and GSTM1-1 catalyze CG-6 formation as well [43]. 

In the current study, the presence of GSTP1 can indeed not fully account for CG-6 formation 

as CG-6 levels for donor S1399T, in which no GSTP1 protein was detected, was among the 

highest of all donors (Figure 2B). Therefore, the highly abundant GSTA1 and the less 

abundant GSTM1 are likely to be involved as well. 
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Figure 2 Inter-individual variability in clozapine nitrenium ion formation and detoxification. Variability 
in nitrenium ion formation (A) was assessed by incubating 2 mg/ml HLM, derived from each individual 
donor, with 100 μM clozapine for 30 min. 5 mM GSH and 8 µM GSTP1-1 was added to each incubation to 
ensure efficient GSH conjugation of the nitrenium ion. Inter-individual variation in nitrenium ion 
detoxification (B and C) was assessed by incubating pooled commercial HLM (200 donors, 2 mg/ml) with 
100 μM clozapine in presence of GST extracts (10% v/v) from each individual donor. Incubations were 
performed in presence of 100 µM (B) or 2 mM (C) GSH for 30 min. Each bar represents the mean of 
duplicates +/- SD. 

3.6. Inter-donor variation in the balance of bioactivation and 
detoxification of the clozapine nitrenium ion 

Clozapine-induced liver injury has received less attention compared to its major side effect, 

agranulocytosis [8]. Nevertheless, mild liver toxicity is relatively common [74] and a number 

of case reports describe severe hepatic injury upon clozapine treatment [7], presumably 

resulting from local bioactivation of clozapine [34,41]. Indeed, it was shown previously that 

bioactivation of clozapine by CYP is relatively significant, as N-demethylation, which is the 

major oxidative route, is on average only 1.6-fold higher compared to formation of the  
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Table 4 Calculated ratios in bioactivation/ inactivation based on the incubations with HLM and GSTs of 
the 20 donors in presence of 100 μM or 2 mM GSH concentration. Ratios were calculated by dividing the 
bioactivation (for diclofenac calculated as the product of the initial hydroxylation and subsequent 
dehydrogenation activity) by the GST activity. For details on the calculations please refer to Supplemental 
tables S1-S6. 

Donor ID Clozapine 

(100 μM 

GSH) 

Clozapine 

(2 mM 

GSH) 

4’-OH-DF 

(100 μM 

GSH) 

4’-OH-DF 

(2 mM 

GSH) 

5-OH-DF 

(100 μM 

GSH) 

5-OH-DF 

(2 mM 

GSH) 

S1402T 13.8 0.5 88 27 14 6.5 

S1446T 5.4 0.8 265 93 19 7.9 

S1442T 3.8 0.3 468 177 12 3.6 

S1344T 2.9 0.4 101 35 6.2 1.9 

S1441T 7.6 0.7 378 141 24 8.0 

S1399T 3.8 0.5 180 76 7.2 2.3 

B1327T 2.6 0.3 253 57 15 4.7 

S1336T 1.3 0.1 257 60 4.6 1.3 

S1339T 5.9 0.6 391 84 18 6.2 

S1334T 5.3 0.5 370 97 13 3.4 

S1329T 7.2 0.7 545 89 29 11 

S1343T 3.5 0.5 224 47 10 3.3 

R1341T 3.4 0.5 235 61 11 3.3 

S1449T 3.6 0.4 373 81 13 5.1 

S1352T 5.1 0.7 185 53 14 3.9 

S1342T 2.4 0.4 73 21 6.7 1.9 

S1405T 2.2 0.4 288 82 9.4 2.8 

S1356T 7.2 1.1 111 26 36 13.0 

S1404T 5.6 0.8 151 38 10 2.8 

S1332T 9.2 1.2 62 14 22 5.9 

Average of 

donors 

5.1 0.6 250 68 15 5.0 

nitrenium ion in a set of 100 donors [30]. However, in vitro studies suggest that cytotoxicity 

of the clozapine nitrenium ion is not dependent on bioactivation by CYP alone [39,75], but 

needs downregulation of protective mechanisms as well [39]. Therefore, the bioactivation 

potential and detoxification capacity for each donor was studied, to obtain insight in inter-

individual variability in intracellular exposure to the reactive metabolites. The ratio 

bioactivation / bioinactivation was determined by dividing the formation of the nitrenium 

ion in incubations with individual HLM preparations by the total GSH conjugation of the 

nitrenium ion in incubations containing the individual GST extracts (Table 4; Supplemental 

Tables S1 and S2). At 100 µM GSH, a 10-fold difference in the ratio bioactivation to 

conjugation was observed (ratio from 1.3 to 13.8, from donors S1336T and S1402T, 
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respectively), which was primarily determined by the variability in GST activity. At 2 mM 

GSH, an 8.5-fold difference was observed (ratio 0.1 to 1.2, from donors S1336T and S1332T, 

respectively), which mainly resulted from variability in bioactivation. These data underline 

the importance of both CYP and GST catalyzed routes in donor dependent exposure to the 

clozapine nitrenium ion conjugation.  

3.7. Inter-donor variation in cytochrome P450 dependent 
bioactivation of diclofenac quinone imines 

Bioactivation of diclofenac to two reactive quinone imines (DF-1’,4’-QI and DF-2,5-QI) is 

preceded by oxidation of diclofenac to 4’-OH-DF and 5-OH-DF [18,23]. In order to determine 

inter-individual variation in both oxidative steps, HLM from individual donors was 

incubated with both diclofenac and hydroxy-diclofenac. Similar to the procedures for 

clozapine, GSH conjugation of quinone imines by GSH was stimulated by including 5 mM 

GSH and 8 μM recombinant GSTP1-1 in each incubation. GSH conjugation of DF-1’,4’-QI 

results in two GSH conjugates, 3’-glutathion-S-yl-4’-hydroxy-diclofenac (M2) and 2’-

glutathion-S-yl-4’-hydroxy-deschlorodiclofenac (M5). DF-2,5-QI is conjugated with GSH to 

4-glutathion-S-yl-5-hydroxy-diclofenac (M1) and 6-glutathion-S-yl-5-hydroxy-diclofenac 

(M3) [22–24]. 

Formation of 4’-OH-DF, which is the major oxidative pathway and is predominately 

catalyzed by CYP2C9 [15,17], showed a 3.8-fold variability, ranging from 21 µM to 81 µM 

(Figure 3A). Because of the addition of 8 μM GSTP1-1, DF-1’,4’-QI, formed by 

dehydrogenation of 4’OH-DF, was completely conjugated to M2, which is in line with 

previous observations [26] (Figure 3C). Formation of DF-1’,4’-QI is mainly catalyzed by 

CYP2C9 as well [15,18,23]. Correspondingly, a comparable 3.3-fold difference (1.4 to 4.7 µM) 

was observed (Figure 3C) and 4’-OH-DF formation highly correlated with DF-1’,4’-QI GSH 

conjugate formation (r 0.78, P<0.0001), confirming the predominant role of CYP2C9 in both 

oxidation steps [18].  

A 4-fold variability (0.3 to 1.3 µM) was observed in the formation of the minor hydroxy 

metabolite 5-OH-DF (Figure 3B). Congruent with previous results [26], the addition of 

GSTP1-1 resulted in conjugation of DF-2,5-QI to both M1 and M3. Variability in DF-2,5-QI 

formation was 2.5-fold (2.5 to 6.2 µM) (Figure 3D). We previously reported that 5-

hydroxylation of diclofenac and subsequent dehydrogenation to DF-2,5-QI is catalyzed by 

different CYPs (CYP3A4 and CYP2C9/CYP2C19, respectively) [18]. Correspondingly, 5-OH-

DF formation did not correlate with DF-2,5-QI formation.  
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Figure 3 Inter-individual variability in two-step bioactivation of diclofenac in HLM (2 mg/ml). The first 
oxidative step to 4’-OH-DF (A) and 5-OH-DF (B) was assessed by incubating 2 mg/ml HLM, derived from 
each individual donor, with 250 μM diclofenac for 30 min. 1 mM ascorbic acid was added to diclofenac 
incubations to evade subsequent oxidation of the hydroxy metabolites. The second oxidative step to DF-
1’,4’-QI (C) and DF-2,5-QI (D) was assessed under similar conditions, but with 50 µM 4’-OH-DF or 5-OH-
DF as substrate and inclusion of 5 mM GSH and 8 µM GSTP1-1 to ensure quantitative trapping of 
diclofenac quinone imines. Total GSH conjugate formation was quantified as a measure of quinone imine 
formation. Each bar represents the mean of duplicates +/- SD. 

3.8. Inter-donor variation in glutathione S-transferase mediated 
detoxification of diclofenac quinone imines 

Variability in GST activity in detoxification of diclofenac quinone imines was investigated by 

incubating commercial pooled HLM in presence of 10% (v/v) isolated GSTs from each 

individual. Similar to clozapine, GSH concentration dependency was assessed by incubating 

in presence of 100 µM and 2 mM GSH. Because diclofenac inhibits various GST isoforms [26], 

diclofenac could only be incubated with isolated GST fractions at concentrations which were 

too low for quantitative assessment of GSH conjugates. In order to minimize the inhibition 

of GST activity, isolated GSTs were incubated with 50 μM of the hydroxy metabolites which, 

based on the close structural resemblance with the parent compound, are expected to have 
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similar inhibitory properties. In this way minimal interference with GST activity was 

achieved and these incubations still allow accurate quantification of GSH conjugates. 

 

Figure 4 Inter-individual variability in GST catalyzed diclofenac quinone imine detoxification. 50 μM 4’-
OH-DF (A and B) or 5-OH-DF (C and D) was incubated for 30 min with pooled commercial HLM (200 
donors, 2 mg/ml) and GST extracts (10% v/v) from each individual donor. GST activities were investigated 
in presence of 100 µM GSH (A and C) or 2 mM GSH (B and D). Each bar represents the mean of duplicates 
+/- SD. 

