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ADVERSE DRUG REACTIONS 

Classification and characteristics of ADRs and IDRs  

Adverse drug reactions (ADRs) remain a major health issue world-wide. In the United 
States of America and in the United Kingdom, ADRs are one of the five leading causes of 
death [1] causing 6.5% of all hospitalizations [2]. In addition, numbers of attrition of drugs 
during drug development and market stages due to ADRs or other toxicities is still 
increasing. Majority of ADRs (over 85%) [3] are classified as “type A”, which are dose-
dependent and in most cases may be predicted. Mechanisms of “type A” ADRs are well 
understood and are normally caused by over-dose resulting in exaggerated pharmacological 
or off-target effects. Most “type A” ADRs are not lethal and victims can recover by dosage 
adjustment or discontinuation of administration. However, another type of ADRs, which is 
difficult to predict and often more life-threatening than “type A” ADRs, remains a big 
problem. This type, designated as “type B” or idiosyncratic ADRs (IDRs), is characterized 
by very low incidences and patient-dependent characteristics [4]. The incidence of 
idiosyncratic drug-induced liver injury (IDILI), one of the most well-recognized and 
reported IDRs, was estimated to range from 1:1000 to 1:20000 [4]. IDRs normally do not 
associate with the pharmacological effects of the drugs and do not show clear dose-
dependency [5] [6]. The outcome of IDRs is broadly varying. For example, patients 
suffering from IDILI symptomize alteration in liver enzyme levels up to acute liver failure 
resulting liver transplantation or death [2]. The poorly understood mechanisms and low 
incidences make prediction and prevention of IDRs a big challenge for both clinicians and 
pharmaceutical industries. A more detailed comparison of “type A” and “type B” ADRs is 
summarized in Table 1 [4]. 

Table 1. Clinical comparison of Type A and Type B drug-induced liver injury [4]. 
 Type A drug-induced liver injury Type B drug-induced liver injury 
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 
●Non-immunologic reactions 

Diagnostic methods ●Physical examination 
●Liver function tests 

●Diagnosis of exclusion 
●Hy’s law 
●Immunoglobulin levels 
●Biopsy 

 

Mechanisms of ADRs and IDRs are diverse and complicated, especially regarding IDRs. 
The strong host-dependent characteristics and non-consistency of chemical and 
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pharmacological features of drugs causing IDRs indicate the involvement of multiple 
mechanisms [7]. Currently, several mechanisms of ADRs and IDRs are recognized, 
including chemically reactive metabolite (CRM) formation [8, 9], involvement of immune 
system [10], mitochondrial injury [11-13], inhibition of bile salt export pump [14], and 
genetic risk factors [15]. Of these mechanisms, CRM formation is considered as playing a 
central role and is involved in other aforementioned mechanisms of ADRs and IDRs as 
well.  

Role of CRM formation in ADRs and IDRs 

Nowadays, it is generally accepted that formation of CRMs by metabolism plays an 
importance role in some ADRs and also in the initiation of IDRs [8, 9]. As the principal 
organ for biotransformation, liver is one of the most vulnerable target organs injured by 
CRMs. Nevertheless, other organs and tissues, like skin and blood are also vulnerable to 
CRM-related ADRs [7]. The most commonly observed structures containing chemically 
reactive moieties, which potentially lead to toxicity, are shown in Figure 1 [16]. The 
respective CRMs may covalently bind to cellular macromolecules, such as proteins, DNA 
and lipids, subsequently damage important cellular functions eventually leading to 
cytotoxicity, mutagenicity or genotoxicity. Additionally, CRMs can also target 
macromolecules essential in cell signaling pathways, thus perturbing cellular signaling 
cascades resulting in ADRs [17]. Together with drug influx and efflux transporters, drug 
metabolizing enzymes (DMEs) play crucial roles in determining the intracellular exposure 
of CRMs by bioactivating parent drugs and inactivating CRMs. Figure 2 is schematically 
showing the metabolism of parent drugs and formation of CRMs and their role in ADRs.  

 

Figure 1. Partial list of substructures (depicted black) that may initiate toxicity and their corresponding 
proposed reactive metabolites (depicted red) [16]. 

In IDRs, the mechanisms are characterized by an extreme host-dependency and rare 
incidences. Even though the exact mechanisms of IDRs are not fully clarified, CRM 
formation is believed to initiate many IDRs, e.g. of nevirapine, isoniazid, and amodiaquine 
[9]. The internal exposure of CRMs, which is determined by the formation and elimination 
processes of CRMs, might underlie the inter-individual susceptibility to IDRs. For 
susceptible individuals, it is speculated that the protective/defensive systems are 
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overwhelmed by the high extent of CRMs formation [18]. Nevertheless, simple covalent 
binding or modification of important physiological macromolecules by CRMs cannot fully 
explain IDRs, since there are several cases in which significant protein modification didn’t 
associate with toxicity. Other hypotheses such as immune-related mechanisms [10] are also 
very important in explaining and understanding mechanisms of IDRs. 

 

Figure 2. Simplified scheme showing the role of CRMs in ADRs. Scheme modified based on reference [9]. 

IMPACT OF INTER-INDIVIDUAL VARIATION OF DRUG METABOLIZING 
ENZYMES (DMEs) ON ADRs 

As described above, CRMs are considered to play a key role in many ADRs. It is well-
acknowledged that the exposure of human body to CRMs is determined by absorption, 
distribution, metabolism, and elimination (ADME) processes. Even though the ADME 
processes sometimes are spontaneous, mostly they are mediated by drug metabolizing 
enzymes (DMEs) and transporters. DMEs are divided into two phases (phase I and phase II) 
based on the type of reactions they catalyze [19]. DMEs catalyze the biotransformation of 
compounds to more hydrophilic and stable forms facilitating the excretion process in most 
cases. However, sometimes DMEs generate CRMs or unstable metabolites. These 
metabolites are often reactive electrophiles, which can covalently bind to macromolecules 
in cells and are believed to cause cellular dysfunction and ADRs [9]. The generation of 
CRMs by DMEs is called “bioactivation”. On the other hand, several DMEs catalyze the 
biotransformation of CRMs to stable, easy-excreted, and non-reactive metabolites. The 
inactivation/elimination of CRMs by these DMEs is designated as “inactivation”. A 
complete review of composition of phase I and phase II enzymes is presented by reference 
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[19], as shown in Figure 3. In view of this thesis, we will mainly focus on three families of 
DMEs, namely CYPs, GSTs, and NQOs. Other DMEs and drug transporters, e.g. UGT1A 
[20, 21], UGT2B7 [22], NAT2 [23], SLCO1B1 [24], ABCB1 [25], ABCC2 [21, 22, 26] 
and ABCB11 [27], associated with increased risks of ADRs are described in other 
references. 

 

Figure 3. An overview of phase I and phase II DMEs in humans. The chart represents the estimated 
contribution of metabolism of drugs. The enzymes separated from the pies represent polymorphic enzymes 
being associated with changes in drug effects. ADH, alcohol dehydrogenase; ALDH, aldehyde 
dehydrogenase; CYP, cytochrome P450; DPD, dihydropyrimidine-dehydrogenase; NQO1, NADPH:quinone 
oxidoreductase; COMT, catechol O-methyltransferase; GST, glutathione S-transferase; HMT, histamine 
methyltransferase; NAT, N-acetyltransferase; STs, sulfotransferases; TPMT, thiopurine methyltransferase; 
UGTs, uridine 5'-triphosphate glucuronosyltransferases. Figure adapted from reference [19]. 

Cytochromes P450 

In humans, cytochrome P450 enzymes (CYPs) are mainly responsible for drug metabolism, 
notably the CYP families 1, 2, and 3 (Figure 4). Typical type of reaction catalyzed by 
CYPs is oxidation, although other reactions have also been reported [28]. Over decades, 
CYPs have been reported to catalyze the formation of CRMs of various drugs, which may 
lead to cell death or different types of ADRs, particularly DILI [29-33]. Recently, Achour 
et al. [34] reported an extremely large variability in levels of hepatic drug metabolizing 
CYP isoforms in populations with a meta-analysis approach. The “extreme” individuals 
were found to carry up to 17-fold higher P450 isozyme levels than the majority (Table 2); 
these individuals thus might be more susceptible to CYP-bioactivation of drugs, especially 
if these individuals also carrying reduced inactivating capacity of the corresponding CRMs. 
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Figure 4. Contribution of P450 isoforms to metabolism of clinically used drugs and factors influencing the 
variability. Variability factors are indicated in bold with influenced effects showing by arrows. Factors of 
controversial significance are shown in parentheses. Figure adapted from [35]. 

Table 2. A summary of expression levels, range, and variability of human hepatic CYPs [34]. 

CYP Isoforms No. of Livers Mean 
(pmol/mg protein) 

Range Maximal expression 
(folds higher than 

average) 

CYP1A2 148 39 ± 30 1-263 6.7 

CYP2A6 180 27 ± 23 0-191 7.1 

CYP2B6 504 16 ± 20 0-180 11.3 

CYP2C8 144 22 ± 15 0-85 3.8 

CYP2C9 120 61 ± 33 0-277 4.5 

CYP2C18 23 0.4 ± 0.2 0.2-0.7 1.8 

CYP2C19 76 11 ± 9 0-67 6.1 

CYP2D6 206 13 ± 9 0-75 6.0 

CYP2E1 145 65 ± 34 2-201 3.1 

CYP2J2 23 1.2 ± 0.7 0-3 2.5 

CYP3A4 713 93 ± 75 0-601 6.5 

CYP3A5 250 17 ± 31 0-291 17.1 

CYP3A7 54 9 ± 14 0-90 10.0 

CYP3A43 35 2 ± 0.7 0-6 3.0 

CYP4F2 23 11 ± 5 1-24 2.1 
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Expression levels of human CYPs are influenced by both genetic and environmental factors, 
as depicted in Figure 4. Induction and polymorphisms are probably the most well 
recognized factors influencing inter-individual variability of CYPs. Many 
pharmacogenetics and pharmacogenomics studies have reported specific genotypes of CYP 
isoforms associated with increased risk of ADRs, as shown in Table 3. Nevertheless, as 
shown in Figure 4, other factors such as age, gender, and pathological/physiological status 
all might also contribute to the inter-individual variability. 

Table 3. Gene association studies identified human drug metabolizing CYP genes as risk factors for ADRs.  

Gene Drug ADRs type Odds ratio Reference 
CYP2B6* 1H or *1J Ticlopidine Hepatotoxicity 38.82 (in combination with 

HLA A*3303) 
[36]  

CYP2B6 516TT Nevirapine Skin rash 18.90 (in combination with 
HLA-Cw*04) 

[37]  

CYP2B6*6 Efavirenz Liver injury N.A.a [38]  
CYP2C9*2 Bosentan Liver injury ∞ (95% Cl 2.29- ∞) [39]  

CYP2D6 
(genotype N.A.) 

