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Adverse drug reactions  

Adverse drug reactions (ADRs) are thought to be responsible for a major part of 

the attrition of drugs during their development [1–4]. ADRs can target most organs in the 

human body, but are most common in skin, blood cells and the liver [5, 6]. Often they 

are only detected post-marketing and can lead to black box warnings in 8% of the case or 

even withdrawal in 3% of the cases and put severe strain on pharmaceutical companies 

[5, 7, 8]. ADRs pose a significant danger to patient health with an incidence of 7% for 

cases classified as serious or fatal, while causing for 6.5% of the hospital admissions [9]. 

In the USA ADRs are already one of the leading causes of death [4]. Additionally, these 

side effects elongate the average hospital stay by 1.2-3.8 days causing an additional cost 

of $2284-$5640 per patient in the United States [10]. Furthermore, between 1980 and 2010 

around 4% of new drugs approved by the FDA were withdrawn because of ADRs [11]. For 

drugs approved by the EMA, this was 3% of the new drugs approved between 2001 and 

2010 [8]. The most common reason for withdrawal was drug induced liver injury (DILI) 

[12, 13]. Therefore, ADRs and specifically DILI are important areas of research to improve 

drug-safety and to decrease drug prices.  

 

Types of drug-induced liver injury 

DILI is the most common cause for acute liver failure in the USA with more than 

1000 agents being reported as hepatotoxic [14, 15]. The majority of these agents cause type 

A ADRs, which are dose-dependent and therefore relatively well predictable and 

detectable during drug development [16, 17]. Because of animal models and clinical trials 

drugs that cause type A DILI at therapeutic concentrations are usually detected before 

the drug enters the market, leading to drug attrition [15]. In contrast, type B or 

idiosyncratic ADRs (IDRs) do not display a typical dose-response and are therefore more 

unpredictable (see Table I for the differences between type A and B toxicity) [17]. Because 

type B toxicity only occurs in a small subset of the population (ranging from 1 in 10,000 

to 1 in 1,000,000) this type of toxicity is hard to detect in animal models or clinical trials 

[15]. This is underlined by an incomplete understanding of IDRs, which makes it difficult 

to discover good predictors of idiosyncratic hepatotoxicity [6]. The dose-independence 

of this type of drugs makes type B toxicity extra dangerous since IDRs can already occur 

below therapeutic concentrations of the drugs [4, 18]. However, it has to be noted that 

three times as many drugs that are dosed at more than 50 mg daily are reported to cause 



Page 7 

DILI compared to drugs dosed at less than 10 mg [19]. In summary, IDRs are a significant 

challenge for drug scientists and for the pharmaceutical industry to tackle. 

 

Mechanism-based Integrated Systems for the Prediction of Drug-induced Liver 

Injury (MIP-DILI) 

The reason why IDRs are difficult to predict and only occur in a very small subset 

of the patient population is that their emergence is multi-factorial. This means that 

besides the physical-chemical properties of the drug, the toxicity is caused by a 

combination of specific factors causing genetic susceptibility of the patient and 

environmental factors such as other drugs, diseases, smoking, diet etc. (Figure 1) [6, 20–

22]. It is therefore unlikely that one mechanism will completely explain and predict IDRs 

and likely that a set of different mechanisms leading to IDRs is unique for each drug. In 

many cases of idiosyncratic DILI (iDILI) drug metabolism, chemically reactive 

metabolites (CRMs) and/or the immune system plays a vital role [23–25]. To achieve a 

better understanding of these mechanisms, which in turn could lead to better and earlier 

predictions of drugs leading to iDILI, 26 academic and industrial partners formed the 

MIP-DILI consortium [26]. Four compounds for which metabolism was known to be 

involved in iDILI were selected for this thesis, namely Clozapine, Nevirapine, Ticlopidine 

and Flucloxacillin. Additionally Diclofenac, Tolcapone, Acetaminophen, the 

iminoquinone of Carbamazepine, and again Clozapine were studied in other theses of the 

Molecular Toxicology group as well [27, 28]. Although the exact mechanism of how these 

drugs induce idiosyncratic toxicity is still unknown, it is thought that metabolism, the 

immune system and possibly mitochondrial toxicity plays a role. Therefore, this thesis 

focuses on the metabolism of the four selected drugs and how polymorphisms in the drug 

metabolizing enzymes (DMEs) involved can cause susceptibility to idiosyncratic 

hepatotoxicity in patients. 
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Table I. Type A versus Type B drug-induced liver injury. Adapted from Iasella (2017) [15]. 

 Type A Type B 

Patient characteristics 

increasing risk 

High-dose exposure 

Chronic exposure 

Pre-existing hepatic dysfunction 

Concomitant medications or 

polypharmacy 

Infection 

Immunosuppression 

Extremes of age 

Female gender 

Genetic variations 

Clinical manifestations Toxic or overdose reactions Immuno-allergic reactions 

Autoimmune reactions 

Nonimmunologic reactions 

Diagnostic methods Physical examinations 

Liver function tests 

Diagnosis of exclusion 

Hy’s Law 

Immunoglobulin levels 

Biopsy 

 

Metabolism of drugs and other xenobiotics 

Metabolism, also called biotransformation, is the process in which drugs or other 

xenobiotics are usually transformed into more hydrophilic metabolites thus leading to 

their excretion via the urine (Figure 2). Canonically this process is divided in Phase 1, 

oxidative and reductive metabolism, and Phase 2, conjugative metabolism. Phase 3 

consists of the efflux transport of the xenobiotic out of the cell [29, 30]. As shown by 

Figure 3, the Cytochrome P450 (CYP) family is responsible for the majority of phase 1 

metabolism. Phase 2 metabolism consists mostly of UDP-glucuronosyl-Transferases 

(UGTs), SulfoTransferases (SULTs) and Glutathione S-Transferases (GSTs). In this 

paragraph, the major routes of metabolism and how these can lead to inter-individual 

variations are briefly introduced. 
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Figure 1. IDRs are a complex interplay between host, environment and drug, thus making it multi-factorial. 

Because of this, only a subset of patients who have an unfavorable combination of these factors is susceptible to 

the toxicity. Adapted from Licata (2016) [20]. 

 

Phase 1 metabolism of drugs and other xenobiotics by Cytochrome P450s 

75% of all marketed drugs are metabolized by CYPs. Although more than 60 human 

CYP isoforms have been identified, five isoforms are responsible for approximately 75% of 

these metabolic reactions (Figure 3) [29]. These reactions can consist of reduction, 

hydroxylation, epoxidation and dealkylation reactions and are the most predominant cause 

of chemically reactive metabolites (CRM) [30, 31]. These CRMs are in principle electrophilic 

compounds, which covalently bind the nucleophilic sites in proteins and DNA of a cell. 

Electrophiles can consist of ‘hard’ carbonium and nitrenium ions or ‘soft’ ,-unsaturated 

aldehydes and quinone species. Additionally, redox cycling can cause some CRMs, such as 

quinones and quinone-imines, to generate reactive oxygen species [30, 32, 33]. 
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Figure 2. The role of metabolism in the onset of drug toxicity. To prevent cellular accumulation and toxicity drugs 

are biotransformed into stable metabolites, which are easily excreted. However, metabolism can also bio-activate 

drugs to chemically reactive metabolites (CRMs), which can cause toxicity when not properly inactivated. Adapted 

from Stachulski (2013) [30]. 

 

Finally, free radicals, such as reactive oxygen species, may react with lipids and result in 

lipid peroxidation [34]. Bio-activation to CRMs is a minor route of metabolism for most 

compounds. Moreover, the exact amount of bio-activation will differ per individual, since 

CYPs are shown to have highly variable activities, potentially leading to different 

susceptibilities of patients depending on the ratio between bio-activation and bio-

inactivation. This variation can be caused by environmental factors such as induction or 

inhibition by other drugs and xenobiotics and by genetic factors such as polymorphisms 

resulting in different CYP expression levels or activities [35]. An overview of causes of 

variability in CYP expression can be found in Figure 4. The most important causes of 

variability in expression and in activity are briefly discussed below. 
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Figure 3. An overview of DMEs in humans divided between Phase 1 and 2. The pie charts represent the contribution 

of each enzyme isoform in the metabolism of xenobiotics. Isoforms with reported polymorphisms that are known 

to cause changes in drug effects stick out. Adapted from Evans (1999) [29]. 

 

Variation in CYP activity due to induction 

 Where CYP inhibition is an instantaneous process enzyme induction is slower, 

because it requires transcriptional activation or stabilization of mRNA or protein [36]. 

Many CYPs can be induced among which the CYP1A-, CYP2B-, the CYP2C- and the 

CYP3A-family [35, 37]. The induction of these enzymes follows a similar mechanism in 

which a xenobiotic activates a receptor such as the pregnane X receptor (PXR), the 

constitutive androstane receptor (CAR) or the aryl hydrocarbon receptor (AhR), which in 

turn activate downstream transcription factors (Figure 4) [37, 38]. Large inter-individual 

differences in CYP induction have been measured due to polymorphisms in CYPs, genetic 

variation in genes modulating CYP expression and variation in the intracellular 

concentration of inducers. An overview of factors affecting CYP induction is given in 

Table II and Figure 5. Such variation can even change the clinical effect of drugs. For 

instance, induction of CYP3A4 by St. John’s Wort or Rifampicin can decrease plasma 

concentrations of Cyclosporine to below the minimal therapeutic concentration [37, 39]. 

In contrast, induction of CYP2E1 by ethanol can increase the bio-activation of 

Acetaminophen resulting in enhanced hepatotoxicity [40].  
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Figure 4. The mechanism underlying enzyme induction, here depicted for CYP3A4, and factors affecting the 

variation between individuals in enzyme induction. Adapted from Tang (2005) [36]. 

 

Variation in CYP activity due to inhibition 

 Variation in CYP activities by environmental factors is often caused by inhibition of 

the CYPs by xenobiotics, e.g. drugs, smoking or food-related. Enzyme inhibition causes one 

molecule to block the metabolic activity of an enzyme isoform [41]. Inhibition is often used 

to see which CYP isoforms are involved in the metabolism of drugs by performing co-

incubations together with isoform specific substrates [42]. Enzyme inhibition can be either 

competitive inhibition, when two molecules compete for the same active site, non-

competitive inhibition, when the inhibitor binds at an allosteric site, or un-competitive 

inhibition, when the inhibitor binds to the substrate-enzyme complex. Mixed-type inhibition 

consists of mixed competitive and non-competitive inhibition [41, 43, 44]. 
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Figure 5. The relative contribution of each CYP isoform in drug metabolism. For each isoform the factors affecting 

the inter-individual differences are given. Adapted from Zanger (2013) [35]. 

 

These types of inhibition are referred to as reversible inhibition and can be relieved by 

lowering the inhibitor concentration, as opposed to irreversible inhibitors. With 

irreversible inhibition, the inhibitor is metabolized by the enzyme into a CRM and 

consequently binds covalently in the active site of the enzyme, thereby blocking the 

substrate from being metabolized. This is often also referred to as mechanism-based 

inhibition [41, 43, 44]. An important example in this thesis of irreversible inhibition is that 

of Ticlopidine and CYP2B6 [45]. Besides changing the metabolic pathways in human 

individuals, irreversible inhibition can also lead to an immune response as will be 

discussed later [43, 44]. A final type of inhibition is quasi-irreversible inhibition in which 

a CRM is formed during metabolism, similar to irreversible inhibition, which then binds 

to the Fe-atom in the heme-group instead of an amino acid. Like irreversible inhibition, 

quasi-irreversible inhibition can only be relieved by a cell via enzyme turnover. However, 

since quasi-irreversible inhibition does not generate a modified peptide it will not lead to 

an immune response [44]. Common examples of food-related inhibitors affecting DILI 

are inhibition of CYP3A4 by grapefruit juice [46]. Co-medication of other drugs can also 

lead to DILI as has been shown by for instance drug-drug interactions antiviral drugs and 

Cyclosporine or between Simvastatin and Amiodarone at the level of CYP3A4 [47, 48]. 



Page 14 

CYP3A4 is especially interesting in this context, since it has been shown that inhibition 

of CYP3A4 can actually be substrate dependent, indicating that unpredicted drug-drug 

interactions can occur in a patient at the level of CYP3A4 [49]. 

 

Variation in CYP activity due to genetic factors 

 Variation in CYP activity due to genetic factors can span the spectrum from the 

ultra-rapid metabolizer phenotype to the poor metabolizer phenotype [35]. These 

phenotypes occur because gene duplications or multiplications can increase the amount 

of enzyme expressed, while other polymorphisms can actually decrease the activity or 

stability of CYPs. Specifically CYP2A6, CYP2B6, CYP2C9, CYP2C19 and CYP2D6 are shown 

to be strongly genetically determined for their capacity to metabolize drugs [50]. 

Furthermore, the expression of CYP1A1, CYP1A2, CYP1B1, CYP2E1, CYP3A4 and CYP3A7 

has been shown to be epigenetically determined via CpG-methylation and histone 

modification [51, 52]. In combination with polymorphisms affecting the level of induction, 

it can be concluded that CYP-metabolism and therefore bio-activation can differ strongly 

between patients. 

 

Table II. Factors involved in the inter-individual variation in CYP induction. Adapted from Tang (2005) [36]. 

Factor Consequence 

Variable transport and metabolism of inducers in 

vivo 

Variable tissue and intracellular inducer concentrations 

resulting in different extent of induction 

Genetic variation of CYP-genes and their 

regulatory regions 

Altered pattern of induction 

Genetic variation of receptors and regulatory 

proteins required for induction  

Altered pattern of induction 

Physiological factors: disease state (inflammation, 

infection, and liver dysfunction), gender 

hormonal homeostasis 

Altered response to inducers 

Environmental factors: dietary components, 

environmental contaminants 

Altered response to inducers 
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CYP-enzymes as a biocatalyst in biotechnology 

 Enzymes are extensively used in biotechnology to bio-synthesize specific 

molecules that are difficult to create chemically. An added advantage is that enzymes can 

often perform these reactions with high specificity and activity under mild temperature 

and pressure conditions [53, 54]. Microbial CYPs are capable in metabolizing a wide range 

of drug-like molecules and can be engineered to create human-relevant metabolites [55, 

56]. One example is CYP102A1 from Bacillus megaterium (BM3), which has been 

engineered to metabolize drug-like molecules at high rates and specificities instead of its 

endogenous ligands fatty acids [57, 58]. The main advantages of BM3 over human CYPs 

are that it is cytosolic and fused to a reductase domain. Finally, BM3 has one of the highest 

activities reported for wild-type CYP enzymes for fatty acids [59, 60]. Because of this, 

BM3-mutants are often used to produce human relevant metabolites for studies. In this 

thesis, we use BM3-mutants as a tool to produce difficult to obtain toxicological relevant 

metabolites of flucloxacillin. 

 

Phase 2 conjugation reactions 

As mentioned previously Phase 2 reactions are conjugating reactions in which a 

drug is covalently conjugated to certain functional groups of a xenobiotic. As with CYPs 

these conjugation reactions make the chemical compounds more hydrophilic leading to 

excretion. The most predominant types of Phase 2 reactions are sulfation, 

glucuronidation and glutathionylation [29].  

 

SulfoTransferases 

 Cytosolic SULTs constitute a class of detoxifying enzymes that mediate the 

conjugation of sulfate to endobiotic or xenobiotic molecules with an extremely high 

affinity [61–63]. The carrier molecule 3’-phosphoadenosine-5’-phosphosulfate (PAPS) 

provides the sulfate in this reaction and is converted into 3’-phosphoadenosine-5’-

phosphate (PAP). Both alcohols and amines can be sulfonated leading to sulfate (R-OSO3
-

) or sulfamate (R-NH-SO3
-) respectively. SULT activity is high in the human liver, with 

protein concentrations between 20-40 µM, only being surpassed by the intestines [64, 

65]. Although there are 13 SULT isoforms reported, SULT1A1, SULT1A3, SULT1B1, 

SULT1C2, SULT1E1 and SULT2A1 are most involved in drug metabolism [64–67]. However, 

O-sulfonation has also been shown to lead to CRMs [68]. This is because the electron-
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withdrawing properties of the sulfate allow it to act as a leaving group, leading to 

electrophilic cations. The resulting cations are capable of binding to cellular 

macromolecules, including DNA, resulting in some O-sulfonated compounds to be 

mutagenic or genotoxic. Since many of the SULT-isoforms involved in drug metabolism 

are shown to be polymorphic, the amount of metabolites produced can vary per patient 

or substrate [69–71]. Since SULTs can act both as a detoxifying pathway and a bio-

activation pathway the result of these polymorphisms on hepatotoxicity are likely to be 

substrate dependent. 

 

UDP-glycuronylTransferases 

 The UGT-family is the class of enzymes contributing most to Phase 2 metabolism 

[29]. This family conjugates polar groups of xenobiotics to 5’-diphospho-α-D-glucuronic 

acid to facilitate the excretion of these xenobiotics via transporters [72, 73]. This process 

is called glucuronidation and is most common in the human liver [74]. Although many 

UGTs are known, the most important members involved in drug metabolism are UGT1A1, 

UGT1A3, UGT1A4, UGT1A6, UGT1A9, UGT2B7 and UGT2B15 [75]. UGTs are membrane 

bound proteins located on the inner side of the endoplasmatic reticulum [76]. When 

glucuronidation occurs on a carboxylic acid, a 1-O-β-acyl glucuronide can be formed [77]. 

Since this acyl glucuronide contains an electrophilic carbon it is in fact a CRM. 

Furthermore, through rearrangement reactions these acyl glucuronides can form 2-O-β-

acyl glucuronides, 3-O-β-acyl glucuronides and 4-O-β-acyl glucuronides. The latter acyl 

glucuronides can ring-open resulting in highly reactive aldoses. However, since cells clear 

these acyl glucuronides quickly, more investigation is required in the role of acyl 

glucuronides in hepatotoxicity [78, 79]. As the previously discussed, enzyme families 

UGTs are highly polymorphic, but in contrast UGTs are less prone to drug-drug 

interactions [72, 80]. This is because UGTs have a large overlap in substrate specificity 

leading to xenobiotics often being metabolized by multiple isoforms [76, 81]. Still, UGT-

activity varies strongly between patients, leading to different metabolic profiles for each 

patient [70, 82]. 

 

Glutathione S-Transferases 

 The human GST superfamily can be divided into three groups, namely the 

cytosolic, mitochondrial and the Membrane-Associated Proteins in Eicosanoid and 
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Glutathione (GSH) metabolism (MAPEG or microsomal) GSTs [83]. The microsomal 

GSTs are inserted in the membrane of the endoplasmatic reticulum, while the other 

families are soluble in cytosol. GST kappa 1 (GSTK1) is the only member of the 

mitochondrial class and is as the name suggests located in the mitochondria [84]. In 

contrast, the cytosolic family consists of the alpha (A), mu (M), omega (O), sigma (S), 

theta (T) and zeta (Z) classes, each containing one or more isoforms [85]. These cytosolic 

GSTs have been shown to protect against electrophilic xenobiotics by conjugating the 

thiol-group of Glutathione (GSH) to electrophilic CRMs [86, 87]. GSTs bio-inactivate a 

wide range of substrates ranging from NSAIDs [88–90], antipsychotics [90, 91], 

antidiabetics [92], carcinogens [93, 94] and chemotherapeutics [95, 96]. Because of the 

bio-inactivation of chemotherapeutics, GSTs are also intensely studied for their role in 

resistance of cancer cells against chemotherapeutics [97, 98]. Apart from conjugating 

Glutathione to xenobiotics, GSTP1 is also able to S-glutathionylate free thiols in select 

proteins as a form of post-translational modification [99]. Via this post-translational 

modification, the activity of the target protein can either inhibited or activated. The 

reverse reaction, de-glutathionylation, in which Glutathione is recovered from proteins 

is catalyzed by GSTO1 [100, 101]. It is postulated that S-glutathionylation is a defense 

mechanism to protect proteins from oxidative stress or restore their function after 

oxidative stress [102–104]. Besides glutathyionylation of xenobiotics and proteins, GSTs 

are also able to catalyze a range of other reactions. For instance, several GSTs have been 

reported to catalyze the isomerization of double bonds in the biosynthesis of testosterone 

and progesterone [105–107]. Additionally, GSTs are shown to be able to bio-inactivate 

peroxides and maintain the redox balance in cells [83]. 

Besides bio-inactivation of CRMs studies also link GSTA1, GSTM1 and GSTP1 to 

the c-Jun terminal kinase (JNK, Figure 6A) or apoptosis-signal regulating kinase 1 (ASK1, 

Figure 6B) signaling pathways in the cell [86, 108–113]. Where the former form dimers 

with ASK1, GSTP1 forms a dimer with JNK. Both these heterodimers inhibit the kinases, 

but upon oxidative stress this dimer dissociates. The dissociated kinases become 

activated and activate downstream pathways leading to proliferation. If the oxidative 

stress is too intense and lasts for a longer time the balance shifts from proliferation to 

apoptosis. Finally, it has been shown that GSTs can prevent the release of Ca2+ via 

inhibition of the Ryanodine receptors 1 and 2, thereby influencing the cells intracellular 

signaling pathways [114–117]. It is speculated that the involvement in signaling pathways 

is a second pathway in which GSTs can prevent toxicity-induced apoptosis in cells. 
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Figure 6. A) Under physiological conditions JNK and GSTP1 form a dimer. Stress signals, such as a change in redox 

potential, cause a dissociation of this dimer leading to the phosphorylation of JNK and homo-dimerisation of 

GSTP1. Phosphorylated JNK can lead to proliferation via activation of downstream kinases. For longer and more 

intense oxidative stress, the balance shifts from proliferation to apoptosis. Similar interactions between GSTP1 and 

TRAF2 inhibit the JNK pathway downstream as well. B) GSTM1 forms a dimer with ASK1. In a similar fashion as 

GSTP1 and JNK, oxidative stress leads to auto-phosphorylation of ASK1 and finally proliferation or apoptosis. 

Adapted from Board (2013) [86].s 
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 GSTs are a highly polymorphic family of enzymes, leading to inter-individual 

differences in isoform activity [118].  For instance, for the GST alpha family single 

nucleotide polymorphisms (SNPs) have been reported to result in a reduced enzyme 

stability or activity [83]. Additionally, for GST2 and GSTZ1 SNPs are reported which 

reduce enzyme expression, while a SNP for GSTM3 actually increases enzyme expression. 

The effect of the SNPs reported for GSTP1 depend on the substrate leading either to 

higher, lower or equal enzyme activity [90]. For GSTM1 and GSTT1 gene deletions are 

reported to be up to 50% of the population [119]. This combination of null genotypes is 

shown to increase the risk for IDRs for a broad range of drugs [120–123]. Besides these 

genetic factors, GSTs can also be induced by drugs or other xenobiotics. When such 

xenobiotics cause oxidative stress the keap1/nrf2 complex senses the stress and activates 

the antioxidant response element (ARE) in the promotor of GSTs [124, 125]. These facts 

together give rise to a strong inter-individual variation in both GST protein 

concentrations and enzyme activity, making patients with less GST-mediated bio-

inactivation more susceptible to hepatotoxicity [70, 126, 127]. Therefore, this class of 

enzymes is considered to be an important risk factor in the onset of DILI for certain drugs. 

 

Other bio-inactivating enzymes 

 Bio-inactivation of CRMs can also be catalyzed by other enzymes such as 

NAD(P)H: quinone oxireductase (NQO1), NRH: quinone reductase 2 (NQO2) or the 

epoxide hydrolase family. The mechanism behind this bio-inactivation does not rely on 

conjugation of the CRM to a nucleophile, like with the GSTs, and therefore these reactions 

are actually phase 1 reactions. Mechanistically, the cytosolic NQO1 and NQO2 bio-

inactivate via the two-electron reduction of quinones [128, 129]. Where both enzymes are 

capable of bio-inactivating para-quinones in a wide range of tissues, NQO2 can also bio-

inactivate ortho-quinones [129–131]. Additionally, NQO1 uses NADPH as a cofactor where 

NQO2 prefers NRH [132]. Although both enzymes can bio-inactivate a variety of drug-

derived CRMs, the clinical relevance of NQO2 is still in doubt because NRH has not been 

detected in humans to date [133–137]. NQO1- and NQO2-activity can vary because of 

polymorphisms and the inducibility of NQO2 [70, 138–141]. In conclusion, NQOs can also 

be a risk factor for DILI. 

 Epoxide Hydrolases (EH) catalyze the hydrolysis of various xenobiotic epoxides 

[142]. This form of bio-inactivation leads to more polar di-hydrodiols. Although both the 
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microsomal EH and the soluble EH are capable of bio-inactivating xenobiotics to CRMs, 

the microsomal EH has a much broader substrate range and is thus better capable of bio-

inactivating to CRMs [143]. Besides drugs such as carbamazepine, valpromide and 

phenobarbital EH are also involved in the bio-inactivation of carcinogenic polycyclic 

aromatic hydrocarbons such as the benzo[a]pyrene-epoxide. Two polymorphisms for the 

microsomal EH causing amino acid substitutions at position 113 and 139 have been 

discovered [144, 145]. It is postulated that these mutations affect the stability, but not the 

transcription and expression, of the protein and thereby the total amount of protein. 

However, it should be noted that although this will lead to interindividual differences of 

EH-expression, no correlation to DILI has been made to date.  

 

Phase 3 drug transport 

 The passage of xenobiotics across membranes, and thus the intracellular 

concentration of these xenobiotics, is often mediated by transporters. These transporters 

can mediate uptake into the cell, efflux out of the cell or excretion into the bile and this 

process is closely linked to the metabolism by DMEs to maintain proper regulation [146, 

147]. Many drug transporters have been characterized and an overview of their function 

is given in Figure 7. In general Breast cancer resistance protein (BRCP), bile salt export 

pump (BSEP), equilibrative nucleoside transporter 1 (ENT1), multi drug and toxin 

extrusion 1 (MATE1), multidrug resistance-associated protein 2 (MRP2) and p-

glycoprotein (P-gp) are responsible for the excretion of xenobiotics into the bile [147]. 

Similarly, MRP3, MRP4, MRP6 are responsible for the efflux of xenobiotics into the 

systemic circulation [147]. Finally, ENT1, ENT2, Na+-taurocholate co-transporting peptide 

(NTCP), organic anion transporter 2 and 7 (OAT2 and OAT7), Organic anion transporting 

polypeptide 1B1, 1B3 and 2B1 (OATP1B1, OATP1B3 and OATP2B1) and organic solute 

transporters alpha and beta (OSTα and OSTβ) are responsible for uptake of xenobiotic 

into the cell [147]. Secondly, these transporters are therefore important in the regulation 

of xenobiotic concentration in the cell and thus in the production of CRMs [148]. Since 

these drug transporters also regulate many endogenous processes, such as the regulation 

of bile acids [149]. If the export of bile acids is inhibited by drug-drug interactions, such 

as troglitazone, the resulting accumulation of hepatotoxic bile acids can cause 

hepatotoxicity [150–152]. As with the phase 1 and 2 DMEs these phase 3 transporters are 

also polymorphic thereby affecting the disposition of drugs in hepatocytes [153–156]. For 

instance, a third of the population has a high expression of one or more transporters, 
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while a third of the population has a low expression of one or more transporters [157]. 

Since studies report associations between polymorphisms in drug transporters and 

susceptibility to drug-induced cholestasis as well as diclofenac hepatotoxicity, it can be 

assumed that this interindividual variation in transporter-concentration leads to different 

intracellular concentrations of xenobiotics [158, 159]. Therefore, this variety in xenobiotic 

concentrations will affect the potential of DMEs to metabolize these xenobiotics and add 

another level of difficulty in understanding the susceptibility of patients for iDILI. 

 

 

Figure 7. A schematic overview of hepatobiliary drug transporters and the direction of their catalyzed transport. 

Adapted from Liu (2016) [147]. 

 

Mechanisms leading to DILI 

In a recent review, Dragovic et al. differentiated between five different 

mechanisms due to which DILI can occur [26]. These are mitochondrial impairment, the 

immune system, lysosomal impairment, inhibition of biliary efflux and CRMs (Figure 8). 

Of these, the inhibition of biliary efflux and CRMs are already discussed in preceding 

metabolism and excretion sections. The remaining three mechanisms due to which 

toxicity can occur will be discussed below.  
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Figure 8. An overview of the relevant mechanisms that can lead to DILI. Adapted from Dragovic (2016) [26]. 

 

Mitochondria as a target for CRMs 

 One of the most studied targets of xenobiotics are the mitochondria [160]. 

Although some drugs can disrupt the mitochondria directly, in many cases metabolism 

and CRMs are a prerequisite [161–163]. The disruption of mitochondria and toxic outcome 

will in general occur via one or more out of four pathways [160, 164]. In the first 

mechanism, the synthesis of proteins involved in the mitochondrial respiratory chain is 

reduced. This enhances the formation of reactive oxygen species and can lead to oxidative 

stress. In a second mechanism, the membrane potential used in the mitochondrial 

respiratory chain is dissipated. Due to this, the mitochondria are no longer able to 

generate enough ATP to keep the cell functioning and alive. The third mechanism impairs 

the fatty acid β-oxidation, leading to shortages in the cell. The fourth and final pathway 

causes the mitochondria to release Cytochrome c into the cytosol. This in turn will trigger 

the caspase pathway leading to apoptosis.  

 

The role of the immune system in DILI 

 As discussed before, metabolism can lead to hepatotoxicity due to the 

disturbance of cellular process by the formation of CRMs or metabolites that inhibit 

specific processes (e.g. bile acid export). However, for many compounds metabolism 

alone cannot explain why only certain patients are susceptible. Furthermore, the delayed 

onset of DILI suggests that the immune system might also play a role. Current theories 

suggest that metabolism and CRMs may act as a trigger for the immune response; which 
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in turn can lead to the DILI. Several proposed mechanisms for the involvement of the 

immune system are discussed below. 

 One of the theories in which CRMs can trigger an immune response involves the 

covalent modification of a protein or peptide [6, 25, 165, 166]. These modified proteins 

and peptides can be degraded by the proteasome into smaller peptides. The cell presents 

these modified peptides via its major histocompatibility complex class-I or class-II (HMC-

I and HMC-II) proteins to immune system.  T-cells can recognize these presented 

peptides as “non-self” peptides, or haptens, and trigger an immune response towards the 

hepatocytes. Hence the name hapten theory was introduced. However, it is important to 

note that not every CRM will lead to DILI, nor will each modified peptide trigger the 

immune system. This is highly dependent on the modified peptide, the specific Human 

Leukocyte Antigen (HLA)-types presented, the CRM itself and possible a danger signal 

[167, 168]. In contrast to the hapten theory, the Pharmacological Interaction (PI) theory 

does not require a reactive xenobiotic to modify a peptide. Instead, it suggests that some 

compounds can bind non-covalently to an immune receptor and thereby trigger the T-

cell [169–171].  

The previously mentioned danger signal is the result of a stress response of cells 

leading to the release of cytokines that trigger the immune response. The idea is 

postulated that CRMs can not only lead to the formation of haptens, but might also lead 

to cell damage and stress responses in the cell that can lead to a danger signal (Figure 9) 

[6, 25, 165, 166]. This effect has been described for diclofenac and tienilic acid [172, 173]. It 

is important to note that the danger signal does not necessarily come from the same CRM 

that forms the hapten. Nor does the danger signal need to come from a CRM at all. It has 

been determined that other signals can also act as a danger signal, such as viral or 

bacterial inflammations [165]. The inflammagen theory postulates that patients might be 

more susceptible to DILI if they experience inflammatory stress during drug therapy [25, 

174, 175].  In animal models, it has been shown that DILI-inducing drugs at non-toxic 

concentrations would induce DILI when combined with lipopolysaccharide [176].  
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Figure 9. A schematic overview of how a CRM can induce an immune response. The CRM covalently binds a peptide 

to form an immunogenic peptide. The reactivity of the CRM also triggers a stress response from the cell leading to 

the release of cytokines. Together, these two pathways start the immune response. Alternatively, a bacterial or 

viral inflammation can also provide the danger signal. Adapted from Kaplowitz (2005) [165]. 

 

Lysosomal impairment in DILI 

 Drugs with a basic and a lipophilic moiety are able to pass through membranes 

at the neutral pH of the cytoplasm. However, when these drugs enter the acidic lysosomes 

they become protonated and are not able to leave the lysosomes anymore [177]. This can 

eventually lead to accumulation of drugs in the lysosomes at concentrations much higher 

concentrations then present in other organelles of the cell. Although it is not entirely 

clear how this accumulation leads to lysosomal impairment, autophagy and 

phospholipidosis are thought to play a role [178, 179]. What is clear though is that 
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eventually the lysosomes rupture and cathepsins are released into the cell triggering 

programmed cell death or necrosis [180]. 

 

Drugs of interest for this thesis 

Nevirapine 

 Nevirapine is the first non-nucleoside reverse transcriptase inhibitor approved 

by the FDA and is presently used in third-world countries to prevent the transmission of 

HIV during childbirth [181]. It functions by disturbing the folding of the reverse 

transcriptase enzyme, thereby inhibiting the replication cycle of the virus. Although it is 

quite effective, Nevirapine is not prescribed in the western market anymore because it 

causes severe side effects. For instance, Nevirapine can cause severe skin rashes such as 

toxic epidermal necrosis and Stevens-Johnson Syndrome or idiosyncratic hepatotoxicity 

[182, 183]. It is believed that this toxicity is caused by CRMs of Nevirapine [184–188]. In 

the liver Nevirapine is metabolized by CYPs into 2-hydroxy Nevirapine, 3-hydroxy 

Nevirapine, 8-hydroxy Nevirapine, 12-hydroxy Nevirapine, 2,3-epoxide-Nevirapine and a 

quinone methide (Figure 10) [189, 190]. 12-hydroxy Nevirapine can be bio-activated by 

SULTs into the Nevirapine-12-O-sulfonate [185, 191]. This O-sulfonate is protein reactive 

because the sulfate acts as a leaving group from the quinone methide again [68, 188]. 

Indeed, Nevirapine has been shown to be mutagenic and to form protein adducts [192–

194]. It is strongly believed that the protein adducts of Nevirapine can trigger an immune 

response and are the cause of the toxicity [184, 188, 191]. Previous studies show that 

Nevirapine CRMs can bind to Glutathione in vitro and Glutathione conjugates have been 

detected in plasma [195, 196]. It is believed that GSTs can catalyze this conjugation since 

a correlation between Nevirapine-induced hepatotoxicity and GSTM1-null and GSTT1-

null genotypes has been discovered [123]. However, at the start of our research it had not 

been proven that GSTs catalyze the bio-inactivation of Nevirapine to CRMs and thus shift 

the bio-activation/bio-inactivation balance more to bio-inactivation. By filling these gaps 

in our knowledge, an attempt to improved prediction of the variability of this pathway 

between patients can be made. 
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Figure 10. Metabolic pathways leading to the bio-inactivation of Nevirapine in patients. Nevirapine can be bio-

activated by CYPs to epoxide intermediates or can form stable metabolites. Of these stable metabolites, 12-

hydroxy-Nevirapine can be bio-activated by SULTs to an O-sulfonate. It is presumed that both these reactive 

metabolites can be bio-inactivated to GSH-conjugates. Adapted from Srivastava (2010) [196]. 

 

Clozapine 

 Clozapine is an atypical second-line antipsychotic drug [197]. Clozapine can 

cause severe agranulocytosis and idiosyncratic hepatotoxicity and it is believed that this 

is caused by CRMs [198–200]. Clozapine can be oxidized into various stable metabolites 

in the liver (Figure 11). However, Clozapine can also be metabolized into a nitrenium ion 

by CYPs, which can be bio-inactivated via Glutathione conjugation in the liver [90, 91, 

201]. In white blood cells myeloperoxidase is responsible for the bio-activation [198, 200]. 

Previous research has shown that GSTs can bio-inactivate the Clozapine nitrenium ion 

[91]. It has also been postulated that Clozapine GSH-conjugates are a major route of 

metabolism and indeed thio-ethers of Clozapine have been detected in urine [201, 202].  

However, the variation in this pathway between patients remains unknown. 
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Figure 11. Metabolic pathways leading to the bio-inactivation of Clozapine and subsequent bio-inactivation. 

Clozapine can be bio-activated by CYPs to a nitrenium ion intermediate and can in turn be bio-inactivated to GSH-

conjugates (CG1-6). Adapted from Dragovic (2013) [201]. 