Addition of GST extracts only marginally increased DF-1’,4’-QI conjugation with GSH. In 

presence of 100 µM GSH, a 1.1 to 1.9-fold increase of total GSH conjugates was observed for 14 

out of 20 donors (Figure 4A). For the remaining donors, only the relative abundance of M2 

and M5 was altered upon addition of GSTs. At 2 mM GSH a 1.4-fold increase in total GSH 

conjugate formation was only observed for donor S1329T (Figure 4B). Instead, GST activities 

were mainly apparent by the relative increase of M2 formation, which is in line with previous 

results using recombinant hepatic GST isoforms (e.g. GSTA1-1, GSTA2-2 and GSTM1-1). A 

significant increase of total GSH conjugation was previously only observed with recombinant 

GSTP1-1 [26]. The abundance of this isoform in the incubated extracts is however low, which 

is reflected in the limited increase of total GSH conjugation.  
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Significant catalysis was observed in the conjugation of DF-2,5-QI, with a 2- to 6-fold and a 

2- to 12-fold increase in conjugation compared to chemical conjugation at 100 μM GSH and 2 

mM GSH, respectively (Figure 4C and D). In line with previous observations [26], M1 is the 

major conjugate in presence and absence of GSTs while M3, which is primarily catalyzed by 

the less abundant isoforms GSTM1, GSTM3 and GSTP1, is only minor and mainly visible in 

presence of GSTs. The sum of these conjugates show that variability in GST capacity is 

important to consider when intracellular exposure to DF-2,5-QI is assessed. For example, for 

donor S1402T the increase of GSH conjugate formation is weak compared to other donors 

(e.g. S1352T), indicating that this donor does not have the capacity to efficiently inactivate 

this CRM. Since DF-2,5-QI is linked to protein binding and (immune mediated) toxicity, 

these data show that variability in GST activity is important to consider to understand IDILI 

risk [19,20].  

3.9. Inter-donor variation in the balance of bioactivation and 
detoxification of diclofenac quinone imines 

In order to assess the balance of bioactivation / inactivation of diclofenac, total bioactivation 

potential was calculated for each of the 20 donors as the product of hydroxy diclofenac and 

quinone imine formation, which together determine the relative formation of the reactive 

intermediate for each individual (Supplemental Tables S3 to S6). The resulting value is 

divided by the total GSH conjugate formation in the incubations with isolated GST extracts 

to visualize inter-individual variability in quinone imine exposure (Table 4).  

For DF-1’,4’-QI, a 9-fold difference in this ratio was observed between donors in presence of 

100 µM GSH (ratio from 61 to 548, for donors S1332T and S1329T respectively). In presence of 

2 mM GSH, the absolute ratio of bioactivation and detoxification of DF-1’,4’-QI is lower 

because of the increased chemical GSH conjugation. Under these conditions a 12-fold 

difference was observed between donors (ratio 14 of to 177, for donors S1332T and S1442T 

respectively). At both GSH concentrations variability in ratio of bioactivation / inactivation 

is almost primarily determined by variability in bioactivation potential (Supplemental Tables 

S3 and S4). 

For DF-2,5-QI, both CYP and GST activity strongly contribute to variability in the ratio 

bioactivation to detoxification (Supplemental Tables S5 and S6). In presence of 100 µM GSH 

an 8-fold difference was observed (ratio 4.6 to 36, for donors S1336T and S1356T, 

respectively). In presence of 2 mM GSH a 10-fold difference was observed between the 

donors with the highest and lowest ratio, which are donor S1336T (ratio 1.3) and donor 
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S1356T (ratio 13). Together, these data indicate the importance of CYP variation in formation 

of DF-1’,4’-QI and DF-2,5-QI. Additionally, the contribution of GST activities in 

detoxification of especially DF-2,5-QI, previously predicted in studies with recombinant 

enzymes [26] is confirmed. 

Of all nonsteroidal anti-inflammatory drugs (NSAIDs), diclofenac is most frequently linked 

to hepatotoxicity, often of idiosyncratic nature [76]. The intracellular exposure to quinone 

imines, which can covalently modify proteins or generate oxidative stress, has been 

identified as a hazard for hepatotoxicity [10]. Although CYP2C9 is a major enzyme for 

quinone imine formation [18], polymorphisms of CYP2C9 do not appear to be associated 

with diclofenac hepatotoxicity [77]. In contrast, NSAIDs (and specifically diclofenac)-

induced liver injury was associated with the combined GSTM1 and GSTT1 null genotype [27]. 

The current assessment, which includes both CYP and GST activity, provides insight in the 

variability in these pathways simultaneously and predicts the involvement of both routes. 

3.10. Prediction of native GST activities towards diclofenac quinone 
imines using recombinant GSTs 

Prediction of in vivo CYP activity in drug metabolism using in vitro data is well described and 

commonly comprises the correction of recombinant CYPs specific activities for abundances 

of CYP protein in HLM and application of relative activity factors to extrapolate from 

recombinant CYP to microsomes [78–80]. Recently, we have applied this methodology to 

GST activities [26,51]. In the present study, this approach was evaluated by predicting the 

GST activities of the isolated GST mixtures in DF-1’,4’-QI and DF-2,5-QI conjugation based 

on recombinant enzyme activity. For this purpose, specific activities of diclofenac quinone 

conjugation from recombinant proteins [26] were multiplied with the protein concentrations 

of respective isoforms in the GST extracts (Table 1) and results were compared to 

experimental data obtained with mixtures as described in section 3.8.  

No correlations were observed between predicted and measured GST activities in enzymatic 

DF-1’,4’-QI GSH conjugation (Figure 5A and B), mainly due to the lack of donor variation in 

measured GST activities (Figure 4A and B). In contrast, the experimentally observed donor 

differences in GSH conjugate formation of DF-2,5-QI strongly correlated with the predicted 

values both at 100 μM GSH (r 0.80, P<0.0001) and 2 mM GSH (rs 0.75, P=0.0001) (Figure 5C 

and D). As to the absolute values, the simulation overestimates enzymatic DF-2,5-QI GSH 

conjugation at 100 μM GSH and underestimates enzymatic activity at 2 mM GSH, in both 

cases on average a 2-fold.  
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Figure 5 Comparison of predicted and empirical GST activities in isolated GST extracts for DF-1’4’-QI (A 
and B) and DF-2,5-QI (C and D) conjugation. The predicted conjugation was obtained by multiplying the 
specific activity of recombinant GST isoforms with the GST concentrations from the profiled GST extracts 
of individual donors. Empirical data was as shown in Figure 4. Incubations with recombinant enzymes 
(26) were performed under identical conditions as with the isolated GSTs, i.e. 50 µM hydroxy diclofenac 
was incubated with 2 mg/ml pooled commercial HLM for 30 min, in presence of 2 mM or 100 µM GSH. 
Each dot is defined by the predicted (x-value) and empirical value (y-coordinate) and is expressed relative 
to the chemical conjugation.  

The results suggest that activities of single GST isoforms are additive for DF-2,5-QI but not 

for DF-1’,4’-QI. The discrepancy of simulated and measured donor differences in DF-1’,4’-QI 

conjugation did not result from saturation of GST activities, as enzymatic GSH conjugation 

was linear with respect to time (data not shown) and GST protein concentration 

(Supplemental Figures S2 and S3). DF-1’,4’-QI and DF-2,5-QI were formed in similar 

concentrations (Figure 3C and D), excluding the possibility of substrate depletion affecting 

GST activity. DF-1’,4’-QI is considerably more reactive compared to DF-2,5-QI since only DF-

2,5-QI can be detected as a peak on HPLC [81]. As a result of its intrinsic reactivity, DF-1’,4’-

QI may be less available for GSH conjugation. Another possible explanation is that 

recombinant GSTs displayed higher activity towards DF-1’,4’-QI conjugation compared to 

isolated native GSTs. These altered activities may result from the (hypothetical) formation of 
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(hetero)dimers in human liver [82,83] or a different post-translational modification pattern 

for the recombinant GSTs.  

4. Conclusion 

In conclusion, the current results confirm that CYP activities significantly contribute to 

inter-individual variability in exposure to CRMs derived from the hepatotoxic drugs 

clozapine and diclofenac. For CRM detoxification, the inter-individual variability of GST 

expression levels was mainly reflected in inactivation of the clozapine nitrenium ion (at low 

GSH concentrations) and DF-1’,4’-QI. Therefore, besides the well-established heterogeneity 

in CYP enzymes activity, inter-individual variability in GSTs is important to include in the 

toxicological assessment of CRM exposure and the potential susceptibility towards adverse 

drug reactions such as IDILI. In this context it is noteworthy that, when GSH trapping is 

already highly efficient, a minor increase of quinone imine detoxification may not be noted 

in the GSH conjugate levels. However, a slight increase of CRM trapping may result in a 

significant decrease of protein adduction (e.g. increase of GSH conjugation from 99% to 

99.9% leads to 10-fold less adduction). Furthermore, we showed that predictions of total GST 

catalyzed inactivation of CRMs based on recombinant enzyme activity is particularly 

accurate for relatively stable CRMs such as DF-2,5-QI, for which inter-individual variability 

in total GST activity could be predicted.  
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Supplemental material 

 

Supplemental Figure S1 Representative UV chromatograms at 214 nm of GST extracts (10 µL injection 
volume) of four selected donors. GST isoforms are indicated above the corresponding peaks. GSTA1 is 
eluting as three base-line separated peaks, the two minor peaks are indicated with an asterisk  (*). GSTA1 
content was quantified using the sum of these three peaks.  

 

Supplemental Figure S2 Supplemental Figure S3 Dilutions of GST extracts (Donor S1352T) and the 
relation to GSH conjugate formation of DF-2,5-QI in 5OH-diclofenac incubations with pooled HLM as 
bioactivating system. Linearity between GST extract concentration and GSH conjugate formation is 
observed under all tested conditions.  
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Supplemental Figure S3 Dilutions of GST extracts (Donor S1449T) and the relation to GSH conjugate 
formation of DF-1’,4’-QI in 4’OH-diclofenac incubations with pooled HLM as bioactivating system. In 
presence of 100 µM GSH, GST dependency of the conjugation is linear for both conjugates. At 2 mM GSH, 
the formation of M5 is not linear, this is however in line with the absence of hepatic GST activity for these 
reactions which is previously reported. a 

a: den Braver MW, Zhang Y, Venkataraman H, Vermeulen NPE, Commandeur JNM (2016) Simulation of interindividual 
differences in inactivation of reactive para-benzoquinone imine metabolites of diclofenac by glutathione S-transferases 
in human liver cytosol. Toxicol Lett 255:52–62. 
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Supplemental table S1 Assessment of the inter-individual variability in the ratio bioactivation/ 
inactivation for the clozapine nitrenium ion in presence of 100 µM GSH. 