Perhexiline Hepatitis N.A. a [40]  

CYP2E1 c1/c1 Isoniazid Hepatitis 2.38 [41]  
CYP2C8*4 Diclofenac Hepatotoxicity 3.5 [22]  

a  N.A. not available 

NADPH:quinone oxidoreductase 1 (NQO1) 

NQO1 is a cytosolic enzyme, which catalyzes two-electron reduction of quinones to 
hydroquinones [42]. The known substrates of NQO1 include endogenous and exogenous 
quinones [43, 44], quinoneimine [45, 46] and quinone methide CRMs [47]. In most cases 
NQO1 behaves as a detoxification enzyme, since the formation of hydroquinones will 
prevent reactive quinones-induced toxicity, semiquinone radicals-induced ROS formation 
and oxidative stress [48]. Only in a few cases, NQO1 bioactivates stable quinones to 
reactive hydroquinones, e.g. mitomycin C converting to leucomitomycin [48]. These 
bioactivatable quinones are considered as outstanding candidates for selective anticancer 
therapy, since NQO1 is highly expressed in many solid tumors [49]. 

Similar to GSTs, NQO1 is an important component in the whole defensive enzymes system, 
of which expression levels are regulated by the Nrf2/Keap1 stress signaling pathway [42]. 
Basal levels of human NQO1 in the liver are estimated rather low [45], however, a 16-fold 
increase of NQO1 expression observed in acetaminophen-induced liver injury suggesting a 
strong induction of NQO1 under stressed situations [50]. In addition, two SNPs of human 
NQO1 gene have been identified from population, namely NQO1*2 (609C>T, P187S) and 
NQO1*3 (465C>T, R139W). Individuals carrying NQO1*2 gene express a lowered NQO1 
protein level compared to those expressing the wildtype gene, and this genotype has been 
associated with increased risks upon benzene toxicity [51]. The detailed information of 
NQO1 expression and its variation in populations has not been clarified yet. Based on the 
current information, we only know that there is a large variability of NQO1 expression in 
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human liver and the variation is influenced by ethnicity and obesity factors. However, the 
information on individual NQO1 levels is not available [52]. Altogether, it is likely that 
genetic and non-genetic factors leading to a lowered expression of NQO1 in individuals 
might be as a risk factor for ADRs.  

Glutathione transferases (GSTs) 

Human GSTs constitute a superfamily of enzymes ubiquitously expressed in tissues and 
organs. GSTs are divided into three classes, namely cytosolic, mitochondrial, and 
microsomal GSTs based on the subcellular localization [53]. Cytosolic and mitochondrial 
GSTs are soluble and dimeric enzymes, which consist of alpha (A), mu (M), pi (P), theta 
(T), omega (O), sigma (S), zeta (Z), and kappa (K) isoforms [54]. Of notice, GSTK1 is the 
only mitochondrial GST identified up until now [55], while the other isoforms mentioned 
are mainly present in cytosol. Soluble GSTs are multifunctional enzymes in regulating 
cellular metabolism and physiology. Over decades, many excellent reviews have been 
published describing the cellular roles of GSTs in under physiological and pathological 
status [53, 56-61]. A general overview of important GST functions is presented in Figure 5. 

The predominant function of GSTs is catalyzing conjugation reactions between GSH and 
electrophilic compounds (Figure 5A), thereby facilitating the elimination/detoxification of 
electrophiles, including CRMs [46, 62-68], anti-cancer drugs [69-72], environmental 
carcinogens [73-78] and toxic products of lipid peroxidation [79].  

Various GST isoforms, including GSTA1, GSTA2, GSTA4, GSTP1, GSTT1, GSTT2, and 
GSTK1 [53, 55, 80-83], also exhibit GSH peroxidase activity accompanied by the reduction 
of free radicals generated during cellular oxidative metabolism and xenobiotic peroxides 
(Figure 5B). The GSH peroxidase activity is considered an important protective 
mechanism against oxidative damage for the maintaining of the cellular redox homeostasis 
[53].  

Recently, glutathionylation and de-glutathionylation activities have been reported as novel 
functions of GSTs, particularly for GSTP1 [84] and GSTO1 [85] (Figure 5C). 
Glutathionylation is a post-translational modification of thiol groups (e.g. cysteine residues) 
of proteins by conjugating a GSH molecule to form disulfide conjugates. By 
glutathionylation proteins can be shielded from oxidative insults, which normally end up 
with irreversible oxidation of protein thiol groups to sulfonic acid [84]. De-
glutathionylation refers to the process of removing glutathione from a glutathione-bound 
proteins. Glutathionylation may be spontaneous or catalyzed by GSTP1, GSTO1, and 
glutaredoxin (Grx)-like thioltransferase, while de-glutathionylation can only occur via the 
catalysis of a few enzymes, namely GSO1, Grxs, and thioredoxins [86]. Glutathionylation 
and de-glutathionylation cycle is considered as a primary line of cellular defense against 
oxidative stress, despite that a few contractile activities of glutathionylated proteins were 
reported [87, 88]. 
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Figure 5. An overview of four major roles of GSTs from literature. (A) GSTs-catalyzed GSH conjugation 
reaction [104]; (B) GSTs-catalyzed GSH peroxidation reaction [105]; (C) Involvement of GSTs in the 
glutathionylation/de-glutathionylation cycle [84, 86]; (D) Mechanisms of GSTs regulating ASK1/JNK cell 
signaling pathways [57]. 
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Several GSTs have been reported to play a role as modulators in cell signaling pathways, 
subsequently influencing cell proliferation or apoptosis. These GSTs include GSTA1, 
GSTM1, and GSTP1. GSTP1 probably is the most well-studied isoform, since it involves 
regulating c-Jun terminal kinase (JNK) pathway [89]. The mechanism of GSTP1 
modulating JNK pathway is thought to occur via binding to the C-terminus of JNK 
molecule [90]. Similarly, however, GSTA1 [91, 92] and GSTM1 [93, 94] are also reported 
to bind to JNK and apoptosis signal-regulating kinase 1 (ASK1), respectively. When GSTs 
bind to ASK1 or JNK, the phosphorylation of downstream signaling proteins involved in 
the cell survival and apoptotic pathways will be blocked [57]. This mechanism is 
considered as an explanation for the drug resistance observed in GST-overexpressed in 
tumor cells. A schematic description of GSTs modulating cell signaling pathways is shown 
in Figure 5D. Other functions of GSTs, like isomerase activity [95-97], Ca2+ channel 
regulation [98-101], and chloride intracellular channel formation [99, 102, 103] are not 
discussed here and can be found in described references.  

GSTs are known to be polymorphic enzymes, of which consequences are altered protein 
expressions or enzyme activities. Generally, three types of genetic variants are reported, 
namely single nucleotide polymorphisms (SNPs), gene deletion, and gene replication [53, 
106]. Among them, SNPs are quantitatively the most extensively studied, while gene 
deletion is of particular interest since it’s highly associated with inter-individual 
susceptibility to ADRs and certain diseases, e.g. carcinoma. GSTM1*0 and GSTT1*0 gene 
deletions result in abolished enzyme expression, common genotypes observed in 20% to 50% 
Caucasians and Asian populations [107]. The double null genotype of GSTM1*0 and 
GSTT1*0 has been associated with increased risks for various ADRs, including 
troglitazone [67], tacrine [108], carbamazepine [109], nevirapine [110], amoxicillin-
clavulanate[111] and NASIDs [111]. Besides polymorphisms, enzyme induction of GSTs 
can also contribute to the variation of GSTs expression in population. As an important 
antioxidant enzyme, GSTs expression is known to be enhanced by an antioxidant response 
element (ARE) in the promotor regions [112] under oxidative stress conditions. This 
induction is considered to be Nrf2-mediated and as an important defensive mechanism 
against stress insults [113]. Several studies showed that hepatic GSTs expression varies 
significantly within individuals [114, 115]. The varying protein expression levels, the 
polymorphisms and the transcriptional regulation of GSTs, as mechanisms underlying 
variation in expression, might be important factors determining inter-individual 
susceptibility to toxic compounds. Nevertheless, studies on the comprehensive 
understanding of inter-individual variation of GST expression and its pharmacological and 
toxicological consequences are still important.  

CELLULAR SYSTEMS TO INVESTIGATE ROLES OF DMEs IN DRUG 
TOXICITY 
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Over decades, scientists have been dedicated to develop and improve different in vitro 
models to gain improved understanding of the roles of DMEs in ADRs and eventually 
aiming at a better prediction of ADRs, in particular of DILI. Several excellent reviews have 
been published to give extensive and in-depth insights into these models [1, 18, 116, 117]. 
However, the in vitro models developed so far have their own advantages and limitations 
accompanied. Since multiple mechanisms may be involved in one ADR, combined usage of 
cell models will benefit the accuracy of prediction and interpretation of drug toxicity. 
Within this section, several representative cellular models described in literature are briefly 
introduced, with emphasis on the interplay between DMEs in determining the toxicological 
outcome of drugs and other xenobiotics.  

Primary human hepatocytes 

Primary human hepatocytes (PHHs) are considered as the “golden standard” for 
hepatotoxicity studies [118, 119]. Main reason is that hepatocytes are the major type of 
cells in the liver and express almost all biochemical functions needed for drug metabolism 
and toxicity, such as phase I and phase II DMEs, transporters, glucose metabolism and 
ammonia detoxification [120]. However, several drawbacks of PPHs limit their application 
in routine testing, such as decreasing levels of DMEs during culturing [121], the limited 
availability due to scarcity of proper liver donation sources, and the high inter-batch and 
inter-laboratory variability [122]. Despite these limitations, PHHs are still one of the most 
widely-used cells models in metabolism-mediated drug toxicity studies [123].  

Meanwhile, other techniques have been developed to overcome the limitations of PHHs in 
assessing drug metabolism and hepatotoxicity in humans, such as cryopreservation [122, 
124], induced pluripotent stem cells (iPSCs) [116, 125], tissue engineering (including 
sandwich-cultured hepatocytes, co-cultured spheroids, 3D-bioprinted liver tissue, and 
microphysiological system) [126] technologies. These new technologies either expanded 
the low availability and reduced the high variability of PHHs (cryopreservation and iPSCs) 
or provided new dimensions of assessing ADRs, in particular IDRs, with more integrated 
systems of high complexity (iPSCs and tissue engineering). Detailed information on these 
systems is given in aforementioned reviews, thus will not be further explained in this 
section. 

Modulated DMEs expression cellular systems 

Beside PHHs, human liver-derived cell lines are also extensively used in risk assessment 
and metabolism-related drug toxicity studies. These cell lines include HepG2 cells, 
HepaRG cells, THLE cells, and Upcytes. Advantages of the cell lines over PHHs are 
apparent, including immortality, highly-conserved phenotype, low variability, high 
availability and easy handling [127]. However, most of these cell lines lack sufficient DME 
and drug transporter expression levels compared to PHHs [128]. Thus they are probably not 
the optimal choice for the evaluation of metabolism-related drug toxicity. Meanwhile, 
several approaches such as cell differentiation, enzyme induction, and transfection 
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approaches have been used to modulate expression levels of DMEs and drug transporters to 
make these cell lines metabolic competent. With modulation of DME expression levels, 
these cell lines are valuable model system to mechanistically study the roles of DMEs and 
their interplay.  