 

Ticlopidine 

 Ticlopidine is a blood-thinner and functions as an antagonist of the ADP-

receptor [203]. Ticlopidine is undergoes extensive first-pass metabolism (Figure 12) [204–

207]. Various hydroxylations are reported on the thiophene-ring and chlorophenyl-ring. 

However, Ticlopidine can also lead to hepatotoxicity. It is thought that the S-oxide or 

epoxides formed on the thiophene-ring during Ticlopidine metabolism can trigger an 

immune response. Indeed, associations with HLA-type and Ticlopidine-induced 

hepatotoxicity have been found [208, 209]. This is further supported by the reported 

covalent protein binding of Ticlopidine and the Ticlopidine Glutathione-conjugates 

detected in rat bile [45, 210–212]. However, although GSH-conjugates of Ticlopidine have 

been detected, there are still gaps in our knowledge about the bio-activation and bio-

inactivation of this drug and the enzymes involved remain unknown. Therefore, 

Nevirapine, Clozapine and Ticlopidine appear to be excellent mechanistic examples of 

iDILI induced by CRMs. 
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Figure 12. Metabolic pathways leading to the bio-inactivation of Ticlopidine. Ticlopidine  can be bio-activated by 

CYPs to epoxide or S-oxide intermediates or it can form stable metabolites. The CRMs can in turn be bio-

inactivated to GSH-conjugates. Adapted from Du (2013) [213]. 

 

Flucloxacillin 

 The isoxazolyl-penicillin Flucloxacillin is a β–lactam antibiotic and is active 

versus gram-positive bacteria [214]. Metabolism of Flucloxacillin is limited. Its only 

metabolite is 5’-hydroxymethyl Flucloxacillin and this is a minor pathway of elimination 

(Figure 13) [215]. However, hydrolysis of the β–lactam ring can lead to ring-opened 

products of both Flucloxacillin and 5’-hydroxymethylFlucloxacillin (Figure 13) [215]. This 

β–lactam ring can also bind to proteins, leading to Flucloxacillin or 5’-hydroxymethyl 

Flucloxacillin-modified protein adducts [216]. It has been shown that these modified 

peptides are highly immunogenic in susceptible patients and the correlation between 

HLA* 57:01 and Flucloxacillin-induced hepatotoxicity is one of the highest ever reported 

[217, 218]. Although patients without this specific HLA-type do not suffer from the 

hepatotoxicity, only 1 in a 1000 patients with this HLA-type actually develop the 

hepatotoxicity. Therefore, the predictability of this HLA-type is low and other factors 

might be required to trigger the immune response. One study reports that 5’-
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hydroxymethyl Flucloxacillin can cause toxicity in biliary epithelial cells [219]. Although 

the mechanism behind this toxicity is not fully understood, it might function as a danger 

signal triggering an immune response. It has been reported that CYP3A4 catalyzes the 

formation of 5’-hydroxymethyl Flucloxacillin, but only a small number of CYP enzymes 

were tested [219]. Because of this, it remains unsure how many CYP isoforms are involved 

in the metabolism of Flucloxacillin and thus how susceptible this pathway is for variation 

between patients due to polymorphisms, enzyme induction and inhibition.  

 

 

Figure 13. Metabolic pathways of Flucloxacillin. Cytochrome P450s can catalyse the hydroxylation of Flucloxacillin to 

5’-hydroxymethyl Flucloxacillin. The ring-opening is thought to happen spontaneously via hydrolysis. Adapted from 

Keun (2008) [215]. 
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The MIP-DILI consortium 

As mentioned previously iDILI is multi-factorial [20, 21, 25]. Drug-related, 

environmental and genetic factors influencing the metabolism of drugs and/or leading to 

CRMs may cause patients to have different outcomes of toxicity. Similarly, genetic and 

environmental factors can affect the response of the immune system to drugs and other 

xenobiotics. This makes the probability of iDILI to occur is a multiplication of the chance 

for having unfavorable genetic factors in DMEs and the immune system, exposure to 

environmental factors causing iDILI, diseases, inflammation and unfavorable structural 

properties of the drug. Because of the relatively low incidence of iDLI and the multiplicity 

of factors involved in the onset of metabolism, it is difficult to detect or predict iDILI 

during the development of a drug. 

To develop better predictive in vitro systems and biomarkers for DILI, in 2012, 26 

academic and industrial partners formed the IMI-supported Mechanism-based 

Integrated Prediction of Drug-Induced Liver Injury (MIP-DILI) consortium [26]. A 

major aim was to develop a panel of new and improved in vitro test systems that are better 

suited to predict iDILI in humans compared to the available systems. One of the three 

different focus areas was a systematic and evidence-based evaluation of new and existing 

in vitro systems. These test systems should take into account the natural differences 

between patients, such as genetic and environmental factors. The second focus was on 

the evaluation of predictive biomarkers to identify hepatic cell injury. The third and final 

focus was a detailed mechanistic understanding of how drugs would cause iDILI. This 

understanding would be used in mathematical models with the aim of to unravel the 

often inter-related mechanisms behind iDILI. For this purpose, a set of ten training- and 

around 100 test-compounds were selected, next to a number of negative controls (Figure 

14) [26].  

The research described in this thesis was performed as a part of the MIP-DILI 

project (MIP-DILI, IMI grant #115336). The drugs selected for our research constituted 

two test-compounds (Nevirapine and Ticlopidine), a training compound (Flucloxacillin) 

and the semi-training compound Clozapine. Other model compounds for which 

metabolism plays an essential role in the onset of iDILI are discussed in two other MIP-

DILI related theses from our Molecular Toxicology group [220, 221].  
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Figure 14. A panel of compounds used as model compounds within MIP-DILI. Green depicts training compounds, 

white depicts negative controls and light green depicts compounds for which initially the status still had to be 

decided. The light blue compounds constitute test compounds within MIP-DILI. The numbers refer to the 

mechanisms of hepatotoxicity: 1 mitochondrial, 2 reactive metabolites, 3 lysosomal impairment, 4 BSEP inhibition 

and 5 immune-mediated. Adapted from Dragovic (2016) [26]. 

 

Aims and scope of this thesis 

Ticlopidine and Flucloxacillin are two of the most common drugs causing DILI, while 

Nevirapine and Clozapine are drugs from two different classes causing DILI frequently 

[222, 223]. For Clozapine, more than 50 cases of DILI were reported and for the other 

three drugs, this number was above 100 [223]. Despite the frequency of DILI, at the start 

of our investigations, in 2013, there were still significant gaps in the understanding of the 

molecular mechanisms by which they induced DILI in humans. Bio-activation to 

chemically reactive metabolites (CRMs) was demonstrated for Clozapine, Nevirapine and 

Ticlopidine. For Nevirapine and Ticlopidine, however, the role of GSTs in the bio-

inactivation of the respective CRMs was still unknown. Although there was some 

information about the involvement of GSTs in the bio-inactivation of the Clozapine 

nitrenium ion, the GST isoenzyme selectivity was still insufficiently elucidated and the 

relevance of this protective metabolic pathway in patients required more research. For 

Ticlopidine and Flucloxacillin, more information was required on the specific CYP 

isoforms involved in the formation of the respective CRMs. Without sufficient and 

accurate data on the selectivity of the isoforms of DMEs involved, it is not possible to 

model the variability and the susceptibility of patients in mathematic models.  
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The main aim of the research described in this thesis was to fill the gaps in the 

knowledge of the biotransformation of the four selected drugs causing DILI in order to 

achieve a better mechanistic understanding of the roles of metabolic bioactivation and 

bioinactivation and their balance in relation to human DILI. The primary focus was on 

the isoenzyme selectivity of CYPs and GSTs, two major drug metabolizing enzyme (DME) 

systems in human liver. 

For Nevirapine, Ticlopidine and Clozapine, CYP-mediated bio-activation to 

CRMs was already known to be involved in the onset of hepatotoxicity. In contrast to 

Nevirapine and Clozapine, in the case of Ticlopidine, the isoenzyme-selectivity of CYPs 

involved in CRM-formation was not known yet. In addition, more information was 

required on how cells can detoxify the elusive CRMs via GST-mediated bio-inactivation. 

This is especially important since several GSTs were known to be genetically polymorphic 

and inducible. With these two parameters the balance between bio-activation and bio-

inactivation can be modeled. Since the balance between bio-activation and bio-

inactivation might be an important factor in the onset of the hepatotoxicity, this can 

possibly explain inter-individual differences in susceptibility between patients. In 

summary, the primary aim of this thesis was to characterize the metabolic enzymes 

involved in the bio-activation and bio-inactivation of CRMs of Nevirapine, Ticlopidine 

and Clozapine.  

Flucloxacillin does not form CRMs, but it can react directly with proteins upon 

hydrolysis of its β-lactam ring. Its hepatotoxicity is believed to be caused by immune 

response towards the protein adducts. However, why this immune response only occurs 

in a subset of patients is still poorly understood. One of the explanations has been 

suggested to be the cytotoxicity of 5’-hydroxymethyl Flucloxacillin in biliary epithelial 

cells. However, the CYP-isoenzymes transforming Flucloxacillin in 5’-hydroxymethyl 

Flucloxacillin are not fully characterized. To accurately model the levels of Flucloxacillin 

and 5’-hydroxymethyl Flucloxacillin in patients, knowledge about activities of the related 

CYP-isoenzymes would be required. In addition, to support studies on the cytotoxicity of 

5’-hydroxymethyl Flucloxacillin, we investigated which human and bacterial CYPs could 

catalyze the transformation of Flucloxacillin into 5’-hydroxymethyl Flucloxacillin. In 

summary, the CYP-isoenzyme selectivity in the formation of 5’-hydroxymethyl 

Flucloxacillin as well as its biosynthesis by human and bacterial CYPs were aims in this 

context. 
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 In the current chapter, Chapter 1, part I, a general introduction on the 

importance of and mechanisms behind DILI is presented. It focusses on mechanisms 

behind DILI, such as metabolism, the bio-activation and bio-inactivation of CRMs and 

the immune system. Chapter 1 also discusses how the variation between patients can lead 

to susceptible individuals. The chapter ends with the aims and scope of this thesis.  

In part II the focus is on CRMs and the balance between bio-activation and bio-

inactivation. The aim of part II is to characterize the metabolic enzymes involved in the 

bio-activation and bio-inactivation of Nevirapine, Ticlopidine and Clozapine. Chapter 2 

describes the GSTs involved in the bio-inactivation of the Nevirapine CRMs are 

characterized. Additionally, this chapter shows that the oxidative reactive metabolite is 

not a quinone methide but an epoxide, in contrast to what was previously believed. 

Chapter 3 describes the balance of bio-activation and bio-inactivation of Ticlopidine. The 

specific CYPs involved in the bio-activation are determined as well as the GSTs involved 

in the bio-inactivation. Secondly, the variation of both these reactions is studied in 

human liver samples from 20 donors. Finally, the balance between the bio-activation and 

bio-inactivation for each of the donors is depicted. Chapter 4 discusses the variability in 

Clozapine metabolites in human liver slices or patients’ urine samples. The metabolites 

resulting from bio-activation, and subsequent bio-inactivation, have been identified and 

compared within individuals.  

 Part III focuses on Flucloxacillin. Specifically this part aims to characterize the 

specificity of bacterial and human CYP-isoforms in the bio-activation of Flucloxacillin to 

5’-hydroxymethyl Flucloxacillin. Chapter 5 characterizes the CYPs involved in the 

formation of 5’-hydroxymethyl Flucloxacillin by incubations with recombinant CYPs and 

isoform specific inhibitors. Moreover, the variation in 15 human donor livers is 

determined for Flucloxacillin and a correlation is made between Flucloxacillin 

metabolism and CYP-isoform specific substrates. Finally, this chapter shows that the 

CYP3A-mediated metabolism of Flucloxacillin can be inhibited with the CYP2C9 specific 

inhibitor sulfaphenazole. Chapter 6 discusses BM3 as a tool to provide 5’-hydroxymethyl 

Flucloxacillin. In this chapter, we provide BM3 M11 L437E as a CYP-mutant capable of 

producing this metabolite and propose it as a superior alternative to the previously 

described rat liver microsomes. Computational methods are used to rationalize why this 

BM3-mutant catalyzes this reaction better than other mutants do and incubations with 

oxacillin are used to support these findings.  
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The final part of this thesis, part IV,, chapter 7 provides an overall summary and 

conclusions of the research presented in this thesis as well as perspectives for future 

research and applications.  
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Abstract  

Nevirapine (NVP) is a non-nucleoside reverse transcriptase-inhibitor, which is 

associated with severe idiosyncratic skin rash and hepatotoxicity. These adverse drug 

reactions are believed to be mediated by the formation of epoxides and/or quinone 

methide formed by oxidative metabolism by P450s and 12-sulfoxyl-NVP formed by 

sequential 12-hydroxylation and O-sulfonation. Although different GSH-conjugates and 

corresponding mercapturic acids have been demonstrated previously in vitro and in vivo, 

the role of the Glutathione S-Transferases in the inactivation of the different reactive 

metabolites has not been studied so far. In the present study the activity of ten 

recombinant human Glutathione S-Transferases (GSTs) in the detoxification of the 

different reactive metabolites of NVP was studied. The results show that GSTP1-1 is a 

highly active catalyst of GSH-conjugation of the oxidative metabolites of NVP, even at 

high GSH-concentration. Experiments with trideuterated NVP suggest involvement of a 

reactive epoxide rather than quinone methide in formation of the GSH-conjugate formed 

after oxidative bioactivation. GSH-conjugation of 12-sulfoxy-NVP forming NVP-12-GSH 

was only catalyzed by GSTM1-1, GSTA1-1 and GSTA3-3. Although the exact expression 

levels of these enzymes in the skin is unknown, the relatively low activity of this catalysis 

makes it unlikely that GSTs can provide significant protection against this metabolite. 

However, since NVP-12-GSH is specifically formed via the 12-sulfoxyl-NVP, its 

corresponding urinary mercapturic acid can be considered as a biomarker for recent 

internal exposure to this protein-reactive sulfate. However, it has to be taken into account 

that 12-sulfoxy-NVP is not completely trapped by GSH and that rates of bio-inactivation 

will differ between patients due to variability in expression of GSTM1, GSTA1 and GSTA3. 

 

Introduction 

Nevirapine (NVP) was the first non-nucleoside reverse transcriptase inhibitor 

(NNRTI) approved by the Food and Drug Administration. It is still widely prescribed in 

third world countries because of its low price and used in the prevention of mother-child 

transmission of the human immunodeficiency virus (HIV) [1]. However, NVP is known to 

cause severe idiosyncratic hepatotoxicity and skin rash [2, 3]. It has been postulated that 

these adverse drug reactions are the result of bioactivation of NVP to different protein-

reactive metabolites which can initiate the immune reactions underlying these adverse 

drug reactions [3–8]. 
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In human, NVP is extensively metabolized by Cytochromes P450s to hydroxy-

metabolites at positions 2, 3, 8 and 12. In urine of human volunteers, the glucuronides of 

2-hydroxynevirapine (2-OH-NVP), 3-hydroxynevirapine (3-OH-NVP) and 12-

hydroxynevirapine (12-OH-NVP) were identified as the major metabolites, representing 

18.6%, 25.7% and 23.7% of the dose, respectively [9]. In vitro studies demonstrated that 

CYP3A4 was the major enzyme involved in formation of 2-OH-NVP and 12-OH-NVP), 

whereas CYP2B6 appeared to be responsible for formation of 3-OH-NVP and the minor 

metabolite 8-hydroxynevirapine (8-OH-NVP), Figure 1 [10]. 12-OH-NVP can be O-

sulfonated by SULT1A1 to 12-sulfoxyl-nevirapine (12-sulfoxyl-NVP) [5, 11] or further 

oxidized to 4-carboxy-nevirapine (4-carboxy-NVP) [12]. 12-Sulfoxyl-NVP was reported to 

be highly protein-reactive and able to induce skin rash when administered to rats [8]. The 

identification of protein adducts to albumin and hemoglobin in plasma of NVP-treated 

patients confirmed the relevance of this bioactivation pathway for human [12, 13]. The 

reactivity of 12-sulfoxyl-NVP can be explained by the good leaving group ability of the 

sulfate-group and the resonance stabilization of the protein-reactive carbocation formed, 

as was observed previously with mutagenic benzylic O-sulfonates [14]. Recently, 12-OH-

NVP was also shown to be mutagenic in Ames tester bacteria expressing SULT1A1 [15]. 

Alternative P450-dependent bioactivation mechanisms proposed for NVP 

involve the formation of NVP-epoxides and NVP-quinone methide (NVP-QM), which 

results from a second hydrogen abstraction of the radical intermediate involved in the 12-

hydroxylation pathway, Figure 1 [6, 16]. Wen et al. showed that oxidative reactive 

intermediates reacts to GSH and is a mechanism-based inhibitor of CYP3A4, the main 

catalyst of the reaction [16]. Covalent binding studies in vivo and in vitro in rats and mice 

showed that P450s are the most prominent hepatic target proteins of reactive NVP-

metabolites [6, 16]. The fact that deuteration of the 4-methyl-group led to a strong 

reduction of covalent binding to P450s suggest that NVP-QM is involved in mechanism-

based inactivation [6]. Although the GSH-conjugate identified by Wen et al. was 

originally assigned as nevirapine-12-Glutathione (NVP-12-GSH), NMR-analysis of the 

GSH-conjugate formed in human liver microsomal (HLM) incubations showed that GSH 

specifically reacts at the C-3 position, resulting in nevirapine-3-Glutathione (NVP-3-GSH) 

[17]. As reactive intermediates involved in formation of NVP-3-GSH both NVP-2,3-

epoxide and NVP-QM have been proposed [17].  
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Figure 1. Previously identified metabolic pathways of NVP and proposed reactive intermediates (within brackets). 

The arrow indicated with (a) depicts the mechanism-based inhibition of CYP3A4 by the quinone methide [6]. 

 

Next to NVP-3-GSH, also minor amounts of NVP-12-GSH were identified in rat 

hepatocytes and in rat bile, whereas corresponding mercapturic acids have been 

identified in urine of NVP-treated HIV-patients. Possible explanations for the minor 

amount of NVP-12-GSH are decomposition of 12-sulfoxyl-NVP to NVP-QM and 

subsequent GSH-conjugation at the benzylic carbon of the quinone methide intermediate 

[17]. Alternatively, Glutathione S-Transferases (GSTs) may catalyze the GSH-conjugation 

of 12-sulfoxyl-NVP, which has very poor direct reactivity with GSH [11]. 

The aim of the present study was to investigate the role of human cytosolic GSTs 

in the GSH-conjugation of reactive NVP-metabolites. GSTs is a large family of enzymes 

that catalyze the GSH-dependent detoxification of electrophilic compounds and organic 

peroxides, and therefore play an important role in the protection against protein damage 

[18, 19]. It has been shown that the expression level of individual GSTs is tissue specific 
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and that wide interindividual differences exist in expression levels due to genetic 

polymorphisms and environmental factors [19]. In case polymorphic GSTs play an 

important role in detoxification of reactive drug metabolites, deficiency of GSTs can 

considered as potential risk factor for idiosyncratic drug toxicity. Several association 

studies have shown that null genotypes of GSTM1 and GSTT1, individually or combined, 

increases the risk for idiosyncratic liver injury of therapeutics [20–26]. A recent 

association study on the impact of polymorphisms of GST’s, suggests an increased risk for 

NVP-induced hepatotoxicity for HIV-infected individuals with the combined GSTT1 and 

GSTM1 null genotypes (odds ratio = 4.21, P = 0.12) [27]. However, because of the relatively 

small sample size of cases, confirmation is required. In the present study, eleven different 

recombinant human GSTs were tested for their ability to catalyse the GSH conjugation of 

synthetical 12-sulfoxyl-NVP and reactive metabolites formed by oxidative bioactivation of 

NVP. In addition, to study involvement of NVP-2,3-epoxide and/or NVP-QM in formation 

of NVP-3-GSH, also incubations were performed with deuterated NVP (DNVP) and in 

presence of 100 mM ascorbic acid. 

 

Materials and methods 

NVP was obtained from Sigma Aldrich. 12-OH-NVP was a kind gift from prof. 

Uetrecht, University of Toronto, Ontario Canada. Supersomes containing CYP3A4 (Lot 

no 456207) was obtained from BD Biosciences (Breda, Netherlands). Pooled HLM (Lot 

no. 1210347), pooled from 200 donors, was obtained from Xenotech (Lenexa, KS, USA). 

Plasmids containing genes for GSTP1*A (Ile105/Ala114), GSTM1 and GSTA1 were a kind 

gift from prof. Mannervik from the Department of Biochemistry and Organic Chemistry, 

Uppsala University, Sweden. GSTP1-alleles *B (Val105/Ala114), *C (Val105/Val114) and *D 

(Ile105/Val114) were prepared by site-directed mutagenesis of the gene of GSTP1*A, as 

described previously [28]. The plasmid containing the gene encoding GSTT1 was a kind 

gift from prof. Hayes from the Biomedical Research Centre of the University of Dundee, 

Scotland, UK. The plasmids containing the genes for GSTA2, GSTM2 and GSTM3 were 

constructed as described previously [29]. cDNA of GSTT2-2 was obtained from Origene 

(Rockville, MD, USA). The pET-20b(+) vector was obtained from Novagen (Madison, WI, 

United States).  

All other reagents and chemicals were of analytical grade and obtained from 

standard suppliers.  
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Synthesis of 12-sulfoxyl-NVP and deuterated NVP 

 12-Sulfoxyl-NVP was synthesized according to Chen et al [5]. In summary, a 1 M 

solution of 12-OH-NVP in dimethylformamide was mixed with a 1.1 equivalent of sulfur 

trioxide pyridine and stirred overnight on ice until no 12-OH-NVP was left. The product 

was isolated using solid phase extraction after which the identity was confirmed by 

comparing 1H-NMR-spectra and mass spectra with published data [5, 17]. The 

concentration of the product was determined by completely hydrolyzing the sulfate in 50 

mM NaOH at 37°C and quantification of the concentration of 12-OH-NVP formed. The 

concentration of 12-OH-NVP formed was quantified by HPLC-UV using a calibration 

curve of 12-OH-NVP. 

Deuterated NVP (DNVP) was synthesized in a microwave method adapted from 

Chen et al [5]. In short, 20 mg NVP was added to a flame-dried microwave tube with 16 

mg tert-butoxide and 480 l DMSO-d6. The tube was saturated with nitrogen gas before 

being closed and put in the microwave at 140 °C for 48 hours after which the product was 

isolated as described previously [5]. The identity was confirmed by 1H-NMR and LC-MS. 

By integrating the reconstructed ion chromatograms of the m/z-values of fully and 

incompletely deuterated NVP, it was found that 99.5 % of NVP was deuterated. 73% of 

DNVP was trideuterated, whereas 24% was double deuterated. 

 

Molecular cloning of GSTA3, GSTA4, GSTM4 and GSTT2 

The primers shown in Table 1 containing the restriction sites NdeI and BamHI 

(in bold) were used to amplify the coding region of GSTA3, GSTA4, GSTM4 and GSTT2. 

For GSTA4, rare codons at the 5’ terminus of the forward primer were silently mutated to 

yield higher expression, as described previously [30]. The amplified genes were subcloned 

into the pET-20b(+) vector and transformed into competent E. coli BL21 cells. The correct 

sequences were verified by DNA sequencing (Macrogen, Amsterdam, the Netherlands). 
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Table 1. Primers used to clone genes of GSTA3, GSTA4, GSTM4 and GSTT2 into the pET-20B(+) vector. In bold the 

restriction sites BamH1 and NdeI are depicted. 

 

 

Expression and purification of recombinant human GSTs 

Recombinant human GSTs were expressed as described previously [28, 29, 31]. In 

short, for expression of GSTT1-1 and GSTT2-2 cells were grown in LB-medium until it 

reached an OD600 of 0.7 and induced with 0.5 mM isopropyl -D-1-thiogalactopyranoside 

(IPTG) for GSTT1 and 0.2 mM IPTG for GSTT2. For expression of the other GSTs cells 

were grown in 2YT-medium until an OD600 of 0.3 and subsequently induced with 0.1 mM 

IPTG. After 18 hours the cells were harvested and lysed using an Emulsiflex-C3 

homogenizer (Avestin, Mannheim, Germany). Cytosol was prepared by ultra-

centrifugation at 100,000 g for 75 min. After dialysis of the cytosol, the GSTs were purified 

using affinity chromatography using GSH-sepharose 4B beads, as described previously 

[31]. His-tagged GSTT1-1 was purified using Ni-NTA beads. GSH and imidazole were 

removed by repeated washing using a vivaspin tube. The purity of the GSTs was 

determined by SDS-PAGE and protein concentration was determined by the Bradford 

reagent from Bio-Rad [32]. The specific activities were determined as published before 

using 1,2-epoxy-3-(p-nitrophenoxy)-propane (EPNP) as a substrate for GSTT1-1 [33], 

menaphtyl sulfate and cumene hydropeoxide for GSTT2-2 [34], and 1-chloro-2,4-

dinitrobenzene (CDNB) for all other isoforms [35]. The specific activities of the purified 

GSTs are tabulated in Table 2. 

 

  

             

GST-gene Direction Primer sequence     Restriction

           site 

             

GSTA3 Fw 5’-CAT ATG GCA GGG AAG CCC AAG-3’  NdeI 

  Rv 5’-GGA TCC C TTA GCC TCC ATG GCT GC-3’ BamHI 

GSTA4 Fw 5’-CAT ATG GCG GCG AGG CCA AAG CTT CAC  NdeI 

TAT CCG AAC GGA AG-3’      

  Rv 5’-GGA TCC TTA TGG CCT AAA GAT GTT GTA G-3’ BamHI 

GSTM4 Fw 5’-CAT ATG TCC ATG ACA CTG GGG TAC-3’  NdeI 

  Rv 5’-GGA TCC TTA CTT GTT GCC CCA GAC AGC-3’ BamHI 

GSTT2 Fw 5’-CAT ATG GGC CTA GAG CTG TTT C-3’   NdeI 

  Rv 5’-GAA TTC GGG TCG GGG ATC CTG GCG ATT C-3’  EcoRI 
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Table 2. Specific activities of the recombinant human recombinant GSTs. 

 

 

Incubation conditions 

Oxidative bioactivation of NVP was performed by incubating 100 µM NVP with 

100 nM CYP3A4 Supersomes or 2 mg/mL pooled HLM in 100 mM KPi-buffer pH 7.4 

supplemented with 5 mM MgCl2 and 2 mM EDTA. To identify active GSTs, incubations 

were performed with 8 µM recombinant human GST (with concentration based on active 

sites) in presence of 2 mM GSH. For the active GSTs, subsequently incubations were 

performed with GSH-concentrations ranging from 50 µM to 10 mM. All incubations were 

carried out for 60 min at 37°C and were started by the addition of an NADPH-

regenerating system consisting of 10 mM glucose-6-phosphate, 100 µM NADPH and 0.5 

units/ml glucose-6-phosphate dehydrogenase (final concentrations). All incubations 

were terminated by the addition of an equal volume of ice-cold methanol and centrifuged 

at 20,800 g for 15 min. The supernatants were filtered through 0.2 µm phenex RC 

membrane filters from Phenomenex (Utrecht, the Netherlands) and analyzed by LC-MS. 

To investigate the involvement of NVP-QM, incubations were also performed in presence 

of 100 mM ascorbic acid, a strong reductant of quinonoid metabolites [36–38]. 

         

Isoforms  Substrate  Specific activity a 

(µmol/min/mg protein) 

          

GSTA1-1  CDNB    23 

GSTA2-2  CDNB    10 

GSTA3-3  CDNB    4.0 

GSTA4-4  CDNB    10 

GSTM1-1  CDNB    20 

GSTM2-2  CDNB    33 

GSTM3-3  CDNB    8.3 

GSTM4-4  CDNB    4.0 

GSTP1-1(*A/*A) CDNB    23 

GSTP1-1(*B/*B) CDNB    22 

GSTP1-1(*C/*C) CDNB    21 

GSTP1-1(*D/*D) CDNB    44 

GSTT1-1  EPNP    1.8 

GSTT2-2  Cumene hydroperoxide 2.5 

GSTT2-2  Menapthyl sulfate  0.11 

         
a. Average of duplicate measurements; variability was less than 5%. 
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12-Sulfoxyl-NVP (50 µM) was incubated at 37oC and for 60 min in 100 mM KPi-

buffer pH 7.4 in presence of 2 mM GSH and in presence or absence of 8 µM of the different 

recombinant human GST. Product formation was linear in time during this incubation 

time (data not shown). For the active GSTs, enzyme kinetical parameters was determined 

subsequently by varying concentration of 12-sulfoxyl-NVP from 2.5 to 50 µM, in presence 

of 2 mM GSH and 80 µM GST. This higher concentration GST was required to enable to 

quantification of GSH-conjugates at the lowest substrate concentrations. The incubations 

were started by the addition of 12-sulfoxyl-NVP. All incubations were terminated by the 

addition of an equal volume of ice-cold methanol and centrifuged at 20,800 g for 15 min. 

The supernatants were filtered through 0.2 µm phenex RC membrane filters from 

Phenomenex (Utrecht, the Netherlands) and analyzed by LC-MS. 

  

Analytical methods 

For the detection of NVP and its metabolites an HPLC equipped with a time-of-

flight (TOF) mass detector and diode-array-detector was used. The system consisted of 

an Agilent 1200 rapid resolution LC system connected to a Luna 5 µm C18 (4.6x150 mm) 

column. The HPLC-column connected to an Agilent TOF 6230 mass spectrometer with 

an electrospray ionization source. The system was operating in positive ionization mode 

with a capillary voltage of 3500 V, 10 L/min nitrogen drying gas and 50 psig nitrogen 

nebulizing gas at 350 °C. The data was analyzed using Agilent Masshunter Qualitative 

Analysis software. For the separation of the metabolites a binary gradient running at 0.6 

ml/min was used consisting of eluens A (5 mM ammonium acetate adjusted with acetic 

acid to pH 5.2) and eluens B (0.1 % formic acid, 1 % H2O and 98.9 % acetonitrile). The 

first minute was isocratic at 5% B, followed by a linear increase from 5% B to 17% B in 10 

min. Next the column was eluted isocratically at 17% B for 19 min after which the column 

was washed by eluting for 5 min with 99% B. 

Enzyme kinetical parameters Km and Vmax and their standard deviations were 

determined by non-linear regression according the Michaelis-Menten equation using 

GraphPad Prism 5.00 for Windows, GraphPad Software (San Diego, USA).  
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Results 

In vitro metabolism of NVP by HLM and CYP3A4 in presence of GSH and 

recombinant human GSTs 

Oxidative bioactivation of NVP was studied by using pooled HLM and CYP3A4 

Supersomes in presence or absence of GSH and recombinant human GSTs. As shown in 

Figure 2 (traces II), in incubations in absence of GSTs, only one GSH-conjugate was 

identified eluting at 18.0 min and with m/z 572.2 ([M+H]+). The mass spectrum of this 

GSH-conjugate showed the characteristic loss of 129 mass units upon ionization, which is 

explained by neutral loss of the pyroglutamate moiety. Based on extensive structural 

characterization of the GSH-conjugate formed in HLM incubations, this metabolite is 

assigned as GSH-3-NVP [16].17 In addition, three peaks with m/z 283.1 ([M+H]+) were 

found corresponding to the previously described hydroxymetabolites of NVP. The peak 

eluting at 22 min was positively identified as 12-OH-NVP by using the reference 

metabolite provided by prof. J. Uetrecht. The metabolite eluting at 20.5 min most likely 

corresponds to 2-OH-NVP, since this is the major hydroxy-metabolite formed by HLM 

[10].  

 

Figure 2. Extracted ion chromatograms of incubations with nevirapine and HLM (A) or CYP3A4 (B) with 2 mM 

GSH and 8 μM GSTP1−1 (I and IV), with 2 mM GSH (II and V), and without GSH and GST (III and VI). Lines (I−III) 

depict traces with an m/z of 572.2, while lines (IV−VI) depict traces with an m/z of 283.1. Annotated are NVP- 3-

GSH (a), 2-OH-NVP (b), 12-OH-NVP (c), and 8-OH NVP overlapping with 3-OH-NVP (d). 

 

When adding recombinant human GSTs to the incubation of NVP with HLM and 

CYP3A4, only a significant increase in formation of NVP-3-GSH was found in presence of 

GSTP1-1, Figure 2, traces III, and Figure 3. The amount of NVP-3-GSH was increased 2 to 
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3-fold, dependent on the bioactivation system used. No other GSH-conjugate was found 

indicating that GST-dependent GSH-conjugation of the reactive metabolite did not show 

different regioselectivity than the non-enzymatic GSH-conjugation. The allelic variants 

of GSTP1 containing an Ile105Val and/or Ala114Val substitution did not show a different 

catalytic activity in the formation of NVP-3-GSH compared to wild-type when incubated 

at 0.1, 1 or 5 mM of GSH (data not shown).  

When using DNVP as a substrate, instead of NVP the mass of the resulting 

Glutathione conjugate still showed the same degree of deuteration as the substrate, Table 

3. Supplemental Figure S1 shows the exact mass measurements of NVP, DNVP and their 

corresponding GSH-conjugates. The fact that the three deuterium-atoms are retained in 

the major fraction of DNVP-3-GSH rules out involvement of NVP-QM as the major 

source. Furthermore, co-incubation with 100 mM of ascorbic acid, a potent reductant for 

quinones and quinone methides [36–38], did not reduce the formation of NVP-3-GSH 

(data not shown).  

 

Figure 3. Effect of human GSTs on the formation of NVP-3-GSH formed by oxidative bioactivation of 100 μM NVP 

by HLM (2 mg/mL) (A) and by CYP3A4 (100 nM) (B). Incubations were performed in the presence 2 mM GSH and 

8 μM GST. Amounts of NVP-3-GSH formed are relative to the amount formed in the absence of GST. Data are from 

two independent experiments performed in duplicate and depicted as the mean ± SD. 
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Table 3. Percentages of deuteration of synthetical DNVP and DNVP-3-GSH formed during incubation of DNVP 

with HLM. 

 

Because the ratio between non-enzymatical and enzymatical GSH-conjugation 

can be strongly dependent on the GSH-concentration, subsequently the catalytic effect 

of GSTP1-1 was studied at GSH-concentrations ranging from 50 µM to 5 mM. In absence 

of GSTP1-1, the different bio-activating systems all give a GSH-dependency curve 

saturating between 2.5-5 mM GSH, Figure 4A and 4B. Half-maximal amount of GSH-

conjugate was found at a GSH-concentration of 1 mM. Interestingly, in the presence of 8 

µM GSTP1-1 the maximal amount of GSH-conjugate was strongly exceeding the maximal 

amount formed in absence of GSTP1-1. Most strikingly, the largest catalytic effect of 

GSTP1-1 was observed at the lowest GSH-concentrations were an almost 20-fold increase 

in GSH-conjugation was observed relative to the non-enzymatic GSH-conjugation. In 

presence of GSTP1-1, the half-maximal amount of GSH-conjugate was observed at 

approximately 100 µM of GSH, which corresponds to the low, Km-value of GSH reported 

previously [39–42]. 

             

DNVP     DNVP-3-GSH  a  

            

 (m/z) b  % c   (m/z) b  % c 

           

d0 267.13  0.48 ± 0.33  572.19  0.03 ± 0.02   

d1 268.13  2.75 ± 0.03  573.20  1.78 ± 1.54   

d2 269.14  24.6 ± 0.86  574.21  24.4 ± 2.54   

d3 270.14  72.2 ± 0.56  575.21  73.8 ± 0.99    

           

a. GSH-conjugate formed in incubation of DNVP with human liver microsomes; 

b. Exact mass of [M+H]+;  

c. Percentage of peak areas of extracted ion chromatograms of ion traces, relative to the 

total of peak areas of deuterated compounds. Averages ± SD of four separate 

measurements. 
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Figure 4. Effect of GSH-concentration on the formation of NVP-3-GSH formed by oxidative bioactivation of 100 μM 

NVP in the presence (closed) and absence (open) of 8 μM GSTP1−1. Oxidative bioactivation of NVP was catalyzed 

by HLM (A) and by CYP3A4 (100 nM) (B). All experiments were performed in duplicate, and amounts of NVP-3-

GSH are presented relative to the amount formed in the presence of 5 mM GSH and in the absence of GSTP1−1. 