Reaction CLZ-> CLZ-NI CLZ-NI -> GSH-conjugate  

= Ratio Calculation [CLZ-NI] µM 1              / [GSH conjugate] µM 2               

S1402T 2.4 (± 0.08) 0.2 (± 0.00) 13.8 

S1446T 5.6 (± 0.16) 1.0 (± 0.05) 5.4 

S1442T 1.6 (± 0.07) 0.4 (± 0.05) 3.8 

S1344T 2.6 (± 0.02) 0.9 (± 0.05) 2.9 

S1441T 4.3 (± 0.05) 0.6 (± 0.03) 7.6 

S1399T 3.0 (± 0.00) 0.8 (± 0.03) 3.8 

B1327T 2.1 (± 0.17) 0.8 (± 0.00) 2.6 

S1336T 0.8 (± 0.15) 0.6 (± 0.01) 1.3 

S1339T 2.9 (± 0.11) 0.5 (± 0.01) 5.9 

S1334T 2.6 (± 0.10) 0.5 (± 0.01) 5.3 

S1329T 3.2 (± 0.12) 0.4 (± 0.08) 7.2 

S1343T 2.5 (± 0.29) 0.7 (± 0.03) 3.5 

R1341T 2.6 (± 0.15) 0.8 (± 0.03) 3.4 

S1449T 2.2 (± 0.09) 0.6 (± 0.03) 3.6 

S1352T 3.3 (± 0.31) 0.6 (± 0.04) 5.1 

S1342T 1.9 (± 0.26) 0.8 (± 0.03) 2.4 

S1405T 0.9 (± 1.30) 0.8 (± 0.01) 2.2 

S1356T 4.0 (± 0.06) 0.6 (± 0.00) 7.2 

S1404T 3.2 (± 0.24) 0.6 (± 0.04) 5.6 

S1332T 4.6 (± 0.04) 0.5 (± 0.04) 9.2 

1 Incubation conditions: Clozapine with HLM of the respective donors, 5 mM GSH and presence of 
recombinant GSTP1-1 to maximize trapping.  

2 Incubation conditions: Clozapine with pooled HLM in presence of 100 µM GSH and 10 % (v/v) GST 
extract of the respective donors.  
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Supplemental table S2 Assessment of the inter-individual variability in the ratio bioactivation/ 
inactivation for the clozapine nitrenium ion in presence of 2 mM GSH. 

Reaction CLZ-> CLZ-NI CLZ-NI -> GSH-conjugate  
= Ratio Calculation [CLZ-NI] µM1            / [GSH conjugate] µM2               

S1402T 2.4 (± 0.08) 4.6 (± 0.29) 0.5 
S1446T 5.6 (± 0.16) 6.9 (± 0.67) 0.8 
S1442T 1.6 (± 0.07) 6.2 (± 0.23) 0.3 
S1344T 2.6 (± 0.02) 7.2 (± 0.07) 0.4 
S1441T 4.3 (± 0.05) 6.3 (± 0.42) 0.7 
S1399T 3.0 (± 0.00) 6.2 (± 0.09) 0.5 
B1327T 2.1 (± 0.17) 6.5 (± 0.32) 0.3 
S1336T 0.8 (± 0.15) 5.9 (± 0.17) 0.1 
S1339T 2.9 (± 0.11) 5.2 (± 0.22) 0.6 
S1334T 2.6 (± 0.10) 5.1 (± 0.03) 0.5 
S1329T 3.2 (± 0.12) 4.9 (± 0.37) 0.7 
S1343T 2.5 (± 0.29) 4.8 (± 0.01) 0.5 
R1341T 2.6 (± 0.15) 5.1 (± 0.02) 0.5 
S1449T 2.2 (± 0.09) 4.9 (± 0.10) 0.4 
S1352T 3.3 (± 0.31) 4.9 (± 0.14) 0.7 
S1342T 1.9 (± 0.26) 4.7 (± 0.30) 0.4 
S1405T 0.9 (± 1.30) 4.2 (± 0.05) 0.4 
S1356T 4.0 (± 0.06) 3.7 (± 0.18) 1.1 
S1404T 3.2 (± 0.24) 4.1 (± 0.25) 0.8 
S1332T 4.6 (± 0.04) 3.9 (± 0.18) 1.2 

1 Incubation conditions: Clozapine with HLM of the respective donors, 5 mM GSH and presence of 
recombinant GSTP1-1 to maximize trapping. 

2 Incubation conditions: Clozapine with pooled HLM in presence of 2 mM GSH and 10 % (v/v) GST extract 
of the respective donors.  
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Supplemental table S3 Assessment of the inter-individual variability in the ratio bioactivation/ 
inactivation for the 4’-hydroxy diclofenac route in presence of 100 µM GSH. 

Reaction: DF -> 4’OH-DF 4’ OH-DF -> DF-1’.4’-QI DF-1’.4’-QI -> GSH-conjugate  
Ratio Calculation: [4’OH-DF] µM 1    x [DF-1’.4’-QI] µM 2                   / [GSH-conjugate] µM 3                     = 

S1402T 32.1 (± 0.02) 1.7 (± 0.2) 0.6 (± 0.01) 88 
S1446T 54.2 (± 1.26) 4.1 (± 0.1) 0.8 (± 0.02) 265 
S1442T 81.5 (± 0.58) 4.4 (± 0.3) 0.8 (± 0.02) 468 
S1344T 36.0 (± 0.05) 2.2 (± 0.01) 0.8 (± 0.01) 101 
S1441T 62.3 (± 1.44) 4.7 (± 0.2) 0.8 (± 0.00) 378 
S1399T 68.8 (± 0.98) 2.5 (± 0.01) 1 (± 0.08) 180 
B1327T 42.2 (± 0.38) 2.9 (± 0.3) 0.5 (± 0.04) 253 
S1336T 53.5 (± 2.51) 2.6 (± 0.1) 0.5 (± 0.02) 257 
S1339T 62.5 (± 0.01) 3.6 (± 0.2) 0.6 (± 0.01) 391 
S1334T 55.9 (± 0.78) 3.7 (± 0.1) 0.6 (± 0.02) 370 
S1329T 63.9 (± 1.08) 4.6 (± 0.2) 0.5 (± 0.01) 545 
S1343T 47.8 (± 0.02) 2.4 (± 0.01) 0.5 (± 0.01) 224 
R1341T 54.1 (± 0.88) 2.5 (± 0.1) 0.6 (± 0.00) 235 
S1449T 69.0 (± 0.32) 2.8 (± 0.1) 0.5 (± 0.04) 373 
S1352T 48.9 (± 0.07) 2.6 (± 0.03) 0.7 (± 0.04) 185 
S1342T 31.0 (± 0.28) 1.5 (± 0.02) 0.7 (± 0.07) 73 
S1405T 53.9 (± 0.55) 3.2 (± 0.1) 0.6 (± 0.16) 288 
S1356T 30.2 (± 0.13) 1.9 (± 0.00) 0.5 (± 0.00) 111 
S1404T 38.6 (± 1.98) 2.3 (± 0.2) 0.6 (± 0.02) 151 
S1332T 21.1 (± 0.66) 1.4 (± 0.1) 0.5 (± 0.03) 62 

1 Incubation conditions: Diclofenac with HLM of the respective donors, in presence of 1 mM ascorbic acid 
to avoid further oxidation of hydroxy diclofenac.  

2 Incubation conditions: Hydroxy diclofenac with HLM of the respective donors in presence of 5 mM GSH 
and recombinant GSTP1-1 to maximize trapping. 

3 Incubation conditions: Hydroxy diclofenac with pooled HLM in presence of 100 µM GSH and 10 % (v/v) 
GST extract of the respective donors.  
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Supplemental table S4 Assessment of the inter-individual variability in the ratio bioactivation/ 
inactivation for the 4’-hydroxy diclofenac route in presence of 2 mM GSH. 

Reaction DF -> 4’OH-DF 4’ OH-DF -> DF-1’.4’-QI DF-1’.4’-QI -> GSH-conjugate   
Ratio Calculation [4’OH-DF] µM 1    x [DF-1’.4’-QI] µM 2              / [GSH-conjugate] µM 3                  = 

S1402T 32.1 (± 0.02) 1.7 (± 0.2) 2 (± 0.03) 27 
S1446T 54.2 (± 1.26) 4.1 (± 0.1) 2.4 (± 0.05) 93 
S1442T 81.5 (± 0.58) 4.4 (± 0.3) 2.1 (± 0.05) 177 
S1344T 36.0 (± 0.05) 2.2 (± 0.01) 2.3 (± 0.14) 35 
S1441T 62.3 (± 1.44) 4.7 (± 0.2) 2.1 (± 0.01) 141 
S1399T 68.8 (± 0.98) 2.5 (± 0.01) 2.3 (± 0.01) 76 
B1327T 42.2 (± 0.38) 2.9 (± 0.3) 2.2 (± 0.04) 57 
S1336T 53.5 (± 2.51) 2.6 (± 0.1) 2.3 (± 0.02) 60 
S1339T 62.5 (± 0.01) 3.6 (± 0.2) 2.6 (± 0.08) 84 
S1334T 55.9 (± 0.78) 3.7 (± 0.1) 2.2 (± 0.01) 97 
S1329T 63.9 (± 1.08) 4.6 (± 0.2) 3.3 (± 0.1) 89 
S1343T 47.8 (± 0.02) 2.4 (± 0.01) 2.4 (± 0.05) 47 
R1341T 54.1 (± 0.88) 2.5 (± 0.1) 2.2 (± 0.11) 61 
S1449T 69.0 (± 0.32) 2.8 (± 0.1) 2.4 (± 0.07) 81 
S1352T 48.9 (± 0.07) 2.6 (± 0.03) 2.4 (± 0.04) 53 
S1342T 31.0 (± 0.28) 1.5 (± 0.02) 2.3 (± 0.06) 21 
S1405T 53.9 (± 0.55) 3.2 (± 0.1) 2.1 (± 0.13) 82 
S1356T 30.2 (± 0.13) 1.9 (± 0.00) 2.2 (± 0.1) 26 
S1404T 38.6 (± 1.98) 2.3 (± 0.2) 1.2 (± 1.63) 38 
S1332T 21.1 (± 0.66) 1.4 (± 0.1) 2.2 (± 0.03) 14 

1 Incubation conditions: Diclofenac with HLM of the respective donors, in presence of 1 mM ascorbic acid 
to avoid further oxidation of hydroxy diclofenac.  