HepG2 probably is the most extensively characterized human hepatoma cell line and most 
commonly used in hepatotoxicity assessment [129-131]. Although HepG2 cells express 
very low levels of most DMEs [128], by extracellular supplementation or intracellular over-
expression of (combination of) DMEs they are widely used in metabolism-related 
toxicological studies. Extracellular supplementation of DMEs is normally performed by 
adding hepatic S9 or microsomes fractions, which contain DMEs of interest, to cells [32, 
132]. Over-expression of DMEs in HepG2 cells is normally achieved by transfection of 
genes encoding one or multiple DMEs. The expression level of DMEs can be manipulated 
by adenoviral vectors-mediated transfection, thus allowing the customization of particular 
combinations of DMEs to represent certain susceptible individuals/populations [129]. Many 
studies have been performed to develop genetically modified HepG2 cells with over-
expression of one or multiple DMEs (e.g. CYPs or GSTs) to investigate the role of specific 
DMEs in drug-induced toxicity or to establish better models for the early-stage prediction 
of ADRs [31-33, 72, 133, 134]. However, studies focusing on the interplay between DMEs 
are relatively scarce, although a few good examples can be found from literature. Hosomi et 
al. [135] sensitized HepG2 cells by transfecting siRNA which decreases the expression 
level of Nrf2 transcription factor. With the down-regulation of Nrf2, defensive cellular 
systems, including GSTs and NQOs, was not able to sufficiently protect against CYP3A4-
induced cytotoxic effects of bio-activatable drugs. More recently, Tolosa et al. [136] 
developed a HepG2 cell model, in which the expression levels of major human CYPs, 
GSTM1, and UGT2B7 were manipulated. The interplay between CYPs, GSTM1, and 
UGT2B7 in toxifying and detoxifying drugs (e.g. isoniazid, acetaminophen, valproate, and 
diclofenac) were demonstrated in that model. Transgenic cell lines originating from other 
organs, such as V79 [137, 138], MCF7 [139], HT29 [140], Caco-2 [141, 142] and HEK293 
[143, 144], also have been used to study roles and interplays of DMEs (and drug 
transporters) in the toxicity of xenobiotics or drug resistance over decades. 

Modified HepaRG cells, exhibiting high levels of major DMEs after differentiation, became 
a popular tool in recent years for the assessment of metabolism-related hepatotoxicity [145, 
146]. For example, Al-Attrache et al. [147] compared the cytotoxicity of diclofenac in 
differentiated and un-differentiated HepaRG cells and a protective role of GSTs against 
diclofenac-induced apoptosis was demonstrated. Besides, Hardy et al. [148] showed an 
enhanced cytotoxicity of lapatinib in HepaRG cells after CYP3A4 induction, suggesting an 
important bioactivating role of CYP3A4 in this model. Additionally, HepaRG cells can be 
cultured in 3D structures and for long-term purpose, which is considered to mimic closer 
the liver physiologically [149, 150]. However, certain disadvantages of HepaRG cells, such 
as a low expression of several enzymes (e.g. CYP2D6 and CYP2E1) [151], time-
consuming and complex differentiation procedures, difficulties in studying the impact of 
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genetic variability [152] still restrict the application of HepaRG cells, especially in case of 
IDRs.  

THLE cells (simian virus 40 T-antigen-immortalized human liver epithelial cells) [153] and 
Upcytes (proliferated human hepatocytes) [154] are two other often-used cellular models in 
ADMET studies. THLE cells express high activities of phase II DMEs, including GSTs and 
epoxide hydrolase, but not of CYPs or UGTs [155]. With the comparison of toxicity of 
compounds in THLE-null and THLE-CYP-transfected cells, the role of CYPs as  
toxifying/detoxifying enzymes can be evaluated [156]. Actually this strategy has already 
been applied by scientists for the assessment of DILI potential of drug candidates [157, 
158]. Moreover, manipulated expression of several CYPs and UGTs in THLE cells 
combined with 3D microarrays on a micropillar chip has also been developed. It allowed 
the evaluation of metabolism-induced study and mechanistic investigation on the interplay 
between DMEs in a high-throughput manner [159]. More recently, Upcytes as a new 
hepatocytes-derived source have been developed [154] and optimized [160]. With 
proliferating advantage compared to PHHs, Upcytes retain the diversity of phenotypes 
since they can be isolated from individual donors thus reflecting inter-individual 
susceptibility to ADRs [136]. However, for the clarification of some inconsistencies in the 
resemblance to PHHs, a more comprehensive understanding of this cell model is needed to 
broaden the application of Upcytes in assessment of drug metabolism and toxicity.  

ROLES OF DMEs AND CRM FORMATION IN UNDERSTANDING AND 
PREDICTING ADRs AND IDRs 

The occurrences of ADRs, in particular IDRs, are considered as multifactorial-influenced, 
although CRM formation is considered to play a key role [161]. The proposed mechanisms 
of ADRs and IDRs, is also involving the immune system, mitochondrial injury and 
inhibition of BSEP, as introduced earlier in this chapter. These mechanisms are dedicated to 
understand ADRs and IDRs from different viewpoints, nevertheless they are not mutually 
exclusive. Moreover, the formation of CRMs and the roles of DMEs in this process are 
important components involved. In this section, the roles of DMEs and CRM formation in 
contributing to these mechanisms will be briefly introduced.  
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Roles of CRMs formation in the immune-mediated IDRs 

Clinical characteristics of IDRs appear 
to be immune-related, except for a few 
IDRs where definitive evidence of a 
general immune mechanism is lacking 
[10]. Currently, two hypotheses, 
namely hapten- and danger hypotheses, 
have been proposed as major working 
models for immune-related IDRs. In 
both hypotheses, the formation of 
CRMs and the covalent binding of 
CRMs to specific proteins are key 
initiators of the immune response, as 
depicted in Figure 6 [10]. In the 
hapten hypothesis, covalently 
modified proteins upon binding of 
CRMs, are taken up by antigen 
presenting cells (APCs) and presented 
to T cells (Signal 1); eventually 
leading to immune response [162] 
[163]. In addition to the Signal 1, 
Signal 2 refers to cell damage due to 
CRMs            (e.g. oxidative-stressed 
cells, mitochondrial-damaged cells, 
and necrotic cells) releasing danger-

associated molecular pattern (DAMP) molecules, which activate APCs. Both signals are 
required to cause the activation of T cells and an immune response [2]. Alternatively, 
immune tolerance appeared to be an outcome, which explains why most foreign 
proteins do not evoke an immune response. 

Roles of CRMs formation in mitochondrial injury 

Mitochondrial dysfunction has been suggested as well as a mechanism underlying ADRs, 
especially regarding DILI [11-13]. A brief summary of mechanisms of drug-induced 
mitochondrial injury is shown in Figure 7 [164]. Although several drugs were reported to 
cause mitochondrial damage [165], i.e. without CRM formation, mitochondrial dysfunction 
caused by CRMs have been extensively shown [166] [167]. The best known example 
probably is acetaminophen-induced hepatotoxicity. The CRM of acetaminophen, namely 
N-acetyl-p-benzoquinoneimine (NAPQI), can specifically bind to mitochondrial proteins, 
increase ROS formation which target at mitochondria as well as induce MPT [168]. 
Moreover, it has been proposed that the enhanced ROS formation and other mitochondrial 

 

Figure 6. Working scheme of the hapten and danger 
hypothesis. Adapted from Cho and Uetrecht [10].  
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damages, which are caused by CRMs, might play roles as DAMPs, leading to immune-
related IDRs [10].  

 

Figure 7. Physiological function of mitochondria and major targets as underlying mechanisms of drug-
induced mitochondrial injury. The mechanisms of drug-induced mitochondrial injury probably include: 1) 
depleting mitochondrial DNA (mtDNA), causing reduced synthesis of mitochondrial respiratory chain 
(MRC) polypeptides, which eventually enhanced the formation of reactive oxygen species (ROS); 2) 
inducing the opening of mitochondrial permeability transition (MPT) pore thus releasing cytochrome c 
oxidase, (Cyt. c) to cytosol, leading to caspase activation and cell death; 3) dissipating mitochondrial 
transmembrane potential (ΔΨm), which is the electrochemical gradient across the inner mitochondrial 
membrane of mitochondria as a reservoir of potential energy; 4) impairing the mitochondrial fatty acid β-
oxidation (FAO) function. Figure adapted from reference [164]. 

Many studies recommended to measure mitochondrial injury potential together with other 
endpoints for the DILI risk assessment of drug candidates [1] [7] [163]. The most widely 
used mitochondrial toxicity assays include, i) Glucose/Galactose ratio assay; ii) 
Mitochondrial membrane potential (MMP, ΔΨm); iii) Measurement of mitochondrial 
respiration; iv) Polarography and mitochondrial swelling; v) Immuno-capture targeting; vi) 
β-Oxidation assays assay. The details and principles of these assays can be found in 
reference [1].  

Roles of CRMs formation in inhibition of BSEP 

BSEP, encoded by the gene ABCB11, belongs to the adenosine triphosphate (ATP)-binding 
cassette (ABC) transporters superfamily [169]. As the predominant transporter involving in 
the efflux of conjugated bile salts, monovalent bile acids, and cholate derivatives from 
hepatocytes to bile, BSEP prevents the toxic accumulation of bile salts intracellularly. The 
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impaired BSEP function are attributed mainly to genetic dysfunction and inhibition of 
BSEP [170]. In some ADRs and IDRs cases (e.g. bosentan-, tolcapone-, erythromycin 
estolate-, nefazodone-, and troglitazone-induced liver injury), CRMs generated and 
accumulated in hepatocytes, which subsequently inhibited BSEP, eventually caused 
cholestatic liver injury [171] or triggering IDILI[172] [173]. A simplified scheme depicting 
this working model is presented in Figure 8.  

Inhibition of BSEP has been recognized to be one of the underlying mechanisms for DILI 
in recent years [14] [116]. Even though the exact mechanism of involvement of BSEP 
inhibition in IDRs is not fully clear, it is suggested that the inhibition of BSEP was leading 
to mild liver injury and underlies as a danger signal promoting immune responses in some 
IDRs [10]. Several assays for BSEP inhibition have been developed and used by 
pharmaceutical industries for the identification of  human DILI hazard [170, 174, 175]. 
However, solely assessing DILI potential by BSEP inhibition potency is considered to 
result in false positive and negative results[117], thus some more recent studies also include 
other multidrug resistance-associated proteins (MRPs) transporters in DILI liability 
screening to improve the predictability [176, 177]. 

 
Figure 8. Simplified scheme of bile salt export pump (BSEP) inhibition-induced liver injury. Bile salts are 
generated during the regular hepatocellular metabolism process, and the efflux of bile salts are mediated by 
BSEP under normal condition. Inhibition of BSEP by drugs or their CRMs can lead to the accumulation of 
cytotoxic bile salts in hepatocytes. This can result in cell death and cholestatic liver injury. Scheme was 
modified based on reference [10]. 