Error bars depict the range of duplicate measurements. 

 

GSH-conjugation of 12-sulfoxyl-NVP by recombinant human GSTs 

  Since synthetical 12-sulfoxyl-NVP is a relatively stable metabolite [11], it was 

incubated directly at 50 µM with 2 mM GSH in absence and presence of 8 µM GSTs. As 

shown in Figure 5, only one GSH-conjugate of 12-sulfoxyl-NVP was detected with an m/z 

of 572.2 ([M+H]+), and with a retention time of 18.8 min. The retention time of the GSH-

conjugate of 12-sulfoxyl-NVP was distinct from that of NVP-3-GSH formed after oxidative 

bioactivation of NVP, as confirmed by the baseline separation of GSH-conjugates when 

mixing samples containing both conjugates (data not shown). Consistent with previous 

studies the chemical reactivity of 12-sulfoxyl-NVP with GSH was very low [11]. However, 

when incubating in presence of 8 µM of GSTs, an up to 16-fold increase of GSH-

conjugation was found in presence of GSTM1, GSTA3-3 and GSTA1-1, Figure 5 and 6. The 

structure of the GSH-conjugate of 12-sulfoxyl-NVP is most likely NVP-12-GSH, since this 

is the only other GSH-conjugate identified previously in bile and cellular systems, and 

because substitution of the sulfate-group is chemically the most likely reaction between 

GSH and 12-sulfoxyl-NVP. GSTP1-1, GSTM2, GSTM3, GSTM4, GSTA2-2, GSTA4-4, GSTT1-

1 and GSTT2-2 did not show significant activity in the GSH conjugation of 12-sulfoxyl-

NVP.  
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Figure 5. Extracted ion chromatograms with m/z of 572.2 of incubations with 12-sulfoxyl-NVP with 2 mM GSH and 

8 μM GSTM1−1 (I), with 2 mM GSH (II), and without GSH and GST (III). NVP-12-GSH is annotated with (a), the 

peak at approximately 25 min is an unidentified background peak. 

 

 

Figure 6. Effect of GSTs on the formation of NVP-12-GSH in incubations of 12-sulfoxyl-NVP (50 μM) in the presence 

of human GSTs (8 μM). The GSH concentration for this experiment was 2 mM. Amounts of product formed relative 

to the amount formed in the absence of GST (“No GST”), which was 0.17 μM. All experiments were performed in 

duplicate and depicted as the mean ± SD. 

 

Figure 7 shows the concentration dependence of formation of NVP-12-GSH in 

presence of GSTM1-1, GSTA1-1 and GSTA3-3. When applying non-linear regression 

according to the Michaelis-Menten equation, enzyme kinetical parameters found were: 

GSTA3-3: KM, 27 ± 5.0 µM, Vmax, 1.07 ± 0.06 nmol/min/µmol GST; GSTM1-1: KM, 86 ± 16, 
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Vmax, 2.0 ± 0.27 nmol/min/µmol GST; GSTA1-1, KM 24 ± 2.6 µM, Vmax, 0.23 ± 0.021 

nmol/min/µmol GST. Based on these kinetic parameters, the highest intrinsic clearances 

were: GSTA3-3, 47 ± 7.2 (µL/min/µmol GST); GSTM1-1, 23 ± 7.5 (µL/min/µmol GST) and 

GSTA1-1, 8.5 ± 2.4 (µL/min/µmol GST). 

 

 

Figure 7. Concentration dependent GSH-conjugation of 12-sulfoxyl-NVP by GSTM1−1 (○), GSTA1−1 (□), and 

GSTA3−3 (△) for 12-sulfoxy-NVP. The GSH concentration for this experiment was 2 mM. All experiments were 

performed in duplicate and depicted as the mean ± SD. The kinetic parameters are depicted in. 

 

Discussion 

Several previous studies have demonstrated that NVP is bioactivated via different 

metabolic pathways to protein-reactive metabolites that may initiate the serious 

immune-mediated skin rash and hepatotoxicity observed in part of NVP-treated patients. 

Sulfonation of 12-OH-NVP by SULT1A1 is associated with skin rash and genotoxic effects 

of NVP [5, 6, 8, 11]. A P450-dependent bioactivation to NVP-2,3-epoxide and/or NVP-QM 

is proposed to be involved in NVP-induced hepatotoxic effects [6, 16, 17]. The reason why 

only part of the NVP-treated patients are susceptible to the cutaneous and hepatic 

toxicities is still poorly understood. A recent meta-analysis of 13 case-control studies 

demonstrated that MHC class I alleles HLA-B*35, HLA-C*04 are associated with increased 

risk for cutaneous, whereas both MHC class I (HLA-B*58) and class II alleles (HLA-

DRB1*01) are associated with increased risk for hepatotoxicity [43]. Next to 

polymorphisms at the level of the immune system, also polymorphisms at the level of 

proteins involved in NVP disposition have been identified as risk factors. Alleles of 
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CYP2B6, resulting in low CYP2B6 expression and increased plasma NVP concentration, 

were associated with increased risk for adverse cutaneous event [44, 45]. It was proposed 

that the decreased expression of CYP2B6, involved in 3- and 8-hydroxylation, may shift 

P450-dependent metabolism of NVP to 12-hydroxylation which subsequently is 

bioactivated by sulfonation [44]. The identification of two mercapturic acids in urine of 

NVP-treated patients implicates that GSH-conjugation is a protective mechanism against 

the reactive NVP metabolites. The weak association between null genotypes of GSTM1 

and GSTT1 and NVP-induced hepatotoxicity [27], suggests that GSTs may be involved in 

catalysing the inactivation of the reactive NVP-metabolites. Therefore, the aim of the 

present study was to confirm the involvement of GSTs in inactivation of the reactive 

oxidative NVP-metabolites and 12-sulfoxyl-NVP. 

 The results of the present study confirm that NVP-3-GSH is the only GSH-

conjugate formed in incubations of NVP with HLM and GSH [17]. The retention of 

deuterium atoms after bioactivation of DNVP in our study show that the reactive 

intermediate involved in formation of NVP-3-GSH is most likely NVP-2,3-epoxide. 

Contrary to the present results, Wen et al. reported a loss of deuterium upon GSH-

conjugation of oxidative metabolites of DNVP formed by HLM. However, because their 

DNVP was not completely deuterated, it cannot be ruled out that the MRM method used 

selected the parent ion of the deuterated GSH-conjugates (with m/z of 574) resulting 

from bioactivation of the fraction of deuterated NVP [16]. Previously it was demonstrated 

that deuteration of NVP led to a 5-fold decrease in covalent binding to P450 in rat and 

mouse liver, which strongly suggests involvement of NVP-QM [6, 46]. A possible 

explanation for the different effects of deuteration on protein-binding and GSH-

conjugation therefore might be that NVP-QM is highly reactive and mainly reacts to the 

P450 involved in its formation, explaining both mechanism-based inactivation and rather 

selective binding to P450s. NVP-2,3-epoxide, however, might be longer-lived and 

therefore subject to non-enzymatic and enzymatic inactivation by GSH-conjugation. 

 As shown in Figure 3, GSTP1-1 appeared to be the only GST active in the catalysis 

of the GSH-conjugation of NVP-2,3-epoxide. Especially at low GSH-concentrations, an up 

to 20-fold increase in amount of NVP-3-GSH was found, suggesting that the role of 

GSTP1-1 will be highest in conditions of GSH-depletion. Interestingly, even at high GSH-

concentration the total amount of GSH-conjugates was strongly increased in presence of 

GSTP1-1. Since the amounts of hydroxy-metabolites of NVP was only slightly affected, the 

strong increase in total amount of NVP-3-GSH cannot be explained by protection against 

mechanism-based inactivation of CYP3A4 [16]. Whether the observed GSTP1-1-catalyzed 
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inactivation NVP-2,3-epoxide is toxicologically relevant for hepatotoxicity of NVP in 

human is unclear. Although several studies have reported significant levels of GSTP1-1 in 

human liver fractions [47, 48], immunohistochemical studies showed that in adult liver 

GSTP1-1-expression seems to be restricted to biliary epithelial cells [49]. However, GSTP1-

1 is strongly expressed in fetal and neonatal livers it might protect against neonatal 

adverse drug reactions of NVP [50]. Furthermore, the protective effect of GSTP1-1 might 

be relevant for the species difference in sensitivity to hepatotoxicity between human and 

rodents. Many human hepatotoxicants escape discovery in regulatory animal studies. In 

contrast to human, two Pi-class GSTs are expressed constitutively at high levels in mouse 

liver [51]. In control rat liver GSTP1-1 expression is limited to biliary epithelial cells. 

However, GSTP1-1 is strongly inducible in rat hepatocytes via the Nrf2 transcription 

factor, and therefore will be strongly expressed in conditions of chemical or oxidative 

stress [52]. 

 Recently, the combined null-genotypes of GSTM1 and GSTT1 were proposed as 

risk factor for NVP-induced hepatotoxicity [27]. The present study, however, failed to 

demonstrate any catalytic effect of these GSTs in the inactivation of the 2,3-epoxide-NVP 

formed by hepatic P450s, Figure 3. Therefore, the effect of deficiency of these GSTs might 

be related to their alternative physiological functions such as regulation of cell signaling 

pathways and ion channels [51]. 

 The cutaneous adverse effects of NVP are believed to result from 12-sulfoxy-NVP 

since exposure of rats to this compound resulted in skin rash [5, 6, 8, 11]. The present study 

shows that three of the human GSTs were capable to catalyze the GSH-conjugation of 12-

sulfoxy-NVP: intrinsic clearances decreased in the order of GSTA3-3 > GSTM1-1 > GSTA1-

1. Although GSTT2-2 is known to catalyze GSH-conjugation of 1-menapthyl sulfate, it did 

not display any activity towards 12-sulfoxy-NVP. If 12-sulfoxy-NVP is involved in the 

hepatotoxicity as well, the data might explain the importance of the GSTM1 null-genotype 

in the susceptibility of the hepatotoxicity [27, 45]. In human skin, the predominant GST 

is GSTP1-1, whereas also two alpha-class GSTs were detected at lower levels [52]. Although 

the identity and expression levels of the alpha-class GSTs have not been reported, based 

on the results of the present study it seems unlikely that GSTs provide significant 

protection against covalent protein binding of 12-sulfoxy-NVP. The enzyme kinetical 

studies showed that even at GST-concentrations of 80 µM, less than 10% of the 12-sulfoxy-

NVP was conjugated to GSH after 60 minutes of incubation. However, the fact that NVP-

12-GSH is specific for the GSH-conjugation of 12-sulfoxy-NVP, the excretion of the 

corresponding mercapturic acid might be considered as a biomarker for recent internal 



Page 70 

exposure to 12-sulfoxy-NVP. However, it has to be taken into account that 12-sulfoxy-NVP 

is not completely trapped by GSH and that GST-expression shows large interindividual 

differences. 

 In conclusion, the results of the present study demonstrate that the two 

previously identified regioisomeric GSH-conjugates of NVP are specifically produced by 

two distinct bioactivation mechanisms and that different GSTs are involved in the 

enzymatic GSH-conjugation of the reactive intermediates. NVP-3-GSH and its 

corresponding mercapturic acid are specifically formed by the P450-dependent formation 

of NVP-2,3-epoxide; whereas NVP-12-GSH and its mercapturic acid reflect the 

bioactivation via 12-hydroxylation and subsequent sulfonation. The GSH-conjugation of 

the two different reactive metabolites was catalyzed by different cytosolic GSTs. 
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Supporting Information 

100 µM Nevirapine (NVP) and deuterated nevirapine (DNVP) were incubated with 2 

mg/mL pooled human liver microsomes, 5 mM GSH, 8 µM GSTP1-1 and an NADPH-

regenerating system in 50 mM potassium phosphate buffer, pH 7.4. After 60 minutes at 

37 oC, reactions were terminated by addition of equal volume of ice-cold methanol and 

centrifuged at 20,800 g. Supernatants were analyzed by LC-MS using as detector an 

Agilent TOF 6230 mass spectrometer in positive ionization mode. Mass spectra of NVP, 

DNVP and corresponding GSH-conjugates were analyzed using Agilent Masshunter 

Qualitative Analysis software. 

 

 

Figure S1.  Exact mass spectra ([M+H]+) of NVP (A), NVP-3-GSH (B), DNVP (C) and DNVP-3-GSH (D). 
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Abstract 

Ticlopidine is an ADP-receptor antagonist inhibiting platelet aggregation. It is 

associated with severe idiosyncratic hepatotoxicity and which is believed to be mediated 

by the formation of reactive S-oxides and epoxides formed via oxidative metabolism by 

Cytochrome P450s. Although GSH-conjugates have been measured in vitro and in rat bile, 

the role of Glutathione S-Transferases in the bio-inactivation of these reactive 

metabolites has not been investigated. In the present study twelve recombinant human 

Glutathione S-Transferases were studied for their ability to catalyze the conjugation of 

reactive ticlopidine intermediates to Glutathione. Additionally, the variation of both the 

bio-activation and bio-inactivation between donors of human liver microsomes and 

cytosol is studied. The results show that GSTM1-1 is notably active in the conjugation of 

the ticlopidine S-oxide to Glutathione at both low and high Glutathione concentrations. 

Since approximately 50% of the population has a GSTM1-1 null genotype this can be a 

possible risk factor for ticlopidine induced idiosyncratic hepatotoxicity. This is supported 

by the high variation in bio-inactivation capabilities of the human liver cytosol from the 

different donors. 

 

Introduction 

Ticlopidine is an ADP-receptor antagonist inhibiting platelet aggregation.[1] It is 

used as a blood anticoagulant in the treatment of atherothrombosis. It is prescribed to 

patients who require dual antiplatelet therapy or to whom aspirin give complications.[2] 

However, ticlopidine has been associated with adverse side effects, such as idiosyncratic 

cholestatic hepatitis,[3–6] agranulocytosis,[7–9] skin rashes,[10, 11] diarrhea,[7, 12] 

neutropenia[13] and bone marrow aplasia.[8] Association studies have shown specific 

HLA-types in combination with Cytochrome P450 isoform 2B6 (CYP2B6) polymorphisms 

*H and *J were identified as risk-factors for this idiosyncratic toxicity.[14, 15] Additionally, 

a slow metabolizing CYP2C19 genotype was also reported as a risk-factor, although the 

sample size in this study is low.[16] It has been proposed that these adverse drug reactions 

are caused by bio-activation of ticlopidine and subsequent binding to cellular 

macromolecules.[16–20] 

Ticlopidine has a low Cmax between 1 and 5 µM because it undergoes extensive first-pass 

hepatic metabolism.[21–23] In humans ticlopidine is metabolized by CYPs to the major 

ticlopidine N-oxide as well as hydroxyl-ticlopidine, a ticlopidine lactam metabolite,  

thienopyridinium ticlopidine (CYP3A4, CYP2C9) and 2-oxo ticlopidine (CYP2B6, 
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CYP2C9)(see Figure 1).[24–28] The 2-oxo ticlopidine metabolite is subsequently 

converted into the pharmacologically active metabolite.[26] Literature shows that 

ticlopidine causes cholestatic drug-induced bile acid-dependent hepatotoxicity in human 

sandwich-cultured hepatocytes and this could be suppressed by addition of a CYP-

inhibitor.[29] This is supported by an article where recombinant CYP3A4 was introduced 

in human myeloid progenitor cells, which increased the ticlopidine toxicity.[30] 

Consequently, this toxicity was reduced when the recombinant CYP3A4 was inhibited. 

The mechanism is presumably the formation of reactive intermediates.[31, 32] Several 

GSH-conjugates have been reported in human and rat liver microsomes,[18] rat bile and 

rat bile.[19, 20] These conjugates are proposed to be formed via an S-oxide reactive 

intermediate as well as epoxides on both the thiophene-ring and chlorophenyl-ring.[18–

20] Covalent binding of these reactive metabolites to liver proteins has also been 

reported.[33] Finally, mechanism-based inhibition of CYP2B6 has been reported which is 

presumed to occur via covalent binding of the reactive metabolites to the enzyme.[31, 34, 

35] 

 

Figure 1. Metabolic scheme of ticlopidine and the metabolites detected in this study.  
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The aim of the present study was to investigate the bio-activation of ticlopidine 

to reactive intermediates by P450s and the subsequent bio-inactivation of these 

intermediates to GSH-conjugates by Glutathione S-Transferases (GSTs). GSTs are a large 

family of enzymes that protect cells against toxicity by catalyzing the detoxication of 

electrophiles by conjugating those to GSH.[36, 37] It has been shown that the expression 

levels of GSTs can vary significantly between individuals due to genetic polymorphisms 

and environmental factors.[37] In case such a polymorphic GST plays an important role 

in the bio-inactivation of a reactive metabolite, deficiencies can be considered as a risk 

factor for drug toxicity. Several association studies have shown this for numerous 

compounds.[38–45] Various GSH-conjugates have been reported for.[18–20] In the 

present study, 12 heterologously expressed recombinant human GST isoforms were tested 

for their ability to catalyse the bio-inactivation of reactive metabolites formed by 

oxidative metabolism of ticlopidine. Secondly, 15 heterologously expressed recombinant 

human CYPs are tested for their ability to form these reactive metabolites. Finally, the 

balance between bio-activation and bio-inactivation in human liver microsomes (HLM) 

and human liver cytosol (HLC) is determined. 

 

Materials & Methods 

Ticlopidine was obtained from Sigma-Aldrich (Zwijndrecht, Netherlands). 

Supersomes containing recombinant human CYPs were obtained from BD Biosciences 

(Breda, Netherlands). Pooled HLM from 200 donors (lot no. 1210347) was obtained from 

Xenotech (Lenexa, KS, USA) and HLM and HLC from single donors were prepared from 

liver samples provided by KaLy-Cell (Plobsheim, France). The characterization of these 

donors has been published previously.[46] Plasmids containing the GSTP1, GSTM1 and 

GSTA1 genes were a kind gift from professor Mannervik from the department of 

Biochemistry and Organic Chemistry, Uppsala University, Sweden. The plasmid 

containing GSTT1 was a kind gift from professor Hayes from the Biomedical Research 

Centre of the University of Dundee, Scotland, UK. The plasmids containing the GSTA2, 

GSTA3, GSTA4, GSTM2, GSTM3, GSTM4, GSTT2 and GSTK1 genes were constructed as 

described previously.[47–49] All other reagents and chemicals were of analytical grade 

and obtained from standard suppliers. 
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Protein expression 

Recombinant human GSTs were heterologously expressed in E.coli BL21 as 

described previously.[47, 50, 51] In short, cells were grown in 2YT-medium until an OD600 

of 0.3 and subsequently induced with 0.1 mM isopropyl-β-D-1-thiogalactopyranoside 

(IPTG), except for GSTT1-1 and GSTT2-2 for which were grown in LB medium until an 

OD600 of 0.7 and induction was started with 0.5 mM IPTG. After 18 hours the cells were 

harvested and lysed using an Emulsiflex-C3 homogenizer (Avastin, Mannheim, 

Germany). The cytosolic fraction was obtained by ultracentrifugation at 100,000g for 75 

minutes. The GSTs were purified using affinity chromatography using GSH-sepharose 4B 

beads as described previously.[52] GSTT1-1 and GSTT2-2 were expressed with an N-

terminal his-tag and purified using Ni-NTA beads. GSH or imidazole were removed by 

repeated washing of the isolated GTSs using vivaspin tubes (10,000 molecular weight cut 

off). The concentration of the protein was determined by the Bradford reagent from Bio-

Rad, while the purity was assessed by SDS-PAGE.[53] The specific activity was determined 

using 1-chloro-2,4,-dinitrobenzen (CDNB) as a substrate, except for GSTT1-1 (1,2-epoxy-3-

(p-nitrophenoxy)-propane (EPNP)) and GSTT2 (menaphtyl sulfate).[54–56] The specific 

activities are as reported previously.[48] 

 

Incubation conditions 

Bio-activation of ticlopidine was achieved by incubating 100 µM ticlopidine with 

0.5 mg/mL HLM or 100 nM Supersomes in 100 mM potassium phosphate buffer pH 7.4 

supplemented with 5 mM MgCl2 and 2 mM EDTA. Although the ticlopidine 

concentration used is higher than the Cmax, this concentration would mimic the first-pass 

effect during uptake of ticlopidine, during which it is extensively metabolized.[21–23] 

Recombinant human GSTs were added at a concentration of 8 µM (concentration based 

on active sites) in the presence of 0 to 5 mM GSH. When characterizing the oxidative 

metabolism of ticlopidine GSTM1-1 was added to ensure maximum trapping of the 

ticlopidine S-oxide reactive intermediate. When HLC instead of recombinant GST was 

used it was added to a concentration of 1 mg/mL, since the hepatic cytosolic protein 

concentration is two times higher than the hepatic microsomal protein 

concentration.[57] The incubations were carried out for 10 minutes in a shaking water 

bath set to 37°C and were started by addition of an NADPH-regenerating system 

consisting of 10 mM glucose-6-phosphate, 100 µM NADPH and 0.5 units/mL glucose-6-

phosphate dehydrogenase (final concentrations). The total incubation volume was 100 
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µL. The reactions were terminated by addition of an equal volume of ice-cold methanol 

and placing the samples on ice. The denatured proteins were removed by centrifuging 

the samples at 20,800g for 15 minutes, followed by filtering the supernatant though 0.2 

µm phenex RC membrane-filters from Phenomenex (Utrecht, the Netherlands). The 

samples were analysed by LC-MS. 

 

Analytical methods 

Metabolites of ticlopidine were detected by using an Agilent Time-of-Flight 6230 

mass spectrometer with an electrospray ionization source coupled to an Agilent 1200 

rapid resolution LC-system. Separation was achieved by reverse phase chromatography 

using a Phenomenex Luna 5 µm 4.6 x 150 mm C8 column with a binary gradient consisting 

of eluens A (5 mM ammonium formate adjusted to pH 3 with formic acid) and eluens B 

(acetonitrile). The gradient started isocratic at 5% B for 5 minutes, increased in a linear 

manner to 30% B in 25 minutes, increased to 90% B in 3 minutes where it stayed 

isocratically for 5 minutes, before decreasing back to 5% B in 2 minutes and equilibrating 

the column for the next run for 10 minutes. The MS-system was operating in positive 

ionization mode with 50 psig nebulizing gas10 L/min drying gas at 350°C and a capillary 

voltage of 3500V. For LC-MS/MS-analysis a Bruker microTOFQ was used. The capillary 

voltage was set to 5000V, nebulizing gas was set to 1.6 bar and 8 L/min drying gas set to 

200°C. The collision energy was set to alternate between 15 and 25 eV during each 

measurement in the run. 

 

Results 

In vitro metabolism of ticlopidine by HLM in the presence of GSH and recombinant 

GSTs 

In vitro metabolism of ticlopidine was studied by incubating pooled HLM with 5 

mM of GSH and analyzing the samples by LC-MS. As seen inFigure 2A there were 5 stable 

metabolites detected. The identity of these metabolites was determined to be hydroxyl-

ticlopidine (m/z 280.06), 2-oxo-ticlopidine (m/z 280.06), dihydrothienopyridinium (m/z 

263.05), thienopyridinium (m/z 261.04),  ticlopidine N-oxide (m/z 280.06) and lactam 

ticlopidine (m/z 278.04) by comparing the measured m/z and the CYP-isoforms involved 

in the biotransformation with literature.[25] Furthermore, in total six metabolites were 

found with an m/z of 587.16 which corresponds to a ticlopidine+ O + GSH (Figure 2B).[18]  
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Figure 2. Extracted ion chromatograms of 100 µM ticlopidine incubated with 0.5 mg/ml human liver microsomes 

and 5 mM Glutathione. Chromatogram A contains the phase 1 metabolites by adding the ion traces of m/z 262.06, 

263.06, m/z 264.06, m/z 278.04 and 280.06 together. The cut-out in the bottom chromatograms B (no GST) and 

C (8 µM GSTM1-1) contain the Glutathione conjugates with m/z 587.14. Symbols indicate A: hydroxyl-ticlopidine, 

B: 2-oxo-ticlopidine, C: dihydrothienopyridinium and thienopyridinium overlapping, D: ticlopidine N-oxide and E: 

lactam ticlopidine. F & G are Glutathione conjugates resulting from the S-oxide of ticlopidine TC1 & TC2, while H 

to K are conjugates TC3, TC4, TC5 and TC6 resulting from an epoxide intermediate. Phase 1 metabolites are 

identified by comparing the m/z and isoforms involved in the formation with literature [25]. 

 

The chlorine isotope pattern and the fact that these metabolites were only found in 

incubations containing GSH confirmed them to be ticlopidine GSH-conjugates. 

Fragmentation by LC-MS/MS and comparison to previous published LC-MS/MS 

experiments showed that the first two GSH-conjugates (TC1 and TC2) corresponded to 

GSH-conjugates of an S-oxide. These conjugates lose SO during fragmentation  as 

depicted by the fragments of 539, 410 and 232, while the latter four conjugates (TC3, TC4, 

TC5 and TC6) from an epoxide (Table 1).[18–20] The number of metabolites with an m/z 

of 587 is higher than previous literature where respectively two[19], three[20] or five[18] 

metabolites were detected. The fragments 297, 341, 416, 458 indicate that all metabolism 

takes place on the thiophene-ring instead of the chlorophenyl-ring[18–20]. In contrast to 

previous published articles there are no GSH-conjugates with an m/z of 441, 463, 547, 567, 

601 or 617 detected.[18, 20]. 
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Table 1. Metabolite identification by LC-MS/MS. 

 

 

When adding 8 µM of the different GST isoforms to the incubations, GSTM1-1 

had the largest effect on the formation of ticlopidine S-oxide GSH-conjugates TC1 and 

TC2 with a 40-fold and 10-fold increase compared to the incubations without GST 

present, respectively (Figure 2C and 3A). GSTM4-4 and GSTP1-1 followed with a 5-fold 

increase for TC1. TC2 increased 3-fold and 15-fold respectively. Because the ratio of 

enzymatical conjugation divided by non-enzymatical conjugation can depend on the 

concentration of GSH, the effect of GSTM1-1 on the bio-inactivation of the ticlopidine S-

oxide was studied at GSH-concentrations ranging from 50-5000 µM GSH (Figure 4). For 

the non-enzymatical conjugation of both ticlopidine S-oxide conjugate TC1 and TC2 half 

of the maximum effect was reached at 1 mM of GSH. However, when 8 µM of GSTM1-1 

was added not only the maximum conjugation increased, but also the concentration GSH 

required for half of the maximum effect decreased to approximately 100 µM. This 

corresponds to the low Km value of GSTM1-1 for GSH shown previously.[58, 59] The effects 

on the ticlopidine epoxide GSH-conjugates TC3-6 were less strong with at maximum a 6- 

Metabolite Proposed intermediate M/z of detected fragments 

TC1 S-oxide  587, 539, 458, 410, 386, 296, 280, 232, 145 

TC2 S-oxide  587, 539, 458, 410, 386, 296, 280, 232, 145 

TC3 Epoxide 587, 569, 512, 458, 287 

TC4 Epoxide 587, 569, 458, 434, 308, 287, 184 

TC5 Epoxide 587, 569, 458, 434, 416, 341, 308, 287, 184 

TC6 Epoxide 587, 569, 494, 308, 264, 177, 145 

a. Fragments depicted in bold identify the metabolite as being derived from an S-oxide based 

on previous LC-MS/MS studies 21–23 

b. Fragments depicted in italics have not been identified by previous LC-MS/MS studies 21–

23. M/z 145 is a fragmentation of the peptide bond between the glutamate and the cysteine. 

M/z 386 can be formed by fragmentation of the cyclohexane ring and loss of SO.  

c. 587 is unfragmented the parent ion 



Page 85 

 

Figure 3. Recombinant GST isoforms involved in the bio-inactivation of the ticlopidine S-oxide (A) and epoxide (B). 

Pooled HLM was used as a bioactivation system. Bars depict the mean of two duplos ± the range of the duplos and 

the average of the samples of TC1 without GST was set to 100% for all metabolite. 
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Figure 4. GSH-dependency of the GSTM1-1 catalyzed (black circles) and chemical (open circles) bio-inactivation of 

the ticlopidine S-oxide. A shows the major S-oxide conjugate TC1 and B shows the S-oxide conjugate TC2. Pooled 

HLM was used as a bioactivation system. Bars depict the mean of two duplos ± the range of the duplos. The average 

of the sample without GST at 5 mM of GSH is set as 100%. 

 

fold increase for GSTP1-1, GSTM1-1 and GSTA4-4 for TC4 (Figure 3B). The sum of the 

conjugates from each reactive metabolite is displayed in Figure 3C. For this figure we 

assumed that the conjugates resulting from the same reactive metabolites has a similar 

ionization. Here we see that the sum of conjugates resulting from the S-oxide 10 (GSTP1-

1 and GSTM4-4) to 40 (GSTM1-1) fold, where the sum of conjugates resulting from the 

epoxide remains the same.  

 

In vitro metabolism of ticlopidine by recombinant human CYPs in the presence of 

GSH and GSTM1-1 

Since association studies have linked polymorphisms of CYP2B6 and CYP2C19 to 

ticlopidine induced liver injury we studied the CYP isoforms involved in ticlopidine bio-

activation.[15, 16] As shown in Figures 5A and B, the GSH-conjugates are not produced 

in the control incubations. CYP1A1, CYP1A2, CYP2B6, CYP2C19 and CYP2D6 were able to 

produce the ticlopidine S-oxide GSH-conjugates TC1 and TC2 in high amounts and TC3, 

TC4 and TC6 in low amounts. CYP2C9 and 2C19 are able to form TC5 in high amounts. 

This seems to suggest that TC5 might be the result of a different epoxide then TC3, TC4 

and TC6. CYP1B1, CYP2C8, CYP2E1 and CYP3A7 are unable to produce the S-oxide or 

epoxide. Figure 5C shows the sum of conjugates for each reactive metabolite. Here we 

see that the total amount of S-oxide conjugate formed is high for CYP1A1, CYP1A2, 
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CYP2B6, CYP2C9, CYP2C19 and CYP2D6, whereas the total amount of epoxide conjugate 

formed is high for CYP1A1, CYP1A2, CYP2B6, CYP2C9, CYP2C19 and CYP2D6.  

 

Figure 5. Recombinant CYP450 supersomes involved in the formation of S-oxide (A) and epoxide (B). In (C) the 

sum of the different conjugates from the same reactive intermediate is added together. 8 µM of GSTM1-1 was added 

to trap the maximum amount of S-oxide. Bars depict the mean of two duplos ± the range of the duplos. The average 

of the samples of TC1 with CYP1A1 are set to 100% for all metabolites. 
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Simulation of the bio-inactivation and bio-activation of ticlopidine in the human 

liver 

To simulate the variation of bio-inactivation in the human liver we used 

published data of the GST-content in 22 livers.[60, 61] Figure 6 displays the simulated 

bio-inactivation of the ticlopidine S-oxide in each liver and show that the bio-inactivation 

in the human liver is largely GSTM1-1 dependent. In contrast, no enzymes present in the 

human liver are active in the bio-inactivation of the ticlopidine epoxide and thus the bio-

inactivation will be dependent on the chemical conjugation only. However, the epoxide 

hydrolases might be involved in the bio-inactivation of the ticlopidine epoxide and thus 

the interindividual variation might be larger than expected based on this data. Figure 6B 

depicts a simulation of the bio-activation of ticlopidine in the average human liver based 

on enzyme concentrations from literature.[62] It should be noted that the protein 

concentration in this article had a range that varied on average 10-100 fold.  

 

 

Figure 6. A simulation of the variation in bio-inactivation of the ticlopidine of S-oxide (A) in livers from 22 different 

donors from literature.[60,61] In B the relative contribution of each enzyme to the bio-inactivation in the average 

human liver is simulated.[62] The relative bio-inactivation and bio-activation is calculated by subtracting the 

chemical conjugation from the enzymatic conjugation and multiplying the result by the abundance of these 

enzymes in the human liver.   
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Variation and correlation of ticlopidine metabolism by HLM- and HLC-fractions of 

20 donors 

To test the simulation Figure 7 and 8 show the variation of bio-inactivation and 

bio-activation of ticlopidine reactive metabolites in HLC and HLM from a panel of 20 

donors. The GSTM1-1 content for each donor is given in Table 2. The data show that the 

interindividual variation in the bio-inactivation of the ticlopidine S-oxide reactive 

metabolite can vary 35-fold for TC1 and 5-fold for TC2 (Figure 7A). For the GSH-

conjugates resulting from the epoxides this variation was no more than 2-fold (Figure 

7B). A similar pattern is seen in the sum of GSH-conjugates for each reactive metabolite 

(Figure 7C). The variation in bio-activation between the highest and lowest donor was 

approximately 4-fold for both the ticlopidine S-oxide conjugate TC1 and TC2 (Figure 8A). 

Again, the GSH-conjugates stemming from the epoxides had a variation of about 2-fold 

(Figure 8B). A similar pattern is seen in the sum of GSH-conjugates for each reactive 

metabolite (Figure 8C). The correlation between the formation of the S-oxides 

conjugates and the different metabolic enzymes is given in Table 3. Here it can be 

observed that the bio-activating CYP1A-family and CYP2E1, followed by the CYP3A-family 

and CYP2C19, have the strongest correlation for the formation of both S-oxide conjugates 

TC1 and TC2. In contrast, the epoxide-conjugates correlate best with the CYP2C-family. 

Surprisingly, GSTM1-1 ranks sixth in order of the bio-inactivating enzymes based on the 

correlation data for TC1 and TC2. This is a strong contrast to the results of the 

recombinant enzymes. GSTT2-2, followed by GSTP1-1, shows the strongest correlation for 

bio-inactivating the ticlopidine S-oxides. TC4 and TC5 display a good correlation with 

GSTM3-3. But TC3 and TC4 do not correlate with any GSTs. Finally, the bio-inactivation 

was plotted against the bio-activation of each donor in Figure 9. It could be postulated 

that donors situated closer to the X-axis might have relatively more bio-activation than 

bio-inactivation and that this can be one of the risk factors eventually leading to 

idiosyncratic ticlopidine hepatotoxicity. Since the variation in TC1 and TC2 bio-

inactivation is larger than the variation in TC3, TC4, TC5 and TC6 bio-inactivation, 

balance between bio-inactivation and bio-activation varies more for the former.  
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Figure 7. The variation in bio-inactivation of the ticlopidine of S-oxide (A) and epoxide (B) in cytosol from 20 

different donors. In (C) the sum of the different conjugates from the same reactive intermediate is calculated. 

Pooled HLM was used as a bioactivating system. Bars depict the mean of two duplos ± the range of the duplos. The 

average of the TC1 samples of donor S1399 was set to 100% for all metabolites. 
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Figure 8. The variation in bio-activation of the ticlopidine of S-oxide (A) and epoxide (B) in HLM from 20 different 

donors. In (C) the sum of the different conjugates from the same reactive intermediate is calculated. 8 µM of 

GSTM1-1 was added to trap the maximum amount of S-oxide. Bars depict the mean of two duplos ± the range of 

the duplos. The average of the TC1 samples of donor S1399 was set to 100% for all metabolites. 
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Table 2. The concentration of GSTM1based on den Braver-Sewradj et al [56]  

 

 

Table 3. Correlation between different metabolic enzymes and the formation of the S-oxide conjugates TC1 and 

TC2.  