2 Incubation conditions: Hydroxy diclofenac with HLM of the respective donors in presence of 5 mM GSH 
and recombinant GSTP1-1 to maximize trapping. 

3 Incubation conditions: Hydroxy diclofenac with pooled HLM in presence of 2 mM GSH and 10 % (v/v) 
GST extract of the respective donors.  
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Supplemental table S5 Assessment of the inter-individual variability in the ratio bioactivation/ 
inactivation for the 5-hydroxy diclofenac route in presence of 100 µM GSH. 

Reaction DF -> 5OH-DF 5OH-DF -> DF-2.5-QI DF-2.5-QI -> GSH-conjugate  
Ratio Calculation [5OH-DF] µM 1       x [DF-2.5-QI] µM 2              / [GSH-conjugate] µM 3              = 

S1402T 0.4 (± 0.00) 3.1 (± 0.04) 0.1 (± 0.00) 14 
S1446T 0.8 (± 0.02) 4.7 (± 0.07) 0.2 (± 0.03) 19 
S1442T 0.6 (± 0.01) 5.3 (± 0.94) 0.3 (± 0.01) 12 
S1344T 0.6 (± 0.01) 2.4 (± 0.05) 0.2 (± 0.02) 6.2 
S1441T 1.0 (± 0.00) 4.9 (± 0.01) 0.2 (± 0.01) 24 
S1399T 0.6 (± 0.01) 3.0 (± 0.43) 0.3 (± 0.00) 7.2 
B1327T 0.6 (± 0.00) 5.3 (± 0.27) 0.2 (± 0.01) 15 
S1336T 0.3 (± 0.01) 3.6 (± 0.28) 0.2 (± 0.01) 4.6 
S1339T 0.6 (± 0.00) 4.1 (± 0.25) 0.1 (± 0.00) 18 
S1334T 0.8 (± 0.03) 4.3 (± 0.24) 0.3 (± 0.00) 13 
S1329T 0.8 (± 0.01) 6.1 (± 0.12) 0.2 (± 0.01) 29 
S1343T 0.7 (± 0.01) 3.1 (± 0.45) 0.2 (± 0.00) 10 
R1341T 0.8 (± 0.00) 3.7 (± 0.24) 0.3 (± 0.02) 11 
S1449T 0.5 (± 0.00) 4.4 (± 0.03) 0.2 (± 0.01) 13 
S1352T 0.9 (± 0.01) 4.2 (± 0.10) 0.3 (± 0.01) 14 
S1342T 0.5 (± 0.01) 3.3 (± 0.49) 0.2 (± 0.00) 6.7 
S1405T 0.6 (± 0.01) 4.2 (± 0.05) 0.3 (± 0.02) 9.4 
S1356T 1.3 (± 0.01) 5.1 (± 1.69) 0.2 (± 0.01) 36 
S1404T 0.6 (± 0.03) 3.9 (± 0.12) 0.2 (± 0.01) 10 
S1332T 1.2 (± 0.02) 3.5 (± 0.42) 0.2 (± 0.00) 22 

1 Incubation conditions: Diclofenac with HLM of the respective donors, in presence of 1 mM ascorbic acid 
to avoid further oxidation of hydroxy diclofenac.  

2 Incubation conditions: Hydroxy diclofenac with HLM of the respective donors in presence of 5 mM GSH 
and recombinant GSTP1-1 to maximize trapping. 

3 Incubation conditions: Hydroxy diclofenac with pooled HLM in presence of 100 µM GSH and 10 % (v/v) 
GST extract of the respective donors.  
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Supplemental table S6. Assessment of the inter-individual variability in the ratio bioactivation/ inactivation for 

the 5-hydroxy diclofenac route in presence of 2 mM GSH. 

Reaction DF -> 5OH-DF 5OH-DF -> DF-2.5-QI DF-2.5-QI ->GSH-conjugate   
Ratio Calculation [5OH-DF] µM 1       x [DF-2.5-QI] µM 2              / [GSH-conjugate] µM 3                      = 

S1402T 0.4 (± 0.00) 3.1 (± 0.04) 0.2 (± 0.00) 6.5 
S1446T 0.8 (± 0.02) 4.7 (± 0.07) 0.5 (± 0.01) 7.9 
S1442T 0.6 (± 0.01) 5.3 (± 0.94) 0.9 (± 0.09) 3.6 
S1344T 0.6 (± 0.01) 2.4 (± 0.05) 0.8 (± 0.04) 1.9 
S1441T 1.0 (± 0.00) 4.9 (± 0.01) 0.6 (± 0.00) 8.0 
S1399T 0.6 (± 0.01) 3.0 (± 0.43) 0.8 (± 0.04) 2.3 
B1327T 0.6 (± 0.00) 5.3 (± 0.27) 0.6 (± 0.01) 4.7 
S1336T 0.3 (± 0.01) 3.6 (± 0.28) 0.8 (± 0.06) 1.3 
S1339T 0.6 (± 0.00) 4.1 (± 0.25) 0.4 (± 0.01) 6.2 
S1334T 0.8 (± 0.03) 4.3 (± 0.24) 1.0 (± 0.10) 3.4 
S1329T 0.8 (± 0.01) 6.1 (± 0.12) 0.5 (± 0.05) 11.0 
S1343T 0.7 (± 0.01) 3.1 (± 0.45) 0.6 (± 0.02) 3.3 
R1341T 0.8 (± 0.00) 3.7 (± 0.24) 0.9 (± 0.06) 3.3 
S1449T 0.5 (± 0.00) 4.4 (± 0.03) 0.4 (± 0.04) 5.1 
S1352T 0.9 (± 0.01) 4.2 (± 0.10) 1.0 (± 0.05) 3.9 
S1342T 0.5 (± 0.01) 3.3 (± 0.49) 0.9 (± 0.04) 1.9 
S1405T 0.6 (± 0.01) 4.2 (± 0.05) 0.9 (± 0.10) 2.8 
S1356T 1.3 (± 0.01) 5.1 (± 1.69) 0.5 (± 0.04) 13.0 
S1404T 0.6 (± 0.03) 3.9 (± 0.12) 0.8 (± 0.01) 2.8 
S1332T 1.2 (± 0.02) 3.5 (± 0.42) 0.7 (± 0.04) 5.9 

1 Incubation conditions: Diclofenac with HLM of the respective donors, in presence of 1 mM ascorbic acid to 

avoid further oxidation of hydroxy diclofenac.  
2 Incubation conditions: Hydroxy diclofenac with HLM of the respective donors in presence of 5 mM GSH and 

recombinant GSTP1-1 to maximize trapping. 
3 Incubation conditions: Hydroxy diclofenac with pooled HLM in presence of 2 mM GSH and 10 % (v/v) GST 

extract of the respective donors.  
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Summary 

The liver is the primary organ in drug metabolism, and consequently drug induced liver 

injury (DILI) is an adverse event commonly linked with exposure to chemically reactive drug 

metabolites (CRMs). The adduction of cellular macromolecules by CRMs is linked to the 

onset of this adverse drug reaction [1]. Because of its severe clinical outcome and the 

financial risks for the drug discovery and development process, idiosyncratic drug induced 

liver injury (IDILI) is of special interest. These reactions are currently mechanistically poorly 

understood and therefore unpredictable in pre-clinical phases of drug development. In 

addition, IDILI has a low incidence and delayed onset, properties which make it generally 

difficult to detect these adverse events in clinical stages in drug development. IDILI is 

therefore often only identified after marketing of a drug. Typically IDILI has major impact 

including black box warnings and/or drug withdrawal, patient morbidity and mortality and 

financial loses for the pharmaceutical industry [2,3]. Although detailed mechanistic insights 

are still lacking, it is postulated for many IDILI associated drugs that CRMs initiate IDILI by 

cellular macromolecule haptanization which are consequently recognized as non-self and 

excessively activate the immune system [4,5]. In this thesis inter-individual variation in CRM 

formation is assessed, which provides additional insight in factors contributing towards 

IDILI sensitivity.    

Chapter 1 provides an introduction in IDILI, which is by definition the result of properties of 

the specific drug as well as of the individual patient (idiosyncratic is particular for an 

individual) and thus multi-factorial in nature. Inter-individual variability in 

biotransformation is usually a major contributor to susceptibility towards (I)DILI. Chapter 1 

describes the sources of variation in hepatic exposure to CRMs. In particular, the balance in 

bioactivation (CRM formation) and detoxification (CRM inactivation) is introduced 

conceptually. The variability in the major enzymes involved in bioactivation (cytochrome 

P450s (CYPs)) and detoxification (glutathione S-transferases (GSTs) and quinone 

oxidoreductases (NQOs)) is considerable and is reflected on genetic, mRNA, protein and 

activity levels. CRM identification and quantification, which is a challenging but essential 

experimental aspect, is evaluated, specifically the existing methodologies for the 

identification and quantification of GSH trapped CRMs. Lastly, some cellular in vitro models 

are described in which the relative expression levels of bioactivation and detoxification 

enzymes are modified. This allows the investigation of the effect of alterations in the 

bioactivation/detoxification balance on the outcome in cellular toxicity.  
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In order to understand the role of CRMs and CRM exposure in individual susceptibility 

towards (I)DILI, detailed insights in metabolic pathways of the corresponding drugs is 

required. Therefore, the first aim of this thesis was contributed specifically to the 

molecular mechanistic knowledge regarding the metabolic pathways responsible for the 

bioactivation to and detoxification of CRMs resulting from biotransformation of (I)DILI 

associated drugs.  The second aim of this thesis explored the degree of heterogenicity in 

activities of the major phase I (CYPs and NQOs) and phase II drug metabolizing enzymes 

(GST, UDP-glucuronosyltransferase (UGT), sulfotransferases (SULT)), which is essential to 

define inter-individual variability in drug metabolism. The work in this thesis was performed 

as part of the IMI project ‘Mechanism-Based Integrated Systems for the Prediction of Drug-

Induced Liver Injury (MIP-DILI; Grant 115336)’, which aimed for the development of better 

predictive models for (I)DILI in human [6]. 