Role of CRMs formation in adverse outcome pathways (AOPs) framework 

The concept of AOPs was first-time introduced by Ankley et al. [178]  in the area of 
ecotoxicology. AOPs refer to conceptual constructs that portray existing knowledge 
concerning the linkage between a direct molecular initiating event (MIE) and an adverse 
outcome (AO) at a biological level of organization relevant to risk assessment [179]. A 
typical AOP comprises two basic components, key events (KE) and key event relationships 
(KERs). Multiple KEs are linked by the corresponding KERs, which explains how the first 
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KE progressed all the way up to the last KE (an adverse outcome (AO) at organism or even 
population level). The generic AOP structure in depicted in Figure 9 [179]. As the first KE 
in the whole AOP structure, MIE is of special importance since by definition it represents 
the biologic perturbation resulting from a molecular interaction between a xenobiotic and a 
specific biomolecule [180], i.e. initiation of  the whole toxicity pathway. As introduced in 
the above section, formation and exposure of CRMs at molecular and cellular levels may 
have a direct influence on important biomolecules, such as proteins, nucleic acids, and 
lipids, by altering their biological functions (Figure 2). In cells, the accumulation of 
impaired biomolecules might lead to diverse of toxic effects, including cellular redox 
hemostasis perturbation, linkage of inflammatory factors, mitochondrial damage, which 
eventually lead to necrosis and/or apoptosis. If the adverse effects initiated by MIEs 
accumulated to organ or organism level, an adverse outcome is likely to occur. Thus the 
characterization of the formation and elimination of CRMs (in predominant cases are 
catalyzed by DMEs) will gain the understanding of the initiation of MIEs, which will be 
beneficial for the routinely understanding ADRs in the context of AOPs. 

Currently, AOPs are a tool of weight for toxicological regulatory agencies in the decision-
making procedures regarding chemicals hazard and risk assessment. The rapidly 
development of AOP-KB in recent years and the open and flexible features (easy for 
continuous refinement of old and new data) of AOPs will probably promote this tool 
benefiting future understanding and prediction of chemical toxicity. Nevertheless, the 
simplicity of AOPs is sometimes suggested to poorly reflect on the complexity of real 
toxicological processes. Future attempts such as including ADME, kinetic features, and 
intrinsic exposure information into the AOPs might be helpful for potential improvements  
[181].   

 

Figure 9. Generic AOP structure, human toxicology was applied here as an example case. In this thesis, our 
focus is on the roles of DMEs and the mechanisms of CRMs in determining the onset of MIEs, which as a key 
factor in the entire AOPs. Figure adapted from reference [179].  
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CRMs formation and roles of DMEs in hazard matrix assessment strategy 

Since ADRs and IDRs are often multifactorial processes, the evaluation of toxicity potential 
of drug candidates should take all these factors into account. The in vitro hazard matrix 
assessment which integrated a few major risk factors/concerns of IDRs is developed by 
Thompson et al. [158]. The general scheme of this assessment is presented in Figure 10. In 
X-axis a covalent binding (CVB) Burden value, which represents the extent of exposure of 
CRMs (determined by DMEs-catalyzed formation and elimination of CRMs), is used as an 
endpoint to assess the bioactivation of compounds, corrected with the in vitro turnover and 
maximal daily dose of compounds. Y-axis represents the score of an “in vitro Panel”, which 
is composed of 5 in vitro assays for the assessing different risk factors involving in IDRs. 
These assays are, i) toxicity to SV40 T-antigen-immortalized human liver epithelial 
(THLE-Null, a human hepatocyte-derived) cells; ii) toxicity to CYP3A4 highly-expressed 
THLE cells, THLE-3A4, for the evaluation of drug metabolism-mediated toxicity ; iii) 
difference of toxicity to HepG2 cells cultured in glucose and in galactose medium, for the 
evaluation of mitochondrial injury; iv) inhibition of human BSEP; and v) inhibition of rat 
mrp2. The assessment model integrates major current-recognized mechanisms and risk 
factors involved in IDRs, with standardizing the body burden of CVB, which is determined 
by CRMs exposure, as one important criteria. With plotting the dots of 36 drugs tested, 
severe, marked, and low IDRs-concerned drugs are discriminated. This novel approach 
demonstrated that the predictability of IDRs hazard can be improved by integrating 
different classic toxicity assays from a pragmatic aspect. 

 
Figure 10. Schematic presentation of integrated in vitro hazard matrix assessment system. Adapted from 
reference [158]. 
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 AMODIAQUINE-INDUCED IDIOSYNCRATIC TOXICITY 

Amodiaquine (AQ), an 1-aminoquinoline anti-malaria drug, is widely used in the endemic 
areas in Africa and Asia for more than 50 years. However, very severe hepatotoxicity and 
agranulocytosis have been reported in a small number of patients after receiving AQ 
therapy. The incidences of AQ-induced hepatotoxicity and agranulocytosis were estimated 
as 1:15500 [182] and 1:2000 [183], respectively. AQ is rapidly metabolized to its major 
metabolite, N-desethylamodiaquine (DEAQ) after oral administration, which is 
predominantly catalyzed by human CYP2C8 [184]. The half-life of DEAQ is much longer 
than that of AQ, while concentrations of AQ in plasma are very low after administration 
[185], thus DEAQ is considered to be the pharmacologically active form of AQ in vivo. 

 Over decades, extensive studies have 
been performed to investigate the 
mechanisms and risk factors 
underlying AQ-induced IDRs, 
however, factors determining 
individual susceptibility to AQ-
induced toxicity remain unclear. 
Currently, the formation of 
quinoneimines (QIs) CRMs is 
recognized as a pivotal cause in the 
onset of AQ-induced toxicity [186, 
187]. Like CRMs of other drugs 
causing ADRs, the formation of QIs 
of AQ is catalyzed by bioactivating 
DMEs, notably hepatic CYPs [187] 
and leukocytic myeloperoxidase 
(MPO) [188]. The QIs of AQ are 
highly protein-reactive, which may 
covalently bind to cysteinyl 
sulfhydryl groups on proteins and 
subsequently cause cytotoxicity or 
immune-related toxicity [189, 190]. 
Although contribution of hepatic 
bioactivation to the formation of QIs 
of AQ has been demonstrated for 
more than 20 years, the involvement 
of human CYP isozymes are not 

known yet.  

Toxicity of AQ has been studied extensively in vitro at cellular and in vivo levels. Tafazoli 
and O’Brein [191] identified an oxidative stress-mediated mechanism causing cytotoxicity 

 

Figure 11. A simplifed sheme, derived from literatue [184-
196], showing the current understanding of cellular 
metabolism, disposition, and pathways potentially involved in 
the hepatic toxicity of AQ. 
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of AQ in rat hepatocytes when bioactivating AQ extracellularly with a H2O2/peroxidase 
system. Additionally, GSH oxidation, decreased MMP, and protein carbonyl formation 
were accompanied with the cytotoxicity in this model. Inhibition of UGTs and NQOs and 
depletion of GSH increased the cytotoxicity, suggesting a protective role of UGTs, NQOs 
and intracellular GSH. More recently, mechanisms of toxicity of AQ were evaluated with a 
high-content screening imaging approach using rat hepatocytes and a rat hepatoma cell line 
[192]. Besides findings consistent with Tafazoli and O’Brein, this study also suggested the 
involvement of an autophagic process secondary to a mitochondrial dysfunction at low AQ 
concentrations (6.6 to13 µM). Whereas an oxidative stress mechanism, including increased 
reactive oxygen species (ROS) formation, GSH and intracellular calcium level, modulated 
nuclear area and intensity, took place at higher AQ concentrations(18.2 to 50 µM). In GSH-
depleted mice, Shimizu et al. [193] demonstrated that AQ-induced hepatotoxicity resulted 
in centrilobular necrosis and covalent binding to liver proteins by CRMs of AQ, thus 
leading to the hepatotoxicity. Uetrecht et al. were dedicated to establish animal models 
simulating immune-related IDRs in humans. Importantly, they established a mice model in 
which treatment of AQ resulted in similar IDILI characteristics as observed in patients [194, 
195]. Moreover, the involvement of immune CD8 T cells in AQ-induced liver injury was 
demonstrated based in this animal model [196]. 

As described above, various mechanisms are involved in AQ-induced toxicity, as 
demonstrated by mammalian cell and animal models mimicking human IDILI situations. 
However, less human-cell derived models for the investigation of AQ-induced toxicity can 
be found in literature. Moreover, the risk factors and components determining inter-
individual susceptibility to AQ-induced toxicity still remain unknown, despite the fact that 
CRM formation, oxidative stress, mitochondrial damage and involvement of the immune 
system as important features have been characterized. With information derived from 
literature, a simplified scheme of AQ metabolism, disposition and pathways potentially 
leading to toxicity is summarized in Figure 11. Due to the wide recognition of metabolism-
related toxicity of AQ, the relatively easy-handing of reactive QIs of AQ, and certain gaps, 
in particular the roles of DMEs, in the elucidation of underlying mechanisms of AQ-
induced toxicity, and the still broad prescription of AQ in endemic area, this drug was 
selected as a model compound in this thesis. Considering the fact that AQ might be a proper 
model compound for the study of idiosyncratic toxicity, further research with integrated 
approaches to understand AQ-induced toxicity at different levels will be of great 
importance.  

AIMS AND SCOPE OF THE THESIS 

Aims of the thesis 

ADRs, including IDRs, leading to withdrawal of marketed drugs and clinical 
morbidity/mortality remain a significant problem in drug therapy. Among other factors, 
formation of chemically reactive metabolites (CRMs) is considered to be important in the 
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onset of IDRs [8, 9]. Apart from functional proteins such as transporters, drug metabolizing 
enzymes (DMEs), playing roles both in the formation of and protection against CRMs in 
vivo, and their interplay will thus determine the internal exposure of body to CRMs, 
eventually influencing the balance between safe and adverse outcome of drugs, as depicted 
in Figure 12. Elucidation of inter-individual susceptibility to ADRs, in particular IDRs, is 
still cumbersome and the prediction of this phenomenon is certainly not reliable. However, 
correlation of expression levels of specific DMEs to adverse outcomes would help 
understanding the mechanisms of IDRs and explaining certain extremely sensitive 
individuals upon IDRs.  

 

Figure 12. Simplified mechanisms of drug metabolism in liver cells with potential pathways towards toxicity. 
Figure adapted from reference [1]. 

The general objective of the research presented in this thesis was to better understand the 
roles of DMEs and their interplay in determining the toxicological outcome of drugs and 
other xenobiotics, both at the molecular and cellular levels, with special emphasis on anti-
malarial drug amodiaquine (AQ), which was chosen as a model compound as explained in 
earlier session. To this end, we firstly characterized the involvement of bioactivating (CYPs) 
and inactivating DMEs (GSTs and NQOs) in the formation and detoxification of CRMs of 
AQ at molecular level to better understand risk factors underlying AQ-induced 
idiosyncratic toxicity. Secondly, we used AQ-derived quinoneimines to elucidate their roles 
in the mechanisms and to identify both risk and protective factors of CRM-induced toxicity 
in a cellular system. Lastly, the role of human glutathione transferases (GSTs) and notably 
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the isoform GSTT2-2, a previously overlooked phase II inactivating enzyme, in detoxifying 
CRMs and environmental carcinogens was investigated.  

Outline of the thesis 

Chapter 1 functions as a general introduction to the work presented in the current thesis. In 
this chapter, formation of CRMs as an important risk factor in ADRs, including IDRs, were 
introduced firstly. Subsequently, role of DMEs in the formation and elimination of CRMs 
and how this process would influence the adverse outcome of drugs were discussed, with a 
special emphasis on human GSTs. Additionally, several cellular models and recent 
advances from literature for the study and prediction of metabolism-associated drug toxicity 
are reviewed. 