 

  

  Pearson R 

Enzyme TC1 TC2 TC3 TC4 TC5 TC6 

GSTP1-1a 0.36 0.33 -0.25 0.30 0.07 -0.04 

GSTM1-1 a 0.09 0.11 -0.16 0.13 0.04 0.07 

GSTM3-3 a 0.20 0.18 0.47 0.37 0.73 0.70 

GSTA1-1 a 0.06 0.04 -0.05 0.27 0.03 0.00 

GSTA2-2 a 0.22 0.21 -0.27 0.10 -0.15 -0.15 

GSTT1-1 b 0.26 0.23 -0.13 0.23 0.22 0.11 

GSTT2-2 b 0.67 0.68 -0.16 0.64 0.52 0.36 

Total GST activity b 0.34 0.31 -0.18 0.47 0.30 0.19 

    
    

CYP1A b 0.84 0.88 0.46 0.80 0.21 0.19 

CYP2A6 b -0.13 -0.19 0.29 -0.08 0.28 0.34 

CYP2B6 b 0.32 0.26 0.59 0.39 0.58 0.58 

CYP2C8 b 0.31 0.30 0.62 0.45 0.65 0.69 

CYP2C9 b 0.14 0.06 0.60 0.29 0.75 0.79 

CYP2C19 b 0.43 0.44 0.47 0.49 0.49 0.48 

CYP2D6 b 0.56 0.52 0.39 0.47 0.11 0.12 

CYP2E1 b 0.81 0.88 0.57 0.76 0.31 0.30 

CYP3A b 0.71 0.67 0.55 0.67 0.31 0.29 

a. Based on protein concentration [56] 

b. Based on enzyme activity using specific substrates [56] 
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Figure 9. The variation in bio-activation plotted versus the variation in bio-inactivation of the S-oxide conjugates 

TC1 (A) and TC2 (B) and in the epoxide conjugates TC3 (C), TC4 (D), TC5 (E) and TC6 (F). Bars depict the mean 

of two duplos ± the range of the duplos. The average of the TC1 bio-activation and bio-inactivation of donor S1399 

was set to 100% for all metabolites. 
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Discussion 

Several studies have shown that ticlopidine is bio-activated by Cytochrome P450s 

to protein-reactive S-oxides and epoxides, which can be non-enzymatically trapped by 

GSH.[17–20, 31, 33, 34] These reactive metabolites are associated with idiosyncratic 

hepatotoxicity.[3–6] However, the reason to why only a small group of patients is 

susceptible to the toxicity is poorly understood. Polymorphisms in the immune system as 

well as specific CYP polymorphisms have been proposed as risk factors.[14–16] 

Association studies show that CYP2B6*H and CYP2B6*J, which result in increased 

transcription of CYP2B6, together with HLA-A*3303, can lead to an OR of 39.[15] 

Additionally, it has been postulated that patients with “slow metabolizer” alleles of 

CYP2C19 also lead to an increased OR, although this report only studied 3 patients.[16] In 

contrast, the role of detoxifying enzymes in the protection against hepatotoxicity remains 

unknown.  

In our own incubations six GSH-conjugates with a mass of 587 stemming from 

an S-oxide- (TC1, TC2) or an epoxide-intermediate (TC3, TC4, TC5, TC6) on the thiophene 

ring (Table 1, Figure 1). This is more than previous studies detected, possibly because of 

our different HPLC-method or differences in sensitivity and the increased conjugation in 

the presence of GSTs.[18–20] The fact that no previously discovered GSH-conjugates of 

different m/z are detected is probably caused by our cleaner and simpler method 

involving recombinant enzymes, in contrast to rat bile.[18–20]  

Our data and previous data clearly show that both CYP2B6 as well as CYP2C19 is 

involved in the formation of the ticlopidine S-oxide and epoxide conjugates (Figure 

5).[24–28] Because of the mechanism-based inhibition of CYP2B6 by ticlopidine and the 

protein binding of the ticlopidine reactive metabolites it might be that a specific adduct 

of CYP2B6 triggers the immune response. Such mechanisms leading to hepatotoxicity 

have been reported before for other tiophene-ring containing compounds such as Tienilic 

Acid and Tienilic Acid Isomer.[63]  Furthermore, this study shows that at 100 µM of 

ticlopidine CYP1A1, CYP1A2 and CYP2D6 can also catalyze the formation of the ticlopidine 

reactive metabolites besides CYP2C19, CYP2B6 and CYP3A4 (Figure 5). A strong 

correlation between CYP2E1-activity and the formation of TC1 and TC2 is observed, but 

could be explained by the strong correlation reported in the expression of CYP2E1 and 

the CYP1A families (Table 3).[46] Figure 6B shows the enzymes involved in the bio-

activation in the average human liver. However, since the range of isoform expression can 

vary 10-100 fold, interindividual differences might be in the same order of magnitude.[62] 



Page 95 

Although 100 µM ticlopidine is more than 10 times the Cmax, because of the strong first-

pass effect for ticlopidine metabolism this concentration can be physiologically relevant 

in the liver.[21–23] 

The results of the present study show that oxidation of ticlopidine by Cytochrome 

P450s and consequent GSH-conjugation can lead to six GSH-conjugates (Figure 2). 

Although we could not determine the precise point of conjugation, we were able to 

determine the involved reactive intermediates based on LC-MS/MS (Table 1).[18–20] The 

fragmentation of TC1 and TC2 metabolites show that they are formed via an S-oxide 

intermediate and the TC3, TC4, TC5 and TC6 metabolites were formed via an epoxide 

intermediate. In the presence of GSTM1-1 the sum of GSH-conjugates was strongly 

increased for both the S-oxide even at low GSH-concentrations (Figure 3 and 4). This is 

especially of interest since literature shows that the GSTM1-1 null genotype occurs for 45% 

of the population.[60, 61] This was reflected by the simulation in Figure 6, which also 

shows that the effect of GSTM3-3 and GSTA1-1 is negligible in comparison to GSTM1-1. 

Therefore, patients with this GSTM1-1 null genotype might be exposed to higher 

concentrations of the ticlopidine S-oxide and the null genotype might be one of the 

factors leading to susceptibility to ticlopidine hepatotoxicity.  

However, the presence and absence of GSTM1-1 does not completely explain the 

variation in bio-inactivation between different donors (Figure 7). This is reflected in the 

low Pearson R for GSTM1-1 in Table 3, which is the result of multiple enzymes being 

involved in the bio-inactivation. For instance, GSTP1-1 is active in our assays and while 

this enzyme is not expressed in hepatocytes it is highly expressed in bile ducts.[64] It 

cannot be ruled out that during homogenization bile ducts ended up in the HLM and 

HLC influencing the correlation. Because of the cholestatic nature of the hepatotoxicity 

a protective effect of GSTP1-1 cannot be ruled out completely.[5] Finally, a strong 

correlation between GSTT2-2 activity and the amount of S-oxide conjugate TC1 and TC2 

formed was found. However, it is reported that GSTT2-2 expression correlates with many 

other GSTs, which might indicate that we are looking at an indirect correlation or the 

artificial expression system of GSTT2-2 might affect its activity in our experiments.[46] 

However, Figures 6, 7, 8 and 9 clearly show that the variation in bio-inactivation differs 

greatly between patients and gives rise to bio-inactivation/bio-activation ratios that differ 

between donor. Although the susceptibility of these donors to ticlopidine hepatotoxicity 

is unknown, this variation might play a role in ticlopidine-induced hepatotoxicity.  
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In conclusion, the results of the present study demonstrate that GSTM1-1 is 

involved in the bio-inactivation of the ticlopidine S-oxide. Additionally, this report 

confirms that CYP2B6 and CYP2C19 are involved in the production of the S-oxide 

conjugates TC1 and TC2 and the epoxide conjugates TC3, TC4, TC5 and TC6, but also 

adds CYP1A1, CYP1A2 and CYP2D6 as possible metabolizing enzymes. Finally, we show 

that the differences between donors in bio-inactivation of the ticlopidine S-oxide are 

bigger than the differences in bio-activation and thus the bio-inactivation/bio-activation 

ratio will differ between patients.  
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Abstract  

Clozapine (CLZ) is an atypical antipsychotic drug associated with idiosyncratic 

agranulocytosis and hepatotoxicity, which are believed to result from bioactivation to a 

reactive nitrenium ion by myeloperoxidase and P450s, respectively. The risk factors 

determining the susceptibility to these toxic side effects remain to be elucidated. In the 

present study, the interindividual variability in bio(in)activation was studied by analyzing 

urine samples of 35 patients treated with CLZ, two of which had a history of CLZ-induced 

agranulocytosis (CIA). In addition, CLZ was incubated with human precision-cut liver 

slices (PCLS) from 12 liver donors. Both CLZ-treated patients and liver donors were 

genotyped for mutations or gene deletions in GSTA1, GSTM1, GSTT1 and GSTP1. 

The results of the present study confirm the extensive biotransformation of CLZ 

reported previously. More than 40 phase I and phase II metabolites of CLZ were identified 

in patient urine and incubations with PCLS. The metabolite profiles varied significantly 

between urine and slice incubations. Eleven of the urinary metabolites identified were 

derived from GSH-conjugates of CLZ and its major metabolites N-desmethylclozapine 

and clozapine N-oxide. Only methylthio- and cysteine-conjugates were identified, 

whereas the anticipated N-acetylcysteine conjugates were not detected. Three of the 

urinary GSH-related products identified are dependent on catalysis by human 

Glutathione S-Transferases (GSTs). However, the profile of GSH-related metabolites did 

not correlate with genotypes of GSTA1, GSTP1, GSTM1 and GSTT1.  No significant 

differences in amounts and profiles of GSH-related CLZ-metabolites were found between 

patients with or without a history of agranulocytosis. In contrast, N-acetyl-cysteine 

conjugates of clozapine were detected in the PCLS. However, also for the PCLS no 

significant differences were observed between the different genotypes for hGSTT1-1 and 

hGSTM1-1. Therefore, detection of urinary GSH-related metabolites of CLZ, do not seem 

useful biomarkers for quantitative biomonitoring of internal exposure to reactive CLZ-

metabolites or to distinguish between patients susceptible or non-susceptible to CIA. 

 

Introduction 

Clozapine (CLZ) has shown to be the most effective drug for the treatment of 

treatment resistant schizophrenia [1]. However, as recently reviewed, CLZ can cause a 

wide range of adverse effects [2]. Because of the potentially life-threatening CLZ-induced 

agranulocytosis (CIA) induced in approximately 1% of the patients, the use of CLZ 

remains restricted to patients who did not improve after treatment with other 
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antipsychotics. Because of the risk of CIA routine hematologic monitoring is required 

especially during the first months of treatment. Other adverse side effects include 

increased serum transaminases in 37% and liver failure in 0.06 % of the patients [3–5]. 

The risk factors for CIA and the hepatic adverse side effects are still incompletely 

understood. It is considered that formation of protein-reactive nitrenium ions plays a role 

in the pathogenesis of both agranulocytosis and hepatic effects of CLZ. Covalent binding 

of these nitrenium ions to proteins may result in direct toxicity to human leukocytes or 

hepatocytes or may trigger the immune system by generating a haptenized protein [6–9]. 

The role of the immune system is supported by the association of polymorphisms of 

human leukogen antigens HLA-DQB1 and HLA-B with CIA [10–12]. However, because the 

predictive value of genotyping for these alleles is low [13], other risk factors should be 

considered as well. Because of the role of the nitrenium ion, variability in activity of the 

enzymes involved in bioactivation and inactivation of CLZ might be important factors 

determining interindividual susceptibility. 

Several in vivo studies have demonstrated that CLZ undergoes very extensive 

biotransformation by sequential phase 1 and phase 2 reactions, as summarized in Figure 

1. In serum, only DMCLZ and CLZ-NO are found as major metabolites [14, 15]. After 

administration of 50 mg of radiolabeled [14C]clozapine to six volunteers these metabolites 

account for only 14% of the dose in patient urine [16]. The four major urinary metabolites, 

accounting for 60% of the dose, were identified as 8-deschloro-8-hydroxy-clozapine (8-

OH-DMCLZ), its glucuronide (8-OH-DMCLZ-O-Gluc), 7-hydroxy-desmethylclozapine 

sulfate (7-OH-DMCLZ-O-Sulf) and CLZ-NO. However, because of the limited resolution 

of the chromatographic system used, significant amounts of the radioactivity could not 

be accounted for. A quaternary ammonium glucuronide of CLZ (CLZ-N+-Gluc) was 

identified in feces [15] and urine [17]. Schaber et al. identified an additional ten 

metabolites in urine of three CLZ-treated patients [18]. These minor metabolites resulted 

from combinations of N-oxidation, N-demethylation and hydroxylation at positions 6, 7, 

8 and 9 of the benzodiazepine structure, and sulfation and glucuronidation of the 

oxidative metabolites, Figure 1.  

  In vitro studies of CLZ with human liver microsomes (HLM) and recombinant 

human Cytochrome P450s (CYPs) showed desmethylclozapine (DMCLZ) and clozapine 

N-oxide (CLZ-NO) as the major CLZ metabolites [19, 20]. In presence of GSH, several 

GSH-conjugates were found in incubations of CLZ with HLM which, based on their 

structure, can be explained by regioselective GSH-conjugation to a reactive nitrenium ion 

[7]. Using a panel of liver microsomes of 100 individuals, it was demonstrated that  
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Figure 1. Metabolic pathways and clozapine metabolites identified and characterized in humans (adapted from ref. 

[16-18]. Bioactivation of CLZ to reactive nitrenium ion is depicted in brackets, the structures of GSH adducts 

identified in vitro, and role of hGSTs are presented as described in ref. [21]. Conjugates formed by further 

metabolism of GSH conjugates that were described by Stock et al. [22] are also depicted in this scheme. 

 

compared to N-demethylation and N-oxidation, bioactivation of CLZ to nitrenium ion 

was quantitatively an important metabolite in vitro and was varying 8-fold based on the 

level of GSH-conjugates formed [20]. Enzyme inhibition studies and recombinant human 

CYPs suggest that CYP3A4 is the major bioactivating enzyme in human liver. The same 

GSH-conjugates have been identified in incubations with human neutrophils and 

myeloid cells and appear to result from bioactivation of CLZ by myeloperoxidase (MPO) 

[6, 8]. 

Addition of a selection of recombinant Glutathione S-Transferases (GSTs) to 

HLM-incubations with CLZ showed an increase in formation of GSH-conjugates and a 

change in regioselectivity of GSH-conjugation [23]. Therefore, genetically determined 

deficiency of GSTs or inhibitory drug-drug interactions at the level of GST may be 

considered as possible risk factors for CLZ-induced toxicity.  
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GSH-conjugates of drugs are not excreted unchanged in urine or feces, because 

of extensive catabolism to a wide variety of thioethers, such as mercapturic acids (N-

acetylcysteine conjugates), cysteine conjugates, methylthio-compounds and others [24].  

Although the in vitro studies showed formation of significant amounts of GSH-

conjugates, no corresponding thioethers of CLZ were identified in urine and feces in the 

studies of Dain et al and Schaber et al [16, 18]. However, four different thioethers of CLZ 

were detected in extracts of urine of CLZ-treated patients by gas chromatography/mass 

spectrometry (GC-MS) [22]. Two of the identified thioether metabolites, 8-methylthio-

deschloroclozapine (8-CH3S-CLZ) and 8-methylthio-deschloro-demethylclozapine (8-

CH3S-DMCLZ) can be rationalized as degradation products of 8-deschloro-8-

glutathionyl-clozapine (8-GS-CLZ) and 8-deschloro-8-glutathionyl-desmethylclozapine 

(8-GS-DMCLZ). These GSH-conjugates are formed via the chlorine-substitution of the 

nitrenium ions of CLZ and DMCLZ which was shown to be dependent on catalysis by 

GSTs [23]. Two minor thioethers corresponded to methiolthio- and methylsulfone-

conjugates, most likely resulting from an addition reaction of GSH to the nitrenium ion 

at the 6-position [7] 

The aim of the present study was to characterize the variability of urinary 

metabolites of patients treated daily with CLZ, with emphasis of metabolites resulting 

from CLZ bioactivation. Urine samples of 35 patients were collected, including 2 patients 

with a history of CIA, to study the interindividual variability in urinary metabolites. To 

enable identification of potential urinary thioethers, each of the five GSH-conjugates of 

CLZ previously characterized were converted to the corresponding cysteine-, N-

acetylcysteine and methylthio-S-conjugates [25]. Since all 35 patients received different 

co-medication, which may contribute to variability by drug-drug interactions, also the 

variability in CLZ metabolism was studied using human precision-cut liver slices (PCLS). 

Human PCLS represent a complex in vitro model which contain all cell types in their 

natural environment and their metabolic profiles correlates well with in vivo [26–28].  

Previously, the activity of only four GSTs in the inactivation of the CLZ nitrenium ion was 

studied, showing the highest activity for GSTP1-1 [23]. Because recent pharmacogenomics 

studies have revealed that for almost all human GSTs gene deletions can be found in 

populations [29], including the major hepatic enzyme GSTA2-2, in this study also the 

catalytic activity of twelve recombinant human GSTs was studied. 
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Materials and methods 

Chemicals 

All chemicals used were of analytical grade and obtained from standard suppliers. 

7-OH and 9-OH CLZ were prepared by the modified Udenfriend reaction as described 

previously [30]. Pooled HLM from 200 donors (Lot no. 1210347) was obtained from 

Xenotech (Lenexa, KS, USA). γ-GlutamylTransferase was obtained from Sigma-Aldrich 

(Zwijndrecht, the Netherlands). 

 

Synthesis of anticipated GSH-related metabolites of CLZ 

GSH conjugates of CLZ were produced on a preparative scale by large-scale 

incubation using CYP102A1 M11H Phe87 mutant as a biocatalyst, and isolated by 

preparative HPLC as described previously [25]. To obtain the corresponding cysteine 

conjugates, each GSH-conjugate was incubated overnight at 37 oC in presence of 4.4 U γ-

glutamylTransferase (GGT) in potassium phosphate buffer (100 mM, pH 7.4) and in a final 

volume of 250 μL. The reactions were terminated by adding 25 µL of 10% ice cold HClO4 

and centrifuged for 15 minutes at 14,000 rpm. The supernatant was analyzed by the 

LC/MS/MS method described below. Using this procedure all GSH-conjugates were 

quantitatively converted to the corresponding cysteine S-conjugates. The intermediate 

cysteinylglycine conjugates were only observed with shorter incubation times [data not 

shown]. To prepare the corresponding N-acetylcysteine conjugates of CLZ, 50 μL 

fractions of each cysteine S-conjugate was dissolved in 2 mL ice-cold 2 N sodium 

hydroxide and acetylated using acetic anhydride. With intervals of 10 minutes, 20 μL of 

acetic anhydride was added to the solution, stirred for 30 seconds and put back on ice. 

When the pH was below 7, the reaction mixture was allowed to stand on room 

temperature to complete the acetylation reaction. The samples were acidified by adding 

2 mL of 2N hydrochloric acid and extracted two-fold with 5 mL of ethyl acetate.  The 

combined ethyl acetate fractions were dried overnight under a nitrogen stream and the 

residue was dissolved in water for analysis by LC-MS/MS. 

To prepare the thiolmethylconjugates, the cysteine S-conjugates were first 

converted to the corresponding thiols using a non-enzymatic model for cysteine 

conjugate beta-lyase [31]. The cysteine S-cysteine conjugates were incubated overnight in 

2 mL 50 mM borate buffer (pH=8.6) containing 167 μM pyridoxal hydrochloride and 67 

μM CuSO4. To form the methylthio-S-conjugates, 33 mM methyl iodide in acetonitrile 
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was added and the reaction was continued for 2 hours. The reaction was stopped with 1% 

ice cold HClO4 (final concentration) and samples were analyzed by LC-MS/MS. The 

characteristics (retention times, exact mass and major fragments) of the prepared 

references of the thioethers of CLZ are tabulated in Supplemental Table S1. 

 

Incubations of clozapine with  HLM and recombinant human GSTs 

 All recombinant human GST isoforms were expressed and purified as reported 

previously [23, 32, 33]. Incubations were performed in 100 mM potassium phosphate 

buffer pH 7.4 supplemented with 2 mM EDTA and 5 mM MgCl2, 1 mg/ml HLM, 100 μM 

GSH and 250 μM CLZ in a final volume of 100 μL [20]. GSTs were added to a final 

concentration of 8 μM and the reactions were initiated by the addition of a NADPH-

regenerating system, consisting of 10 mM glucose-6-phosphate, 100 µM NADPH and 0.5 

units/ml glucose-6-phosphate dehydrogenase (final concentrations). All incubations 

were carried out for 60 min at 37°C and terminated by the addition of an equal volume of 

2% ice-cold HClO4. After centrifuged for 15 min at 4000 rpm, the supernatants were 

analyzed by HPLC using the method described previously [34]. 

 

Analysis of metabolites in urine samples from clozapine-treated patients 

Single-void (spot) urine samples were obtained from 35 schizophrenic patients 

on CLZ treatment under the care of the psychiatrist of the High Care Kliniek Stichting 

Rivierduinen, Oegstgeest (the Netherlands). The demographics of these patients are 

detailed in Table 1. The average daily dose of CLZ was 530 ± 250 mg/day. All patients (31 

male; 3 female) had reached steady state plasma levels of CLZ and DMCLZ-levels of 0.41 

± 0.17 and 0.26 ± 0.11 mg/L, respectively. Urine samples were collected at unspecified 

times with the patients’ agreement. To clean-up and concentrate the urine samples, 3 mL 

samples of urine were loaded to Strata X C18 solid-phase extraction column (200 mg/3 

mL; Phenomenex). The columns were washed with 3 mL of water to remove salts and 

proteins. CLZ and its metabolites were subsequently eluted using 2 ml of methanol. 

Samples were evaporated to dryness under nitrogen gas and reconstituted in 300 µL of 

50:50 (v:v) methanol and water. The reconstituted solutions were analysed by LC/MS-MS 

system, as described below. Analysis of the flow through and washing steps confirmed 

that all CLZ-related metabolites were retained on the SPE-column [data no shown].  
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Table 1 Demographics of donors of urine samples treated daily with CLZ. 

 

 

Incubations of clozapine with human precision-cut liver slices  

Pieces of human liver tissue were obtained from fourteen patients (age range 17-

76 years; 4 male, 10 female) who were undergoing partial hepatectomy for the removal of 

carcinoma or from liver tissue remaining as surgical waste after split liver transplantation, 

as described previously [35]. The experimental protocols were approved by the Medical 

Ethical Committee of the University Medical Center Groningen.   

 The human precision-cut liver slices (PCLS: dimensions: 5 mm diameter, 200-300 

µm thick and ca. 4.5-5.5 mg wet weight)  were prepared using a Krumdieck tissue slicer 

(Alabama R&D, Munford, AL, USA) and collected in ice-cold Krebs-Henseleit buffer 

saturated with carbogen (95% O2 and 5% CO2), as described previously [36]. The PCLS 

were preincubated individually in 12-well plates (Greiner bio-one GmbH, Frickenhausen, 

Austria) at 37°C for 1 hour in a well containing 1.3 mL Williams’ medium E with glutamax-

                 

       Daily     Plasma level         Genotype GST 

Patient  Age Gender  Weight  dose  CLZ  DMCLZ       

Code     (kg)  (mg)  (mg/L)   (mg/L) M1 T1 P1a A1b    

                 

P01  36 male  100  525  0,48 0,29  Pos Pos A/A C/T    

P02  55 male  75  300  0,36 0,21  Pos Pos A/A C/T    

P03  29 male  87  500  0,14 0,12  Pos Pos A/A C/T    

P04  21 male  43  500  0,38 0,19  Pos Pos A/A C/T    

P05  41 male  90  400  0,44 0,13  Pos Pos A/A C/T    

P06  39 male  89  600  0,35 0,24  Pos Pos A/A C/T    

P07  26 male  61  400  0,42 0,31  Pos Pos A/A C/T    

P08  19 male  89  125  0,36 0,65  Pos Pos A/A C/C    

P09  29 male  89  300  0,29 0,18  Pos Pos A/G T/T    

P10  31 male  106  600  0,41 0,27  Null Pos A/A C/T    

P11  52 male  80  575  0,73 0,23  Null Pos A/A C/T    

P12  54 male  70  350  0,22 0,12  Null Pos A/A T/T    

P13  39 male  98  1050  0,60 0,36  Null Pos A/A T/T    

P14  42 male  115  650  0,66 0,41  Null Pos A/G C/T    

P15  54 male  109  500  0,67 0,27  Null Pos A/G T/T    

P16  59 male  102  750  0,48 0,27  Null Pos A/G C/C    

P17  48 male  78  1200  0,24 0,30  Null Pos A/A C/T    

P18  36 female  75  300  0,33 0,23  Null Pos A/A C/T    

P19  27 female  60  400  0,27 0,20  Null Pos A/A C/T    

P20  40 female  60  150  0,14 0,09  Null Pos A/A T/T    

P21  32 male  75  900  0,33 0,26  Null Pos A/A C/C    

P22  25 male  109  500  0,28 0,15  Null Pos A/G C/C    

P23  38 male  91  700  0,59 0,28  Null Pos A/G C/C    

P24  59 male  86  450  0,52 0,39  Null Pos G/G C/T    

P25  51 male  102  300  0,28 0,19  Null Pos A/A C/T    

P26  38 male  74  500  0,29 0,28  Pos Null A/G T/T    

P27c.  40 male  85  900  0,38 0,22  Null Null A/G C/T    

P28c.  52 male  72  550  0,32 0,19  Null Null G/G C/C    

P29  42 female  64  800  0,29 0,30  N.D. N.D. N.D. N.D.    

P30  44 male  84  600  0,44 0,28  N.D. N.D. N.D. N.D.    

P31  37 male  81  550  0,30 0,19  N.D. N.D. N.D. N.D.    

P32  32 male  89  800  0,69 0,29  N.D. N.D. N.D. N.D.    

P33  50 male  94  400  0,43 0,24  N.D. N.D. N.D. N.D.    

P34  29 male  90  450  0,52 0,39  N.D. N.D. N.D. N.D.    

P35  69 male  110  300  0,78 0,55  N.D. N.D. N.D. N.D. 

                 

a.   Presence/absence of A315G mutation in gene of GSTP1-1 (GSTP1*B; rs1695). 

b. Presence/absence of C-69T mutation in promotor area of GSTA1 (rs3957375). 

c. Patient with history of agranulocytosis. 
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1 (Gibco, Paisley, UK), supplemented with 25 mM D-glucose and 50 µg/ml gentamicin 

(Gibco, Paisley, UK) (WEGG medium) with shaking (90 times/min) under saturated 

carbogen atmosphere. After pre-incubation, PCLS were transferred to fresh WEGG 

medium containing 60 µM CLZ and incubated for 24 hours. Control incubations were 

performed in absence of CLZ. hPCLS and their corresponding media were collected and 

sonicated together to disrupt the tissues or cells. 10 % of the sample volume of ice-cold 10 

% HClO4 was added to precipitate the proteins. Samples were then centrifuged for 15 min 

on 14,000 rpm. Supernatants were filtered through 0.2 µm Phenex RC membrane filters 

(Phenomenex, Utrecht, the Netherlands) before HPLC-UV and/or LC-MS/MS analysis. 

 

Genotyping of human GSTs 

For 28 of the 35 patients who provided urine samples, also genotypes of GSTA1, 

GSTM1, GSTT1 and GSTP1 were determined. Two of these 28 patients (P27 and P28) had 

a history of agranulocytosis. DNA was obtained from blood samples collected for regular 

hematologic screening. The presence of at least one GSTM1 and/or GSTT1 allele was 

determined as described previously, with minor modification [37]. Briefly, 10 ng of DNA 

was taken to amplify representative sequences of the genes of GSTT1, GSTM1 and 

albumine (as household gene). Hotstart PCR mastermix was used from Qiagen (Venlo, 

The Netherlands) and the PCR program used was as follows: 15 minutes at 95°C, 35 cycles 

of 95°-55°-72° each step for 30 seconds, followed by a final extension of 10 minutes at 72°C. 

The PCR products of the GSTT1 and GSTM1 alleles were detected separately by agarose 

gel electrophoresis. The rs1695 genotype of GSTP1-1 (mutation A315G; Ile105Val) was 

determined by allele-specific PCR using a predesigned Taqman assay (C_3237198_20) 

from Life Technologies (Nieuwerkerk a/d IJssel, the Netherlands) and analysed on the 

7500 real time PCR system (Life Technologies). The presence of the C-69T-mutation of 

GSTA1 (rs3957375) was determined by pyrosequencing on a Pyrosequencer 96MA 

(Qiagen). Sequence to analyse was C/TCTTCTTTCA and dispensation order was 

GTCGTCTCA. The genotypes of these GSTs were also determined in the PCLS from 14 

donors. 

 

Analytical methods  

 All samples were analyzed by LC-MS/MS using a Luna 5 µm C18 column (150 mm 

× 4.6 mm i.d.; Phenomenex), protected by a 4.0 mm × 3.0 mm i.d. security guard (5 µm) 
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C18 guard column (Phenomenex, Torrance, CA). The gradient used was constructed by 

mixing the following mobile phases: solvent A (1% acetonitrile, 99% water, and 0.2% 

formic acid) and solvent B (99% acetonitrile, 1% water, and 0.2% formic acid). The first 5 

min were isocratic at 0% solvent B; from 5 to 30 min, the concentration of solvent B 

linearly increased to 100%; from 30 to 35 min, there was a linear decrease to 0% B, and it 

was maintained at 0% for re-equilibration until 40 min. The flow rate was 0.5 mL/min. 

Samples were injected at an injection volume of 50 μL. A UV-detector set at 254 nm was 

used for quantifying the GSH-conjugates formed in the microsomal incubations. 

 For the identification of metabolites, a hybrid quadrupole-time-of-flight (Q-

TOF) Agilent 6520 mass spectrometer was used, equipped with an electrospray ionization 

(ESI) source and operating in the positive mode (Agilent Technologies, Waldbronn, 

Germany). The MS ion source parameters were set with a capillary voltage at 3500 V; 

nitrogen was used as the desolvation and nebulizing gas at a constant gas temperature of 

350 °C; drying gas, 8 L/min; and nebulizer, 40 psig. Nitrogen was used as a collision gas 

with a collision energy of 25 V. MS spectra were acquired in full scan analysis over an m/z 

range of 50-1000 using a scan rate of 1.003 spectra/s. The MassHunter Workstation 

Software (version B.02.00) was used for system operation and data collection. Data 

analysis was performed using Agilent MassHunter Qualitative analysis software.    

Since for the large majority of CLZ-metabolites no references were available, their 

relative abundance was determined by integration of extracted-ion-chromatochrom the 

exact masses of the metabolites, and by normalizing it to the sum of the peak areas of all 

metabolites. The levels of measured conjugates in urine were normalized by the 

corresponding levels of creatinine in the urine samples. Urinary creatinine was measured 

using a Creatinine (urinary) Assay Kit (Cayman Chemical, USA) as described in the 

protocol. 

 

Results 

Activity of recombinant human GSTs in catalyzing GSH-conjugation of CLZ 

nitrenium ion. 

CLZ was incubated with HLM and with or without the twelve different GST 

isoforms to determine their activity in bio-inactivation of CLZ nitrenium ion. GSTA1-1, 

GSTM1-1, GSTT1-1 and GSTP1-1 were already tested previously, but the activity of other 

eight GSTs were not yet analyzed [23]. Consistent with the previous study, 5 regioisomeric 
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GSH-conjugates were found in the HLM-incubations, Table 2, GSTP1-1 appeared to be 

the most active enzyme increasing the total amount of GSH-conjugates to 255% when 

compared to incubations in the absence of GST. The other GSTs increased the total GSH-

conjugation from 108 ± 4.6 % (GSTK1-1) to 156 ± 1 % (GSTA2-2) of the chemical 

conjugation. Although the effects on total GSH-conjugates seemed modest, all showed a 

strongly increased formation of 8-GSH-CLZ (CG-6) compared to the chemical GSH-

conjugation. GSTP1-1 and GSTM3-3 both also significantly increased the amount of (2'/3')-

GSH-CLZ (CG-5) 

 

Table 2. The effect of recombinant hGSTs on the bioinactivation of the clozapine nitrenium ion produced by HLM. 

 

 

Identification of metabolites of clozapine in urine of patients 

As shown in Table 3 in total 44 different CLZ-metabolites could be detected in 

the urine samples obtained from the 35 patients undergoing chronic CLZ therapy. 

Consistent with the previous studies [16, 18], 8-OH-DMCLZ appeared to be the major 

urinary metabolite of CLZ in urines of all patients. Interestingly, both 8-OH-CLZ, 8-OH-

DMCLZ and their corresponding glucuronides appeared as two chromatographically  

 

Recombinant 

human GST 

  Total of 

GSH-

conjugates 

(%)a 

  Relative amount of GSH-conjugates (%)b 

    CG-1 CG-3 CG-4 CG-5 CG-6 

None  100 ± 1.9c 
 39 ± 1.9 10 ± 2.6 49 ± 7.4 n.d. 2.5 ± 1.1 

hGST A1-1  133 ± 1.4  36 ± 4.9 7 ± 2.7 31 ± 1.3 1 ± 0.0 25 ± 2.0 

hGST A2-2  156 ± 0.4  27 ± 4.0 6 ± 2.0 20 ± 2.4 1 ± 0.1 47 ± 0.2 

hGST A3-3  124 ± 0.2  37 ± 5.3 8 ± 2.8 32 ± 3.0 1 ± 0.0 23 ± 0.6 

hGST A4-4  128 ± 1.5  29 ± 3.4 7 ± 2.3 30 ± 2.4 5 ± 0.0 29 ± 0.4 

hGST K1-1  108 ± 4.6  40 ± 5.7 10 ± 2.9 37 ± 4.3 n.d. 14 ± 2.7 

hGST M1-1  125 ± 5.1  40 ± 5.1 9 ± 1.8 38 ± 4.4 n.d. 13 ± 2.9 

hGST M2-2  120 ± 1.0  33 ± 4.8 11 ± 1.7 37 ± 5.9 1 ± 0.3 18 ± 3.3 

hGST M3-3  151 ± 6.0  36 ± 6.1 6 ± 0.8 27 ± 0.0 12 ± 1.5 19 ± 0.3 

hGST M4-4  128 ± 2.9  34 ± 5.7 7 ± 2.3 35 ± 1.2 3 ± 0.4 21 ± 0.3 

hGST P1-1  255 ± 14.8  9 ± 1.2 3 ± 0.2 13 ± 0.9 18 ± 1.5 57 ± 2.4 

hGST T1-1  114 ± 4.4  36 ± 7.4 14 ± 5.2 35 ± 4.2 n.d. 29 ± 1.5 

hGST T2-2   126 ± 2.6   39 ± 13.1 22 ± 3.2 30 ± 5.2 n.d. 19 ± 0.9 

 

250 µM clozapine was incubated with 100 µM GSH and 1 mg/mL HLM in the presence or  

absence of 8 µM of various hGST isoforms. Quantification was performed by HPLC as published by Den Braver [34].  
a The total amount of GSH-conjugates formed compared to the incubation without recombinant hGST. 
b Amount of individual conjugate formed compared to the total amount of conjugate formed for that specific isoform. 
c In an incubation without GST the total amount of GSH-conjugates formed equals 1.79 ± 0.06 µM. 

n.d., not detectable. 
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Table 3. Metabolites of CLZ identified in incubations with human precision-cut liver slices and in excreta of 

schizophrenic patients treated daily with CLZ. 
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separated peaks, Table 3. Because no regioisomers are possible for these 

metabolites, since a hydroxy-group has substituted the chlorine-atom at the 8-position, 

these peaks might resulted from boat and chair-conformations of the piperazine-ring, as 

was observed previously in case of ketotifen-metabolites [38].  Relative to the sum of peak 

areas of all metabolites combined, the 8-OH-DMCLZ peaks represented 29 ± 5% of the 

total peak area.  Other metabolites showing high peak areas were the glucuronide of 8-

OH-DMCLZ (9.9 ± 3.1%), CLZ-NO (9.3 ± 3.1%), DMCLZ (8.8 ± 4.1%) and the sulfate 

conjugate of 7-OH-DMCLZ (4.6 ± 1.5%), which corresponds to the high urinary levels 

found previously [16, 18]. As shown in Figure 2A and 2B, the relative abundance of 8-

OH-CLZ and 8-OH-DMCLZ were strongly correlated with the relative abundance of their 

corresponding glucuronides.  Also, the peak area of the sulfate-conjugate of 7-OH-CLZ 

strongly correlates with that of 7-OH-CLZ, Figure 2C. 