Since the basis for accurate determination of bioactivation in toxicological in vitro and in 

vivo models is the identification of CRMs and the quantitative assessment of CRM formation, 

chapter 2 introduces a generic method for absolute quantification of CRMs after 

conjugation to GSH. Although for detection of GSH-conjugates sensitive LC-MS(/MS) 

methodologies are available, the absolute quantification relies on the availability of 

authentic reference solutions. Nuclear magnetic resonance (NMR) is the method of choice 

for quantification of these isolated (bio)chemically generated metabolites but is restricted by 

sensitivity [7], which is important for GSH conjugates which are mostly formed in low 

quantities. Our alternative method described in chapter 2 relies on hydrolysis of the peptide 

bonds in the GSH-moiety, resulting the release of glutamic acid. Quantification of this 

amino acid, after o-phthaldialdehyde (OPA) derivatization, which is representative for 

quantification of the GSH-conjugate, can be performed using calibration curves of glutamic 

acid and was shown to be 100-fold more sensitive compared to the conventional NMR 

methodology. The OPA-method was validated with commercial alkyl-GSH conjugates and 

applied to GSH-conjugates of the hepatotoxic drugs acetaminophen, diclofenac and 

clozapine. For the respective GSH-conjugates a methodological comparison was made with 

NMR and relative LC-UV quantification.   

In chapter 3, the bioactivation of the NSAID diclofenac to reactive quinone imines was 

investigated in more detail. Bioactivation of diclofenac is preceded by hydroxylation, 

followed by oxidation to quinone imines and is considered to be related to diclofenac 

induced IDILI. The CYP isoforms responsible for the initial hydroxylation were already well 

characterized. However, the subsequent dehydrogenation reactions resulting in the 

https://en.wikipedia.org/wiki/Uridine-diphosphate
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respective CRMs were poorly defined. The results indicate that the formation of 4’-hydroxy 

diclofenac and the subsequent bioactivation to the related 1’,4’-quinone imine appeared to 

be selectively catalyzed by CYP2C9, with an approximately 2-fold higher intrinsic clearance 

compared to the first oxidative step. For 5-hydroxy diclofenac, however, CYP3A4 is the major 

enzyme for the initial hydroxylation, whereas CYP2C9 (followed by CYP2C19) is the most 

active enzyme for the subsequent bioactivating dehydrogenation step. The second oxidation 

step has a 14-fold higher intrinsic clearance. For determination of the variability in CRM 

formation, all these metabolic steps had to be considered, and indicated the involvement of 

isoforms of the enzymes for which activities are highly variable within the human 

population. 

Chapter 4 continues with the elucidation of enzymes for which altered activities may be risk 

factors of diclofenac-induced IDILI and describes GST-catalyzed detoxification of diclofenac-

derived quinone imines. Ten recombinant GST-isoforms were screened for their capability to 

inactivate the respective CRMs. Importantly, significant inhibition of several GST-isoforms 

by diclofenac was observed. Incubation conditions were therefore optimized compared to 

previous work [8]and high catalytic activity was observed for several GST-isoforms, 

including the highly abundant and differentially expressed hepatic isoforms GSTA1-1, A2-2 

and M1-1. In addition, the highest activity was observed for GSTP1-1, which is not expressed 

in hepatocytes but probably in the bile duct, which is distant from the site of bioactivation. 

The capacity of the highly active isoforms GSTP1-1 and M1-1 to protect against (protein) thiol 

adduction by diclofenac quinone imines was assessed in vitro by application of N-acetyl 

cysteine as probe thiol for adduct formation. Addition of GSTs significantly reduced the N-

acetyl cysteine adduct formation, which was the result of an enzymatic process as confirmed 

by ethacrynic acid (EA) inhibition of the GSTs. Lastly, the specific activities of the 

recombinant enzymes with diclofenac quinone imines, obtained for each GST-isoform, were 

used to predict the variability in diclofenac detoxification in a small population, using 

hepatic GST expression levels obtained from literature.   

In Chapter 5, both CYP- and GST-isoenzyme activities are investigated for the bioactivation 

and detoxification of mefenamic acid, which has been associated with severe liver injury in 

mice [9]. Although reactive mefenamic acid acyl-glucuronides are well investigated and 

associated with toxicity, the CYP-catalyzed bioactivation was previously poorly 

characterized. For this purpose, recombinant CYP-isoenzyme and human liver microsomal 

incubations were performed. Besides a non-toxic 3’-hydroxy-methyl mefenamic acid 

metabolite, 4’- and 5-hydroxy metabolites were identified which, as previously described for 
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diclofenac, have the potential to be converted to reactive quinone imine metabolites. 

Indeed, three resulting GSH-conjugates of mefenamic acid were detected and identified, 

thus confirming the formation of the respective CRMs. Formation of the GSH-conjugates 

was shown to be dependent mainly on CYP1A2, 3A4 and 2C9 activity. Importantly, the 

formation of GSH-conjugates was found to be increased by addition of GSTs, mainly GSTP1-

1, A2-2 and M1-1. So apparently, the chemical conjugation is not sufficient to fully trap the 

formed CRMs and GST catalyzed conjugation contributes to the protection against these 

harmful metabolites.   

Additional enzymatic detoxification potential of CRM-forming (I)DILI drugs is further 

assessed in chapter 6. In this chapter, we determine hepatic expression levels of 

NAD(P)H:quinone oxidoreductase 1 (NQO1) and NRH:quinone oxidoreductase 2 (NQO2) in 

20 human liver donors. In addition, recombinant NQOs were used to assess the catalytic 

activity for reduction of quinones derived from the (I)DILI drugs acetaminophen, diclofenac, 

mefenamic acid, clozapine, amodiaquine and carbamazepine, as a follow up of a previous 

study concerning NQO1 only [10]. Hepatic expression levels of NQO1 were low (nM range) 

and strongly variable between the human donors. NQO2 levels were higher (µM range) and 

less variable. The low hepatic concentrations of NQO1 were shown to be sufficient for 

efficient inactivation of CRMs derived from amodiaquine and carbamazepine. NQO2, for 

which no information was available regarding catalytic activity towards CRMs, appeared to 

be less active for most CRMs when compared to NQO1, or not active (5-hydroxy diclofenac 

derived quinone-imine). However, for the clozapine nitrenium ion, NQO2 but no NQO1 

activity was observed. This is an interesting finding since NQO2 genotypes are associated 

with idiosyncratic clozapine toxicity [11]. Besides the enzymatic reduction of CRMs, 

catalyzed by NQO2, non-enzymatic CRM scavenging by the NQO2 protein was observed as 

well. On the in vivo relevance of NQO1 and NQO2 as detoxifying proteins we speculate that 

NQO1, which is highly inducible, becomes especially important either after induction or 

when competing protective routes are exhausted (e.g. GST). For NQO2, the in vivo relevance 

remains to be established since the required co-factor (dihydronicotinamide riboside 

(NRH)) has very low physiological levels in in vivo models. However, the non-enzymatic 

CRM scavenging by the NQO2 protein may also significantly protect essential cellular 

targets due to the high hepatic NQO2 expression levels (up to 30 µM in human).  

In chapter 7, the variability in major drug metabolizing enzymes was simultaneously 

assessed in homogenates of 20 human liver donors. Variations in drug metabolizing enzymes 

are a major contributor to heterogeneity in drug clearance and safety in general, and may 



 
266 

lead to altered hepatic CRM exposure. Although inter-donor variations in expression and 

activity of CYP- and UDP- glucuronosyltransferases (UGTs) have been reported, 

simultaneous characterization with other important enzymes (e.g. sulfotransferases (SULTs), 

GSTs, NQO1 and NQO2) is lacking. In this chapter, the phenotyping of 20 human liver 

homogenates is described on activity levels. Since several GST isoforms are indistinguishable 

on activity level, additionally protein expression levels were determined. The highest 

variability was observed for the detoxifying enzymes NQO1 (activity level) and GSTM3 

(protein level). Correlations between the enzymes were mainly found within and between 

members of the CYP- and UGT-family. The most significant correlations (p < 0.001) were 

observed for CYP2E1/CYP3A4 (Rs 0.78), UGT1A6/UGT1A9 (Rs 0.61), UGT1A3/UGT2B7 

(Rs 0.74), CYP1A2/CYP2E1 (Rs 0.71), UGT1A1/UGT1A4 (Rs 0.42) and UGT1A4/CYP2C9 

(Rs 0.70). The study provides the most comprehensive dataset on variations in drug 

metabolizing enzymes in a small cohort of human livers, and can serve as resource for in 

silico modeling of enzyme kinetics.  