Anti-malaria drug amodiaquine (AQ) is widely used in endemic areas of Asia and Africa, 
despite of its idiosyncratic hepatotoxicity and agranulocytosis with incidences of 1:15500 
[182] and 1:2000 [183], respectively. The reactive quinoneimine (QI) metabolites of AQ 
was considered to play important roles in AQ-induced toxicity [9, 10]. Many studies have 
been performed in in vivo and in vitro to clarify risk and protective factors of AQ 
idiosyncratic toxicity, the puzzle is however not completely elucidated yet. Thus AQ was 
employed as a model IDRs compound in this thesis. In chapter 2, we identified the 
involvement of human cytochromes P450 (CYP450) isozymes in the formation of reactive 
QIs of AQ and its pharmacologically active metabolite, N-desethylamodiaquine (DEAQ). 
In addition, the enzyme kinetics of reactive QIs formation was characterized in pooled 
human liver microsomes (HLM). Several human CYPs were shown to be highly involved 
in the CRMs formation of AQ and DEAQ and we concluded that bioactivation of DEAQ 
might contribute more to the internal exposure of CRMs than that of AQ. Therefore, 
additional attention should be drawn to levels of DEAQ concentration in patients regarding 
preventing AQ toxicity. 

Besides formation of CRMs, which catalyzed by phase I bioactivating DMEs, elimination 
of CRMs by phase II inactivating DMEs such as human glutathione transferases (GSTs) 
and NAD(P)H:quinone oxidoreductase 1 (NQO1) also determines the internal exposure of 
CRMs. In chapter 3, interplay between bioactiavating enzyme human CYPs and 
inactivating enzyme human GSTs and NQO1 using AQ and DEAQ as model drugs were 
studied. CRMs of AQ and DEAQ formed by human CYPs were rapidly trapped by 
endogenous neutrophils GSH and several human GST isozymes significantly enhanced the 
GSH-conjugation. Meanwhile, NQO1 showed competing activity against human GST-
catalyzed inactivation of CRMs, with reducing them back to AQ and DEAQ. Moreover, a 
significant inter-individual variation of GSH-conjugation of AQ and DEAQ was simulated 
in human liver cytosol from 22 donors. Together with the big variation of bioactivating 
enzymes in the liver as speculated in chapter 2, the combination of inter-individual 
variations of bioactivating and inactivating DMEs might explain inter-individual variability 
of susceptibility to AQ-induced hepatotoxicity. 
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With roles of bioactivating and inactivating DMEs in AQ toxicity being characterized at 
molecular level, we established a HepG2 cell-based model in chapter 4 to study the effect 
of human GSTP1, as the most potent protective GSTs showed in chapter 3, on reactive 
QIs-induced cytotoxicity. Depletion of intracellular GSH was identified as a risk factor 
upon QIs-induced cytotoxicity while high expression of GSTP1 showed significant 
protective effect in increasing cell viability and attenuating apoptosis. Moreover, 
endoplasmic reticulum (ER) as a organelle target of QIs of AQ and DEAQ was identified, 
which might underlie a new mechanism of AQ-induced hepatotoxicity. 

Even though roles of a lot of phase II inactivating DMEs in detoxifying CRMs and toxic 
xenobiotics have been extensively studied, human GST isoform T2 remains a poorly-
understood enzyme. In chapter 5, a new and sensitive HPLC-based assay was established 
to characterize enzyme kinetics and to quantify activity of human GSTT2 from human liver 
cytosol (HLC). Additionally, a predominant role of GSTT2 in detoxifying 1-methylpyrene 
sulfate (MPS), the ultimate carcinogen of environmental pollutant 1-methylpyrene (MP), 
was characterized. In combination with a big inter-individual variation of GSTT2 activity in 
22 human liver donors found in this chapter, we suggest that expression level of GSTT2 
will have an important impact on susceptibility to toxic xenobiotics. 

Finally, in chapter 6, the research presented in the current thesis was summarized. And 
conclusions of new insights into AQ-induced IDRs and using HepG2 cell models to study 
CRM-related toxicity were provided. Moreover, implications of the current research in 
contributing the better understanding of drug metabolism-related IDRs regarding future 
perspectives are discussed as well. 
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ABSTRACT 

Oxidative bioactivation of amodiaquine (AQ) by cytochrome P450s to a reactive 
quinoneimine is considered as an important mechanism underlying its idiosyncratic 
hepatotoxicity. However, because internal exposure to its major metabolite N-
desethylamodiaquine (DEAQ) is up to 240 fold higher than AQ, bioactivation of DEAQ 
might significant contribute to covalent binding. The aim of the present study was to 
compare the kinetics of bioactivation of AQ and DEAQ by human liver microsomes and to 
characterize the CYPs involved in bioactivation of AQ and DEAQ. Glutathione was used to 
trap reactive metabolites formed in incubations of AQ and DEAQ with human liver 
microsomes and recombinant hCYPs. Kinetics of bioactivation of AQ and DEAQ in HLM 
and involvement of hCYPs were characterized by measuring corresponding glutathione 
conjugates (AQ-SG and DEAQ-SG) using HPLC method. Results showed that 
bioactivation of AQ and DEAQ in HLM both exhibited Michaelis-Menten kinetics. For AQ 
bioactivation, enzyme kinetical parameters were Km, 11.5 ± 2.0 μM; Vmax, 59.2 ± 3.2 pmol 
min-1 mg-1 and CLint , 5.15 µL min-1 mg-1. For DEAQ parameters for bioactivation were Km, 
6.1 ± 1.3 μM; Vmax, 5.5 ± 0.4 pmol min-1 mg-1 and CLint 0.90 µL min-1 mg-1. Recombinant 
hCYPs and inhibition studies with HLM showed involvement of CYP3A4, CYP2C8, 
CYP2C9, and CYP2D6 in bioactivation. The major metabolite DEAQ is likely to be 
quantitatively more important than AQ with respect to hepatic exposure to reactive 
metabolites in vivo. High expression of CYP3A4, CYP2C8, CYP2C9, and CYP2D6 may be 
risk factors for hepatotoxicity caused by AQ-therapy. 

 

INTRODUCTION 

Amodiaquine (AQ), a 4-aminoquinoline antimalarial drug, is widely used in the endemic 
area of Africa and Asia for more than 50 years. As an antimalarial drug, AQ has a higher 
efficacy compared with other 4-aminoquinoline antimalarial drugs [1]. For example, AQ 
shows efficacy against chloroquine-resistant strains of Plasmodium falciparum [2] and was 
proposed to replace chloroquine as the first line drug in Africa. However, severe 
idiosyncratic agranulocytosis and hepatotoxicity occurring in 1 of 2000 patients 
overshadow the therapeutic advantages of AQ [3-5]. This eventually led to either the 
withdrawal of AQ in several countries or the prohibition of usage as single administration 
or as prophylaxis [6]. Identification of the risk factors underlying these adverse drug 
reactions might assist in protection of susceptible patients against AQ toxicity. Although 
the exact mechanisms of these idiosyncratic reactions remain to be established, oxidative 
bioactivation to protein-reactive metabolites is considered to play an important role [7-9]. 

After oral administration, AQ is rapidly absorbed and metabolized by CYP2C8 to N-
desethylamodiaquine (DEAQ), its major stable metabolite [10]. Other minor metabolites 
identified in the circulation include N-bisdesethylamodiaquine (bis-DEAQ) and 2-
hydroxyl-desethylamodiaquine (Figure 1) [11, 12]. Because of its rapid conversion to 
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DEAQ, and the fact that DEAQ has a 20- to 50-fold longer half-life than AQ, the area-
under-curve (AUC) of DEAQ is 100- to 240-fold higher when compared to that of AQ [13-
15]. Therefore, although in vitro pharmacological studies showed that AQ is about three-
fold more potent than DEAQ, the antimalarial activity of AQ will be mainly determined by 
DEAQ [11]. 

Besides the formation of stable metabolites, it has been demonstrated that AQ is 
bioactivated to reactive metabolites in vitro and in vivo [7, 16, 17]. Based on the structure 
of a glutathione (GSH) conjugate identified in rat bile, the reactive metabolite was 
identified as amodiaquine quinoneimine (AQ-QI) resulting from dehydrogenation of the 4-
aminophenol moiety, Figure 1. Covalent binding of AQ-QI to cellular macromolecules 
therefore is considered to be involved in the immune-mediated toxicity of AQ [17, 18]. 
Although covalent binding of radiolabeled AQ to liver microsomes appeared to result 
mainly from autoxidation [7, 19], cytotoxicity to hepatocytes and neutrophils appeared to 
be strongly dependent on bioactivation to AQ-QI by cytochrome P450 and 
myeloperoxidase, respectively [20-22].  

Although P450-dependent bioactivation of AQ by human liver microsomes (HLM) has 
been demonstrated previously [23, 24], bioactivation of DEAQ has not yet been studied. 
Furthermore, the individual human cytochrome P450s (hCYPs) involved in bioactivation of 
AQ and DEAQ have not yet been characterized. Because the expression level and activity 
of hepatic hCYPs can vary strongly among the population [25, 26], an over-expression of 
bioactivating hCYPs may be important risk factors determining individual susceptibility to 
AQ-induced toxicity. Recently the extrahepatic isoforms CYP1A1, CYP1B1, and CYP2J2 
were shown to bioactivate both AQ and DEAQ to their corresponding quinoneimines, as 
demonstrated by trapping experiments with N-acetyl cysteine as nucleophile [27]. However, 
the activity of the hepatic hCYPs have not been reported yet. The aim of the present study 
was i) to study and characterize the kinetics of bioactivation of AQ and DEAQ in HLM and 
ii) to identify the hCYP isozymes involved in the bioactivation of AQ and DEAQ using 
recombinant hCYPs and by incubations of HLM in presence of specific inhibitors. 
Formation of reactive metabolites was determined by trapping and quantitative 
measurement of GSH conjugates of AQ and DEAQ from incubation samples.  
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Figure 1. Previously identified metabolites of amodiaquine and N-desethylamodiaquine. Question markers 
indicate pathways to be characterized in the present study. 

MATERIALS AND METHODS 

Materials 

Amodiaquine dihydrochloride was obtained from INC Biomedicals (Aurora, OH, United 
States). DEAQ was purchased from BD Biosciences (Franklin Lakes, NJ, United States). 
Human liver microsomes (Lot No. 1210347), pooled from 200 donors, were purchased 
from Xenotech (Lenexa, United States). Supersomes containing cDNA-baculovirus-insect 
cell-expressed P450 enzymes were obtained from BD Biosciences (Breda, Netherlands). 
The enzymes used were CYP1A1 (Lot No. 456211), CYP1A2 (Lot No. 456203), CYP2A6 
(Lot No. 456254), CYP2B6 (Lot No. 456255), CYP2C8 (Lot No. 456252), 
CYP2C9*1(Arg144) (Lot No. 456258), CYP2C18 (Lot No. 456222), CYP2C19 (Lot No. 
456259), CYP2D6*1 (Lot No. 456217), CYP2E1 (Lot No. 456206), CYP2J2 (Lot No. 
456264), CYP3A4 (Lot No. 456207), CYP3A5 (Lot No. 456256), and CYP3A7 (Lot No. 
456237). All other chemicals and reagents were of analytical grade and obtained from 
standard suppliers. 