In contrast to the studies of Dain et al. and Schaber et al., in the present study 

eleven GSH-related metabolites could be identified in urine as minor metabolites, Table 

1 and Figure 3 [16, 18]. Nine of these thioethers were also detected in the incubation of 

CLZ with hPCLSs. By analyzing the EICs of m/z 446,142, 6-cysteinyl-clozapine (6-Cys-

CLZ) could be positively identified in 32 of the 35 urine samples whereas 8-cysteinyl-

clozapine (8-Cys-CLZ) was found in all urine fractions. Only traces of its regioisomers 7-

Cys-CLZ and 9-Cys-CLZ could be found but these were too low to integrate accurately 

[data not shown]. A thiomethyl-conjugates with m/z of 373,125 could be assigned as 6-

CH3S-CLZ as was found in only 4 of the 35 urines samples. A metabolite with m/z 339,164 

was assigned as 8-CH3S-CLZ, and was found in 32 of the 35 samples. These two 

metabolites correspond to two of the four metabolites previously identified by GC-MS-

analysis of basic extracts of urine [22]. The other two metabolites observed by Stock et al., 

8-CH3S-DMCLZ, and a thiomethylsulfone CH3SO2-CLZ, could also be identified in all 

urine fractions by EICs of their exact masses 325,149 and 405,115 [22].  Three metabolites 

with exact mass of 359,110 most likely correspond to different regioisomers of thiomethyl-

conjugates of DMCLZ. A minor metabolite with m/z 432,126 and chlorine-isotope pattern 

could by assigned as a cysteine S-conjugate of DMCLZ (Cys-DMCLZ). 

The exact mass of the eleventh GSH-related metabolite had an exact mass of m/z 

462,142 and a chlorine-isotope pattern, which correspond to an oxygenated cysteine S-

conjugate of CLZ.  Based on the similar fragmentation of the piperazine-ring when 

compared to that of CLZ-NO, the structure of this metabolite is most likely of a cysteine 

S-conjugate of the nitrenium-ion of CLZ-NO. 
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Figure 2.  Correlation of urinary excretion of phase I and phase II metabolites of CLZ. Each dot represent the peak 

areas of the two metabolites in one of the 35 urine samples; the x-axis shows the peak area of the phase II-

metabolite; the y-axis the peak area of the phase I-metabolite. 
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Figure 3. Structures of GSH-related metabolites of CLZ, DMCLZ and CLZNO identified in urine samples and 

incubations with human liver slices. 

 

 

Although N-acetylcysteine S-conjugates were anticipated as end products of the 

GSH-conjugates of CLZ, we were not able to identify any urinary metabolite 

corresponding with the five references of N-acetylcysteine S-conjugates of CLZ. 

 

Interindividual Variability in profile of GSH-related metabolites of CLZ in human 

urines 

As shown in Table 3 a large variability in the abundance of CLZ-metabolites was 

observed in the 35 urine fractions of CLZ-treated patients, especially of the metabolites 

that are excreted at relatively low amounts. When analyzing the interindividual 

differences in the profile of GSH-related metabolites, which collectively represent 4% of 

the sum of peak areas, shows very large differences in the profile of thioethers were found. 

For the only four patients (P01, P05, P09 and P27) which excreted 6-CH3-CLZ, this 

represented a major metabolite since its peak area was 25% of the total of GSH-related 

material, Table 4.  Other individuals with remarkable profiles are patients P08 and P15, 
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who excreted a 17 and 9-times higher level of Cys-DMCLZ, respectively, than the average 

level. For P08, who had relatively the highest percentage of GSH-related metabolites in 

urine, this cysteine S-conjugate represented 74% of the total of GSH-related metabolites. 

In urine of patient P26 only four of the GSH-related metabolites were found of which 8-

CH3S-DMCLZ represented 61% of the total. 

To further analyze the variability of the metabolic profiles amongst the CLZ-

treated patients, for each individual the relative amount of metabolites was plotted 

against the corresponding averages calculated from 35 individuals.  

As demonstrated by two representative examples in Figure 4, generally very good 

correlations were found when relative peak areas of all metabolites were included in the 

correlation analysis; correlation coefficients for 22 of the 35 urine samples were higher 

than 0.9. When excluding the major metabolite 8-OH-DMCLZ, still r2-values above 0.85 

were found [data not shown].  However, when only the GSH-related metabolites were 

included in the correlation analysis extreme poor correlations were observed, see Figure 

4.   

Because even patients with the same genotypes of GST-alleles showed the same 

level of variability as the total group of patients, it was not possible to recognize a 

relationship between any genotype, or combination of genotypes, and the total amount 

of GSH-related metabolites or the profile of GSH-related profiles.   

Patients P27 and P28 were the only genotyped patients with a history of 

agranulocytosis and were negative for both the GSTM1- and GSTT1-alleles. Their profile 

and total levels of both major metabolites, however, did not significantly differ from that 

of the other patients, due to the large variability in amounts and profiles observed. 

 

Metabolism of CLZ by precision-cut human liver slices  

After 24h of incubation of CLZ with hPCLS from 14 different liver donors in total 

46 metabolites of CLZ could be tentatively detected by LC-MS/MS, see Table 3. 

Identification was based on the extracted ion chromatograms (EIC) of predicted exact 

masses, the presence of a mono-chlorine isotope cluster (in case the chlorine is retained), 

and the fragmentations patterns described previously [16, 18]. Thirty-one metabolites 

could be found in all incubations, whereas fifteen of the metabolites were not formed by 

one or more of the hPCLSs, see Table 3. As in case of microsomal incubations of CLZ with  
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Table 4. Relative amounts of GSH-related metabolites of CLZ detected in urine sample of 35 patients. 
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Figure 4.  Correlation of profiles of patients P27 and P28 with the average profile calculated from 35 individuals. 

Each dot represent a specific metabolite; the x-axis shows the average abundance, the y-axis the abundance of 

patients P19 and P28.  The left plots show the correlation obtain when all 44 metabolites were included; the right 

plots if only percentage of GSH-related metabolites are correlated. 
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HLM, DMCLZ and CLZ-NO were also the major metabolites in all slice 

incubations; a representative UV-chromatogram recorded with detection at 254 nm is 

shown in Figure 5.  The other metabolites detectable by UV-detection all appeared GSH-

related metabolites resulting from bioactivation of CLZ. Based on the peak areas of the 

UV-chromatograms, the bioactivation pathway of CLZ was estimated to range from 4.7 

to 13.4% of the total of CLZ-metabolism in hPCLS. Figure 6 shows the relative amounts 

of the major metabolites DMCLZ and CLZ-NO and the total of GSH-related metabolites 

identified in the incubations with slices of 14 individuals.  The minor GSH-related 

metabolites could only be detected by LC-MS/MS by analyzing EICs of known and 

anticipated metabolites.  

As shown in Table 3, in total fifteen metabolites in the slice incubations were 

derived from GSH-conjugates formed from the reactive nitrenium ions formed from CLZ 

and its major metabolites DMCLZ and CLZ-NO.  Based on their identity with the 

synthesized references listed in Table S1, nine of the conjugates were derived from the 

GSH-conjugates of the CLZ-nitrenium ion. Although all five cysteine S-conjugates of CLZ 

could be found in varying amounts, the only intact GSH-conjugate found at small 

amounts was 6-GS-CLZ (CG-1), indicative for a very extensive catabolism of the GSH-

conjugates formed in the slice incubations. In addition to the cysteine S-conjugates, three  

 

Figure 5. HPLC-UV chromatogram showing CLZ metabolites formed in 24h incubations of CLZ with human 

precision-cut liver slices. Lower line presents control: medium incubated with liver slice under the incubation 

conditions without addition of CLZ. 
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Figure 6. Metabolism of CLZ by different individual hPCLS. Amounts of DMCLZ, CLZ-NO, and total of GSH related 

conjugates, measured as UV peak areas, are presented as percentage of substrate conversion (60 µM) during 24h 

incubation 

 

methylthio-conjugates of CLZ, 8-CH3S-CLZ, 6-CH3S-CLZ-SCH3 and 7-CH3S-CLZ could be 

positively identified using the synthetical references in all slice incubations. However, no 

N-acetylcysteine-conjugates of CLZ could be identified in any of the incubations, 

although the mercapturic acid pathway has been shown as an intrahepatic process [39]. 

The remaining GSH-related metabolites identified in the slice incubations result 

from the nitrenium ions of DMCLZ and CLZ-NO. In 13 of the 14 slices, a GSH adduct with 

an m/z value of 618,190 ([M+H]+) was observed which corresponds to a GSH adduct of 

DMCLZ, as described previously [20, 40]. Also, a cysteine conjugate of DMCLZ, with an 

m/z value 432,126 ([M+H]+), and four methylthio-conjugates of DMCLZ were found. One 

S-methyl conjugate with m/z 339,164 ([M+H]+) results from the substitution of chlorine 

of the nitrenium ion of DMCLZ, and was assigned as 8-CH3S-DMCLZ. The other three 

thiomethyl-conjugates, all having a mono-chlorine isotope pattern and m/z value of 

359,110 ([M+H]+), and result from initial regioisomeric addition of GSH to the DMCLZ-

nitrenium ion. The exact position of the substituents, however, could not be assigned 

because of the lack of synthetical references.  A cysteine S-conjugate with m/z 462,142 

appears to be the only GSH-related conjugate resulting from bioactivation of CLZ-NO 
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and could even be detected by UV-detection, Figure 5.  The position of the cysteine-

moiety, however, could not be established based on the fragmentation pattern. 

 

Interindividual Variability in CLZ bioactivation by Human Liver Slices  

Table 5 shows the relative amounts of the individual GSH-related conjugates 

identified in the incubations of CLZ with hPCLS of the fourteen liver donors. The relative 

amounts are based on the peak areas of the EICs of their exact masses. Although these 

peak areas not necessarily reflect the absolute abundance of different metabolites, 

comparison of the peak areas of the same metabolite between the different slice 

incubations gives reflects the interindividual variability by which each of them are 

produced.  In all incubations, 8-Cys-CLZ, 6-Cys-CLZ and one of the thiomethyl-

conjugates of DMLZ, CH3S-DMCLZ-3, appeared to be formed in highest abundance, with 

an approximately 3-fold variability for each of them.  

 

Table 5. Relative amounts of GSH related conjugates of clozapine in incubations of precision-cut slices from 14 

individual human livers.a  

   

                   

 HL1 HL2 HL3 HL4 HL5 HL6 HL7 HL8 HL9 HL10 HL11 HL12 HL13 HL14 Average ± SD 

                    

Genotype 

GSTM1 Pos Pos Pos Pos Pos Null Null Null Pos Null Null Null n.d. n.d. 

GSTT1   Pos Pos Pos Pos Pos Pos Pos Pos Null Null Null Null n.d. n.d.  

GSTA1 C/C C/C C/T C/T C/C C/T C/C C/C T/T T/T C/T C/T n.d. n.d. 

GSTP1 A/G A/A A/G A/G A/G A/G A/A A/G A/G A/G A/G A/A n.d. n.d. 

                   

GSH-Related metabolites 

8-Cys-CLZ 26.1 10.3 20.6 24.2 20.5 30.2 43.0 29.0 22.6 11.7 15.4 25.6 28.4 27.0 23.9 ± 8.3 

CH3S-DMCLZ-1 10.7 25.5 23.3 15.4 25.3 20.5 16.4 23.9 28.9 26.0 31.3 25.7 34.3 11.9 22.8 ± 7.0  

6-Cys-CLZ 19.4 30.6 22.7 20.0 16.7 17.7 11.6 14.5 16.0 23.8 18.4 17.2 17.0 26.0 19.4 ± 5.0 

8-CH3S-CLZ 7.2 7.2 9.0 2.1 7.2 4.3 2.3 6.2 2.8 17.1 12.3 4.0 11.2 1.9 6.8 ± 4.4  

Cys-CLZ-NO 17.4 7.0 1.8 6.6 8.6 4.0 5.0 8.2 2.1 6.9 1.0 6.8 1.5 4.4 5.8 ± 4.2  

7-Cys-CLZ 2.5 4.5 9.6 7.6 2.8 3.7 0.6 2.0 9.2 1.8 1.9 2.0 1.2 6.7 4.0 ± 3.0  

6-GS-CLZ 1.1 2.1 2.0 1.9 2.7 4.2 2.5 1.5 1.7 1.3 5.4 2.9 2.0 5.4 2.6 ± 1.4 

CH3S-DMCLZ-2 5.8 3.0 1.7 3.8 4.4 2.0 4.3 3.1 5.7 2.8 5.0 5.8 n.d. 3.2 3.6 ± 1.7  

Cys-DMCLZ 2.3 1.0 0.9 10.7 2.7 4.7 9.0 1.9 3.0 1.1 0.5 4.2 0.7 6.6 3.5 ± 3.2  

CH3S-DMCLZ-3 1.1 3.3 5.1 2.0 4.1 2.8 1.7 3.5 4.1 2.3 4.0 1.9 1.1 1.8 2.8 ± 1.3 

9-Cys-CLZ 1.5 1.7 1.1 1.8 0.9 2.6 1.2 1.4 1.6 2.2 1.4 1.2 0.9 1.3 1.5 ± 0.5 

6-CH3S-CLZ 2.3 2.6 0.5 1.1 1.5 0.5 0.4 1.3 0.5 1.0 1.8 1.2 0.7 0.7 1.2 ± 0.7  

2/3-Cys-CLZ 1.9 0.7 0.9 0.9 0.8 0.8 0.9 1.5 0.9 0.4 1.1 1.1 0.2 1.8 1.0 ± 0.5 

7-CH3S-CLZ 0.5 0.4 0.8 0.9 1.7 1.3 0.4 1.6 0.6 1.5 0.7 0.3 0.6 1.0 0.9 ± 0.5 

GS-DMCLZ 0.2 0.1 0.1 1.0 0.2 0.7 0.7 0.5 0.2 0.1 n.d. 0.2 0.2 0.4 0.3 ± 0.3  

 

                  

a. Numbers represent percentages peak areas of EICs of specific metabolites relative to the sum of peak areas of all GSH-related metabolites.
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For twelve of the fourteen liver slices, the genotypes of the GSTM1-1 and GSTT1-1 

were determined in order to investigate whether deficiency of these GSTs leads to altered 

levels of GSH-related metabolites.  According to the results presented in Table 5, no 

significant differences were observed between the different groups of genotypes, when 

comparing the average amounts of each GSH-related metabolite.  

To analyze the similarly of the profiles of the GSH-related metabolites of the 

different liver slices, the correlations between the profiles were obtained by pairwise 

comparing the relative amounts of individual metabolites of two individuals along the x- 

and y-axis.  As shown in Table 6, only slices from donor HL5, HL8, HL9 and HL12 showed 

very similar profiles of metabolites, as indicated by r2-values higher than 0,9.  However, 

the fact that each of these individuals had a different combination of genotype of GSTs, 

indicate that the selected genotypes of GST has no effect on the profile of GSH-correlated 

metabolites.   

 

Table 6.  Analysis of the similarity of profiles of GSH-related metabolites of CLZ in incubations of slices obtained 

from 12 genotyped liver donors.a 

  

Liver donor HL1 HL2 HL3 HL4 HL5 HL6 HL7 HL8 HL9 HL10 HL11 HL12 

(GSTM1/T1) (+/+) (+/+) (+/+) (+/+) (+/+) (-/+) (-/+) (-/+) (+/-) (-/-) (-/-) (-/-) 

               

HL1 (+/+) 1 0,437 0,526 0,711 0,649 0,690 0,650 0,723 0,450 0,434 0,333 0,674 

HL2 (+/+) 0,437 1 0,799 0,548 0,736 0,522 0,201 0,528 0,64 0,866 0,762 0,641 

HL3 (+/+) 0,526 0,799 1 0,739 0,854 0,808 0,488 0,778 0,873 0,775 0,819 0,821 

HL4 (+/+) 0,711 0,548 0,739 1 0,726 0,877 0,756 0,766 0,734 0,448 0,469 0,816 

HL5 (+/+) 0,649 0,736 0,854 0,726 1 0,848 0,598 0,928 0,889 0,775 0,856 0,959 

HL6 (-/+) 0,690 0,522 0,808 0,877 0,848 1 0,867 0,940 0,83 0,517 0,637 0,927 

HL7 (-/+) 0,650 0,201 0,488 0,756 0,598 0,867 1 0,81 0,585 0,224 0,335 0,742 

HL8 (-/+) 0,723 0,528 0,778 0,766 0,928 0,940 0,81 1 0,844 0,584 0,697 0,957 

HL9 (+/-) 0,450 0,64 0,873 0,734 0,889 0,83 0,585 0,844 1 0,603 0,803 0,906 

HL10 (-/-) 0,434 0,866 0,775 0,448 0,775 0,517 0,224 0,584 0,603 1 0,862 0,639 

HL11 (-/-) 0,333 0,762 0,819 0,469 0,856 0,637 0,335 0,697 0,803 0,862 1 0,774 

HL12 (-/-) 0,674 0,641 0,821 0,816 0,959 0,927 0,742 0,957 0,906 0,639 0,774 1 

               

a. Numbers represent r2-values obtained when plotting relative amounts of GSH-related metabolites 

 of two individuals agains x- and y-axis. 
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Discussion 

Bioactivation of CLZ to reactive nitrenium ion by local myeloperoxidases and 

hepatic P450s is generally accepted as a cause for the agranulocytosis and hepatotoxicity 

observed in a small percentage of CLZ-treated patients [6–8]. It can therefore be 

hypothesized that patients who are susceptible to these adverse drug reactions have a 

relative high activity of bioactivation and/or a deficiency in protective mechanisms, such 

as human GST-deficiency. Although recently it was demonstrated that bioactivation of 

CLZ in incubations with HLM from 100 individuals showed an 8-fold difference, so far no 

information is available on the variability of bioactivation in vivo in CLZ-treated patients. 

The only study in which urinary thioethers derived from GSH-conjugates of CLZ were 

identified in urine of CLZ-treated patients, reported three thiomethyl-conjugates and one 

methylsulfone conjugate [22]. This study did not provide information on the variability 

in excretion since pooled urine samples were analyzed. In two more recent studies which 

aimed at the identification of the full spectrum of CLZ-metabolites, 18 different CLZ-

metabolites were identified [16, 18]. However, no GSH-related metabolites were 

previously identified by the analytical methods used, indicating that these are excreted 

in low amounts. The aim of the present study was therefore to investigate the variability 

in CLZ-metabolism by analyzing urine samples of 35 CLZ-treated patients and by 

incubating CLZ with hPCLS of 14 individuals. 

As shown in Table 3, all 23 urinary CLZ-metabolites which have been reported 

previously, could be identified in the urine samples and/or slice incubations analyzed in 

the present study. Although not all urine was collected and quantification was based on 

peak areas of EICs, the present study shows that next to DMCLZ and CLZ-NO, the 7- and 

8-hydroxylated metabolites of CLZ and DMCLZ and their corresponding glucuronides 

and sulfate conjugates represent major metabolites in urine of all patients. In all urine 

samples, 8-OH-DMCLZ was the most abundant metabolite, consistent with previous 

studies [16, 18]. Although the major urinary metabolites DMCLZ and CLZ-NO were also 

identified as major metabolites in the 24 h incubations of CLZ with hPCLS, Figure 5, only 

small amounts of the 7- and 8-hydroxylated metabolites of CLZ and DMCLZ were formed 

in vitro and could only be detected by LC-MS/MS. These metabolites were also formed in 

trace amounts in incubations with HLM and recombinant human CYPs, suggesting that 

the formation of the 7- and 8-hydroxylated metabolites mainly originate from 

extrahepatic metabolism by as yet to be identified enzymes [20].   
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In contrast to the previous studies of Dain et al and Schaber et al, in the present 

study eleven different metabolites were identified in urine which are related to the 

bioactivation pathways of CLZ [16, 18].  Next to the four thiomethyl-conjugates previously 

identified by Stock et al., seven additional metabolites were found which originate from 

GSH-conjugates of CLZ and its major metabolites DMCLZ and CLZ-NO. The positive 

identification of these metabolites in the present study was facilitated by the availability 

of reference metabolites, which were produced synthetically and by incubations of CLZ 

in human slices. This enabled selective screening for the anticipated metabolites by exact 

mass measurements using the highly sensitive LC-MS/MS-equipment.   

It has been shown previously that GSH-conjugates of drugs are often excreted as 

N-acetylcysteine conjugates in urine [41–44]. They are therefore considered useful 

biomarkers for internal exposure to potentially toxic electrophiles [45]. However, in the 

present study no N-acetylcysteine conjugates of CLZ could be detected.  Previously, it has 

been shown that formed N-acetylcysteine conjugates can be deacetylated again by 

hepatic and renal acylases [46]. The balance of N-acetylation and deacetylation, which is 

substrate-dependent, therefore, determines the excretion profile of GSH-conjugates. In 

case, N-deacetylation is high, cysteine S-conjugates can be converted by cysteine S-

conjugates beta-lyase enzymes, producing thiol-metabolites which are subject to 

subsequent methylation reactions [24].  The fact that seven of the eleven urinary GSH-

related metabolites in the present study represent thiomethyl-conjugates of CLZ and 

DMCLZ, is consistent with the preference for the beta-elimination/S-methylation 

pathway above N-acetylation of the cysteine S-conjugates of CLZ.  

When analyzing the profiles of GSH-related metabolites in the 35 urine samples, 

a very large variability in the ratio of the eleven products were observed.  When 

comparing profiles between any combination of two individuals or each individual profile 

with the average profile, only very poor correlations were observed, as shown in Figure 

4.   In comparison, the profiles of the major metabolites showed much smaller variability.  

The explanation for the very large variability in profiles of the GSH-related metabolites 

might be the fact that much more enzymes are involved in their production than the 

major metabolites which are produced in two to three steps.  To produce thiomethyl-

conjugates at least six sequential steps are required,  involving CYPs, GST, gamma-

glutamyltranspeptidase, dipeptidase, beta-lyase and S-methylTransferases [24], each of 

which might some interindividual differences due to drug-drug interactions or genetic 

polymorphisms.  Furthermore, GSH-conjugates of CLZ have been shown to be eliminated 

in the bile of rats and mice [8]. In humans, 40% of radiolabeled CLZ-metabolites was 
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excreted in the feces [16], which also points to extensive biliary excretion in human. 

Therefore, metabolism of GSH-conjugates of CLZ also might occur the intestinal 

microflora, which can result in excretion of GSH-related CLZ-metabolites in feces and 

which might contribute to urinary metabolites by enterohepatic circulation.   

Previously it was shown that several human GSTs were able to catalyze the 

conjugation of GSH to the CLZ-nitrenium ion, producing multiple regioisomer GSH-

conjugates [23]. Therefore, genetic deficiency at the level of GST was considered as 

possible risk factors for the adverse effects of CLZ.  Three of the GSH-related metabolites 

identified in urine are derived from the chlorine-substitution pathway, which only occurs 

in presence of human GSTs [20].  In this article we showed that multiple GSTs were 

catalytically active in the inactivation of the nitrenium-ion of CLZ, albeit some with a low 

activity. This high number of active GSTs might explain why a recent association study 

did not find an increased odds ratio for the polymorphisms of GSTA1-1, GSTM1-1, GSTP1-

1 and GSTT-1 [47].  

In conclusion, in the present study multiple GSH-related metabolites could be 

identified in urine of CLZ-treated patients that reflect the bioactivation pathway of CLZ. 

However, because of the very wide variability in amounts and profiles, excretion of GSH-

related metabolites does not appear to be related to specific genotypes of human GSTs.  

Analysis of these products in urine does not appear to be useful for quantitative 

biomonitoring of internal exposure to reactive CLZ-metabolites, which might be useful 

to support association studies aiming at the identification of risk factors for CLZ-toxicity. 

Because urinary GSH-related metabolites show very wide variability and reflect extensive 

metabolism in non-target tissues, alternative biomarkers, for example protein adducts in 

neutrophils, are required to investigate the role of human GST-polymorphisms on 

exposure to reactive nitrenium ions. 
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Abstract 

The aim of this study was to characterize the human Cytochrome P450s (CYPs) 

involved in oxidative bioactivation of flucloxacillin to 5-hydroxyflucloxacillin, a 

metabolite with high cytotoxicity toward biliary epithelial cells. The CYPs involved in 

hydroxylation of flucloxacillin were characterized using recombinant human CYPs, 

pooled liver microsomes in presences of CYP-specific inhibitors, and by correlation 

analysis using a panel of liver microsomes from 16 donors. Recombinant CYPs showing 

the highest specific activity were CYP3A4, CYP3A7 and to lower extent CYP2C9 and 

CYP2C8. Michaelis Menten enzyme kinetics were determined for pooled HLM, 

recombinant CYP3A4 and CYP3A7. Remarkably, sulfaphenazole appeared a potent 

inhibitor of 5’-hydroxylation of FLX by both CYP3A4 and CYP3A7. The combined results 

show that the 5’-hydroxylation of FLX is primarily catalysed by CYP3A4 and CYP3A7. The 

large variability of the hepatic expression of these enzymes could affect the formation of 

5’-hydroxymethylfucloxacillin, which may determine the differences in susceptibility to 

flucloxacillin-induced liver injury. Additionally, the strong inhibition in CYP3A-catalyzed 

flucloxacillin metabolism by sulfaphenazole suggest that unanticipated drug-drug 

interactions could occur with coadministered drugs. 

 

Introduction 

The isoxazolyl-penicillin flucloxacillin (FLX) is a narrow spectrum β-lactam 

antibiotic which is active against gram-positive bacteria, such as methicillin-sensitive 

Staphylococcus aureus [1, 2]. Although the antibiotic is generally well tolerated at daily 

doses as high as 12 grams, it causes drug-induced liver injury (DILI) of a cholesteric nature 

in susceptible patients [3–9]. Although the risk for FLX-induced DILI is in the region of 9 

in 100.000 patients [6], the fact that it is one of the most prescribed β-lactam antibiotics 

makes FLX one of the drugs most often involved in DILI [7]. The mechanisms underlying 

FLX-induced cholestasis are still incompletely understood. Association studies have 

identified several risk factors, such as prolonged treatment with high daily doses and an 

age over 55 years [3, 6]. Furthermore, a genome-wide association study (GWAS) identified 

the HLA-B*57:01 allele as a strong risk factor for FLX-induced DILI, with an odds ratio of 

80.6, indicative for an important role of the immune system in the mechanism of liver 

toxicity [10]. Many forms of idiosyncratic DILI are believed to have an immunological 

basis, in which covalent binding of drugs and/or metabolites to proteins may play an 

important role by generation of a hapten and by causing cellular stress, leading to the 
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release of so-called danger signals which can stimulate the immune response [11, 12]. Like 

many other penicillin-like antibiotics, the reactive β-lactam-rings of FLX and its active 

metabolite 5’-hydroxymethyl FLX (5’-HM-FLX, Figure 1) have been shown to react with 

lysine-residues of proteins thereby forming potential haptens [13]. Interestingly, FLX-

specific cytotoxic (CD8+) T-cells were only found from patients with HLA B*57:01, 

supporting the role of this genotype as risk factor for FLX-induced DILI [14–16]. However, 

although the association with HLA B*57:01 is one of the strongest ever reported, still only 

1 in 1000 patients with the high-risk allele eventually develops FLX-induced DILI. 

Therefore, non-genetic risk factors, which escape detection by GWAS-studies, may also 

determine the sensitivity for FLX-induced cholestasis. Because 5’-HM-FLX was shown to 

be highly cytotoxic to isolated biliary epithelial cells, whereas FLX was without effect, a 

high internal exposure to 5’-HM-FLX may be considered as a potentially important risk 

factor [17]. 

 

 

Figure 1:  Oxidative metabolism of flucloxacillin (FLX) to 5’-hydroxymethyl flucloxacillin (5’-HM-FLX) and 

hydrolysis of FLX and 5’-HM-FLX to their corresponding penicilloic acids.   
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Many studies have investigated the pharmacokinetics of FLX in groups of healthy 

volunteers or patients [18–24]. Dependent of the dose regimen and route of 

administration (by infusion and/or orally) the maximal plasma concentration (Cmax) of 

FLX can range 50 to 790 µM. Systemic clearance of FLX appears to be mainly by renal 

clearance (65-71%) [23, 24]. Non-renal clearance of FLX occurs predominantly by 

Cytochrome P450-mediated hydroxylation of FLX to 5’-HM-FLX and partly by hydrolysis 

to the corresponding penicilloic acid. In healthy volunteers plasma-concentrations of 5’-

HM-FLX are on average approximately 10% of those of FLX, whereas their half-lives are  

comparable [18]. Furthermore, after a single 30 min i.v. infusion of 4 g of FLX to twelve 

patients with renal impairment, the Cmax of 5’-HM-FLX was on average 16 µM, and ranged 

from 3.6 to 49 µM when excluding a patient which showed no metabolite due to severely 

impaired hepatic function [24]. Because of the high contribution of renal excretion of FLX 

and 5’-HM-FLX, renal impairment was shown to lead to a significant increase in the areas 

under the curve which may increase the risk for FLX-induced DILI [19]. 

The different pharmacokinetics studies have demonstrated that metabolism of 

FLX shows significant interindividual variability, which may be a reflection of the large 

interindividual variability of the enzymes involved in hydroxylation of FLX and/or de 

mammalian dipeptidase involved in hydrolysis of FLX and 5’-HM-FLX to their 

corresponding penicilloic acids. In the study of Lakehal et al., it was shown that CYP3A4 

was able to catalyze the 5’-hydroxylation of FLX [17]. However, the involvement of only 

four CYP-isoforms were studied and FLX-hydroxylation was measured at only one 

concentration. Another study showed that FLX induces CYP3A4 in cell-lines exposed to 

200-400 µM FLX which may explain the decrease of cyclosporine plasma concentrations 

when coadministered together with FLX [25]. Whether this induction resulted in 

increased formation of 5’-HM-FLX was not studied, however. Because a recent meta-

analysis of Achour et al. [26] showed that the hepatic expression levels of all drug 

metabolizing human CYPs vary considerably, due to genetic polymorphism, enzyme 

induction and epigenetic factors, it is critically important to fully characterize the CYPs 

involved in drug metabolism in order to predict the interindividual variability in 

pharmacokinetics and the risk to be victim of drug-drug interaction. Furthermore, a 

major involvement of CYP3A4 in drug metabolism has been shown to result in poor 

prediction of pharmacokinetics and drug-drug interactions because of the occurrence of 

atypical enzyme kinetics and substrate-dependence of enzyme-inhibition [27–30]. This 

means that for some xenobiotics drug-drug interactions can occur with drugs that do not 



Page 141 

inhibit CYP3A4 with other substrates, making it difficult to detect such effects during 

drug development. 

The aim of the present study was therefore to characterize the bioactivation of 

FLX to 5’-HM-FLX in more detail by using a larger set of recombinant CYPs, by inhibition 

studies using pooled human liver microsomes (HLM) and by correlation analysis using a 

panel of HLM from 16 donors. Furthermore, for HLM and the most active CYPs the 

enzyme kinetics of FLX-hydroxylation was determined. 

 

Materials & methods 

Chemicals 

FLX was a kind gift of Dr. Bayliss from the University of Liverpool and was freshly 

dissolved at 100 mM in DMSO before each experiment. β-Nicotinamide adenine 

dinucleotide phosphate (NADP) sodium salt, glucose-6-phosphate (G-6-P), G-6-P 

dehydrogenase from baker's yeast (Saccharomyces cerevisiae), testosterone, (+)-N-3-

benzyl-nirvanol, (S)-mephenytoin, chlorzoxazone, quercetin, quinidine, ketoconazole, 

sulfaphenazole were purchased from Sigma-Aldrich (St. Louis, MO). All other chemicals 

were of analytical grade purity and obtained from standard suppliers 

Gentest Supersomes containing recombinant human CYPs were obtained from 

Corning BV life sciences (Amsterdam, the Netherlands). Pooled HLM (50 donors, 20 

mg/ml, lot No. 0710619) were obtained from Xenotech (Lenexa, USA). A panel of HLM 

from single donors were prepared from livers kindly provided by Kalycell (Plobsheim, 

France) (donors: S1399T, S1449T, S1352T, S1342T, B1327T, S1405T, S1336T, S1446T, S1329T, 

S1339T, S1343T, S1442T, S1344T, S1441T, S1334T and R1341T).  

5’-HM-FLX was obtained biosynthetically by hydroxylation of FLX using a drug 

metabolizing mutant of CYP102A1 from Bacillus Megaterium, M11 L437E, which contains 

mutations R47L, E64G, F81I, F87V, E143G, L188Q, E267V, G415S and L437E compared to 

wild-type CYP102A1.  This mutant appeared to selectively convert FLX to 5’-HM-FLX. A 

50 mL solution of 2 mM FLX in 100 mM potassium phosphate buffer pH 7.4 was incubated 

with 1 µM of M11 L437E and NADPH-regenerating system (NRS) for 20 hours at room 

temperature with constant stirring. The NRS consisted of 100 µM NADPH, 10 mM 

glucose-6-phosphate, and 0.5 units/mL glucose-6-phosphate dehydrogenase (final 

concentrations). The reaction was terminated by the addition of an equal volume ice-cold 

methanol containing 2% acetic acid. The mixture was centrifuged at 4000 rpm for 2 hours 
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at 4°C after which the supernatant was filtered through a 0.2 µm Phenex RC membrane 

filter from Phenomenex (Utrecht, the Netherlands). 5’-HM-FLX was purified by 

preparative HPLC using an Xbridge Prep C18-MS (5 µm; 10 x 55 mm) column. Samples of 

1.5 mL were injected and eluted with a flow rate of 3 mL/min. A gradient was constructed 

using eluent A  (99% water/0.9% acetonitrile/0.1% formic acid) and eluent B (99% 

acetonitrile/0.9% water/0.1% formic acid) and programmed from 25% B to 50% B in 11 

min after which it returned to 25% B in half a minute. After re-equilibrating for 4.5 min 

the next sample was injected. A fraction collector was triggered to collect peaks appearing 

at UV-detection at 272 nm. The fractions containing 5’-HM FLX were combined and 

evaporated to dryness and stored at -80°C under N2. The identity of 5’-HM FLX was 

confirmed by 1H NMR and 19F NMR using a Bruker Avance 250 (Fallanden, Switzerland) 

operating at 250.1 MHz. The metabolite had a purity of 99% based on HPLC analysis. 

 

Oxidative metabolism of FLX by HLM and recombinant human CYPs 

FLX was incubated at concentrations of 10 and 100 µM in presence of 0.5 mg/mL 

HLM or 100 nM of Gentest Supersomes, in the presence of NRS (see above). Incubations 

were performed in a 100 mM potassium phosphate buffer pH 7.4 supplemented with 5 

mM MgCl2 and 2 mM EDTA, and at a total volume of 50 µL. The incubations were started 

by the addition of NRS and incubated for 10 min at 37 °C, during which metabolite 

production was linear (data not shown). The reactions were terminated as described 

above. The samples were subsequently centrifuged at 14,000 rpm (20,800g) for 20 min 

using a tabletop centrifuge. The supernatant was filtered through 0.2 µm Phenex RC 

membrane filters from Phenomenex (Utrecht, the Netherlands) and subsequently 

analysed by LC-MS, as described below. 

 

Enzyme kinetics of oxidative metabolism of FLX by pooled HLM and CYP3A4 

To determine the enzyme kinetics of the formation of 5’-HM-FLX, eleven 

concentrations of FLX, ranging from 0 to 500 µM, were incubated in duplicate for 10 min 

with 0.5 mg/mL HLM or 100 nM CYP3A4 or CYP3A7 Supersomes in 100 mM potassium 

phosphate buffer, pH 7.4 supplemented with 5 mM MgCl2 and 2 mM EDTA. The reactions 

were started, stopped and analysed as described above.  
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Effect of specific inhibitors of CYPs on oxidative metabolism of FLX by pooled 

HLM. 

To study the involvement of individual human CYPs in the hydroxylation of FLX 

in incubations with pooled HLM the effect of selective P450 inhibitors was investigated. 

FLX was incubated at substrate concentrations of 10 and 100 µM with 0.5 mg/mL HLM, 

as described above, and in absence or presence of the following inhibitors: 10 µM α-

naphtoflavone (αNF; CYP1A2), 3 µM ticlopidine (TIC; CYP2B6), 15 µM quercetin (QCT; 

CYP2C8), 10 µM sulfaphenazole (SPZ; CYP2C9), 10 µM fluvoxamine (FVX; 

CYP2C9/CYP1A2), 1 µM (+)-N-3-benzyl-nirvanol (BNV; CYP2C19), 2 µM quinidine (QND; 

CYP2D6), 20 µM diethylthiocarbamate (DDC; CYP2E1), 3 µM troleandomycin (TAO; 

CYP3A4); 2 µM miconazole (MCZ; CYP3A4/CYP2C9) and 0.1 (CYP3A4) and 1 µM (CYP3A) 

ketoconazole (KTZ) respectively. At these concentrations the inhibitors are considered 

to be selective for the indicated P450 [31–33]. The mechanism-based inhibitors TIC and 

TAO were pre-incubated for 10 minutes. 