Lastly, in chapter 8, the previously described human liver homogenates are used to 

experimentally assess variability in the balance between bioactivation and detoxification of 

the IDILI associated drugs clozapine and diclofenac. Firstly, the GST protein content in 

cytosolic extracts (isolated by affinity chromatography) of the 20 human donors was 

quantified by LC-UV and was investigated by LC-MS for identification of GST-isoforms and 

genetic variants. In line with the (limited) human data available in literature, the hepatic 

abundance of GSTA1 was highest, followed by GSTA2, M1, P1, T1 and M3. For GSTA2, M1 and 

P1, genetic variants were identified as well. Subsequently, the GST extracts were incubated 

with diclofenac or clozapine in presence of a common bioactivation system created to mimic 

an averaged composition of human CYP activity, in order to assess the variability in GST 

activity in CRM detoxification. Furthermore, the variability in bioactivation was assessed by 

incubations with the individual liver microsomes from the 20 donors and quantification of 

the formed CRMs. The resulting balance between bioactivation and detoxification of both 

clozapine and diclofenac indicates that for most pathways variations in GST-activity 

significantly contribute to the heterogeneity, especially in presence of low GSH 

concentrations. In addition, comparison of native (isolated) GST activity with reported 

recombinant GST activities (chapter 4) showed that recombinant GSTs were well predictive 

for hepatic GST activities in detoxification of quinone imines derived from 5-hydroxy 

diclofenac, but not from 4’- hydroxy diclofenac. 
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Conclusions and future perspectives 

The main aim of this dissertation was to obtain new insights in the contribution of 

variability in drug metabolism to (I)DILI susceptibility, with a focus on bioactivation as well 

as bioinactivation of CRMs. To this end, enzymes involved in the bioactivation and 

detoxification (CYPs, UGTs, SULTs, and NQOs) of selected (I)DILI associated drugs were 

identified and characterized, and the inter-individual variability in the respective enzyme 

activities was assessed. The resulting intracellular exposure to CRMs, primarily quinones, 

quinone-imines and nitrenium ions, which is linked to the initiation of (I)DILI, was 

evaluated in this thesis by a conceptual balance between bioactivating potential and 

detoxification capacities. In line with the idiosyncratic nature of the (I)DILI adverse 

reactions, which refer to specific drug-related and individual patient-related properties, this 

balance may strongly vary between drugs and between individuals due to differential activity 

of bioactivating and detoxifying enzymes, and thereby render individuals differentially 

susceptible to DILI.  

The majority of the (I)DILI associated drugs are bioactivated to CRMs [12], which are 

postulated to react with cellular macromolecules, trigger cellular signaling and severe 

immune responses [5]. Because of the intrinsic reactivity and instability of CRMs the 

identification of CRMs and the quantification of CRM levels are challenging. A general 

approach is to quantify the CRMs upon trapping with glutathione (GSH), which generally 

results in stable GSH-conjugates [1]. The quantitative assessment of GSH-conjugates in vitro 

and in vivo is subsequently performed using LC-MS methodologies, for which authentic 

references are required. The alternative method introduced in chapter 2, consisting of 

hydrolysis of the GSH moiety followed by quantification of the released amino acids (after 

OPA derivatization), allows sensitive quantification of isolated GSH-conjugates with low 

cost lab facilities. This method overcomes the limitations in sensitivity for the preparation of 

synthetical GSH-conjugate references for LC-MS, which are inherent to the conventional 

quantitative NMR methodology. For GSH-conjugates this is especially important since the 

yield in (bio)chemical GSH-conjugate synthesis is generally low. Therefore, the newly 

developed method can be implemented relatively easily in future quantification strategies of 

GSH-conjugates in in vitro and in vivo models or derived from patient material.  

The general relevance of the assessment of GSH-conjugates in drug safety and risk 

assessment is underlined in chapter 3-5 and chapter 8. In these chapters in vitro 

experiments link the formation of CRMs derived from NSAIDs, such as diclofenac and 

mefenamic acid and clozapine to levels of bioactivation, balances between bioactivation and 
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bioinactivation and to inter-individual variability involved. As such it is crucially important 

to characterize and challenge the performance of existing and novel in vitro model systems 

as well as to use this information for drug safety and risk assessment. Diclofenac quinone 

imines, which are linked to hepatotoxicity, are formed by a two-step oxidative process. The 

current data showed that different CYPs are involved in each step, at least for one 

bioactivation route (chapter 3). These data therefore underline the importance of in-depth 

insight in (sequential) metabolic bioactivation routes for correct predictions of inter-

individual variability and accurate interpretation of in vitro read-outs. The data provided in 

this chapter explain the absence or presence of diclofenac-induced cytotoxicity obtained in 

previous cellular models, such as CYP transfected HepG2 and was used as possible 

explanation of discrepancies obtained in recent modelling studies [13–15]. Besides 

understanding of the bioactivation and concomitant formation of CRMs, the detoxification 

routes are equally important to assess, as has been shown in chapter 4, 5 and 8. The data in 

these chapters show strong GST activity in the enzymatic formation of GSH-conjugates of 

clozapine, diclofenac and the newly identified mefenamic quinone imines by hepatic GST 

isoforms, which are differentially expressed in individuals. Since GSTs are highly abundant 

in human liver (chapter 8) [16] and since their expression is highly genetically determined 

[17], the GST-catalyzed routes are especially important to be considered when assessing the 

risks of patient specific exposures to CRMs. As such, for diclofenac large variations in 

detoxifying capacity were predicted in the simulations of individual GST catalyzed 

detoxification capacity performed in chapter 4 and the data strongly suggest that 

assessment of the detoxification potential is at least equally essential as the bioactivation 

component. The predicted importance of hepatic GSTs in the bioactivation/detoxification 

balance, was experimentally confirmed for quinones derived from 5-hydroxy diclofenac 

using liver homogenates and corresponding isolated GSTs (chapter 8). Also for clozapine, 

GST activities were an indispensable component determining the balance of CRM 

bioactivation and detoxification. Indeed, in recent research, the lack of sensitivity toward 

diclofenac induced cytotoxicity in a cellular model has been explained by differential 

expression of GSTs [18]. This observation underlines the importance of characterization of 

both bioactivation (CYP) and detoxification (GST) pathways and the characterization of 

corresponding activities in cellular models, for a correct interpretation of the cellular 

responses. Together, the data in chapters 3-5 illustrate that detailed mechanistic 

information on the involvement of bioactivation and bioinactivation isoenzymes, 

significantly contributes to our understanding of the pharmaco- and toxico-kinetics of IDILI 

associated drugs, such as diclofenac and mefenamic acid and, more in general also the 
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behavior of current toxicological models. More specifically, data derived from cellular 

models with limited or altered metabolic capacity may provide information which does not 

translate to the human situation. Therefore, mechanistic information is essential for 

interpretation of the real value of existing and novel experimental in vitro data and in vitro 

model systems. In fact, detailed information on bioactivation and detoxification is a 

fundamental piece of the puzzle which has to be solved in order to understand the 

underlying mechanisms causing susceptibility towards hepatotoxicity, such as caused by 

diclofenac and mefenamic, which are both still a widely prescribed drugs.  

Besides GSTs, NQOs are additional detoxifying enzymes. In previous work, NQO1 has been 

identified in vitro as highly efficient detoxifying enzyme by reduction of quinones or 

quinone-imines derived from hepatotoxic drugs [19]. We have extended this knowledge with 

other hepatotoxic drugs and additionally showed activity of the structurally similar NQO2 

enzyme in reduction of CRMs derived from acetaminophen, diclofenac, mefenamic acid, 

amodiaquine, carbamazepine and clozapine. Hepatic NQO1 levels in human were estimated 

to be in low nM range, and although this is sufficient in vitro to reduce CRMs, these NQO1 

levels may not be sufficient to compete against other protective pathways. NQO1 may 

therefore be especially important when induced, a hypothesis which remains to be 

investigated in human hepatocytes. Since NQO2 was identified as a highly abundant hepatic 

enzyme, the toxicological relevance of NQO2-related reactions might be high. However, in 

future research the focus should be on the identification of the physiological co-factor in 

humans. which has not been identified yet. However, the research described in chapter 6 

further identifies NQO2 as an effective CRM scavenging protein, which may protect against 

adduction of essential cellular components. NQO expression levels in in vitro models are 

therefore essential to be considered as potential alteration may affect the read-out related to 

CRM effects. 

Together, we have shown that the cellular and organ tissue levels of CRMs are determined 

by both bioactivating and detoxifying enzymes. Enzymes which are not directly involved in 

the balance of bioactivation and detoxification are equally important to be considered, since 

they may still influence the CRM exposure by catalyzing competing ‘safe’ metabolic routes. It 

is therefore important to consider all major phase I and phase II enzyme activities on 

individual level. Indeed, strong heterogeneity was observed for all major phase I and phase II 

enzymes involved in drug metabolism (chapter 8). These results imply that in fact, all drug 

metabolizing enzyme activities are highly variable within the human population and may 

therefore significantly contribute in (I)DILI susceptibility. 
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Overall, this work contributes to the mechanistic understanding of CRM exposure which is 

linked to the initiation of hepatotoxicity, which was the first aim of this thesis. This 

information is important for assessment of individual susceptibility by identification of the 

enzymes involved. Furthermore, the results described in this thesis strongly suggest that 

correct interpretation of toxicological readouts relies on thorough understanding of all 

participating phase I and phase II reactions. The presented data provides insight in the 

relevant enzymes to be assessed for this purpose, which are both involved in bioactivation 

and detoxification of CRMs. Additionally, to further improve in vitro models for IDILI 

prediction, unique individual susceptibilities should be included, such as polymorphic 

variants of enzymes and epigenetic regulation of gene expression [20]. The second aim of 

this thesis, the assessment of heterogenicity in drug metabolizing enzyme activity, was 

covered by the assessment of activities in a small set of donor livers. The results of this 

dissertation project will support future development of patient specific in vitro models. 
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1. List of abbreviations 
3′-OH- methyl-MFA: 3′-hydroxymethyl-mefenamic acid 

4′-OH-MFA: 4′-hydroxy-mefenamic acid 

5-OH-MFA: 5-hydroxy-mefenamic acid 

4’-OH-DF: 4’-hydroxy-diclofenac 

5-OH-DF: 5-hydroxy-diclofenac 

4’,5-diOH-DF: 4’,5-dihydroxy-diclofenac 

ADR: adverse drug reaction  

APAP: acetaminophen 

APAP-SG: acetaminophen-glutathione 

Cat: catalase 

CDNB: 1-chloro-2,4-dinitrobenzene 

CG-1: C-6 glutathionyl- clozapine 

CG-3: C-9 glutathionyl-clozapine 

CG-4: C-7 glutathionyl-clozapine 

CG-5: C-2/3 glutathionyl-clozapine 

CG-6: C-8 glutathionyl deschloroclozapine 

CLZ: clozapine 

CRM: chemically reactive metabolite  

CYP: cytochrome P450 

CYP102A1M11H: cytochrome P450 BM3 mutant M11 His-tagged 

DCPIP: 2,6-dichlorophenolindophenol 

DF/DCF: diclofenac 

DF-1’,4’-QI: diclofenac-1’,4’-quinone imine  

DF-2,5-QI: diclofenac-2,5-quinone imine  

DILI: drug-induced liver injury 

DME, drug metabolizing enzyme 

EPNP: 1,2-epoxy-3-(p-nitrophenoxy)-propane  

GSH: glutathione  

GST: glutathione S-transferase 

GWAS: genome wide-side association studies 

HLC: human liver cytosol 

HLA: human leukocyte antigen 

HLM: human liver microsomes  

HPLC: high pressure liquid chromatography 
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IDILI: idiosyncratic DILI  