Identification and structural elucidation of GSH conjugates of AQ and DEAQ 

The GSH conjugate of AQ was synthesized chemically as described by Harrison et al. [16]. 
The GSH conjugate of DEAQ (DEAQ-SG) was prepared biosynthetically by performing a 
large scale incubation of DEAQ, GSH, and a drug metabolizing mutant of bacterial 
CYP102A1 [28], as detailed in the Supplemental Information. After isolation of the GSH-
conjugates of AQ and DEAQ by preparative HPLC, their purity and identity were 
determined by analytical HPLC-UV and LC-TOF-MS, see Section 2.6, and by 1H-NMR 
spectroscopy. 1H-NMR spectra were recorded on a Brucker Avance 500 (Fallanden, 
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Switzerland) operating at 500.1 MHz to characterize the structure of the GSH conjugates. 
The 1H-NMR spectrum of the GSH-conjugate of AQ was identical to that published 
previously [16], and corresponds to a GSH-conjugate with the GSH-moiety attached to the 
C’5-position of AQ. The biosynthetical GSH conjugate of DEAQ showed almost identical 
chemical shifts and coupling patterns of aromatic protons, when compared to those of AQ-
SG, and is therefore also consistent with a GSH-moiety attached to the C’5-position of 
DEAQ (see Figure S1 and Table S1). The H-H correlation spectroscopy (COSY) spectrum 
confirmed the structure of DEAQ-SG (Figure S2). 

Characterization of enzyme kinetics of oxidative metabolism of AQ and DEAQ by 
HLM 

Incubations with HLM were performed at 37°C in 100 mM potassium phosphate buffer 
(pH 7.4) containing 2 mM ethylenediaminetetraacetic acid (EDTA) and 5 mM magnesium 
chloride (MgCl2). Firstly, one single concentration of AQ (10 µM) and DEAQ (5 µM) were 
incubated with HLM in the presence of 5 mM GSH for the identification of metabolites of 
AQ and DEAQ. Because a GSH dependency experiment showed maximal trapping of 
reactive quinonimines of AQ and DEAQ at a GSH concentration of 5 mM (data no shown) 
this GSH concentration was used in all incubations. After assessing linearity of product 
formation with respect to incubation time and protein concentration, incubations with HLM 
were done at 1 mg mL-1 and with incubation times of 10 min for AQ and 45 min for DEAQ. 
Enzyme kinetics was determined by incubating AQ and DEAQ at seven concentrations and 
at a final volume of 100 μL in duplicate. Reactions were initiated by adding NADPH-
regenerating system (NRS) resulting in final concentrations of 0.1 mM NADP+, 10 mM 
glucose-6-phosphate, and 0.5 U mL-1 glucose-6-phosphate dehydrogenase. To determine 
involvement of autoxidation, incubations of AQ and DEAQ without NRS were performed. 
Reactions were terminated by the addition of ice-cold perchloric acid, final concentration 1% 
(v/v), and cooled on ice for 10 min. Precipitates were removed by centrifugation for 15 min 
at 14000 rpm. The supernatants were analyzed by HPLC-UV and HPLC-TOF-MS, as 
described in Section 2.6. After correction for autoxidation, enzyme kinetical parameters 
were calculated by nonlinear regression using the Michaelis-Menten equation using 
GraphPad Prism 5 software (San Diego, CA, United States).  

Incubations of AQ and DEAQ with recombinant human CYPs 

Incubations of AQ and DEAQ with recombinant human CYPs were conducted in 100 mM 
potassium phosphate buffer (pH 7.4) containing 5 mM GSH, 2 mM EDTA and 5 mM 
MgCl2 at a final volume of 100 μL in duplicate. Each individual recombinant human CYP 
was incubated at a concentration of 100 nM and was incubated at 37°C in presence of AQ 
at 10 μM and 100 μM and DEAQ at 5 μM and 50 μM, respectively. Incubation times for 
AQ and DEAQ were 10 and 60 min, respectively. The reactions were initiated and 
terminated as described above. The supernatants were analyzed by HPLC-UV, as described 
in Section 2.6.  
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Effect of specific inhibitors of hCYPs on metabolite formation in incubations of AQ 
and DEAQ with HLM 

To identify the hCYPs involved in oxidative metabolism of AQ and DEAQ, incubations 
were performed with HLM (1 mg mL-1) in the presence or absence of isoenzyme-specific 
inhibitors. Incubations were performed in 100 mM potassium phosphate buffer (pH 7.4, 
containing 5 mM GSH, 2 mM EDTA and 5 mM MgCl2) containing 10 μM AQ or 5 μM 
DEAQ at a final volume of 100 μL in duplicate at 37°C. Inhibitors used were α-
naphtoflavone (αNF, 10 μM), quercetin (QCT, 15 μM), sulfaphenazole (SPZ, 10 μM), (+)-
N-3-benzyl-nirvanol (BNV, 1 μM), quinidine (QND, 2 μM), diethylthiocarbamate (DDC, 
20 μM), and ketoconazole (KTZ, 2 μM) to investigate the involvement of human P4501A2, 
P4502C8, P4502C9, P4502C19, P4502D6, P4502E1, and P4503A4, respectively [29]. All 
inhibitors except DDC were dissolved in methanol. Concentrations of methanol in all 
incubations were kept below 0.5% (v/v). All reactions were initiated by the addition of NRS 
as described above, except incubations containing mechanism-based inhibitor DDC. DDC 
was preincubated for 15 min in the presence of NRS before the addition of AQ or DEAQ. 
Reactions with AQ proceeded for 10 min and with DEAQ proceeded for 60 min regarding 
the product formation linearity and then terminated with ice-cold perchloric acid at a final 
concentration of 1% (v/v). After centrifugation, supernatants were analyzed by HPLC-UV 
as described in Section 2.6.  

Analytical methods 

After centrifugation of terminated incubations, the supernatants were analyzed by reverse-
phase liquid chromatography using a Phenomenex Luna 5 µm C18 column (4.6 mm × 150 
mm) as stationary phase, protected by a 4.0 mm × 3.0 mm i.d. security guard (5 µm) C18 
guard column from Phenomenex (Torrance, CA). An isocratic method (9% acetonitrile in 
5mM of ammonium acetate buffer, pH 2.4, adjusted by formic acid) was used for the 
separation of AQ and DEAQ related metabolites. The flow rate was 0.75 mL min-1 and UV 
detector was set at 342 nm. To quantify metabolites, standard curves were constructed for 
AQ-SG (ranging from 0.05 to 5 µM), DEAQ-SG (ranging from 0.01 to 5 µM) and DEAQ 
(ranging from 0.02 to 20 µM). The lower limits of quantification of AQ-SG, DEAQ-SG, 
and DEAQ were 0.05 µM, 0.01 µM, and 0.02 µM, respectively. 

The LC-MS system used for metabolite identification consisted of an Agilent 1200 Series 
Rapid resolution LC system connecting to a time-of-flight (TOF) Agilent 6230 mass 
spectrometer, equipped with electrospray ionization (ESI) source, and operating in the 
positive mode. Metabolites were separated using a Phenomenex Luna 5 µm C18 column 
and a gradient constructed of eluent A (5 mM of ammonium acetate buffer, pH adjusted to 
2.4 with formic acid) and eluent B (acetonitrile) according to the following program: 0 to 5 
min, isocratic at 10% eluent B; 5 to 30 min, linear increase to 15% eluent B; 30 to 35 min, 
linear increase to 40% B; decrease to 10% B in 0.5 min, and reequilibration at 10% solvent 
B until 45.5 min. The MS ion source parameters were set as follows: capillary voltage, 
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3500 V; nitrogen gas temperature, 350 °C; nitrogen drying gas rate, 10 L min-1; nitrogen 
nebulizing gas pressure, 50 psig. Data analysis was performed using the Agilent Mass 
Hunter Qualitative Analysis software, Version B. 05. 00. 

 
 
 

 

 

 
 
 
 
 
Figure 2. HPLC-UV chromatograms of 
incubations of human liver microsomes (1 mg ml-1) 
in presence of 5 mmol l–1 glutathione and 10 μmol 
l–1 amodiaquine (AQ; A) or 5 μmol l–1 N-
desethylamodiaquine (DEAQ; B). AQ was 
incubated for 10 minutes; DEAQ was incubated for 
45 min. 

Figure 3. Enzyme kinetic analysis of oxidative 
metabolism of amodiaquine (AQ) and N-
desethylamodiaquine (DEAQ) by pooled human liver 
microsomes. (A) Concentration dependency curve of 
DEAQ formation from AQ; (B) concentration 
dependency curve of AQ-SG formation from AQ; (C) 
concentration dependency curve of DEAQ- SGfrom 
DEAQ. Solid lines are obtained by nonlinear 
regression using the Michaelis-Menten equation. 
Inserts show corresponding Eadie-Hofstee plots. 

RESULTS 

Identification and structural elucidation of AQ and DEAQ metabolites from HLM 
incubations 

To identify all stable metabolites and GSH conjugates, AQ and DEAQ were first incubated 
with HLM in the presence of 5 mM GSH. As shown in Figure 2A, DEAQ was the major 
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metabolite formed in incubations of AQ with HLM, consistent with previous studies. In 
addition a minor metabolite was eluting at 17.7 min, which was identified as the GSH-
conjugate of AQ, based on its identical retention time and mass spectrum ([M+H]+ at 
661.21, see supplemental Figure S3) when compared to synthetical AQ-SG. In addition, a 
minor metabolite was eluting at 12.6 min and with m/z of 300.09 ([M+H]+), which 
corresponds to bis-DEAQ formed by deethylation of DEAQ. 

In incubations of HLM with DEAQ also one GSH conjugate was found eluting at 13.5 min, 
Figure 2B, and with m/z of 633.19 ([M+H]+), Figure S3. The retention time and mass 
spectrum was identical to that of the biosynthetical GSH-conjugate of DEAQ, with the 
GSH-moiety attached to the C’5-position. Next to DEAQ-SG only a minor amount of bis-
DEAQ was found, indicating that, in contrast to AQ, N-deethylation is a minor pathway 
compared to the bioactivation pathway. 

Characterization of enzyme kinetics of AQ and DEAQ bioactivation by HLM 

Figure 3A shows the concentration dependency of formation of DEAQ with AQ 
concentrations varying from 1 to 100 μM. As expected the corresponding Eadie-Hofstee 
plot (insert Figure 3A) exhibits monophasic behavior, since N-deethylation of AQ is 
considered CYP2C8-specific [10]. By applying nonlinear regression according to the 
Michaelis-Menten equation, the enzyme kinetical parameters found were: Km, 13.3 ± 1.9 
µM, Vmax, 1609 ± 73 pmol min-1 mg-1 and CLint, 120.6 μL min-1 mg-1 (Table 1).  

Figure 3B shows the concentration dependent formation of AQ-SG in HLM after 
correction for the contribution of autoxidation of AQ. Between 10 and 100 µM AQ 
autoxidation of AQ accounted for approximately 20-30% of AQ-SG formation. Below 10 
µM AQ, formation of AQ-SG was below the limit of detection in absence of NRS. The 
enzyme-dependent formation of AQ-SG obeyed Michaelis-Menten kinetics with kinetical 
Km, 11.5 ± 2.0 μM; Vmax, 59.2 ± 3.2 pmol min-1 mg-1 and CLint, 5.15 μL min-1 mg-1.  