Because the CYP2C9-specific inhibitor sulfaphenazole appeared to almost 

completely block formation of 5’-HM-FLX by pooled HLM, it was also added at different 

concentrations to incubations of CYP3A4 and CYP3A7 Supersomes with FLX (10 µM) and 

testosterone (50 µM).  

 

Variability of oxidative metabolism of FLX by individual HLM and correlation 

analysis 

To determine the variability of 5’-hydroxylation of FLX, FLX was incubated at 10 

and 100 µM with a panel of individual HLM-fractions from 16 donors (0.5 mg/mL) which 

were phenotyped with respect to activities of CYP1A2 (phenacetin O-deethylation), 

CYP2A6 (coumarine 7-hydroxylation), CYP2B6 (bupropion hydroxylation), CYP2C8 

(amodiaquine N-deethylation), CYP2C9 (diclofenac 4’-hydroxylation), CYP2C19 

(mephenytoin 4-hydroxylation), CYP2D6 (bufuralol 1-hydroxylation), CYP2E1 

(chlorzoxazone 6-hydroxylation) and CYP3A4 (midazolam 1’-hydroxylation and 

testosterone 6ß-hydroxylation) using the concentrations described previously [34]. 

 

Analytical methods 

FLX and its metabolites were measured using an Agilent TOF 6230 mass 

spectrometer with electrospray ionization source coupled with an Agilent 1200 rapid 
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resolution LC system. The mass spectrometer was operated under the following 

conditions: a capillary voltage of 3500V, 10 L/min nitrogen drying gas and 50 psig nitrogen 

nebulizing gas at 350°C and operating in positive ion mode. Chromatographic separation 

of FLX and its metabolites was achieved by reversed-phase liquid chromatography using 

a Phenomenex Luna C18-column (5 µm; 4.6 x 150 mm). A gradient was constructed using 

1% acetonitrile in 0.1% formic acid (A) and 99% acetonitrile in 0.1% formic acid (B) as 

eluents. The gradient was programmed from 40% B to 99% B in 23.5 min after which the 

percentage went back to 40% B in 0.5 minute. Next the column was re-equilibrated in 

40% B for 11 min. The flow rate was 0.4 mL/min. The chromatograms were analysed using 

Agilent Masshunter Qualitative Analysis software. Quantification was performed using a 

standard curve of 5’-HM-FLX ranging from 1 nM to 6 µM. The lower limit of quantification 

of 5’-HM-FLX was 8 nM.  

 

Data analysis 

Enzyme kinetic parameters were determined using GraphPad Prism 5.00 for 

Windows, GraphPad Software (San Diego, USA) and fitted to the Michaelis Menten 

equation. IC50s were calculated using the log(inhibitor) vs. response function of 

Graphpad Prism 5.00 for Windows, Graphpad Software (San Diego, USA). The Pearson 

correlation coefficient was calculated for the specific probe substrates and flucloxacillin 

5’-hydroxylation using GraphPad Prism 5.00 for Windows, GraphPad Software (San 

Diego, USA). A two-tailed p-value was used with a confidence interval of 95%. 

Randomization and blinding was not applicable for these experiments. The data and 

statistical analysis in this manuscript comply with the recommendations on experimental 

design and analysis in pharmacology [35]. 

 

Results 

Oxidative metabolism of FLX by HLM and recombinant CYPs. 

 As shown in Figure 2,  incubation of 10 µM FLX for 60 min with pooled HLM, in 

the presence or absence of NRS, resulted in the formation of one NRS-dependent 

metabolite eluting at 11.6 min and with m/z ([M+H]+) of 470.052, which corresponded to 

the retention time and m/z-value of biosynthetical 5’-HM-FLX.  The product eluting at 

9.3 min has an m/z of 472.078 and was also formed in absence of NRS. The mass increase 

of 18 relative to FLX (m/z 454.059) indicates that this product most likely corresponds to 
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Figure 2: LC-MS-analysis of an incubation of 100 µM FLX incubated for 60 minutes with 0.5 mg/mL pooled human 

liver microsomes with (solid line) or without (dotted line) NADPH-regenerating system. (A) Extracted ion 

chromatogram of m/z 470.052 corresponding to the [M+H]+ of 5’-HM-FLX; (B) extracted ion chromatogram of 

m/z 472.078 corresponding to the [M+H]+ of the penicilloic acid of 5’-HM-FLX; (C) extracted ion chromatogram 

of m/z 454.059 corresponding to the [M+H]+ of FLX. 

 

the penicillic acid formed by hydrolysis of the beta-lactam ring of FLX. The enzyme 

kinetics of 5’-HM-FLX formation by pooled HLM was studied in 10 minute incubations 

by varying the concentration of FLX from 10 to 500 µM. As shown in Figure 3A, a 

hyperbolic curve was obtained consistent with Michaelis-Menten kinetics. Enzyme 

kinetic parameters obtained by non-linear regression were: Km 284 ± 38 µM and Vmax 30 

± 2 pmol/min/mg protein. 

To characterize which human CYP isoenzymes catalyze the formation of 5’-HM-

FLX, eleven different recombinant CYP Supersomes were incubated with 10 and 100 µM 

FLX. These concentrations were chosen to discriminate between active isoforms at the 

average Cmax in patients taking 1000 mg orally (100 µM) and high affinity enzymes (10 µM). 

At a FLX-concentration of 10 µM, recombinant CYP3A4, CYP3A7 and to a lesser extent 

CYP2C9 showed the highest activity in formation of 5’-HM-FLX, Figure 4A. At 100 µM 

FLX, CYP3A7 was the most active CYP followed by CYP3A4. Low activities of 5’-HM-FLX 

formation were observed, in decreasing order, in incubations with CYP2C9, CYP2J2, 

CYP2C8, CYP2E1, CYP3A5, CYP1A1, CYP2D6 and CYP1A2, Figure 4B. Since CYP3A4 

showed high activity at both concentrations and is a major hepatic CYP, the enzyme 

kinetics of 5’-HM-FLX formation was also determined using CYP3A4, CYP3A7 and  
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Figure 3: Concentration dependency of the rate of FLX-hydroxylation as catalyzed by 0.5 mg/mL pooled HLM (A), 

100 nM CYP3A4 Supersomes (B), 100 nM CYP3A7 Supersomes (C) and 100 nM CYP2C9 supersomes (D). Each data 

point is measured in duplo and depicted as mean with the range of duplicate measurements. Enzymes kinetic 

parameters obtained by non-linear regression according to the Michaelis Menten-equation were: (A) HLM: Km 284 

± 38 µM and Vmax 30 ± 2 pmol/min/mg protein; (B) CYP3A4 Supersomes: Km 124 ± 15 µM and Vmax 197 ± 9 

pmol/min/nmol P450, (C) CYP3A7 Supersomes: Km of 65 ± 8 µM and a Vmax 193 ± 7 pmol/min/nmol P450 and (D) 

CYP2C9 supersomes: Km of 508 ± 82 µM and a Vmax 67 ± 7 pmol/min/nmol P450.  

 

 

CYP2C9 Supersomes (Figure 3B, 3C and 3D).  Similar to the incubations with pooled 

HLM, Michaelis-Menten kinetics was observed. Using the Michaelis Menten model a Vmax 

197 ± 9 pmol/min/nmol P450 and a Km of 124 ± 15 µM for CYP3A4, a Vmax 193 ± 7 

pmol/min/nmol P450 and a Km of 65 ± 8 µM for CYP3A7 and a Vmax 67 ± 7 pmol/min/nmol 

P450 and a Km of 508 ± 82 µM for CYP2C9 were determined.   



Page 147 

 

Figure 4:  Specific activities of formation of 5’-HM-FLX in incubations of FLX with CYP-containing Supersomes 

(100 nM). (A) Incubations in presence of 10 µM FLX; (B) incubations in presence of 100 µM FLX. Data depicts a 

representative curve of two experiments performed in duplo; error bars represent the range of duplicate 

measurements. 

 

Effect of isoenzyme-selective CYP-inhibitors on FLX metabolism by HLM. 

Figure 5 shows the effects of isoenzyme-selective CYP-inhibitors on the oxidative 

metabolism of FLX by pooled HLM. The three inhibitors of CYP3A-isoforms, KCZ, MCZ 

and TAO, showed a relatively modest and differential inhibitory effect on 5’-HM-FLX 

formation. Even at the highest concentration of KTZ, which inhibits the CYP3A-family, 

still only 50% inhibition was observed at both concentrations of FLX. The other CYP3A4-

inhibitors showed only 20 to 40% inhibition at 10 µM FLX-concentration. Although  
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Figure 5: The inhibition of 5'-HM-FLX formation by pooled HLM (0.5 mg/mL) by isoform-specific inhibitors of 

CYPs. (A) Incubations performed in presence of 10 µM FLX; (B) incubations performed in presence of 100 µM FLX. 

Activities are relative to the non-inhibited reactions which showed specific activities of 0.52 pmol/min/mg protein 

(A) and 7.4 pmol/min/mg protein (B), respectively. 100% was defined as the enzyme activity without inhibitor and 

0% was defined as no enzyme activity. Data depicts a representative curve of three experiments performed in duplo; 

error bars represent the range of duplicate measurements. 

 

recombinant CYP2C9 showed much lower activity when compared to CYP3A4, Figure 

3D and 4, an almost 90% inhibition of 5’-HM-FLX formation was observed in presence of 

sulfaphenazol, which is considered to be a selective CYP2C9-inhibitor. However, this 

could not be ascribed to a low activity for the CYP2C9 supersomes, since the batch had 

an activity of diclofenac 4’-hydroxylation activity of this specific recombinant CYP2C9 

batch was 17 pmol/min/pmol P450. This is supported by the data for fluvoxamine, the  
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Figure 6: Sulfaphenazole (SPZ)-concentration dependent inhibition of 5'-hydroxylation of FLX (open circles), 6ß-

hydroxylation of testosterone (closed circles) and 4’-hydroxylation of diclofenac (closed triangles) as catalyzed by 

CYP3A4 Supersomes (A), CYP3A7 Supersomes (B) and HLM (C). Each condition was incubated in duplicate and 

depicted as mean with the range of duplicate measurements. 100% was defined as the enzyme activity without 

inhibitor and 0% was defined as no enzyme activity. 

 

other CYP2C9-inhibitor used did not show significant inhibition of 5’-HM-FLX formation. 

To study whether sulfaphenazole has the ability to inhibit CYP3A-mediated 

hydroxylation of FLX, sulfaphenazole was added at different concentrations to 

incubations of CYP3A4 and CYP3A7 with FLX and testosterone as substrates. As shown 

in Figure 6A and 6B, SPZ appeared to be a potent inhibitor of FLX hydroxylation by  
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Table 1: Statistical analysis of the correlation between FLX metabolism and isoform specific substrates in HLM of 

16 different donors. CYP3A4 has been characterized with two substrates, midazolam (Mid) and testosterone (Test). 

 

 

recombinant CYP3A4 and CYP3A7 with an IC50 of 4.1 ± 0.4 µM and 6.1 ± 0.5 µM 

respectively.  At these SPZ-concentrations, no inhibition of CYP3A4-catalyzed 6β-

hydroxylation of testosterone was observed. In HLM SPZ could inhibit both diclofenac 

4’-hydroxylation and FLX hydroxylation, but not testosterone hydroxylation, with an IC50 

of 2.2 ± 1.1 µM for diclofenac and an IC50 of 13 ± 1.3 µM for FLX. 

 

 Pearson R p-value 

10 µM FLX   

CYP1A2 0.04 0.87 

CYP2A6 0.45 0.078 

CYP2B6 0.16 0.54 

CYP2C8 0.50 0.051 

CYP2C9 0.78 0.0004 

CYP2C19 0.45 0.079 

CYP2D6 0.15 0.59 

CYP2E1 0.42 0.10 

CYP3A4 (M) 0.58 0.012 

CYP3A4 (T) 0.69 0.003 

   

100 µM FLX   

CYP1A2 0.10 0.70 

CYP2A6 0.45 0.093 

CYP2B6 0.49 0.16 

CYP2C8 0.044 0.87 

CYP2C9 0.58 0.019 

CYP2C19 -0.059 0.83 

CYP2D6 -0.069 0.80 

CYP2E1 0.36 0.17 

CYP3A4 (M) 0.48 0.061 

CYP3A4 (T) 0.39 0.14 
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Variability of oxidative metabolism of FLX by individual HLM-fractions and 

correlation analysis. 

Figure 7 shows the variability of oxidative FLX metabolism which was observed 

in incubations of FLX with HLM-fractions from sixteen donors. When incubating with 10 

µM FLX, a 6.5-fold difference was found between the lowest (S1342) and highest (S1441) 

metabolising donor. When using 100 µM FLX as substrate concentration, the difference 

between the lowest (S1342) and highest (S1343) metabolising donor was 3.3-fold. As shown 

in Figure 8 and Table 1, the activities of 5’-HM-FLX formation showed very poor 

correlations with activities of most CYP-specific reaction. The highest correlation 

coefficient was found with CYP3A4-catalyzed 6ß-hydroxylation of testosterone and 

midazolam 1’-hydroxylation, with Pearson correlation coefficients of 0.69 and 0.58, 

respectively.  Although a comparable correlation coefficient was also observed with 

CYP2C9-catalyzed diclofenac 4’-hydroxylation, visual inspection of the data points clearly 

show a trend that would not cross the origin but at 280 pmol/min/mg protein at the x-

axis (Supplemental Figure S1). Combined with the low activity of CYP2C9 Supersomes 

it seems unlikely that CYP2C9 is a major contributor to 5’-HM-FLX formation by HLM. 

  

Discussion 

Previously it has been shown that 5’-HM-FLX appeared to be highly toxic to 

biliary epithelial cells variability in the internal exposure to 5’-HM-FLX should be 

considered as an important factor determining susceptibility to liver injury [17]. 

Therefore, the aim of present study was to further characterize the CYPs involved in 

hydroxylation of FLX by using recombinant CYPs, specific inhibitors and correlation 

analysis. Furthermore, the enzyme kinetic parameters of FLX hydroxylation were 

quantified using biosynthetical 5’-HM-FLX as reference.  

  The results of the present study confirm that, upon incubation of FLX with HLM 

or recombinant CYPs, 5’-HM-FLX is the only oxidative metabolite formed, Figures 2 and  
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Figure 7: Variability in specific activity of 5'-hydroxylation of FLX as catalyzed by HLM from 16 individual donors. 

Black bars represent specific activities obtained in presence of 10 µM FLX; white bars represent specific activities 

obtained in presence of 100 µM FLX. Each data point was measured in duplo and depicted as mean with the range 

of duplicate measurements. 

 

4, consistent with previous studies [17]. By using recombinant CYPs, at both substrate 

concentration used CYP3A4 and CYP3A7 appeared to be the most active enzymes. At 10 

µM FLX, CYP2C9 showed an 8-10 fold lower activity, Figure 4A.  At 100 µM FLX, low 

activities were also observed with CYP1A1, CYP1A2, CYP2C8, CYP2E1, CYP2J2 and CYP3A5.  

The fact that Lakehal et al. [17] did not detect 5’-HM-FLX in incubations with 

recombinant CYP1A2, CYP2C9 and CYP3A5 might be attributed to the less sensitive 

analytical method used (HPLC-UV detection vs LC-MS) and/or the use of yeast-expressed 

CYPs with lower specific activity than the Supersomes used in the present study. Also, 

compared to the present study, incubations with recombinant CYPs were performed at 

lower temperature (28 oC vs. 37 oC) and lower enzyme concentration (50 nM vs 100 nM 

CYP).  

The present study confirms the previous study of Lakehal et al. [17]. that CYP3A4 

is likely to play a major role in the formation of 5’-HM-FLX, since it is on average the most 

abundant CYP in human liver (mean 93 pmol/mg protein) [26].  However, the meta-

analysis of Achour et al. demonstrated that in the 713 human livers analyzed CYP3A4 

levels varies dramatically, ranging from 0 to 601 pmol/mg protein [26]. This large 

variability can contribute to the interindividual variability in plasma-concentrations of 5’-

HM-FLX [24].  As mentioned, next to CYP3A4 also CYP3A7 showed high activity in FLX-

hydroxylation.  CYP3A7 was originally considered a CYP only expressed in fetal tissues  
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Figure 8: Correlation analysis of CYP-specific reactions and FLX hydroxylation at 10 µM FLX (A) or 100 µM FLX 

(B) using HLM of 16 different donors. Each data point was measured in duplo and depicted as mean with the range 

of duplicate measurements. R-values represent the Pearson correlation coefficients obtained by correlating the 

CYP-specific reactions (x-axis) and 5’hydroxylation of FLX (y-axis) as catalyzed by individual HLM from 16 

individuals. 

 

 

[36].  However, more recent studies have indicated that in approximately 10% of adult 

livers, CYP3A7 is expressed to significant extents, up to 90 pmol/mg protein, which equals 

the mean level of CYP3A4 [37, 38]. This strongly increased CYP3A7 expression appears to 

be strongly associated with the CYP3A7*1C allele which has arisen through the conversion 

of 60 bp of the promotor of CYP3A4 into the corresponding region of CYP3A7 [39]. To 

what extent the variability in CYP3A7-expression contributes to the variability of FLX-

hydroxylation remains to be established, and is complicated by the present lack of specific 
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inhibitors for the CYP3A-isoforms. The relatively poor correlation between the rate of 

FLX-hydroxylation with the CYP-specific reactions, Figure 8 and Table I, may be 

explained by involvement of more than one enzymes. 

 Involvement of CYP3A-isoforms in drug metabolism is well known to result in 

very diverse types of enzyme kinetics and poorly predictable drug-drug interactions. 

Dependent on the substrate used, for all CYP3A-isoforms enzyme kinetics can appear as 

normal Michaelis-Menten kinetics, or atypical kinetics such as autoactivation and 

substrate inhibition [30, 40]. As possible explanations for this complex behavior, multiple 

binding sites in the active-site allowing accommodation of multiple substrate molecules 

or the presence of an effector binding site has been proposed [27, 29]. Because of the 

multiple binding sites in CYP3A-enzymes, also the type of drug-drug interactions appears 

complex and strongly substrate dependent [29, 41]. Therefore, to predict the ability to 

cause CYP3A4-inhibition the use of multiple CYP3A4 substrates is recommended [41]. 

The inhibition experiments in the present study seem to confirm the complicated 

inhibition pattern of CYP3A-reactions. The established CYP3A4-inhibitors ketoconazole, 

troleandomycin and miconazole showed relatively low degree of inhibition at the 

concentrations used. Remarkably, sulfaphenazole, which is considered to be a highly 

selective inhibitor of CYP2C9 [31] showed almost strong inhibition of FLX-hydroxylation 

by pooled HLM, CYP3A4 and CYP3A7, whereas the 6-beta-hydroxylation of testosterone 

was not affected.  These results suggest that FLX has a unique binding mode to the active 

site to CYP3A4, explaining the relatively weak inhibition by 1 µM ketaconazole and an 

unexpected strong inhibition by sulfaphenazole. A similar situation has been described 

recently in a study where sulfaphenazole was able to significantly inhibit bioactivation of 

lapatinib by HLM, although recombinant CYP2C9 showed only very low activity [42].  

Therefore, CYP3A family in rare occurrences can be inhibited by sulfaphenazole in a 

substrate dependent manner. The results of the present study contrast with the results of 

Lakehal et al. which reported no inhibition of HLM-catalyzed hydroxylation of FLX by 25 

µM sulfaphenazole [17]. The reason for the discrepancy between these results remains to 

be elucidated. A possible explanation might be the different sources of enzymes used, 

since the ratio between CYP and reductase as well as the membrane composition can 

affect CYP-activity [43]. 

In conclusion, the result of this present study confirm the involvement of CYP3A4 

in the hydroxylation of FLX, whereas also CYP3A7 will contribute significantly in 

individuals expressing high hepatic levels. Because hydroxylation of FLX contributes to a 

relatively low percentage to the plasma clearance of FLX, the variability observed is 
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unlikely to contribute to a large extent to the variability of pharmacokinetics of FLX, 

which is mainly determined by variable absorption and renal clearance [18–20]. However, 

the variability of hepatic CYP3A-levels may determine the plasma-levels of 5’-HM-FLX, 

which is suspected to play a role in FLX-induced DILI by causing cytotoxicity to BEC. 

Many antibiotics are known to be potent inhibitors of CYP3A-enzymes. Whether co-

administration of these antibiotics with FLX, might decrease the risk of FLX-induced DILI 

remains to be established. 
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Supplemental data 

 

Figure S1: Correlation analysis of CYP-specific reactions and FLX hydroxylation at 10 µM FLX (A) or 100 µM FLX 

(B) using HLM of 16 different donors. The line indicates correlation and is forced through zero. Each data point 

was measured in duplo and depicted as mean with the range of duplicate measurements. R-values represent the 

Pearson correlation coefficients obtained by correlating the CYP-specific reactions (x-axis) and 5’hydroxylation 

of FLX (y-axis) as catalyzed by individual HLM from 16 individuals. 
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Abstract 

The 5'-hydroxymethyl metabolite of the penicillin based antibiotic flucloxacillin 

(FLX) is considered to be involved in bile duct damage occurring in a small number of 

patients. Because 5'-hydroxymethyl FLX is difficult to obtain by organic synthesis, 

biosynthesis using highly active and regioselective biocatalysts would be an alternative 

approach. By screening an in-house library of Cytochrome P450 (CYP) BM3 mutants, 

mutant M11 L437E was identified as a regioselective enzyme with relatively high activity 

in production of 5’-hydroxymethyl FLX as was confirmed by mass spectrometry and NMR. 

In contrast, incubation of M11 L437E and other mutants with oxacillin (OX, which differs 

from FLX by a lack of aromatic halogens) resulted in formation of two metabolites. In 

addition to 5’-hydroxymethyl OX we identified a product resulting from aromatic 

hydroxylation. In silico studies of both FLX and OX with three CYP BM3 mutants revealed 

substrate binding poses allowing for 5’-methyl hydroxylation, as well as binding poses 

with the aromatic moiety in the vicinity of the heme iron for which the corresponding 

product of aromatic hydroxylation was not observed for FLX. Supported by the 

(differences in) experimentally determined ratios of product formation for OX 

hydroxylation by M11 and its L437A variant and M11 L437E, Molecular Dynamics 

simulations suggest that the preference of mutant M11 L437E to bind FLX in its 

catalytically active pose over the other binding orientation contributes to its biocatalytic 

activity, highlighting the benefit of studying effects of active-site mutations on possible 

alternative enzyme-substrate binding poses in protein engineering.     

 

Introduction 

Flucloxacillin (FLX) is a synthetic antibiotic with the penicillin core structure 

(Figure 1A)  and belongs to the class of penicillinase-resistant isoxazolyl penicillins.[1,2] 

FLX is used in the treatment of Staphylococcal infection. Its use is associated with rare 

cases of idiosyncratic drug induced liver injury (iDILI, predominantly cholestatic), with a 

higher incidence in women and elderly.[3,4] Because of its widespread use FLX has been 

reported to be one of the most common causes of severe and even fatal iDILI.[5]  

Although the mechanism of FLX-induced iDILI is not yet fully understood, it is 

accepted that certain polymorphisms of the immune system, in particular HLA-B*5701, 

strongly increases the risk for iDILI.[6,7] Although the association with HLA-B*5701 is 

one of the strongest ever reported, only 0.1% of the patients with this genotype will  
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Figure 1. (A)  Flucloxacillin (FLX). (B) 5’-hydroxymethyl FLX. (C) Oxacillin.  

 

eventually develop FLX-induced iDILI.[6] It is therefore likely that other factors are 

involved in the susceptibility to cholestasis as well. Because the metabolite of FLX 

appeared much more toxic to biliary epithelial cells than FLX itself, variability in 

metabolism of FLX may also determine susceptibility to FLX-induced DILI.[8]  

FLX is mainly metabolized by Cytochrome P450 (CYP) 3A4 to 5’-hydroxymethyl 

FLX (Figure 1B).[2] To our knowledge, no synthetic route for 5’-hydroxymethyl FLX has 

been published yet and only the use of liver microsomes from rats treated with 

dexamethasone has been reported as a method to obtain 5’-hydroxymethyl FLX at 

analytical scale.[8] However, liver microsomes have intrinsically low activity of CYPs and 

require animals as source of microsomes and are therefore less suitable for biosynthetic 

approaches. As an alternative to liver microsomes, CYP BM3 (CYP102A1) from Bacillus 

megaterium has more perspective for biosynthesis, since it is the CYP with one of the 

highest reported turnovers.[9,10] Whereas wild-type (WT) BM3 only accepts long fatty 

acids as substrates, many successful protein engineering studies have been reported over 

the last years that report mutants of BM3 able to hydroxylate drugs and drug-like 

compounds with high activity and with regio- and/or stereo-selectivity.[11–21] However, 

rationally predicting novel mutants with enhanced selectivity and/or activity is still 

difficult especially when considering the flexibility of their active site and because they 

can typically bind a variety of substrates in multiple binding poses.[18,22–26] In the 

present combined experimental and computational study we report and study the 

biocatalytic activity for (regioselective) 5’ methyl-hydroxylation of FLX by CYP BM3 

mutants M11, M11 L437E and M11 L437A. M11 is a mutant capable of metabolizing a variety 

of drug-like or other industrially relevant substrates[25,27–29] and contains mutations 

R47L / E64G / F81I / F87V / E143G / L188Q / Y198C / E267V / H285Y / G415S with respect 

C B A 
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to wild-type BM3.[30] Our in silico studies suggest that the L437E mutation favors binding 

of FLX in its catalytically active binding pose over substrate binding in a less reactive 

binding mode. This illustrates the relevance to consider alternative enzyme-substrate 

binding poses as well when designing promiscuous biocatalysts such as BM3 variants. We 

could support these findings by incubations of M11 and its 437E and 437A mutants with 

oxacillin (OX), which only differs from FLX by the aromatic Cl and F substituents of the 

latter (Figure 1).  

 

Methods 

Chemicals 

FLX was kindly supplied by dr. Bayliss (University of Liverpool) and OX was 

acquired from Sigma Aldrich (Zwijndrecht, the Netherlands; purity: 99 %). All other 

chemicals were obtained from standard suppliers and of analytical grade. 

 

Mutagenesis and expression of BM3 mutants 

Mutant M11 L437A was cloned using the primers listed in Table I according to the quick 

change protocol as published previously.[28] Constructs for wild-type BM3 [31] and the 

BM3 mutants M01, M02, M05, M11, M01 L437E, M11 L437E, M11 L437N, M11 L437S, M11 

L437T [21], M01 S72D, M01 S72E, M01 A74D, M01 A74E [28], M01 S72I, M01 A82W, M11 

S72D, M11 A82W V87F, M11 A82W L437N, M11 V87F L437N, M11 V87F L437S, M11 V87I 

L437N, M11 V87I L437S [32], M11 V87A, M11 V87G, M11 V87H and M11 V87I [33] have been 

reported before. Enzyme expression was conducted as described in reference [28], except 

that after expression cells were lysed with three rounds in an Avastin EmulsiFlex-C3 

instead of a French Press. In a next step, M11, M11 L437E and M11 L437A were purified over 

Ni-NTA beads according to a protocol reported before.[21] Enzyme concentrations were 

determined by CO-specs according to the protocol of Omura and Sato. [32] 

 

Incubations 

For biotransformation reactions, lysates containing 200 nM of BM3 mutants or 2 

mg/mL dexamethasone induced rat liver microsomes were incubated with 250 µM FLX 

or OX in 100 mM potassium phosphate buffer pH 7.4 (KPi pH 7.4) in the presence of an 

NADPH-regenerating system (NRS).  
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Table I. Forward (fw) and reverse (rv) primers used to mutate position L437. The introduced silent restriction site 

BsmA1 is underlined and the mutated residues are highlighted in bold. 

 

The NRS consisted of 100 µM NADP+, 10 mM glucose-6-phosphate, and 0.5 

units/mL glucose-6-phosphate dehydrogenase. Reactions were started by the addition of 

NRS and were performed at 24 ⁰C for BM3 or 37 ⁰C for rat liver microsomes. To compare 

the different BM3 mutants in the initial screen, the incubations were performed for 1 hour. 

For a selection of BM3 mutants, enzyme kinetic parameters were determined by 

incubating with different concentrations of FLX and OX. For enzyme kinetic analysis, an 

incubation time of 10 min was used during which metabolite formation was found to be 

linear in time [data not shown]. The reaction was stopped by addition of an equal volume 

of ice-cold methanol containing 2% acetic acid to prevent hydrolysis of the β-lactam ring. 

Proteins were removed by centrifugation at 20,800 g for 20 minutes.  The supernatant 

was analyzed by HPLC-UV and the identity of the metabolites was confirmed by LC-MS. 

Michaelis-Menten parameters were obtained by nonlinear regression using GraphPad 

Prism 5.00 (Graphpad Software, San Diego, CA, USA). Kinetics for M11 L437E and M11 

L437A were fitted to the Michaelis-Menten function, while M11 kinetics were fitted to the 

substrate inhibition function (with obtained Ki = 4.0 mM) as described by Copeland in 

Equation (5.44) of reference [33], which assumes an inactive ternary substrate-enzyme-

substrate (SES) complex. 

 

Preparative scale incubations 

For preparative scale metabolite production, 100 mL 100 mM KPi pH 7.4 

containing 1 µM BM3, 2 mM substrate and NRS was incubated at room temperature with 

constant agitation by a steering bean. For the production of 5’-hydroxymethyl FLX, M11 

L437E was used, whereas for the hydroxylation of OX M11 was used. Fresh BM3 mutant 

and NRS were added every hour for 7 hours and once more after 20 hours. The reaction 

was terminated after 24 hours by the addition of an equal volume ice-cold methanol 

containing 2% acetic acid and centrifuged at 4600 g for 2 hours at 4⁰C. Next, the methanol 

was evaporated and the sample concentrated by vacuum centrifuging and the metabolites 
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were purified from the supernatant by preparative HPLC. 5’-hydroxymethyl-OX was 

identified by 1H NMR and 5’-hydroxymethyl-FLX was identified by 1H and 19F NMR.  The 

aromatic hydroxylation of OX was identified by LC-MS/MS. 

 

Analytical methods 

 Metabolite formation for FLX and OX was assessed on a Shimadzu HPLC 

equipped with two LC-20AD pumps, an SPD20A UV-detector set to 272 nm, and a 

SIL20AC auto-sampler. Separation was performed on a Luna 5 µm 4.6 x 150 mm C-18 

column with a binary gradient consisting of eluens A (0.1 v/v% formic acid, 1 v/v% 

acetonitrile and 98.9 v/v% H2O) and B (0.1 v/v% formic acid, 98.9 v/v% acetonitrile and 1 

v/v% H2O) at 0.5 ml/min. The gradient went from 40 v/v% to 99 v/v% B in 23.5 minutes, 

after which the percentage went back to 40% B in 0.5 minutes. The column was 

equilibrated for 11 minutes before a next sample was injected.  

 An Agilent 1200 rapid resolution LC system connected to an Agilent TOF 6230 

mass spectrometer with an electrospray ionization source was used to determine the mass 

of the metabolites. 3500V 10 L/min nitrogen drying gas together with 50 psig nitrogen 

nebulizing gas at 350 ⁰C were used and the capillary was set to 3500V. For MS/MS an 

Agilent QTOF 6500 was used with a collision energy of 10V. The LC column and gradient 

were identical to the HPLC-UV set-up.  

 

Preparative HPLC 

The preparative HPLC system was similar to the one described above, but with a 

Shimadzu LC-20AB pump and a FRC-10A fraction collector connected. Samples 

consisting of 1 mL sample were injected into an Xbridge prep C18-MS (5 um 10 x 55). The 

same eluens as described above were used in a binary gradient going from 25% to 50% 

eluens B in 11 minutes for FLX, and from 20% to 50% eluens B for OX. Then it went back 

to the starting conditions and equilibrated again for 4.5 minutes. The flow rate was 3 

mL/min. Afterwards the collected fractions were evaporated to dryness and stored at -

20⁰C. 
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19F and 1H NMR spectroscopy 

NMR spectra for FLX, OX and their metabolites were measured in deuterated 

DMSO-d6 (Sigma Aldrich, Zwijndrecht, Netherlands) on a Bruker Avance 500 (Fallanden, 

Switzerland) at room temperature, equipped with a cryoprobe operating at 500.13 MHz. 

For identification of FLX metabolites, 19F spectra and 1H of FLX were compared to Keun 

et al.[34]  

 

Dissociation constant measurements 

To determine dissociation constants of the binding of FLX and 5’-hydroxymethyl 

FLX to BM3 mutants, binding spectra of the substrate-protein and metabolite-protein 

complexes were acquired as published previously.[21] The compounds were titrated into 

a cuvette containing 1 mL of 100 mM KPi pH 7.4 and 1 µM BM3 up to a final volume of not 

more than 2% of the initial solution volume. UV/Vis difference spectra were obtained on 

a Shimadzu UV-250IP spectrophotometer (Shimadzu Duisburg, Germany) at 24 °C.  The 

substrate-free sample was subtracted from all following acquired spectra. The difference 

in absorption between 422 nm and 390 nm was plotted and analyzed by nonlinear 

regression fitting the data to the one site – specific binding with hill slope function of 

GraphPad Prism 5.00 (Graphpad Software, San Diego, CA, USA) to obtain the reported 

KD values. 

 

Molecular docking 

The heme domain of mutant BM3 M11 was modelled using chain B of the M11 

crystal structure (PDB ID 5E9Z).[26] Missing residue Q73 and missing atoms of residues 

K31, Q73, K94, K97, Q109, Q110, D136, K187, K218, Q229, T245, R255, Q288, K306, K449 

were added with Modeller 9.3.[35] The structure was then steepest-descent energy 

minimized and protonated using the Reduce tool from the AmberTools package.[36] The 

protonated M11 structure was used as a docking template for FLX and OX. 

 FLX was first energy minimized according to the MMFF94 force field [37] with 

Open Babel 2.3.9.[38] Partial atomic charges for FLX for use in MD were obtained with 

GAMESS (version 1 May 2012)[39] at the Hartree-Fock level using the 6-31G* basis set.  

Subsequently, the structure was energy minimized at the B3LYP/COSMO/6-31G* level of 

theory. An initial molecular structure of OX was obtained from the energy minimized 

FLX structure by replacing the fluorine and chlorine by hydrogens. OX was subsequently 
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energy minimized according to the MMFF94 force field [37] with Open Babel 2.3.9 [38]  

as well.  

The protein template and energy minimized FLX or OX structures were used in 

flexible docking using Protein-Ligand Ant System (PLANTS)[40] version 1.2 and the 

PLANTS ChemPLP scoring function.[41] To determine flexible residues, an alignment was 

made of the four chains of the 5E9Z crystal structure (Chains A, B, C and D) using Maestro 

9.3.5 (Schrödinger Suite 2012.2).[42] The side chains of six residues (Q73, L181, Q188, 

Q403, L437 and T438) were treated flexible during docking. The center of docking was 

placed in the middle of the active site with a distance of 0.68 nm from the heme iron 

along the vector connecting the heme iron with the coordinating sulfur atom of C458. 

The docking radius was set as 1.5 nm from the center of the docking sphere. The 300 

highest-ranked docked structures were retained. Based on visual inspection, two types of 

binding poses were identified, designated as poses 1 and 2, respectively (see Results and 

Discussion section). From both types of binding modes, 4-6 FLX binding poses (with the 

substrate’s amide bond in trans conformation) were selected based on visual inspection 

and used as starting structures for separate MD simulations (50 ns production, see below 

for settings). For every combination of mutant and type of pose, the simulation with 

lowest root-mean-square deviation (RMSD) of the ligand heavy-atom positions with 

respect to the MD starting structure was identified as the most stable one, and this 

simulation was used for further analyses. 

 

Molecular Dynamics (MD) simulations 

Mutations on position 437 were introduced into the crystal structure of the M11 

heme domain [26] with Modeller version 9.3,[35] after which two residues on each site of 

the mutated residue were allowed to reorganize in order to reduce possible steric clashes. 