IDR: idiosyncratic drug reaction 

LC-MS: liquid chromatography-mass spectrometry 

M1: 4-glutathion-S-yl-5-hydroxy-diclofenac 

M2: 3’-glutathion-S-yl-4’-hydroxy-diclofenac 

M3: 6-glutathion-S-yl-5-hydroxy-diclofenac 

M5: 2’- glutathion-S-yl-4’-hydroxy-deschlorodiclofenac 

MFA: mefenamic acid 

MFA-1′4′-QI: mefenamic acid-1′,4′-quinoneimine 

MFA- 2,5-QI: mefenamic acid-2,5-quinoneimine 

MS: 1-menaphtyl sulfate 

NAC: N-acetylcysteine 

NAPQI: N-acetyl-p-benzoquinone imine 

NMR: nuclear magnetic resonance 

NQO1: NAD(P)H:quinone oxidoreductase 1 

NQO2: NRH:quinone oxidoreductase 2 

NRH: dihydronicotinamide riboside 

NSAID: non-steroidal anti-inflammatory drug 

OPA: o-phthaldialdehyde 

P450: cytochrome P450 

PAPS: 3'-phosphoadenosine-5'-phosphosulfate 

ROS: reactive oxygen species 

SOD: superoxide dismutase 

SULT: sulfotransferase 

TCEP: tris(2-carboxyethyl)phospine  

UDPGA: uridine 5’-diphosphoglucuronic acid 

UGT: UDP-glucuronosyltransferase 
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2. Nederlandse samenvatting 

De lever is het belangrijkste orgaan voor het metabolisme van geneesmiddelen, met als 

gevolg dat geneesmiddel geïnduceerde lever schade (DILI) een veelvoorkomende bijwerking. 

De vorming van chemisch reactieve metabolieten (CRMs) en adductvorming van CRMs op 

cellulaire macromoleculen wordt gecorreleerd aan de initiatie van dit type bijwerkingen. 

Vanwege de ernstige klinische gevolgen en de financiële risico’s gedurende het 

ontwikkelingsproces wordt extra aandacht gegeven aan idiosyncratische geneesmiddel 

geïnduceerde leverschade (IDILI). Er is momenteel weinig mechanistische kennis over dit 

type bijwerking met als gevolg dat deze reacties niet te voorspellen zijn in de preklinische 

stadia van het geneesmiddel ontwikkelingsproces. Bovendien is IDILI zeer zeldzaam en 

treden de reacties vertraagd op, wat detectie in de klinische stadia verder bemoeilijkt. IDILI 

wordt daardoor vaak pas ontdekt nadat het geneesmiddel op de markt is gebracht. De 

consequenties van IDILI zijn groot en omvatten black box warnings en/of terugtrekking van 

het geneesmiddel van de markt (met grote financiële gevolgen), en ernstige 

gezondheidsproblemen en mortaliteit van blootgestelde patiënten. Hoewel gedetailleerde 

mechanistische kennis ontbreekt wordt voor veel IDILI gerelateerde geneesmiddelen de 

hypothese gesteld dat CRMs de reacties initiëren door hapten vorming, welke vervolgens 

door het immuun systeem als lichaamsvreemd worden beschouwd met een excessieve 

immuun reactie tot gevolg. In dit proefschrift zijn de interindividuele variaties in CRM 

vorming nader bekeken. Deze informatie geeft extra inzicht in de factoren die van invloed 

zijn voor het risico op IDILI. 

In hoofdstuk 1 wordt een introductie in IDILI gegeven, een type bijwerking welke het gevolg 

is van een combinatie van eigenschappen van zowel het geneesmiddel en de patiënt 

(idiosyncratisch betekent specifiek voor een individu) en dus per definitie het resultaat is 

van meerdere factoren die samen komen. Interindividuele verschillen in biotransformatie 

spelen doorgaans een belangrijke rol in de gevoeligheid voor (I)DILI. In hoofdstuk 1 worden 

de verschillende bronnen van variatie in hepatische blootstelling aan CRMs beschreven en 

de balans in bioactivatie en detoxificatie (CRM inactivatie) wordt conceptueel 

geïntroduceerd. De variatie in de belangrijkste enzymen welke betrokken zijn in bioactivatie 

(cytochrome P450s (CYPs)) en detoxificatie (glutathion S-transferases (GSTs) and quinone 

oxidoreductases (NQOs)) is aanzienlijk, zowel op het niveau van genetica, mRNA, eiwit 

alsook activiteit.  
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Verder wordt het uitdagende maar essentiële experimentele proces van CRM identificatie en 

kwantificatie geëvalueerd met de nadruk op de bestaande methodieken voor de identificatie 

en kwantificatie van glutathione (GSH) geconjugeerde CRMs. Tenslotte worden er een 

aantal cellulaire in vitro modellen besproken waarin de relatieve expressielevels van 

bioactiverende en detoxificerende enzymen gemodificeerd kunnen worden. Met behulp van 

deze techniek worden de effecten van een veranderede bioactivatie/ detoxificatie balans op 

de cellulaire toxicologie onderzocht.  

Om de rol van CRMs en blootstelling aan CRMs in de individuele gevoeligheid voor (I)DILI 

te kunnen begrijpen, is gedetailleerd inzicht in de metabole routes van de betrokken 

geneesmiddelen nodig. Daarom is de eerste doelstelling van dit proefschrift gewijd aan de 

moleculair mechanistische kennis van de metabole routes die leiden tot bioactivatie en 

detoxificatie van CRMs welke worden gevormd tijdens de biotransformatie van (I)DILI 

gerelateerde geneesmiddelen. De tweede doelstelling van dit proefschrift omvat het 

onderzoek naar de mate van heterogeniteit in de activiteit van de meest belangrijke fase I 

(CYP en NQO) en fase II (GST, UDP-glucuronosyltransferase (UGT) en sulfotransferase 

(SULT)) enzymen welke betrokken zijn in de afbraak van geneesmiddelen. Deze kennis is 

essentieel om de interindividuele verschillen in geneesmiddel metabolisme te kunnen 

definiëren. Het werk in dit proefschrift is uitgevoerd als onderdeel van het IMI project 

‘Mechanism-Based Integrated Systems for the Prediction of Drug-Induced Liver Injury (MIP-

DILI; Grant 115336), wat als doelstelling had om beter voorspellende modellen voor (I)DILI in 

patiënten te ontwikkelen.  

Aangezien een nauwkeurige bepaling van bioactivatie in toxicologische in vitro en in vivo 

modellen begint met identificatie van CRMs en kwantitatieve analyse van CRM vorming, 

introduceert hoofdstuk 2 een generieke methode voor de absolute kwantificatie van GSH 

geconjugeerde CRMs. Hoewel gevoelige LC-MS(/MS) methoden beschikbaar zijn voor de 

detectie van GSH-conjugaten blijft de absolute kwantificatie met deze technieken 

afhankelijk van de beschikbaarheid van authentieke referentie oplossingen. 

Kernspinresonantie (NMR) is de meest gangbare methode voor kwantificatie van geïsoleerde 

metabolieten die (bio)chemisch worden geproduceerd. Deze methode wordt echter beperkt 

door een gelimiteerde gevoeligheid, wat een belangrijk probleem is aangezien GSH-

conjugaten meestal in kleine hoeveelheden worden gevormd. De door ons geïntroduceerde 

methode, beschreven in hoofdstuk 2, is gebaseerd op de hydrolyse van de peptide bindingen 

in het gebonden GSH, wat resulteert in het vrijkomen van glutamine zuur. De vrijgekomen 

hoeveelheid van dit aminozuur kan na o-phthaldialdehyde (OPA) derivatisering worden 

https://en.wikipedia.org/wiki/Uridine-diphosphate
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gekwantificeerd met glutamine zuur ijklijnen en is een accurate reflectie van de hoeveelheid 

GSH-conjugaat. Deze methode is een factor 100 gevoeliger ten opzichte van de 

conventionele NMR methodieken. De OPA methode werd gevalideerd met commerciële 

alkyl-GSH conjugaten en werd toegepast op GSH-conjugaten afkomstig van de levertoxische 

geneesmiddelen acetaminophen, diclofenac en clozapine. De nieuwe methode, kwantitatieve 

NMR en relatieve LC-UV methodologieën werden voor deze GSH-conjugaten met elkaar 

vergeleken.  

In hoofstuk 3 is de bioactivatie van de NSAID diclofenac naar reactieve quione imines nader 

onderzocht. Bioactivatie van diclofenac wordt vooraf gegaan door hydroxylatie, gevolgd door 

oxidatie naar de quione imines en wordt geacht in verband te staan met diclofenac 

geïnduceerde IDILI. De CYP isovormen welke verantwoordelijk zijn voor de initiële 

hydroxylatie waren eerder goed gekarakteriseerd. Echter, de vervolgreacties 

(dehydrogenatie), resulterend in de CRMs waren slecht gedefinieerd. De resultaten lieten 

zien dat de vorming van 4’-hydroxy diclofenac en de bioactivatie van dit metaboliet naar 

1’,4’-quinone imine selectief door CYP2C9 werd gekatalyseerd met een factor 2 hogere 

intrinsieke klaring voor de tweede stap. Echter, voor 5-hydroxy diclofenac, was CYP3A4 de 

belangrijkste isovorm voor de initiële hydroxylatie, terwijl CYP2C9 (en in mindere mate 

CYP2C19) de meest actieve isovorm voor de bioactiverende dehydrogenatie stap was. De 

tweede oxidatiestap had voor deze route een factor 14 hogere intrinsieke klaring. Al deze 

metabole stappen moeten worden meegenomen voor de bepaling van de variabiliteit in CRM 

vorming. De resultaten lieten bovendien zien dat enzymen betrokken waarvan de activiteit 

sterk variabel is in de menselijke populatie.  