Autoxidation was also observed for DEAQ and accounted for approximately 10-20% of 
formation of DEAQ-SG. Figure 3C shows concentration dependency of DEAQ-SG 
formation in incubations of HLM with DEAQ ranging from 1 to 50 μM, after correction for 
the contribution of autoxidation. The enzyme kinetical parameters calculated using 
nonlinear regression were: Km, 6.1 ± 1.3 µM, Vmax, 5.5 ± 0.4 pmol min-1 mg-1 and CLint, 0.90 
μL min-1 mg-1. 
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Table 1. Enzyme kinetic parameters of formation of N-desethylamodiaquine (DEAQ) and C’5-glutathionly-
amodiaquine (AQ-SG) from amodiaquine and of C’5-glutathionly-N-desethylamodiaquine (DEAQ-SG) formation 
from DEAQ in human liver microsomes. 

 Km (µmol l-1)  Vmax (pmol min-1 mg-1) CLint (µl min-1 mg-1) 

DEAQ Formation 13.3 ± 1.9 1609 ± 73 120.6  

AQ-SG Formation 11.5 ± 2.0 59.2 ± 3.2 5.15 

DEAQ-SG Formation 6.1 ± 1.3 5.5± 0.4 0.90 

 

Activity of recombinant hCYPs in the bioactivation of AQ and DEAQ 

To identify the individual hCYPs involved in the bioactivation of AQ and DEAQ, 
incubations were conducted with recombinant hCYP isozymes at AQ concentrations of 10 
and 100 μM, and at DEAQ concentrations of 5 and 50 μM in order to study the 
contributions of P450 isozymes under non-saturated and saturated conditions.  

Consistent with previous studies [10], the major metabolite in AQ incubations, DEAQ, was 
produced at highest activity by CYP2C8 and to a lesser extent by CYP2D6 at both AQ 
concentrations, Figure 4A. As shown in Figure 4B, multiple recombinant CYPs were 
active in the formation of AQ-SG at both 10 and 100 μM. Among them, CYP2J2 and 
CYP2D6 appeared the most active isoforms, followed by CYP2C8 and CYP3A4. All other 
recombinant hCYPs show less than 10% activity under 10 μM AQ and less than 19% under 
100 μM AQ, when compared to the most active enzyme CYP2J2. The formed AQ-SG in 
control samples at both 10 and 100 µM of AQ were below the detection limit, indicating 
the autoxidation of AQ under these conditions was negligible.  

Similar to AQ, also multiple CYPs showed activity in the bioactivation of DEAQ, Figure 
4C. Recombinant CYP2D6 appeared to be the most active enzyme at both substrate 
concentrations. At 5 µM DEAQ also CYP2C9 showed significant activity, being 
approximately 40% of that of CYP2D6. At the high DEAQ concentration, also CYP2C8, 
CYP2C19, and CYP3A4 showed activities of approximately 10% of that of CYP2D6.  

Effect of isozyme-selective inhibitors on the bioactivation of AQ and DEAQ by HLM 

Based on the enzyme kinetical parameters, inhibition experiments with HLM were 
performed at 10 μM of AQ and 5 μM of DEAQ, respectively, to get substrate 
concentrations in the range of the Km values. Figure 5 shows the percentage of inhibition 
by specific CYP inhibitors on the bioactivation of AQ and DEAQ and the detailed values of 
the inhibitory effects were showed in Table 2. As expected, in incubations of HLM with 10 
µM AQ, formation of DEAQ was most strongly inhibited by the selective CYP2C8 
inhibitor QCT. Formation of AQ-SG was strongly reduced by 53.1% and 40.1%, by QCT 
and the CYP3A4 inhibitor KTZ, respectively. Although recombinant CYP2D6 showed 
activity in AQ-SG formation, the CYP2D6 inhibitor QND did not significantly reduce AQ-
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SG formation in HLM incubations. Combining the inhibitors of CYP2C8, CYP2D6, and 
CYP3A4 resulted in 84.2% reduced DEAQ formation and 79.8% reduced AQ-SG 
formation, respectively (Figure 5A).  

In incubations of HLM with DEAQ, the formation of DEAQ-SG was moderately inhibited 
by selective CYP2C8, CYP2D6, and CYP3A4 inhibitors at the extent of 19.7%, 29.1%, and 
23.6%, respectively, Figure 5B. The combined inhibition of CYP2C8, CYP2D6, and 
CYP3A4 showed the strongest inhibition of 69.4% of DEAQ-SG formation compared to 
corresponding control incubations. Though the recombinant CYP2C9 showed the second 
highest activity, inhibition of CYP2C9 only gave a minor decrease of 10.7% regarding the 
formation of DEAQ-SG.  

 

 

 
 
 
Figure 5. Effect of specific CYP450 inhibitors on 
metabolism of amodiaquine (AQ) at 10 μmol l–1 (A) 
and N-desethylamodiaquine (DEAQ) at 5 μmol l–1 (B) 
by human liver microsomes. Data are expressed as % 
of the control experiments where inhibitors were 
omitted and represented as mean ± standard deviation 
of duplicate determinations. 

Figure 4. Oxidative metabolism of amodiaquine 
(AQ) and N-desethylamodiaquine (DEAQ) by 
recombinant human P450 (supersomes). (A) 
Formation of DEAQ from AQ (A); (B) formation of 
AQ-SG from AQ; (C) formation of DEAQ-SG from 
DEAQ. AQ and DEAQ were incubated at two 
concentrations in presence of 100 nmol l-1 of each 
recombinant hCYPs. Control 1, empty baculosomes; 
Control 2, human CYP reductase; Control 3, 
baculosomes expressing only human CYP reductase. 
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Table 2. Inhibitory effects of specific P450-inhibitors on the formation of N-desethylamodiaquine (DEAQ), C’5-
glutathionly-amodiaquine(AQ-SG), and C’5-glutathionly-N-desethylamodiaquine (DEAQ-SG) in HLM 

incubations. 

Specific P450 inhibitor DEAQ formation a AQ-SG formation a DEAQ-SG formation a 

α-naphtoflavone (1A2) 86.4 ± 8.7 106.3 ± 5.4 104.1 ± 5.8 

Quercetin (2C8) 22.9 ± 0.4 46.9 ± 1.5 80.3 ± 9.6 

Sulfaphenazole (2C9) 113.1 ± 3.5 106.5 ± 3.5 89.3 ± 1.3 

(+)-N-3-Benzyl-nirvanol (2C19) 101.1 ± 5.1 101.3 ± 0.9 96.5 ± 0.6 

Quinidine (2D6) 111.0 ± 5.1 113.5 ± 14.5 70.9 ± 2.6 

Diethylthiocarbamate (2E1) 122.0 ± 5.4 115.1 ± 8.6 96.4 ± 5.6 

Ketoconazole (3A4) 98.3 ± 1.1 59.9 ± 1.8 76.4 ± 2.7 

Combinantion inhibition b 15.8 ± 1.3 20.2 ± 0.2 30.6 ± 0.3 
a Values are the expressed as Mean ± SD from duplicated experiments and as percentage (%) relative to control 
incubations without inhibitors.  
b Combination inhibition for AQ-SG and DEAQ-SG formation, quercetin (CYP2C8) + quinidine (CYP2D6) + 
ketoconazole (CYP3A4). 

DISCUSSION 

The aim of present study was to characterize the kinetics of bioactivation of AQ and DEAQ 
by HLM in order to evaluate which compound will have the highest contribution to 
covalent binding to hepatic tissue. In addition it was investigated which hCYP isozymes 
contribute to bioactivation of AQ and DEAQ. 

Previous studies showed that AQ is prone to autoxidation, leading to covalent binding to 
HLM even in absence of the cofactor NADPH [7, 19]. In the present study, we confirmed 
this finding by observation of AQ-SG formation in incubations of HLM in absence of NRS. 
In addition, DEAQ also showed the potency of autoxidation in incubations without NRS. 
However, addition of NRS resulted in a 3 to 9-fold strong increase in formation of AQ-SG 
and DEAQ-SG, dependent on substrate concentration, Supplemental Information Figure S4. 
Also the fact that addition of a mixture of P450-inhibitors to HLM could decrease 
formation of AQ-SG by more than 80% (Figure 4A) only can be explained by inhibition of 
P450-dependent bioactivation, since these inhibitors lack antioxidant properties (data not 
shown). Similarly, in incubations of AQ with recombinant hCYPs, formation of AQ-SG 
showed large differences in formation of GSH-conjugates, which would not be expected if 
bioactivation would mainly occur by autoxidation. Although the contribution of 
autoxidation in our in vitro experiments ranged to 30% in incubations with 1 mg mL-1 of 
HLM, the average concentration of microsomal proteins of 128 human livers was reported 
to be 39.46 mg g-1 liver [30]. Therefore, because of this almost 40-fold higher enzyme 
concentration the bioactivation of AQ and DEAQ will be mainly P450-dependent in vivo.  

Since the peak concentration (Cmax) of DEAQ is more than 20-fold higher than that of AQ 
itself after oral administration of AQ, whereas the half-life of DEAQ is much longer, the 



Chapter 2 

54 

internal exposure to DEAQ is up to 240-fold higher than that of AQ, when considering the 
ratio AUCDEAQ/AUCAQ [14]. The much shorter half-life of AQ is explained by the more 
rapid oxidative metabolism by hepatic enzymes. As shown in Figure 2, AQ was 
metabolized for 50% by HLM within 10 min, whereas DEAQ was metabolized for only 5% 
after 45 min. Because of the much higher internal exposure to DEAQ, and the fact that 
bioactivation appears to be the major pathway of oxidative metabolism, an enzyme 
kinetical analysis of the bioactivation pathways was performed to estimate difference in 
internal exposure to the quinonimines of AQ and DEAQ. Since the maximal plasma 
concentrations of AQ and DEAQ found clinically are in the range of 50 nM (AQ) and 1.5-2 
µM (DEAQ), the intrinsic clearances CLint and the local substrate concentration will 
determine the rate by which their corresponding quinonimines will be produced. Although 
the CLint of DEAQ-SG formation appeared to be 5.7-fold lower compared to that of AQ-SG 
formation, the fact that the DEAQ concentration is over 40 times higher, and also present 
for a longer times because of it long half-life, implicates that the overall internal exposure 
to chemically reactive quinonimine of DEAQ will be much higher compared to that of AQ. 
Because the body burden of covalent binding is considered an important risk factor for 
idiosyncratic drug reactions [31], DEAQ probably not only determines the pharmacological 
effect of AQ-treatment, but also may determine its toxic side effects. 

To better understand the inter-individual variability in susceptibility to AQ-induced 
hepatotoxicity, identification of the hCYPs involved in bioactivation of AQ and DEAQ is 
important. As shown in Figure 4, multiple recombinant hCYPs appeared to be active in 
bioactivation of AQ and DEAQ. For AQ highest activity in formation of AQ-SG was 
observed with recombinant CYP2D6 and CYP2J2, while significant activity was also found 
with CYP2C8 and CYP3A4. When considering the different expression levels of hCYPs in 
human liver (Table 3), the largest contribution to bioactivation of AQ in the average liver is 
expected from CYP3A4, CYP2D6 and CYP2C8, in decreasing order. The strong inhibition 
observed by the inhibitors of CYP2C8 (QCT) and CYP3A4 (KTZ) in incubations with 
HLM confirmed their contribution to bioactivation of AQ. However the contribution of 
CYP2D6 in hepatic bioactivation appears to be overpredicted when based on Supersomes 
expressing CYP2D6, since no significant inhibition of HLM-catalyzed bioactivation of AQ 
was observed with the CYP2D6-specific inhibitor QND.  