Partial charges for the substrate atoms were obtained as described above and other 

interaction parameters for FLX were used from the General Amber Force Field 

(GAFF),[43] obtained by using Antechamber version 1.27.[44] Gromacs version 5.1.1 was 

used for all simulations.[45] The Amber99SB-ILDN force field [46] was used to describe 

the protein. Unless noted otherwise, results are presented and discussed for simulations 

with the heme moiety in its penta-coordinated resting state. In addition, simulations with 

the heme modelled as Compound I (Cpd I) were performed in which the ferryl oxygen 

atom was placed along the normal to the heme plane at a distance of 0.164 nm from the 
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iron atom. To describe both the heme resting-state and Cpd I, force field parameters were 

employed from reference [47]. 

Every complex was solvated in a dodecahedral box with approximately 14,500 

TIP3P water molecules [48] and 14 sodium ions (15 sodium ions for M11 437E simulations) 

were added to neutralize the charge of the systems. The systems were energy minimized 

(steepest-descent) and heated up to 300 K in three 250 ps NVT simulations at 100, 200 

and 300 K, in which protein-backbone Cα atoms were positionally restrained with 

harmonic potentials with force constants of 10000, 5000, and 50 kJ nm−2 mol−1, 

respectively. Afterwards, 50.25 ns of (unrestrained) NpT simulations were carried out at 1 

atm and 300 K. The first 0.25 ns of these production runs were discarded for further 

analyses. A time step of 2 fs was used, and bond lengths involving hydrogen atoms were 

constrained using the LINCS algorithm, with the highest order in the expansion of the 

constraint coupling matrix set to 4.[49] A Langevin integrator was used with the friction 

coefficient for each particle calculated as mass/0.1 ps. A Berendsen barostat [50] was used 

to maintain the pressure close to its reference value during NpT simulations, with a 

coupling time of 0.5 ps and an isothermal compressibility of 4.5 × 10−5 bar−1. Van der Waals 

and short-range electrostatic interactions were explicitly evaluated every time step for 

pairs of atoms within 0.9 nm of each other, using a grid-based pairlist that was updated 

every five time steps. Long-range electrostatic interactions were calculated every time 

step, according to the smooth particle mesh Ewald method [51] with a grid spacing of 

0.125 nm. Linear center of mass motion removal took place every 5 time steps. All 

simulations were performed twice, in independent runs that started with different atomic 

velocities. Atomic positions and energies were stored every 2 ps for further analyses. 

Snapshot images were made with VMD (version 1.9.2).[52] RMSDs in atomic positions 

were determined with respect to MD starting poses, and interatomic distance and RMSD 

time series were plotted with matplotlib, with running averages over 200 ps. Interaction 

profiles between ligands and the mutants were analyzed in terms of protein-ligand 

interaction frequencies using an in-house Python script to identify interaction types, 

using rule-based protocols described in the supplementary information of reference [53]. 

 

Results and Discussion 

Identification of catalytically active BM3 mutants 

 To identify BM3 mutants that can serve as a biocatalyst for the synthesis of 5’-

hydroxymethyl FLX, first the activity screening of an in-house library of BM3 mutants was 
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performed (see Figure S1 of the Supplementary Information).[27,54] For all active 

mutants tested only one metabolite was found with m/z of 470.1 [M+H]+ corresponding 

with hydroxylation of FLX (Figure S2A). Using 19F and 1H spectra NMR this metabolite 

was identified as 5’-hydroxymethyl FLX. The spectra obtained (Figure S3 and S4) were 

consistent to the 19F and 1H spectra reported previously by Keun et al.[34] From our library 

screening ( Figure S1), mutant M11 L437E was identified as the most active mutant for 

FLX conversion. Enzyme kinetic analysis showed similar Vmax values for M11 L437E and 

its parent M11 mutant (Figure 2, Table II) but M11 displayed a decrease in activity at 

higher substrate concentrations indicating substrate inhibition and formation of an 

inactive SES complex.[33] UV/Vis binding studies of M11 L437E showed a higher KD value 

when compared to M11 (Table III, Figure S5) and an H-coefficient higher than 1 

indicating positive cooperativity, which was not observed for M11. For another M11 437 

mutant, M11 L437A, we found a similar KD value but a lower Vmax value when compared 

to M11 L437E, Figure 2 and Tables II and III. The values for and trends in the kinetically 

determined Km of the BM3 mutants differ significantly from those observed for KD in our 

binding measurements, Tables II and III. Assuming that binding and unbinding 

constants k1 and k-1 are the same, this suggests that the catalytic constant k2 may be much 

larger than    k-1. It should be realized however that Km is determined based on the 

concentration-dependence of the enzyme reaction in which the iron atom is in a Fe2+-

state and interacts with an oxygen atom, while KD is determined based on the 

concentration-dependence of the spin-state of the enzyme in which the iron is in a Fe3+-

state.  Differences between Km and KD (of up to 50-100 fold) have been reported previously 

for other CYP enzymes as well.[55] 

 

Figure 2. Michaelis-Menten kinetics for M11 (circles), M11 L437E (triangles) and M11 L437A (squares). Data depict 

the mean of one experiment performed in duplo (±SD). 
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Table II. Michaelis-Menten parameters Vmax and Km as obtained for the metabolism of FLX to 5’-hydroxymethyl 

flucloxacillin by BM3 mutants M11, M11 L437E and M11 L437A, and substrate inhibition constant Ki for M11. 

 

 

Table III. UV/Vis determined dissociation constants KD and H-coefficients for the binding of FLX to BM3 mutants 

M11, M11 L437E and M11 L437A. 

 

Interestingly, after incubating OX with the M11, M11 L437E and M11 L437A mutants, two 

different metabolites were observed, both with the predicted m/z of 418.1 [M+H]+ ( Figure 

S2B). 1H NMR analysis showed that one of the metabolites was the 5’-hydroxymethyl 

metabolite, cf. Figure S6. The second metabolite was identified by MS/MS as a product 

of aromatic hydroxylation: the characteristic fragment of m/z 243 caused by 

fragmentation of the β-lactam ring [56] increased in mass by m/z 16 upon hydroxylation, 

while the second fragment with an m/z of 160 did not (Figure  S7). This indicates that 

the incorporated oxygen atom is located at the aromatic ring of OX. Figure 3 shows that 

introducing the glutamate mutation at the distant active-site position 437 leads to a 

reduction of total OX conversion. At low substrate concentrations we did not observe a 

decrease in product formation for FLX upon introducing the L437E mutation, Figure 2. 

In the remainder we performed protein-structure based modeling and MD simulations 

to obtain more insight into the effects of the 437E mutation on substrate binding and 

conversion. 

 

 Vmax (nmol product / min / nmol CYP) Km (µM) Ki (mM) 

M11 11.0 ± 1.9 307 ± 104 4.0 ± 0.2 

M11 L437E 10.5 ± 0.5 404 ± 82 - 

M11 L437A 6.2 ± 0.6 922 ± 270 - 

 

 KD (µM) H-coefficient 

M11 18.6 ± 4.0 1.1 ± 0.3 

M11 L437E 36.9 ± 1.6 1.7 ± 0.1 

M11 L437A 34.7 ± 4.8 1.0 ± 0.1 
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Figure 3. Oxacillin metabolite formation by BM3 mutants M11, M11 L437A and M11 L437E. White bars depict 

aromatic hydroxylation of oxacillin and black bars depict 5’-hydroxymethyl oxacillin formation. Total metabolite 

formation of M11 is set to 100% and the data show the mean (±SD) for one experiment performed in duplo.  

 

Substrate docking 

Docking revealed two major binding poses of FLX with a C-H bond carbon atom 

within 0.6 nm of the heme iron, which was previously used as cut-off to identify possible 

catalytically-active binding orientations.[57] When docking FLX into the M11 binding 

pocket, 11% of the docked poses was found with the 5’ methyl carbon atom within 0.6 nm 

of the heme iron, whereas in 30% of the poses the phenyl ring of FLX was found to be in 

closest proximity of the heme iron. These two types of binding poses are in the remainder 

designated as binding pose 1 and 2, respectively, and used as starting points of our MD 

simulations of FLX in M11, M11 L437A and M11 L437E. Similar results were obtained when 

docking OX in M11. In 13% of the docked poses the 5’ methyl carbon atom of OX was 

within 0.6 nm of the heme iron, and in 30% of the OX binding modes the phenyl ring was 

closest to the heme iron.  

Binding of FLX in pose 1 can lead to 5’-methyl hydroxylation, since this methyl 

group is in close contact with the heme iron (cf. Figure  4A and 4B). In pose 2, the 

aromatic para-carbon atom is typically in closest vicinity of the heme iron, Figure 4C. 

The FLX halogens at meta-position from this carbon can have a detrimental effect on 

intrinsic reactivity, in line with results from QM studies by Bathelt et al. on the effects of 

(single) halogen substituents on C-H bond activation showing an increase of several kJ 

mol-1 per meta halogen substitution [58]. This can explain our finding that in contrast to 

OX, no aromatic hydroxylation was observed for FLX, also when considering that docking 

results for pose 2 only show small differences in the distributions of C-Fe distances 
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between OX and FLX ( Figure S8), suggesting that steric hindrance due to the halogen 

groups is not on the basis of a lack of aromatic hydroxylation of FLX upon binding in pose 

2. 

 

Molecular Dynamics simulations  

MD simulations starting from pose 1 showed only small fluctuations in the 

relatively low RMSD of the heavy-atom positions of the substrate in the M11 and M11 

L347E simulations and in one of the M11 L437A simulations ( Figure 5A). Together with 

our finding that the distance between the 5’ methyl carbon site-of-metabolism and Fe is 

constantly well below 0.6 nm in simulation ( Figure 6A), this indicates that pose 1 is stable 

in the mutants. Binding pose 1 was also found to be stable in the simulations with the 

heme group modeled as Cpd I, with average distances between the 5’ methyl carbon and 

ferryl oxygen of less than 0.3 nm and average angles of approach of a methyl hydrogen to 

Fe=O on the order of 120 degrees, respectively (Supplemental Table S1). Note that these 

values are close to typical values reported for transition states for CYP mediated aliphatic 

hydroxylation.[59,60] Table S1 also shows that no significant differences were found 

among the different mutants, suggesting that differences in binding orientation and C-H 

bond activation energy are not on the basis of the observed trends in FLX conversion rates 

described in Section 3.1. 

As can be seen from protein residue-ligand interaction profiles obtained from 

MD (Figures S9-S12), FLX is engaged in more and/or more frequent polar interactions 

with M11 L437E when compared to M11 or M11 L437A. In the L437E mutant, the COO- 

moiety of FLX shows anionic hydrogen bonding to both the S72 and S332 residues during 

MD (Figures 4B, 7A, 7B, S10), whereas only one of these interactions is formed during 

simulations of the other mutants (Figures 4A, 7A,  7B, S9, S11). Note that in one of the 

M11 L437E simulations a Ser-COO- interaction was lost after 25 ns but a third independent 

MD simulation additionally confirmed the possibility of FLX interacting with both 

serines, Figure S12. Another interaction between FLX and M11 L437E which was not 

observed in the M11 and M11 L437A simulations involved K69 interacting with the beta-

lactam oxygen of FLX (Figures S9-S12).The simultaneous interaction between the FLX 

COO- group and S72 and S332 and the interaction with K69 may be induced by repulsion 

between the substrate’s and E437’s anionic groups, as suggested by the small change in 

binding orientation towards S332 in M11 L437E with respect to M11 (Fiures 4A and 4B) 

and by the substrate-binding induced interaction between E437 and Q188 (Figures 7C 
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and 4B). Whereas the anionic repulsion can negatively affect total FLX binding to M11 

L437E when compared to M11 or M11 L437A, the observed interaction with S72, S332 and 

K69 will have a stabilizing effect on substrate binding in pose 1 in the L437E mutant.  

The stabilizing hydrogen bonds of FLX with S332 and K69 in the L437E mutant 

are not observed when simulating FLX in binding pose 2 ( Figure 4C). A hydrogen bond 

between the S72 side-chain OH group and the lactam oxygen of FLX is present during 

simulation in M11 and in the L437A and L437E mutants, cf. Figure 4C and Figure. S13-

S15. Also another hydrogen bond is formed between Y51 and the FLX COO- group in all 

simulations involving binding pose 2 (Figs. S13-S15) except in one of the runs in M11 L437E 

( Figure S14B). Simulations starting from binding pose 2 show a higher substrate RMSD 

and larger fluctuations of the RMSD ( Figure 5B) in M11 L437E than in M11 and one run 

of M11 L437A. This suggests that the L437E mutation destabilizes binding pose 2, as 

supported by the large fluctuation in the distance between the heme iron and aromatic 

para carbon in the M11 L437E simulations, Figure 6B. Destabilization of pose 2 in L437E 

can be due to electrostatically unfavorable contacts between E437’s anionic group and the 

partially negatively charged oxygen and nitrogen atoms in the central 5-ring of FLX 

(Figure 4C), in line with higher average protein-substrate electrostatic interaction 

energies obtained for pose 2 binding to M11 L437E when compared to results from 

simulations in M11 and M11 L437A, Table IV. For M11 and M11 L437A, favoring factors for 

FLX binding in pose 1 over pose 2 were not observed. 

Based on these findings we hypothesize that M11 L437E preferably binds FLX in 

pose 1 and that pose 2 may contribute more substantially to M11 and M11 L437A binding. 

Since no aromatic site-of-metabolism (SOM) was identified for FLX, binding in pose 2 

can have a detrimental and inhibitory effect on metabolite formation for this 

 

Table IV. Average FLX-protein electrostatic interaction energies (in kJ/mol) as obtained from MD simulations of 

BM3 mutants M11, M11 L437A and M11 L437E in complex with FLX binding in pose 1 or pose 2. 

 

 

 M11 M11 L437A M11 L437E 

pose 1 -73.3 -72.0 -200.1 

pose 2 -86.7 -94.7 -71.2 
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substrate. Our suggestion that this effect is a result of low intrinsic reactivity, and not due 

to possible hindrance for transition state formation by the halogen substituents  is 

supported by our Cpd I simulations with FLX bound in pose 2. In M11 L437A and in one 

of the simulations of M11 and M11 L437E, the para carbon was found to be able to adapt 

an average distance to the ferryl oxygen which was between 0.3 and 0.4 nm, Table S2.  

 

 

Figure 4. Binding orientations of FLX (in green) observed during MD. Heme group (yellow) and residues S72, Q188, 

L/E437 and S332 (yellow) are explicitly shown in stick representation as well. Selected interactions/contacts are 

represented with dashed lines. (A) Representative FLX binding pose 1 in M11. Distances depicted are between FLX’ 

5’methyl carbon and the heme iron, and between FLX’ carboxyl carbon atom and the S72 side-chain oxygen. (B) 

Representative FLX binding pose 1 in M11 L437E, distances depicted are between FLX’ carboxyl carbon and S332’s 

backbone nitrogen and oxygen or S72’s side-chain oxygen, and between the E437 carboxyl oxygen and Q188 

nitrogen atom. (C) FLX binding pose 2 in M11 L437E, distances depicted are between FLX’ phenyl carbon and heme 

iron, between E437’s carboxyl carbon atom and FLX’ ring oxygen atom, and between FLX’ lactam oxygen and S72’s 

side-chain oxygen. 

 

This was previously used as criterion to select protein-substrate structures in QM/MM 

studies on transition state formation for aromatic C-H hydroxylation.[59,60] The possible 

inhibitory effect of a non-reactive binding pose was recently also described for another 

biocatalytic active CYP in X-ray crystallographic studies on CYP109E1 by Thunissen and 

co-workers [61]. Considering the similar binding modes obtained for OX and FLX, our 

hypothesis is supported by comparing ratios in product formation for OX conversion 

among the mutants, for which M11 and M11 L437A showed approximately 5-fold more 

aromatic hydroxylation than M11 L437E, Figure. 3.  
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Figure 5. Time series of heavy-atom positional root-mean-square deviations (RMSD) of FLX in BM3 mutants M11 

(red), M11 L437E (blue) and M11 L437A (yellow), as obtained from MD simulations starting from binding pose 1 (A) 

or binding pose 2 (B). Results from independent MD simulations per system are shown by solid and dotted lines, 

respectively. 

 

 

Figure 6.  Time series during MD simulations of FLX in M11 (red), M11 L437E (blue) and M11 L437A (yellow) for the 

distance between FLX 5'-methyl carbon atom and the heme iron as obtained from MD simulations starting from 

binding pose 1 (A), and for the distance between the heme iron and the FLX carbon atom at para position (meta 

position with respect to the aromatic halogen substituents) as obtained from MD simulations starting from 

binding pose 2 (B). Results from independent MD simulations per system are shown by solid and dotted lines, 

respectively. 

 

  

A B 

A B 
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Conclusions 

We performed a combined computational and experimental study on selective 

5’-methyl hydroxylation of FLX by CYP BM3 mutants M11, M11 L437E and M11 L437A. At 

substrate concentration on the order of its observed Km value, we found comparable  

 

Figure 7. Time series during MD simulations of FLX in M11 (red), M11 L437E (blue) and M11 L437A (yellow) for the 

minimum distance between FLX’ carboxylate carbon atom and Ser72 atoms (A), and for the minimum distance 

between FLX’ carboxylate carbon and Ser332 atoms (B); and time series during MD simulations of M11 437E in 

complex with FLX in pose 1 (light blue) or 2 (dark blue), or without substrate (green), for the distance between 

Q188’s nitrogen atom and E437’s carboxylate carbon atom (C). 

 

activity in FLX hydroxylation by CYP BM3 mutants M11 L437E and M11, but more product 

formation by M11 for the similar OX substrate. In line with observed differences in 

product ratios for OX, our MD simulations suggest a preference for substrate binding by 

M11 L437E in an orientation consistent with 5’methyl hydroxylation over an alternative 

binding mode. FLX binding in the latter orientation may well have a detrimental effect 

on product formation by M11 and M11 L437A, illustrating the relevance and potential for 

enzyme engineering in considering possible catalytically inactive poses as well in the 

prediction and fine tuning of substrate binding and conversion by malleable biocatalysts. 

Our simulation data could not explain the basis for substrate inhibition at higher 

substrate concentration as observed for M11 but not for M11 L437E and M11 L437A. 

Considering the relatively high activity of M11 L437E for 5'-hydroxylation of flucloxacillin 

(FLX) it can serve as an alternative to biosynthesize 5’-hydroxymethyl FLX compared to 

the currently available approach using rat liver microsomes. 
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Supporting information 

Supplemental Table S1. Average distance  <rH-O> between the closest 5’-methyl hydrogen and ferryl oxygen, and the 

average angle of approach of this hydrogen to Fe=O, in two independent simulations of FLX bound in pose 1 to 

mutants M11, M11 L437E and M11 L437A with the heme group modelled as Cpd I. 

Mutant Simulation <rH-O> (nm) <H-O-Fe> (deg) 

M11 1 0.27 112 

 2 0.27 113 

M11 L437E 1 0.27 120 

 2 0.27 119 

M11 L437A 1 0.28 123 

 2 0.29 114 

 

 

Supplemental Table S2. Average distance  <rC-O> between the para aromatic carbon of FLX and ferryl oxygen, in 

two independent simulations of FLX bound in pose 2 to mutants M11, M11 L437E and M11 L437A with the heme 

group modelled as Cpd I. 

Mutant Simulation 

 

<rC-O> (nm) 

M11 1 0.33 

 2 0.42 

M11 L437E 1 0.68 

 2 0.35 

M11 L437A 1 0.37 

 2 0.35 
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Supplemental Figure S1. Results of CYP BM3 mutant library screen. The activity of the different mutants was 

depicted as fold increase over the 5’-hydroxymethyl flucloxacillin production by dexamethasone-induced rat liver 

microsomes. Each bar indicates the mean of two experiments performed in duplo (±SD). 

 

 

Supplemental Figure S2. Extracted ion chromatograms (EIC) of (A) 5’-hydroxymethyl flucloxacillin and 

flucloxacillin, and (B) oxacillin and its two hydroxylated metabolites. 
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Supplemental Figure S3. 19F NMR spectrum of flucloxacillin (upper panel) and of 5’-hydroxymethyl flucloxacillin 

(lower panel). The solvent was DMSO-d6. 
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Supplemental Figure S4. 1H spectrum of flucloxacillin (upper panel) and of 5’-hydroxymethyl flucloxacillin (lower 

panel). The solvent was D2O. 
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Supplemental Figure S5. Binding difference spectra of FLX binding to M11 (A), M11 L437E (C) and M11 L437A (E). 

The difference in absorption A at 390 nm and 418 nm versus flucloxacillin concentration is plotted for M11 (B), 

M11 L437E (D) and M11 L437A (F). 
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Supplemental Figure S6. 1H NMR spectra of oxacillin (upper panel) and 5’-hydroxymethyl oxacillin (lower panel). 

The solvent was DMSO-d6. The shift of peak B at 4.26 ppm for the metabolite from 2.47 ppm in oxacillin 

corresponds to hydroxylation of the 5’-methyl group. The peak of proton C is presumed to be behind the H2O-signal 

in the lower panel. 
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Supplemental Figure S7. LC-MS/MS fragmentation of oxacillin (upper panel), an aromatic hydroxylated 

metabolite of oxacillin (middle panel) and of 5’-hydroxymethyl oxacillin (lower panel).  
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Supplemental Figure S8. Normal distribution of the distances in the docking poses of the phenyl ring meta carbon 

(from both halogens) of FLX to heme iron (blue), and the phenyl ring para carbon of OX to the heme iron (green). 
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Supplemental Figure S9. Interaction profile for FLX bound in pose 1 to mutant M11, as obtained for the first (A) and 

second (B) of two independent MD simulations. Percentual contact frequencies for each protein residue-ligand 

interaction are represented by vertically stacked bars where the bar colors correspond to a specific interaction type 

as listed in the graph legend. Hydrophobic contact frequencies are divided by 10 because of their relative abundance 

with respect to the other classified interactions. 
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Supplemental Figure S10. Interaction profile for FLX bound in pose 1 to mutant M11 L437E, obtained for the first 

(A) and second (B) of two independent MD simulations. Percentual contact frequencies for each protein residue-

ligand interaction are represented by vertically stacked bars where the bar colors correspond to a specific 

interaction type as listed in the graph legend. Hydrophobic contact frequencies are divided by 10 because of their 

relative abundance with respect to the other classified interactions. 

 

 

A 
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Supplemental Figure S11. Interaction profile for FLX bound in pose 1 to mutant M11 L437A, obtained for the first 

(A) and second (B) of two independent MD simulations. Percentual contact frequencies for each protein residue-

ligand interaction are represented by vertically stacked bars where the bar colors correspond to a specific 

interaction type as listed in the graph legend. Hydrophobic contact frequencies are divided by 10 because of their 

relative abundance with respect to the other classified interactions. 

 

 

A 
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Supplemental Figure S12. Interaction profile for FLX bound in pose 1 to mutant M11 L437E, obtained for an 

additional (third) independent MD simulation. Percentual contact frequencies for each protein residue-ligand 

interaction are represented by vertically stacked bars where the bar colors correspond to a specific interaction type 

as listed in the graph legend. Hydrophobic contact frequencies are divided by 10 because of their relative abundance 

with respect to the other classified interactions. Note that a frequency higher than 100 indicates multiple 

interaction contacts between the residue and ligand. 
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Supplemental Figure S13. Interaction profile for FLX bound in pose 2 to mutant M11, obtained for the first (A) and 

second (B) of two independent MD simulations. Percentual contact frequencies for each protein residue-ligand 

interaction are represented by vertically stacked bars where the bar colors correspond to a specific interaction type 

as listed in the graph legend. Hydrophobic contact frequencies are divided by 10 because of their relative abundance 

with respect to the other classified interactions. 
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Supplemental Figure S14. Interaction profile for FLX bound in pose 2 to mutant M11 L437E, obtained for the first 

(A) and second (B) of two independent MD simulations. Percentual contact frequencies for each protein residue-

ligand interaction are represented by vertically stacked bars where the bar colors correspond to a specific 

interaction type as listed in the graph legend. Hydrophobic contact frequencies are divided by 10 because of their 

relative abundance with respect to the other classified interactions. 
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Supplemental Figure S15. Interaction profile for FLX bound in pose 2 to mutant M11 L437A, obtained for the first 

(A) and second (B) of two independent MD simulations. Percentual contact frequencies for each protein residue-

ligand interaction are represented by vertically stacked bars where the bar colors correspond to a specific 

interaction type as listed in the graph legend. Hydrophobic contact frequencies are divided by 10 because of their 

relative abundance with respect to the other classified interactions. 

  

 

 

 

 

A 

B 



Page 198 

 

  



Page 199 

 

 

 

 

 

 

Part IV 

 

 

Conclusions and perspectives 

  



Page 200 

  



Page 201 

 

 

 

 

 

Chapter 7 

 

 

Summary, conclusions and perspectives 

 

 



Page 202 

Summary 

Idiosyncratic Adverse Drug Reactions (iADRs), and specifically Idiosyncratic 

Drug-Induced Liver Injury (iDILI) remain a significant problem for drug therapy. Since 

these types of side effects are difficult to detect during drug development they are often 

only discovered after marketing [1]. For many drugs, biotransformation has been shown 

to be a key-factor in cases where the formation of toxic metabolites leads to 

hepatotoxicity. Toxic metabolites can be Chemically Reactive Metabolites (CRMs) as is 

the case with Nevirapine, Ticlopidine and Clozapine; however, this is not required as is 

the case with Flucloxacillin [2–5]. In the case of CRMs, cellular macromolecules can be 

covalently modified leading to a disruption of their function or even an immune response 

towards the modified peptides [6]. Mechanisms of hepatotoxicity via stable metabolites 

are exemplified by the inhibition of the Bile Salt Efflux Pump (BSEP) or other transport 

proteins [7]. In both cases the intracellular concentration of metabolites determines the 

outcome of the hepatotoxicity and this concentration is partly regulated by Drug 

Metabolizing Enzymes (DMEs), such as the bio-activating Cytochrome P450s (CYPs) and 

the bio-inactivating Glutathione S-Transferases (GSTs).  Since both families of enzymes 

are variable and shown to be influenced by genetic and environmental factors, the 

balance between bio-activation and bio-inactivation will strongly differ between patients 

[8, 9]. This inter-individual variation causes certain patients, with high bio-activation and 

low bio-inactivation, to be more susceptible to iDILI than other patients, with low bio-

activation and high bio-inactivation. However, to predict the cellular exposure to the 

toxic metabolite, the DMEs involved in the biotransformation of drugs need to be 

characterized. Without this knowledge, it is not possible to understand or model the 

susceptibility of patients to DILI. However, at the start of the research described in this 

thesis, there were still important gaps in the knowledge of the DMEs involved in the 

balance between bio-activation and bio-inactivation of Nevirapine, Ticlopidine, 

Clozapine and Flucloxacillin.   

The aim of the research presented in this thesis was therefore to study the DMEs 

involved in the balance between bio-activation and bio-inactivation of Nevirapine, 

Ticlopidine, Clozapine and Flucloxacillin, thereby completing our knowledge of related 

DILI or IDILI.  

For Nevirapine, Ticlopidine and Clozapine the focus was on identifying the DMEs 

involved in bio-inactivation in chapter 2, chapter 3 and chapter 4. Combined with 

already known knowledge on the bio-activation pathways, these data should provide us 
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a better insight into the bio-activation/bio-inactivation ratio for these drugs in more or 

less susceptible patients. For Flucloxacillin, the formation of its stable metabolite 5’-

hydroxymethyl-Flucloxacillin was investigated in chapter 5, since this metabolite was 

shown to be toxic to biliary epithelial cells. In chapter 6, bacterial CYPs were investigated 

to find a bio-catalyst able to form 5’-hydroxymethyl-Flucloxacillin.  

 Chapter 1 is a general introduction in the concept of drug metabolism and 

related variation, Adverse Drug Reactions (ADRs) and more specifically iDRs and iDILI. 

Several mechanisms leading to iDILI are discussed, for instance involving DMEs, such as 

CYPs and GSTs, how these enzymes are responsible for the formation of, or protection 

against, CRMs and the mechanisms by which the activity of these enzymes can vary 

between patients. Next it is explained how this variation in DMEs can lead to more and 

less susceptible patients. Furthermore, several other mechanisms of iDILI are introduced, 

such as the involvement of the immune system, mitochondrial toxicity and lysosomal 

impairment. The IMI project ‘Mechanism-Based Integrated Systems for the Prediction of 

Drug Induced Liver Injury (MIP-DILI, grant 115536)’ which aimed for the development of 

better predictive models to detect and prevent idiosyncratic drug induced liver injury is 

introduced and how this thesis fits into the scope of this consortium [10]. Finally, the 

drugs studied in this thesis, namely Nevirapine, Ticlopidine, Clozapine and Flucloxacillin, 

are introduced. Nevirapine is a non-nucleoside reverse transcriptase inhibitor widely used 

to protect against the transmission of HIV1 from mother to child in third-world countries. 

SULT1A1 and CYP3A4 can bio-activate Nevirapine to various CRMs, namely 12-sulfoxy-

Nevirapine, a quinone methide and epoxides and these CRMs can trigger an immune 

response in humans [11]. However, the GSTs involved in the bio-inactivation of these 

CRMs were not characterized yet. Ticlopidine is an ADP-receptor antagonist that can form 

a chemically reactive S-oxide and a chemically reactive epoxide [12–14]. This Ticlopidine 

CRMs can covalently bind to proteins, such as CYP2B6. Correlation studies with specific 

HLA-types have shown that the immune system is involved in the toxicity as well. 

However, the characterization of bio-activating CYPs is not complete, nor have the GSTs 

involved in bio-inactivation of the CRMs been characterized. Clozapine is an 

antipsychotic agent functioning as an antagonist for the serotonin and dopamine 

receptors. Clozapine can be bio-activated by CYPs to a chemically reactive nitrenium ion 

[15]. This nitrenium ion can be bio-inactivated by GSTs [16]. Although it has been shown 

that GSTs are involved in the bio-inactivation of the nitrenium ions, the variation in this 

pathway between patients remains unknown. Finally, Flucloxacillin is a β-lactam 

antibiotic agent shown to be able to covalently modify proteins. It causes liver injury 
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which has one of the highest correlations ever reported with HLA*B 57:01. However, this 

HLA-type still does not fully explain the human susceptibility to the toxicity [17]. Since a 

metabolite of Flucloxacillin, 5’-hydroxymethyl Flucloxacillin, is toxic to biliary epithelial 

cells, it is believed that the formation of this metabolite might be a risk factor [5]. 

Although the formation of this metabolite can be key to identification of susceptible 

individuals, only a limited number of CYPs have been investigated in an attempt to 

elucidate the formation of 5’-hydroxymethyl Flucloxacillin [5].  

 Chapter 2 focusses on the characterization of GSTs involved in the bio-

inactivation of Nevirapine CRMs. Oxidative metabolism of Nevirapine was believed to 

lead to the formation of a quinone methide [18]. However, by deuterating Nevirapine we 

were able to show that the chemically reactive metabolite leading to the Glutathione 

(GSH)-conjugate at position 3 is actually an epoxide. Furthermore, we found that the bio-

inactivation of this epoxide to the corresponding GSH-conjugate can be catalyzed by 

GSTP1-1. Additionally, we were able to synthesize 12-sulfoxy Nevirapine and characterize 

the GSTs involved in the conjugation of this metabolite to GSH. It turns out that the 

conjugation to GSH can be catalyzed by GSTM1-1, GSTA1-1 and GSTA3-3. However, the 

relatively low Vmax of 2.0 ± 0.27 nmol/min/μmol GST for GSTM1-1, 0.23 ± 0.021 

nmol/min/μmol GST for GSTA1-1 and 1.07 ± 0.06 nmol/min/μmol GST for GSTA3-3, 

combined with the incomplete trapping of 12-sulfoxy Nevirapine, make it unlikely that 

GSTs can completely protect against this CRM. This is in contrast with association studies 

implying that GSTM1-1 has a protective effect against Nevirapine induced hepatotoxicity 

[19]. Thus, null genotypes for GSTM1-1 would not make a significant differences in the 

ratio between bio-activation and bio-inactivation, but GSTM1-1 might protect against 

Nevirapine hepatotoxicity via other mechanisms 

 Chapter 3 characterizes the DMEs involved in the bio-activation and bio-

inactivation of Ticlopidine. Here we detected six GSH-conjugates of which two are 

formed via a chemically reactive  S-oxide. The S-oxide bio-inactivation could be catalyzed 

by GSTM1, leading to a 40-fold increase of GSH-conjugate formed. Interestingly, a 40-fold 

variation in the amount of GSH-conjugate formed was detected when using cytosol from 

different human liver donors. However, to our surprise this effect did not correlate well 

to GSTM1, indicating that other GSTs or bio-inactivating enzymes might also affect the 

bio-inactivation of Ticlopidine. When studying the effects of GSTs on the formation of 

GSH-conjugates of the respective chemically reactive epoxides smaller effects were seen. 

The same was observed for the variation between bio-inactivation in cytosols from 

individual liver donors, in which smaller differences were detected for the epoxide than 
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for the S-oxide. The amount of bio-activation at 100 µM of Ticlopidine only varied 4-fold, 

CYP1A2, CYP2B6, CYP2C19 and CYP2D6 being the most active enzymes. Because the bio-

activation capacity varied less than the bio-inactivation, clear differences were observed, 

when plotting these two parameters versus each other. Therefore, it is likely that patients 

with low Ticlopidine S-oxide bio-inactivation capacity, e.g. by GSTs, could be more 

susceptible to the DILI.  

In chapter 4, the bio-inactivation of Clozapine in in vitro incubations, in patient 

urine and in human liver slices was investigated. The in vitro incubations with 

recombinant DMEs showed that GSTP1 is the most active enzyme in the bio-inactivation 

to the Clozapine nitrenium ion. This is mostly because of this GST-isoenzyme’s high 

capability of forming the GSH conjugate CG-6. Next, the metabolites found in precision 

cut human liver slices and urine have been identified by LC-MS and their relative 

abundance has been determined as well. Here it is seen that more than 40 metabolites 

are identified, but their relative abundance differed highly between patients. The same 

was found for eleven GSH-derived metabolites. However, because of the wide variability 

in amounts and profiles, excretion of GSH-related metabolites did not clearly appeared 

to be related to specific genotypes of GSTs. Analysis of the GSH-related products in urine 

did neither appear to be useful for quantitative biomonitoring of internal exposure to 

chemically reactive Clozapine metabolites. 

Chapter 5 and 6 focus on the metabolism of Flucloxacillin to 5’-hydroxymethyl 

Flucloxacillin by human and bacterial CYPs. In chapter 5, CYP3A4 and CYP3A7, and to a 

lesser extent CYP2C9 and CYP2C8 are identified as the most active human enzymes 

metabolizing Flucloxacillin, e.g. by incubations with recombinant enzymes, inhibition 

studies and correlation studies. Furthermore, it was shown that 5’-hydroxylation of 

Flucloxacillin by human liver microsomes from different human liver donors can vary 

approximately 6-fold between the donors. Since 5’-hydroxymethyl Flucloxacillin is 

reported to cause toxicity in biliary epithelial cells this variation could be a possible risk 

factor for Flucloxacillin-related DILI. However, as indicated by the low Pearson R in 

correlation studies, multiple enzymes seemed to be involved. This indicates that the 

variability in 5’-hydroxymethyl Flucloxacillin concentrations between patients might is 

not likely due to polymorphisms in a single enzyme. Remarkably, Sulfaphenzole was able 

to inhibit the CYP3A-family from 5’-hydroxylating Flucloxacillin. This could indicate that 

unexpected drug-drug interactions could occur between the CYP3A-family and 

Flucloxacillin metabolism, which would not be expected based on the isoenzyme 

specificity of the perpetrating drug. Since both recombinant CYP3A4 and CYP3A7 were 
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inhibited by sulfaphenazole and since sulfaphenazole has also been shown to inhibit 

CYP2C9, these types of drug-drug interactions can strongly affect the intracellular 

exposure to the 5’-hydroxymethylFlucloxacillin. Chapter 6 focusses on finding a selective 

and active bio-catalyst capable of producing 5’-hydroxymethyl Flucloxacillin. Here, we 

report that the BM3 mutant M11 L437E to be able to regioselectively 5’-hydroxylate 

Flucloxacillin with relatively high activity. LC-MS and NMR confirmed the identity and 

purity of this metabolite. Molecular Dynamics simulations moreover suggested that M11 

L437E is more likely to bind Flucloxacillin in a catalytically active pose over other binding 

poses, compared to other mutants. This finding was supported by incubation with 

Oxacillin, which lacks the halogens of Flucloxacillin. Oxacillin can be hydroxylated by 

BM3 at the aromatic ring as well and the ratio between the 5’-hydroxylation and 

hydroxylation at this ring is higher for BM3 M11 L437E than for other mutants. We 

therefore propose BM3 M11 L437E as a suitable bio-catalyst for the production of 5’-

hydroxymethyl Flucloxacillin and an adequate alternative to rat liver microsomes. 