Hoofdstuk 4 vervolgt de ontrafeling van betrokken enzymen waarvoor een veranderde 

activiteit een risicofactor voor diclofenac geïnduceerde IDILI kan zijn, en beschrijft GST 

gekatalyseerde detoxificatie van quinone imines afgeleid van diclofenac. Tien recombinante 

GST isovormen werden gescreend voor hun capaciteit voor inactivatie van de betreffende 

CRMs. Een belangrijke waarneming was de significante remmende werking van diclofenac 

op verschillende GST isovormen. De incubatiecondities werden om deze reden 

geoptimaliseerd ten opzichte van voorgaand werk. Als gevolg hiervan werd een hogere 

katalytische activiteit waargenomen, met name voor een aantal hoog geconcentreerde en 

variabel geëxpresseerde hepatische isovormen (GSTA1-1, A2-2 en M1-1). De hoogste activiteit 

werd waargenomen voor GSTP1-1, welke niet wordt geëxpresseerd in hepatocyten maar 

waarschijnlijk in het galkanaal, wat niet bij de bron van bioactivatie is gelokaliseerd. De 

beschermende capaciteit van de zeer actieve isovormen GSTP1-1 en M1-1 om adduct vorming 
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op (eiwit) thiolen te voorkomen werd in vitro geanalyseerd door toepassing van N-acetyl 

cysteïne als target voor adduct vorming. In aanwezigheid van de GSTs werd de hoeveelheid 

N-acetyl cysteïne adducten sterk gereduceerd, wat het resultaat was van enzymatische 

activiteit zoals werd bevestigd met behulp van de GST remmer etacrine zuur. Tenslotte 

werden de specifieke activiteiten van de recombinante enzymen voor conjugatie van de 

diclofenac quinone imines, welke zijn verkregen voor elke GST isovorm, gebuikt om een 

voorspelling te maken van de variabiliteit in diclofenac conjugatie in een kleine populatie. 

Dit werd gedaan door de resultaten van enzym activiteiten te combineren met 

gerapporteerde hepatische GST expressielevels. 

In hoofdstuk 5 zijn zowel de CYP- als GST-isoenzym activiteiten onderzocht voor 

respectievelijk de bioactivatie en detoxificatie van mefenaminezuur, een geneesmiddel 

geassocieerd met ernstige leverschade in een muizen model. Hoewel eerder onderzoek naar 

reactieve mefenaminezuur acyl glucuronides is gedaan bleef de CYP gemedieerde 

bioactivatie onderbelicht. Voor dit doel werden incubaties uitgevoerd met recombinante 

CYP isovormen en humane lever microsomen. Naast een niet-toxisch 3’-hydroxy-methyl 

mefenaminezuur metaboliet, werden ook 4’- en 5-hydroxy metabolieten geïdentificeerd 

welke, net als eerder besproken voor diclofenac, de potentie hebben om te worden omgezet 

naar reactieve quinone imines. Er werden inderdaad drie GSH conjugaten van 

mefenaminezuur gedetecteerd en geïdentificeerd. Deze GSH conjugaten werden vooral 

gevormd door CYP1A2, 3A4 en 2C9. Een belangrijke waarneming was dat de vorming van de 

GSH-conjugaten toenam door toevoeging van GSTs, voornamelijk GSTP1-1, A2-2 en M1-1. Dit 

impliceerde dat de chemische conjugatie niet afdoende is om de CRMs volledig te 

conjugeren en dat de GST gekatalyseerde conjugatie een beschermende werking heeft tegen 

deze schadelijke metabolieten.  

Verdere detoxificatie reacties voor (I)DILI geassocieerde geneesmiddelen die 

gemetaboliseerd kunnen worden naar CRMs zijn nader bekeken in hoofdstuk 6. In dit 

hoofdstuk werden de hepatische expressielevels van NAD(P)H:quinone oxidoreductase 1 

(NQO1) en NRH:quinone oxidoreductase 2 (NQO2) bepaald in 20 humane lever donoren. 

Als een vervolgstudie op voorgaand werk waarin NQO1 activiteit met een aantal 

hepatotoxische geneesmiddelen werd onderzocht, werden recombinant NQO1 en NQO2 

gebruikt om de katalytische activiteit te onderzoeken voor de reductie van quinonen afgeleid 

van de (I)DILI geassocieerde geneesmiddelen acetaminophen, diclofenac, mefenaminezuur, 

clozapine, amodiaquine en carbamazepine. Hepatische NQO2 levels waren relatief hoog 

(µM range) en vertoonde minder variatie vergeleken met NQO1. Tevens werd aangetoond 
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dat de lage hepatische concentratie van NQO1 in vitro voldoende is om een efficiënte 

inactivatie van de CRMs van amodiaquine en carbamazepine te bewerkstelligen. NQO2, 

waarvoor eerder geen informatie over de katalytische activiteit voor CRM inactivatie 

beschikbaar was, bleek voor de meeste CRMs minder actief ten opzichte van NQO1, of zelfs 

inactief ( voor het 5-hydroxy diclofenac afgeleide quinone imine). Echter, voor het clozapine 

nitrenium ion was alleen NQO2 actief. Dit is een interessante waarneming aangezien NQO2 

genotypen worden geassocieerd met idiosyncratische clozapine toxiciteit. Naast de NQO2 

gekatalyseerde enzymatische reductie van de CRMs werd er ook directe (niet enzymatische) 

binding van het CRM aan het NQO2 eiwit waargenomen. Ten aanzien van de in vivo 

relevantie van NQO1 en NQO2 speculeren wij dat NQO1, wat sterk induceerbaar is, vooral 

belangrijk is na inductie of nadat competerende routes (zoals GST) zijn uitgeput. Nader 

onderzoek naar de in vivo relevantie van NQO2 blijft echter nodig aangezien de benodigde 

cofactor (dihydronicotinamide riboside (NRH)) alleen in zeer lage concentraties in in vivo 

modellen is gevonden. Desalniettemin kan de niet-enzymatische binding van CRMs door het 

NQO2 eiwit ook een significante bescherming van essentiële cellulaire componenten bieden 

vanwege de hoge hepatische expressie (tot 30 µM in de humane lever). 

In hoofdstuk 7 is de mate van variabiliteit van de meest belangrijke enzymen (betrokken 

voor de afbraak van geneesmiddelen) simultaan onderzocht in levermateriaal van 20 

donoren. Variaties in deze enzymen leveren een grote bijdrage in de heterogeniteit in de 

klaring van geneesmiddelen en de algemene veiligheid, en kan leiden tot een veranderende 

blootstelling aan CRMs. Hoewel informatie beschikbaar is ten aanzien van variatie in 

expressie en activiteit van CYPs en UGTs zijn er geen studies waarin simultaan onderzoek is 

gedaan naar andere belangrijke enzymen (zoals SULTs, GSTs, NQO1 en NQO2). In dit 

hoofdstuk is de fenotypering van 20 humane lever homogenaten beschreven op het niveau 

van enzymactiviteit. Aangezien de meeste GST isovormen niet op basis van activiteit te 

onderscheiden zijn, is er aanvullend onderzoek gedaan naar de eiwit concentraties van deze 

isovormen. De grootste variatie werd waargenomen voor de beschermende enzymen NQO1 

(op het niveau van activiteit) en GSTM3 (op eiwit niveau). Correlaties tussen enzymen 

werden voornamelijk gevonden tussen CYP en UGT isovormen en ook tussen deze enzym 

families. De meest significante correlaties (p < 0.001) werden gevonden voor de enzym paren 

CYP2E1/CYP3A4 (Rs 0.78), UGT1A6/UGT1A9 (Rs 0.61), UGT1A3/UGT2B7 (Rs 0.74), 

CYP1A2/CYP2E1 (Rs 0.71), UGT1A1/UGT1A4 (Rs 0.42) en UGT1A4/CYP2C9 (Rs 0.70). Deze 

studie geeft de meest complete dataset ten aanzien van variaties in enzymen welke 
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betrokken zijn in geneesmiddel metabolisme in een klein cohort van humane levers. Deze 

dataset kan dienen als bron voor in silico modellering van enzym kinetiek.  

Tenslotte beschrijft hoofdstuk 8 het gebruik van de eerder genoemde lever homogenaten om 

experimenteel de variatie in de balans tussen bioactivatie en detoxificatie te bepalen voor de 

IDILI geassocieerde geneesmiddelen clozapine en diclofenac. Allereerst werden de 

concentraties van GST eiwit in cytosolaire extracten (geïsoleerd met 

affiniteitschromatografie) van de 20 menselijke donoren bepaald met behulp van LC-UV. 

LC-MS werd toegepast voor de identificatie van GST isovormen en genetische variaties in 

deze enzymen. Zoals beschreven in de (beperkt) beschikbare literatuur heeft GSTA1 ook in 

deze studie de hoogste hepatische concentratie, gevolgd door GSTA2, M1, P1, T1 en M3. Voor 

GSTA2, M1 en P1 werden tevens genetische varianten geïdentificeerd. Vervolgens werden de 

GST extracten geïncubeerd met diclofenac of clozapine in aanwezigheid van een uniform 

bioactiverend system, welke een gemiddelde compositie van de humane CYP activiteit 

weergeeft. Met dit experiment werd de variatie in de GST detoxificatie van de gevormde 

CRMs onderzocht. Verder werd ook de variatie in bioactivatie onderzocht door de 

hoeveelheid CRM gevormd in incubaties met de individuele lever microsomen afkomstig van 

ieder van de 20 donoren te bepalen. De balans in bioactivatie en inactivatie werd uit deze 

experimenten berekend en liet zien dat voor zowel clozapine alsook diclofenac variaties in 

GST activiteit, voornamelijk bij lage GSH concentraties, een significante invloed hebben op 

de heterogeniteit tussen donoren. Ook werd de activiteit van geïsoleerde GSTs vergeleken 

met de activiteiten van recombinante enzymen zoals beschreven in hoofdstuk 4. Uit deze 

vergelijking blijkt dat recombinante enzymen een goede voorspelling geven voor de 

detoxificatie van de quinone imines van 5-hydroxy diclofenac, maar in mindere mate voor 4’- 

hydroxy diclofenac afgeleide quinone imines. 
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