 

Conclusions and perspectives 

The aim of this thesis was to characterize the biotransformation enzymes 

involved in the bio-activation respectively bio-inactivation of Nevirapine, Ticlopidine, 

Clozapine and Flucloxacillin. These new insights could give new clues into the inter-

individual variability in the bio-activation / bio-inactivation balance of these drugs and 

the related variability in susceptibility to DILI of patients. Therefore, we investigated the 

isoforms of the DMEs involved in the metabolism of Nevirapine, Ticlopidine, Clozapine 

and Flucloxacillin. Furthermore, the variation in the formation of specific metabolites in 

in vitro incubations with material from different human liver donors gave additional 

insights on how the DMEs involved could be translated to patient variation. Finally, the 

balance between bio-activation to and bio-inactivation of chemically reactive metabolites 

was determined with the aim of rationalizing inter-individual differences between more 

and less susceptible human liver donors.  

 

Bio-activation and bio-inactivation of CRMs 

In chapters 2-4, the characterization of GSTs involved in the bio-inactivation of 

drug-related CRMs is discussed in the perspective of how this can affect the balance 

between bio-activation and bio-inactivation. It is shown that there is a large variability in 
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stable and GSH-derived metabolites between different patients. This indicates that the 

balance between bio-activation and bio-inactivation differs between patients as well. 

Literature shows that this balance is dependent on a combination of genetic factors, 

environmental factors and the physical-chemical properties of the drug in questions [20, 

21]. Genetic factors, such as polymorphisms, and environmental factors such as drug-drug 

interaction can affect DMEs by decreasing the metabolic pathways leading to stable 

metabolites or bio-inactivation, thereby forcing the cell into bio-activating metabolic 

routes (Figure 1). The resulting increase in CRM concentration could trigger an immune 

response in patients with the proper HLA-type and a primed immune system. To know 

how these effects on the various DMEs affect the DILI-susceptibility of patients it is 

crucial to know more precisely which isoforms of DMEs are involved. The data in these 

chapters show that GSTs are involved in each of these bio-inactivation reactions. It is 

known that GSTs, notably GSTA1-1, GSTA2-2, GSTA3-3, GSTM1-1, GSTM3-3, GSTM4-4, 

GSTP1-, GSTT1-1 and GSTT2-2,  are highly genetically determined [22]. Furthermore, it 

has been calculated that the human liver has an extremely high GST capacity (i.e. 0.2 mM 

of active sites which together can deplete the cellular GSH concentration in 25 cycles), 

which has been explained as underlining the importance of quick bio-inactivation of 

electrophiles [23]. This makes it important to properly assess the specific GST-isoenzyme 

related bio-inactivation capacity especially in view of the amount of bio-activation of 

specific drug-related CRMs. This is best shown in chapter 3 where the bio-activation of 

Ticlopidine varies less between patients than the corresponding bio-inactivation. 

Furthermore, since the genetically determined GSTM1 plays an important role in the bio-

inactivation of Nevirapine (chapter 2), Ticlopidine (chapter 3) and Clozapine (chapter 

4) this is a perfect example of how a null-phenotype might affect the levels of bio-

inactivation and thus patient susceptibility [22, 24]. Patients with the null-genotype of 

e.g. GSTM1-1 would have an impaired bio-inactivation versus their CYP-related bio-

activation. Together, these chapters indicate that detailed knowledge of the DME 

isoforms involved in the biotransformation is important, or even fundamental, to help us 

understand the exposure to CRMs in patients at a group and/or individual level and might 

eventually contribute to better models in predicting more or less susceptible patients. 

Eventually this knowledge can improve the balance between safety and efficacy of new 

and existing drugs. Especially in the age of personalized medicine this could lead in the 

future to save use of ‘dangerous’ but effective drugs. 
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Figure 1. A summarized overview of a model explaining susceptibility to hepatic drug metabolism leading to liver 

injury. Metabolism of drugs in healthy patients (left) will lead primarily to stable metabolites. Only a small fraction 

will be bio-activated, but the cell has enough capacity to bio-inactivate these CRMs. The cell is able to adapt to the 

low concentrations of CRM. In susceptible patients (right) the balance between metabolism to stable metabolites 

and bio-activation is shifted. In contrast to the higher bio-activating capacity, the bio-inactivating capacity of the 

cell is lower. The high concentration of CRMs leads to toxicity and can trigger an immune response.  Adapted from 

Dr. J.N.M. Commandeur, Vrije Universiteit, Netherlands. 

 

Unexpected drug-drug interactions 

Besides genetically determined differences, the exposure to metabolites can also 

be determined by environmental factors. For instance, co-medication, diet, life style, 

smoking or other xenobiotics that affect DMEs or drug transporters [8, 25]. To properly 

rationalize and/or predict drug-drug interactions it is vital to know which 

biotransformation enzymes, and importantly which isoenzymes, interact with a drug and 

how these enzymes can be affected by the respective environmental factors. For example, 

Ticlopidine is a potent mechanism-based inhibitor of CYPs and leads to drug-drug 

interactions for drugs that rely on these respective CYPs for their clearance, such as 

bupropion, omeprazole, warfarin and theophylline [26–30]. However, for certain enzymes 

such as CYP3A4, it is known that the ultimate effect of a drug on the enzyme is highly 

dependent on the substrate [31]. Thus, testosterone is an activator for benzyl resorufin 

and a competitive inhibitor for dibenzylfluorescein [31]. A similar effect is observed in 

chapter 5 where the CYP2C9-specific inhibitor sulfaphenazole is also able to inhibit the 

CYP3A-dependent 5’-hydroxylation of Flucloxacillin [26]. This makes the susceptibility of 

patients to Flucloxacillin-dependent DILI more complex, since unexpected drug-drug 

interactions can occur changing the clearance of Flucloxacillin or the formation of 5’-
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hydroxymethyl Flucloxacillin. Because of this it would not only be of vital importance to 

know which DMEs are involved for a specific drug, but also if these DMEs display atypical 

effects in combination with these drugs.  

 In conclusion, this work contributes to the understanding of the CYP- and GST-

related enzymes involved in biotransformation of Nevirapine, Ticlopidine, Clozapine and 

Flucloxacillin. For Nevirapine, Ticlopidine and Clozapine the data gives us insight in the 

bio-activation and bio-inactivation of the respective CRMs involved and this balance 

helps us to better understand the role of these mechanisms in human DILI. Secondly, it 

gives more information on the metabolism of Flucloxacillin and how this fits into the 

onset of DILI, as well as providing a tool to produce 5’-hydroxymethyl Flucloxacillin.  

Altogether, this research shows that a thorough understanding of the metabolic pathways 

involved in the metabolism of drugs known to cause DILI is important, if not required, to 

properly understand the susceptibility of patients. To accurately predict how a drug will 

behave in different individuals, the complete variation in environmental and genetic 

factors for a patient should be taken into account, as opposed to studying the ‘average’ 

patient (e.g. with pooled human liver microsomes) [32]. The insight provided by this 

thesis contributes to fulfilling the second aim of MIP-DILI, obtaining a detailed 

mechanistic understanding of how drugs cause DILI [10]. Furthermore, the data in this 

thesis suggest that DMEs play a role that are susceptible to genetic (polymorphisms) and 

environmental factors. This is supported by recent theses published within the Molecular 

Toxicology group of the Vrije Universiteit, which show similar results for the drugs 

amodiaquine, acetaminophen, Clozapine and diclofenac [33, 34]. A fourth thesis focused 

on the potential of in vitro assays in unraveling the role of metabolism in drug induced 

liver toxicity, specifically focusing on acetaminophen, amodiaquine, Clozapine and 

diclofenac [35]. Summarizing, the work in this thesis contributes to better understanding 

the mechanisms leading to, and the risk factors for, idiosyncratic drug toxicity for 

Nevirapine, Ticlopidine, Clozapine and Flucloxacillin. Together, with the existing body of 

research, this thesis will support safer use of hepatotoxic drugs by supporting the 

development of personalized use of medicines.   
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Abbreviations 

12-sulfoxyl-NVP, 12-sulfoxyl-nevirapine; 5'-HM-FLX, 5'-hydroxymethyl flucloxacillin; ADR, 

adverse drug reaction; BEC, biliary epithelial cells; Cpd I, Compound I; CYP, Cytochrome P450; 

DILI, drug-induced liver injury; DMSO, dimethylsulfoxide; DME, drug metabolizing enzyme; 

FLX, flucloxacillin; GSH, Glutathione; GST, Glutathione S-Transferase; GWAS, genome-

wide association studies; HLC, human liver cytosol; HLM, human liver microsomes; iDILI, 

idiosyncratic drug-induced liver injury; IDR, idiosyncratic drug reaction; NRS, NADPH-

regenerating system; NVP, nevirapine; NVP-3-GSH, nevirapine-3-Glutathione; NVP-12-

GSH, nevirapine-12-Glutathione; OX, oxacillin; SOM, site-of-metabolism; 
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Nederlandse samenvatting 

Idiosyncratische bijwerkingen van geneesmiddelen (idiosyncratic adverse drug 

reactions, iADR's), en met name idiosyncratische door geneesmiddelen geïnduceerde 

leverschade (idiosyncratic drug induced liver injury, iDILI), blijven een significant 

probleem tijdens de behandeling van patiënten. Aangezien dit soort bijwerkingen 

moeilijk te detecteren zijn tijdens de ontwikkeling van geneesmiddelen, worden deze 

vaak pas ontdekt na marketing [1]. Voor veel geneesmiddelen is aangetoond dat 

biotransformatie een belangrijke rol speelt wanneer de vorming van toxische 

metabolieten leidt tot hepatotoxiciteit. Giftige metabolieten kunnen chemisch reactieve 

metabolieten (CRM's) zijn, zoals het geval is met Nevirapine, Ticlopidine en Clozapine. 

Dit is echter niet vereist, zoals het geval is met Flucloxacilline [2–5]. In het geval van 

CRM's kunnen cellulaire macromoleculen covalent worden gemodificeerd, wat leidt tot 

een verstoring van hun functie of zelfs een immuunrespons tegen de gemodificeerde 

peptiden [6]. Een voorbeeld van een mechanisme van hepatotoxiciteit via stabiele 

metabolieten is de remming van de Bile Salt Efflux Pump (BSEP) of andere 

transporteiwitten [7]. In beide gevallen bepalen de intracellulaire concentraties van 

metabolieten de uitkomst van de hepatotoxiciteit en deze concentratie wordt gedeeltelijk 

gereguleerd door geneesmiddelmetaboliserende enzymen (Drug metabolizing enzymes, 

DMEs), zoals de bio-activerende Cytochrome P450's (CYPs) en de bio-inactiverende 

Glutathione S-Transferasen (GSTs). Omdat beide families van enzymen variabel zijn en 

beïnvloed worden door genetische factoren en omgevingsfactoren, zal de balans tussen 

bio-activatie en bio-inactivatie sterk verschillen tussen patiënten [8, 9]. Deze 

interindividuele variatie zorgt ervoor dat bepaalde patiënten met een hoge bio-activatie 

en een lage bio-inactivatie gevoeliger zijn voor iDILI dan patiënten met een lage bio-

activatie en een hoge bio-inactivatie. Om echter de cellulaire blootstelling aan het 

toxische metaboliet te voorspellen, moeten de DMEs die betrokken zijn bij de 

biotransformatie van specifieke geneesmiddelen worden gekarakteriseerd. Zonder deze 

kennis is het niet mogelijk om de gevoeligheid van patiënten voor DILI te begrijpen of te 

modelleren. Aan het begin van het onderzoek beschreven in dit proefschrift, waren er 

echter nog belangrijke hiaten in de kennis van de DMEs die betrokken zijn bij de balans 

tussen bio-activatie en bio-inactivatie van Nevirapine, Ticlopidine, Clozapine en 

Flucloxacilline. 

Het doel van het onderzoek in dit proefschrift was daarom om de DMEs te 

bestuderen die betrokken zijn bij de balans tussen bio-activatie en bio-inactivatie van 
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Nevirapine, Ticlopidine, Clozapine en Flucloxacilline, waardoor onze kennis van 

gerelateerde DILI of iDILI wordt aangevuld. Voor Nevirapine, Ticlopidine en Clozapine 

lag de focus op het identificeren van de DMEs die betrokken zijn bij bio-inactivatie in 

hoofdstuk 2, hoofdstuk 3 en hoofdstuk 4. Gecombineerd met reeds bekende kennis 

over de bio-activeringsroutes zouden deze gegevens ons een beter inzicht moeten 

verschaffen in de bio-activatie / bio-inactivatie ratio voor deze medicijnen bij meer of 

minder gevoelige patiënten. Voor Flucloxacilline werd de vorming van zijn stabiele 

metaboliet 5'-hydroxymethyl-Flucloxacilline onderzocht in hoofdstuk 5, omdat werd 

aangetoond dat dit metaboliet toxisch is voor galgang-epitheelcellen. In hoofdstuk 6 

werden bacteriële CYPs onderzocht om een biokatalysator te vinden die 5'-

hydroxymethyl-Flucloxacilline kan vormen. 

Hoofdstuk 1 is een algemene inleiding in het concept van 

geneesmiddelmetabolisme en gerelateerde variatie, bijwerkingen zoals ADRs en meer 

specifiek idiosyncratische bijwerkingen (iDRs) en iDILI. Verschillende mechanismen die 

leiden tot iDILI worden besproken, bijvoorbeeld met betrekking tot DMEs zoals CYPs en 

GSTs, hoe deze enzymen verantwoordelijk zijn voor de vorming van, of bescherming 

tegen CRMs en de mechanismen waardoor de activiteit van deze enzymen kan variëren 

tussen patiënten. Vervolgens wordt uitgelegd hoe deze variatie in DMEs kan leiden tot 

met een meer of mindere gevoeligheid van patiënten. Verder worden verschillende 

andere mechanismen van iDILI geïntroduceerd, zoals de betrokkenheid van het 

immuunsysteem, mitochondriale toxiciteit en lysosomale stoornissen. Het IMI-project 

‘Mechanism-Based Integrated Systems for the Prediction of Drug Induced Liver Injury 

(MIP-DILI, subsidie 115536)', die gericht was op de ontwikkeling van betere voorspellende 

modellen voor het opsporen en voorkomen van iDILI, wordt geïntroduceerd en hoe dit 

proefschrift past in het doel van dit consortium [10]. Ten slotte worden de 

geneesmiddelen die in dit proefschrift worden bestudeerd, namelijk Nevirapine, 

Ticlopidine, Clozapine en Flucloxacilline, geïntroduceerd. Nevirapine is een non-

nucleoside reverse-transcriptase-remmer die op grote schaal wordt gebruikt ter 

bescherming tegen de overdracht van HIV1 van moeder op kind in derdewereldlanden. 

SULT1A1 en CYP3A4 kunnen Nevirapine bio-activeren naar verschillende CRMs, namelijk 

12-sulfoxy-Nevirapine, een quinone methide en epoxiden en deze CRMs kunnen een 

immuunrespons veroorzaken bij mensen [11]. De GSTs die betrokken zijn bij de bio-

inactivatie van deze CRMs waren echter nog niet gekarakteriseerd. Ticlopidine is een 

ADP-receptorantagonist die een chemisch reactief S-oxide en een chemisch reactief 

epoxide kan vormen [12–14]. Deze Ticlopidine CRMs kunnen covalent binden aan 
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eiwitten, zoals CYP2B6. Correlatie-onderzoeken met specifieke HLA-typen hebben 

aangetoond dat het immuunsysteem ook betrokken is bij de toxiciteit. De karakterisering 

van bio-activerende CYPs is echter niet volledig en ook zijn de GSTs die bij bio-inactivatie 

van de CRMs betrokken zijn niet gekarakteriseerd. Clozapine is een antipsychoticum dat 

functioneert als een antagonist voor de serotonine- en dopaminereceptoren. Clozapine 

kan door CYPs bio-geactiveerd worden tot een chemisch reactief nitreniumion [15]. Dit 

nitreniumion kan bio-geïnactiveerd worden door GST's [16]. Hoewel is aangetoond dat 

GSTs betrokken zijn bij de bio-inactivatie van de nitreniumionen, blijft de variatie in deze 

route tussen patiënten onbekend. Tenslotte is Flucloxacilline een β-lactam antibioticum 

waarvan is aangetoond dat het in staat is om eiwitten covalent te modificeren. Het 

veroorzaakt leverbeschadiging die een van de hoogste correlaties heeft dat ooit is 

gepubliceerd met HLA*B 57:01. Dit HLA-type verklaart echter nog steeds niet volledig de 

menselijke gevoeligheid voor de toxiciteit [17]. Aangezien een metaboliet van 

Flucloxacilline, 5'-hydroxymethylflucloxacilline, toxisch is voor galgang-epitheelcellen, 

wordt aangenomen dat de vorming van dit metaboliet een risicofactor kan zijn [5]. 

Hoewel de vorming van dit metaboliet van groot belang kan zijn voor de identificatie van 

gevoelige individuen, is slechts een beperkt aantal CYPs onderzocht in een poging om op 

te helderen hoe 5'-hydroxymethylflucloxacilline wordt gevormd [5]. 

Hoofdstuk 2 richt zich op de karakterisatie van GSTs die betrokken zijn bij de 

bio-inactivatie van Nevirapine CRMs. Oxidatief metabolisme van Nevirapine werd 

verondersteld te leiden tot de vorming van een quinone methide [18]. Door het 

deuteriseren van Nevirapine konden wij echter aantonen dat het chemisch reactieve 

metaboliet die leidt tot het glutathion (GSH)-conjugaat op positie 3 eigenlijk een epoxide 

is. Verder vonden wij dat de bio-inactivatie van dit epoxide naar het overeenkomstige 

GSH-conjugaat kan worden gekatalyseerd door GSTP1-1. Bovendien waren wij in staat 12-

sulfoxy-Nevirapine te synthetiseren en de GSTs te karakteriseren die betrokken zijn bij 

de conjugatie van dit metaboliet aan GSH. Het blijkt dat de conjugatie met GSH kan 

worden gekatalyseerd door GSTM1-1, GSTA1-1 en GSTA3-3. De relatief lage Vmax van 2,0 

± 0,27 nmol / min / μmol GST voor GSTM1-1, 0,23 ± 0,021 nmol / min / μmol GST voor 

GSTA1-1 en 1,07 ± 0,06 nmol / min / μmol GST voor GSTA3-3, gecombineerd met de 

onvolledige omzetting van 12 -sulfoxy Nevirapine naar het conjugaat, maakt het 

onwaarschijnlijk dat GSTs volledig kunnen beschermen tegen dit CRM. Dit staat in 

contrast met associatiestudies die impliceren dat GSTM1-1 een beschermend effect heeft 

tegen door Nevirapine geïnduceerde hepatotoxiciteit [19]. Null-genotypen voor GSTM1-1 

zouden dus geen significant verschil maken in de verhouding tussen bio-activatie en bio-
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inactivatie, maar GSTM1-1 zou via andere mechanismen kunnen beschermen tegen 

Nevirapine hepatotoxiciteit  

Hoofdstuk 3 karakteriseert de DMEs die betrokken zijn bij de bio-activatie en 

bio-inactivatie van Ticlopidine. Hier hebben wij zes GSH-conjugaten gedetecteerd, 

waarvan er twee zijn gevormd via een chemisch reactief S-oxide. De S-oxide bio-

inactivatie kon worden gekatalyseerd door GSTM1-1, wat leidde tot een 40-voudige 

toename van gevormd GSH-conjugaat. Interessant is dat een 40-voudige variatie in de 

hoeveelheid gevormd GSH-conjugaat werd gedetecteerd wanneer cytosol van 

verschillende menselijke leverdonoren werd gebruikt. Tot onze verrassing correleerde dit 

effect echter niet goed met GSTM1-1, wat aangeeft dat andere GSTs of bio-inactiverende 

enzymen ook de bio-inactivatie van Ticlopidine kunnen beïnvloeden. Bij het bestuderen 

van de effecten van GSTs op de vorming van GSH-conjugaten van de respectievelijke 

chemisch reactieve epoxiden werden kleinere effecten waargenomen. Hetzelfde werd 

waargenomen voor de variatie tussen bio-inactivatie in cytosolen van individuele 

leverdonoren, waarbij kleinere verschillen werden gedetecteerd voor het epoxide dan 

voor het S-oxide. De hoeveelheid biologische activering bij 100 μM Ticlopidine varieerde 

slechts viervoudig en CYP1A2, CYP2B6, CYP2C19 en CYP2D6 waren de meest actieve 

enzymen. Omdat de bio-activeringscapaciteit minder varieerde dan de bio-inactivatie, 

werden duidelijke verschillen waargenomen bij het plotten van deze twee parameters ten 

opzichte van elkaar. Daarom is het waarschijnlijk dat patiënten met een lage Ticlopidine 

S-oxide bio-inactivatie capaciteit, b.v. door polymorfe GSTs, vatbaarder kunnen zijn voor 

iDILI. 

In hoofdstuk 4 wordt de bio-inactivatie van Clozapine bij in vitro incubaties, in 

urine van patiënten en in menselijke leverplakken onderzocht. De in vitro-incubaties met 

recombinante DMEs toonden aan dat GSTP1-1 het meest actieve enzym is bij de bio-

inactivatie van het Clozapine-nitreniumion. Dit komt voornamelijk door het vermogen 

van dit GST isoenzym om het GSH-conjugaat CG-6 in hoge concentraties te vormen. 

Vervolgens zijn de metabolieten in nauwkeurig gesneden menselijke leverplakken en 

urine geïdentificeerd door LC-MS en hun relatieve abundantie is ook bepaald. Hier wordt 

gezien dat meer dan 40 metabolieten worden geïdentificeerd, maar hun relatieve 

hoeveelheid verschilde sterk tussen patiënten. Hetzelfde werd gevonden voor elf 

metabolieten die afgeleid zijn van GSH-conjugaten, zoals mercaptuurzuren. Vanwege de 

grote variabiliteit in hoeveelheden en profielen bleek de uitscheiding van GSH-

gerelateerde metabolieten echter niet duidelijk gerelateerd te zijn aan specifieke 

genotypen van GSTs. Analyse van de GSH-gerelateerde producten in de urine bleek ook 
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niet bruikbaar te zijn voor kwantitatieve biomonitoring van interne blootstelling aan 

chemisch reactieve Clozapine metabolieten. 

Hoofdstuk 5 en 6 richten zich op het metabolisme van Flucloxacilline tot 5'-

hydroxymethylflucloxacilline door menselijke en bacteriële CYPs. In hoofdstuk 5 

worden CYP3A4 en CYP3A7 en in mindere mate CYP2C9 en CYP2C8 geïdentificeerd als 

de meest actieve menselijke enzymen die Flucloxacilline metaboliseren, b.v. door 

incubaties met recombinante enzymen, remmingsstudies en correlatiestudies. Verder 

werd aangetoond dat 5'-hydroxylatie van Flucloxacilline door humane levermicrosomen 

van verschillende menselijke leverdonoren ongeveer 6-voudig kan variëren tussen de 

donors. Aangezien 5'-hydroxymethylflucloxacilline toxiciteit in galgang-epitheelcellen 

veroorzaakt, kan deze variatie een mogelijke risicofactor zijn voor aan Flucloxacilline 

gerelateerde iDILI. Echter, zoals aangegeven door de lage Pearson R in de 

correlatiestudie, leken er meerdere enzymen bij betrokken te zijn. Dit geeft aan dat de 

variabiliteit in 5'-hydroxymethylflucloxacilline concentraties tussen patiënten 

waarschijnlijk niet het gevolg is van polymorfismen in een enkel enzym. Opmerkelijk was 

dat Sulfaphenzol 5’-hydroxylatie van Flucloxacilline door de CYP3A-familie kon remmen. 

Dit kan erop duiden dat onverwachte geneesmiddelinteracties kunnen optreden tussen 

de CYP3A-familie en het Flucloxacillinemetabolisme, wat niet zou worden verwacht op 

basis van de iso-enzymspecificiteit van het remmende medicijn. Omdat zowel 

recombinant CYP3A4 als CYP3A7 werden geremd door sulfaphenazol, terwijl is 

aangetoond dat sulfaphenazol specifiek CYP2C9 remt, kunnen dit soort 

geneesmiddelinteracties de intracellulaire blootstelling aan 5'-

hydroxymethylflucloxacilline sterk beïnvloeden. Hoofdstuk 6 richt zich op het vinden 

van een selectieve en actieve biokatalysator die in staat is 5'-hydroxymethylflucloxacilline 

te produceren. Hier vermelden wij dat de BM3-mutant M11 L437E regioselectief 5'-

hydroxylmethylflucloxacilline kan vormen met relatief hoge activiteit. LC-MS en NMR 

bevestigden de identiteit en zuiverheid van dit metaboliet. Moleculaire dynamica-

simulaties suggereerden bovendien dat M11 L437E waarschijnlijker is om te binden aan 

Flucloxacilline in een katalytisch actieve pose in vergelijking met andere bindingsposes, 

vergeleken met andere mutanten. Deze bevinding werd ondersteund door incubatie met 

Oxacilline, dat de halogenen van Flucloxacilline mist. Oxacilline kan eveneens door BM3 

aan de aromatische ring worden gehydroxyleerd en de verhouding tussen de 5'-

hydroxylering en hydroxylatie bij deze ring is hoger voor BM3 M11 L437E dan voor andere 

mutanten. Wij stellen daarom BM3 M11 L437E voor als een geschikte biokatalysator voor 
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de productie van 5'-hydroxymethylflucloxacilline en een geschikt alternatief voor 

microsomen van rattenlever.  

 

 Conclusies en perspectieven 

Het doel van dit proefschrift was om de biotransformatie-enzymen te 

karakteriseren die betrokken zijn bij de bio-activatie en bio-inactivatie van Nevirapine, 

Ticlopidine, Clozapine en Flucloxacilline. Deze nieuwe inzichten kunnen nieuwe 

aanwijzingen geven voor de interindividuele variabiliteit in de bio-activatie / bio-

inactivatiebalans van deze geneesmiddelen en de gerelateerde variabiliteit in 

gevoeligheid voor DILI van patiënten. Daarom onderzochten wij de isovormen van de 

DMEs die betrokken zijn bij het metabolisme van Nevirapine, Ticlopidine, Clozapine en 

Flucloxacilline. Bovendien gaf de variatie in de vorming van specifieke metabolieten in in 

vitro incubaties met materiaal van verschillende menselijke leverdonors aanvullende 

inzichten over hoe de betrokken DMEs konden worden vertaald naar patiëntvariatie. Ten 

slotte werd de balans tussen bio-activatie en bio-inactivatie van chemisch reactieve 

metabolieten bepaald met als doel de interindividuele verschillen tussen meer en minder 

gevoelige menselijke leverdonoren te rationaliseren. 

 

Bio-activatie en bio-inactivatie van CRMs 

In de hoofdstukken 2-4 wordt de karakterisering van GSTs die betrokken zijn 

bij de bio-inactivatie van geneesmiddel-gerelateerde CRMs besproken in het licht van hoe 

dit de balans tussen bio-activatie en bio-inactivatie kan beïnvloeden. Er is aangetoond 

dat er een grote variabiliteit is in stabiele en GSH-afgeleide metabolieten tussen 

verschillende patiënten. Dit geeft aan dat de balans tussen bio-activatie en bio-inactivatie 

ook verschilt tussen patiënten. Uit de literatuur blijkt dat deze balans afhankelijk is van 

een combinatie van genetische factoren, omgevingsfactoren en de fysisch-chemische 

eigenschappen van het geneesmiddel bij vragen [20, 21]. Genetische factoren, zoals 

polymorfismen, en omgevingsfactoren zoals geneesmiddel-geneesmiddelinteractie 

kunnen DMEs beïnvloeden door de metabole routes die leiden tot stabiele metabolieten 

of bio-inactivatie te verminderen, waardoor de cel richting bio-activerende metabole 

routes wordt gedwongen. De resulterende toename van de CRM-concentratie zou een 

immuunrespons kunnen veroorzaken bij patiënten met het juiste HLA-type en een 

voorbereid immuunsysteem. Om te weten hoe deze effecten op de verschillende DMEs 
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de iDILI-gevoeligheid van patiënten beïnvloeden, is het cruciaal om nauwkeuriger te 

weten welke isovormen van DMEs erbij betrokken zijn. De gegevens in deze 

hoofdstukken laten zien dat GSTs betrokken zijn bij elk van deze bio-inactivatie-reacties. 

Het is bekend dat GSTs, met name GSTA1-1, GSTA2-2, GSTA3-3, GSTM1-1, GSTM3-3, 

GSTM4-4, GSTP1-, GSTT1-1 en GSTT2-2, sterk genetisch bepaald zijn [22]. Verder is 

berekend dat de humane lever een extreem hoge GST-capaciteit heeft (0,2 mM actieve 

sites die samen de cellulaire GSH-concentratie in 25 cycli kunnen uitputten), wat is 

uitgelegd als een onderstreping van het belang van snelle bio-inactivatie van electrofielen 

[23]. Dit maakt het belangrijk om de specifieke aan GST-isoenzym gerelateerde bio-

inactivatiecapaciteit goed te beoordelen, vooral met het oog op de hoeveelheid bio-

activering van specifieke drugsgerelateerde CRMs. Dit wordt het beste weergegeven in 

hoofdstuk 3, waar de bio-activering van Ticlopidine minder varieert tussen patiënten 

dan de overeenkomstige bio-inactivatie. Aangezien de genetisch bepaalde GSTM1-1 een 

belangrijke rol speelt bij de bio-inactivatie van Nevirapine (hoofdstuk 2), Ticlopidine 

(hoofdstuk 3) en Clozapine (hoofdstuk 4), is dit bovendien een perfect voorbeeld van 

hoe een nul-fenotype de niveaus van bio-inactivatie en dus gevoeligheid van de patiënt 

kan beïnvloeden [22, 24]. Patiënten met het nul-genotype van b.v. GSTM1-1 zouden een 

verminderde bio-inactivatie hebben ten opzichte van hun CYP-gerelateerde bio-activatie. 

Samen geven deze hoofdstukken aan dat gedetailleerde kennis van de DME-isovormen 

die betrokken zijn bij de biotransformatie belangrijk is, of zelfs van fundamenteel belang, 

om ons te helpen de blootstelling aan CRMs bij patiënten op groeps- en / of individueel 

niveau te begrijpen en uiteindelijk kan bijdragen aan betere modellen om meer of minder 

gevoelige patiënten te voorspellen. Uiteindelijk kan deze kennis de balans tussen 

veiligheid en werkzaamheid van nieuwe en bestaande geneesmiddelen verbeteren. 

Vooral in het tijdperk van gepersonaliseerde geneesmiddelen zou dit in de toekomst 

kunnen leiden tot het gebruik van 'gevaarlijke' maar effectieve medicijnen. 

 

Onverwachte geneesmiddelinteracties 

Naast genetisch-bepaalde verschillen kan de blootstelling aan metabolieten ook 

worden bepaald door omgevingsfactoren. Bijvoorbeeld co-medicatie, dieet, levensstijl, 

roken of andere xenobiotica die DMEs of drugtransporters beïnvloeden [8, 25].  Om op 

de juiste manier geneesmiddelinteracties te rationaliseren en / of te voorspellen is het van 

vitaal belang om te weten welke biotransformatie-enzymen, en vooral isoenzymen, een 

interactie aangaan met een medicijn en hoe deze enzymen kunnen worden beïnvloed 
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door de respectieve omgevingsfactoren. Ticlopidine is bijvoorbeeld een krachtige 

mechanisme-gebaseerde remmer van CYPs en leidt tot geneesmiddel-

geneesmiddelinteracties voor geneesmiddelen die afhankelijk zijn van deze respectieve 

CYP's voor hun klaring, zoals bupropion, omeprazol, warfarine en theofylline  [26–30]. 

Voor bepaalde enzymen zoals CYP3A4 is het echter bekend dat het uiteindelijke effect 

van een geneesmiddel op het enzym sterk afhankelijk is van het substraat [31]. 

Testosteron is bijvoorbeeld een activator voor benzylresorufine en een competitieve 

remmer voor dibenzylfluoresceïne [31]. Een vergelijkbaar effect wordt waargenomen in 

hoofdstuk 5, waar de CYP2C9-specifieke remmer sulfaphenazole ook in staat is om de 

CYP3A-afhankelijke 5'-hydroxylatie van Flucloxacilline te remmen, maar niet de 

omzetting van testosteron [30]. Dit maakt de gevoeligheid van patiënten voor 

Flucloxacilline-afhankelijke iDILI complexer, omdat onverwachte 

geneesmiddelinteracties kunnen optreden die de klaring van Flucloxacilline of de 

vorming van 5'-hydroxymethylflucloxacilline veranderen. Hierdoor zou het niet alleen 

van groot belang zijn om te weten welke DMEs betrokken zijn bij een specifiek medicijn, 

maar ook of deze DMEs atypische effecten vertonen in combinatie met deze 

geneesmiddelen. 

Concluderend draagt dit werk bij aan het begrip van de CYP- en GST-gerelateerde 

enzymen die betrokken zijn bij de biotransformatie van Nevirapine, Ticlopidine, 

Clozapine en Flucloxacilline. Voor Nevirapine, Ticlopidine en Clozapine geven de 

gegevens ons inzicht in de bioactivatie en bio-inactivatie van de betreffende betrokken 

CRMs en deze balans helpt ons de rol van deze mechanismen in iDILI bij mensen beter 

te begrijpen. Ten tweede geeft het meer informatie over het metabolisme van 

Flucloxacilline en hoe dit in het initiëren van iDILI past, evenals een hulpmiddel voor de 

productie van 5'-hydroxymethylflucloxacilline. Alles bij elkaar toont dit onderzoek aan 

dat een grondig begrip van de metabole routes, betrokken bij het metabolisme van 

geneesmiddelen waarvan bekend is dat ze iDILI veroorzaken, belangrijk, zo niet vereist, 

is om de gevoeligheid van patiënten goed te begrijpen. Om nauwkeurig te voorspellen 

hoe een medicijn zich in verschillende individuen zal gedragen, moet de volledige variatie 

in omgevingsfactoren en genetische factoren voor een patiënt in aanmerking worden 

genomen, in tegenstelling tot het bestuderen van de 'gemiddelde' patiënt (bijvoorbeeld 

met gepoolde menselijke levermicrosomen) [32]. Het inzicht verschaft door dit 

proefschrift draagt bij aan het vervullen van het tweede doel van MIP-DILI, het verkrijgen 

van een gedetailleerd mechanistisch begrip van hoe geneesmiddelen iDILI veroorzaken 

[10]. Bovendien suggereert de data in dit proefschrift dat DMEs een rol spelen die vatbaar 
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zijn voor genetische factoren (polymorfismen) en omgevingsfactoren. Dit wordt 

ondersteund door recente proefschriften gepubliceerd binnen de Moleculaire en 

Computationele Toxicologiegroep van de Vrije Universiteit, die vergelijkbare resultaten 

laten zien voor de geneesmiddelen amodiaquine, acetaminophen, Clozapine en 

diclofenac [33, 34]. Een vierde proefschrift richtte zich op het potentieel van in vitro assays 

bij het ontrafelen van de rol van het metabolisme in geneesmiddelgeïnduceerde 

levertoxiciteit, met name gericht op acetaminophen, amodiaquine, Clozapine en 

diclofenac [35]. Samenvattend draagt het werk in dit proefschrift bij tot een beter begrip 

van de mechanismen die leiden tot, en de risicofactoren voor, idiosyncratische 

geneesmiddeltoxiciteit voor Nevirapine, Ticlopidine, Clozapine en Flucloxacilline. Samen 

met het bestaande onderzoek zal dit proefschrift tot een veiliger gebruik van 

hepatotoxische geneesmiddelen leiden door de ontwikkeling van gepersonaliseerd 

gebruik van geneesmiddelen te ondersteunen. 
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