For DEAQ, which over-all may cause a higher degree of covalent binding to that of AQ, as 
described above, also several recombinant hCYPs showed activity in bioactivation to its 
quinonimine (Figure 4C). At the low concentration of DEAQ, the highest amount of 
DEAQ-SG was found with recombinant CYP2D6 and CYP2C9, whereas CYP3A4, 
CYP2C19 and CYP2C8 also showed significant activity at 50 µM DEAQ. Considering the 
different expression levels of these CYPs in the average human liver, CYP2C9, CYP2D6 
and CYP3A4 were predicted to contribute significantly to DEAQ bioactivation, which 
appear to be confirmed by the inhibition study with P450-specific inhibitors. Although so-
called “inter-system extrapolation factor (ISEF)” [32] have been used to improve 
extrapolation of activities of recombinant enzymes to that of HLM, it was decided not to 
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include this in the present study because prediction of relative contributions of individual 
hCYPs in the average human liver, might not be representative for the relative contribution 
of hCYPs in the liver of susceptible individuals. 

Table 3. Specific activities of recombinant hCYPs in the formation of AQ-SG and DEAQ-SG and simulated 
contribution of each hCYP isozyme in the bioactivation of AQ and DEAQ at concentration of 10 and 5 μM, 

respectively. 

  AQ 10 μM DEAQ 5 μM 

 
Average 

abundance a 
(range) 

AQ-SG formation b 
(pmol min-1 nmol-1 

P450) 

Relative 
contribution 

c (%) 

DEAQ-SG formation b 
(pmol min-1 nmol-1 

P450) 

Relative 
contribution 

c (%) 
CYP1A1 1.8 27.1 ± 6.2 0.4  3.3 ± 0.1 0.2 
CYP1A2 39  (1-263) 44.4 ± 5.5 15.0  4.3 ± 0.2 4.5 
CYP2A6 27 (0-191) N.D.d 0 2.2 ± 0.3 1.6 
CYP2B6 16 (0-180) N.D.d 0 N.D.d 0 
CYP2C8 22.4 (0-85) 223.8 ± 29.0 43.3  10.7 ± 0.4 6.4 
CYP2C9 61 (0-277) N.D.d 0 61.2 ± 2.1 100.0 
CYP2C18 0.4 (0.2-0.7) 35.9 ± 17.9 0.1 7.2 ± 4.7 0.1 
CYP2C19 11 (0-67) N.D.d 0 14.8 ± 0.1 4.4 
CYP2D6 12.6 (0-75) 589.6 ± 13.6 64.1 170.8 ± 2.0 57.7 
CYP2E1 64.5 (2-201) N.D.d 0 1.7 ± 0.1 3.0 
CYP2J2 1.2 (0-3) 646.8 ± 224.6 6.7 4.2 ± 0.1 0.1  
CYP3A4 93 (0-601) 124.6 ± 10.5 100.0 13.1 ± 0.2 32.6 
CYP3A5 17 (0-291) 15.1 ± 21.4 2.2 N.D.d 0 
CYP3A7 9 (0-90) N.D.d 0 1.8 ± 0.2 0.4 

a Values in pmol mg-1, adapted from Reference [25]. 
b Specific activities were determined from duplicated experiments. Values were presented as Mean ± SD (n=2). 
c Values were calculated by multiplying the mean specific activity of each hCYP isozyme with its average 
abundance in liver. 
d N.D. not detectable.  

As shown by the meta-analysis of Achour et al. [26], extremely large variabilities occur in 
the level of hepatic CYPs, which may be due to genetic factors, enzyme induction and 
epigenetic factors. For almost each CYP individuals have been identified with up to 10-fold 
higher hepatic levels than present in the average liver, Table 3. The very large variability in 
CYP2C8 expression, the main enzyme involved in oxidative metabolism of AQ most likely 
underlies the variability in pharmacokinetics of AQ. Individuals with high levels of 
CYP3A4, CYP2C8, CYP2C9 and CYP2D6 will be exposed to higher levels of 
quinonimines of AQ and DEAQ. The meta-analysis of Achour et al. [26], showed 
significant correlations between abundance of CYP3A4 and CYP2C8 and between 
CYP3A4 and CYP2C9. This may be partially explained by the fact that these enzymes are 
inducible, mediated by the same transcription factors. This implicates that individuals with 
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high expression levels of all three CYP isoforms might be exposed to an increased risk of 
AQ-induced toxicity. 

Identification of CYPs involved in oxidative metabolism of AQ and DEAQ may not only 
explain interindividual differences in pharmacokinetics, but also explain the consequences 
of drug-drug interactions caused by drugs administered simultaneously. AQ is often 
administered together with other antimalarial drugs, such as artesunate and antiretroviral 
drugs, such as nevirapine [15] and efavirenz [33]. A pharmacokinetic interaction study 
between efavirenz and amodiaquine/artesunate, was prematurely discontinued because the 
first two of the five healthy volunteers developed strong increases in plasma transaminase 
levels [33]. Efavirenz is known to cause enzyme induction of CYP3A4 and CYP2B6 in 
human [34, 35]. A strong increase in CYP3A4-dependent bioactivation of AQ and DEAQ 
therefore may explain the hepatic damage observed in these volunteers. Since artesunate is 
mainly metabolised by CYP2A6, drug-drug interaction between artesunate and AQ or 
DEAQ is unlikely to occur [36]. However, both artemisinin and dehydroartemesini have 
been shown to induce CYP3A4 in human hepatocytes, which may lead to increased 
bioactivation of AQ and DEAQ when coadministered [37]. 

 

Figure 6. Bioactivation scheme of amodiaquine and N-desethylamodiaquine by human CYPs. 

In conclusion, based on the present study covalent binding by the quinoneimine of both AQ 
and DEAQ might significantly contribute to the hepatotoxicity observed in a small 
subgroup of AQ-treated patients, several human CYPs, such as CYP3A4, CYP2D6, 
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CYP2C8, and CYP2C9 appear to be involved in bioactivation of AQ and DEAQ to their 
respective quinoneimines, as depicted in Figure 6. Therefore, genetic and non-genetic 
factors influencing inter-individual variability of these isozymes in the liver are likely to be 
important factors determining the susceptibility of patients to AQ-induced toxicity. Future 
investigations focusing on the genotyping of relevant hCYPs of patients encountered AQ-
induced toxicity would be of clinical importance. 

SUPPLEMENTARY INFORMATION 

Biosynthesis of the GSH conjugate of  desethylamodiaquine (DEAQ) 

The GSH conjugate of DEAQ was synthesized enzymatically by preforming a large scale 
incubation of DEAQ with a drug metabolizing mutant of CYP 102A1 as biocatalyst.  
Mutants of CYP102A1 have been used previously for biosynthesis of GSH conjugates of 
hepatotoxic drugs.  After screening of a library of CYP102A1 mutants, mutant M11 V87F 
L437S was selected since it showed drug metabolizing enzyme showed high activity in the 
bioactivation of DEAQ (data not shown).  

A 5 mL incubation containing 1 μM purified M11 V87F L437S, 500 μM DEAQ, 5 mM 
GSH, 8 μM GST P1-1, and an NADPH regenerating system (NRS: 0.1 mM NADPH, 10 
mM glucose-6-phosphate, 0.5 Units/mL glucose-6-phosphate dehydrogenase) was 
performed in potassium phosphate buffer (100 mM, pH 7.4). The reaction was proceeded 
under room temperature for 8 h. After 4 h, the incubation was supplemented with additional 
1 μM of purified CYP 102A1 mutant, 5 mM GSH, 8 μM GST P1-1, and one equivalent of 
NRS to further increase conversion of DEAQ. The reaction was terminated by adding ice-
cold perchloric acid at a final concentration of 1% (v/v), cooled on ice for 10minutes to 
precipitate proteins and centrifuged for 15 minutes at 14000 rpm. The supernatant was 
cleaned up by solid phase extraction (SPE). To this end, a Lichrolut® RP-18 column (500 
mg/6 mL, Millipore) was firstly activated with 5 mL of methanol and then washed with 5 
mL of water. After application of the supernatant, the SPE-column was washed two times 
with 5 mL of water. DEAQ and its related metabolites were subsequently eluted with 3 
times of 5 mL methanol. The combined methanol fractions were evaporated to dryness and 
reconstituted with 1 mL of HPLC eluent A (5 mM of ammonium acetate buffer, pH 
adjusted to 2.4 with formic acid).  

A Shimadzu LC-20AB HPLC system was employed to isolate the GSH-conjugate of 
DEAQ from their mixture. A series of 300 µL injections of sample were introduced on a 
preparative Luna 5 µm C18(2) column (250×10 mm i.d.) from Phenomenex (Torrance, CA, 
USA). Isocratic flow at 91% eluent A; 9% eluent B (100% acetonitrile) with a rate of 2 
mL/min was applied for the separation of formed AQ or DEAQ conjugates. Metabolites 
were monitored under the wavelength of 342 nm with UV detection and were collected 
manually. Collected fractions were first analyzed for purity and identity by analytical 
HPLC-UV and LC-TOF-MS methods as described in Section 2.6 of the article. 
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For structural characterization, samples containing GSH conjugates were analyzed by 1H-
NMR. Samples collected from preparative HPLC were dried by vacuum centrifuge and 
redissolved in 600 µL of deuterium oxide. 1H-NMR measurement was carried out on a 
Brucker Avance 500 (Fallanden, Switzerland) operating at 500.1 mHz. Assignment of 
protons of GSH conjugate of DEAQ was done by the comparison with the GSH conjugate 
of AQ, which was synthesized as described previously [16].    

Figure S1 shows the 1H-NMR spectra of the GSH-conjugates of AQ (A) sand DEAQ (B).  
The 1H-NMR spectrum of AQ is identical to that previously published by Harisson et al. 
and is consistent with the GSH-moiety attached to the C’5-position of AQ.   The 1H-NMR 
of the GSH-conjugate of DEAQ is almost identical, and therefore also consistent with the 
GSH-moiety bound to the C’5-position of DEAQ. 

The 1H-COSY spectrum shown in Figure S2 further confirms the position of the GSH-
moiety. 

 

Figure S1. Comparison of aromatic regions of 1H-NMR spectrum of (A) C’5-glutathionyl-AQ (AQ-SG) and (B) 
C’5-glutathionly-DEAQ (DEAQ-SG). 
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Figure S2. H-H COSY spectrum of C’5-glutathionly-DEAQ (DEAQ-SG). 

 

Figure S3. Mass spectra of AQ-SG (A) and DEAQ-SG (B) extracted from HLM incubations with AQ and DEAQ, 
respectively. 
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Figure S4. Concentration dependency of AQ-SG formation (A) in the presence (closed circle) and absence (open 
circle) of NRS when incubating AQ varying from 1 to 100 µM with 1 mg mL-1 HLM and DEAQ-SG formation (B) 
in the presence (closed triangle) and absence (open triangle) of NRS when incubating DEAQ varying from 1 to 50 
µM with 1 mg mL-1 HLM. Lines are only intended to guide the eye. Detailed incubation conditions can be found 
in the text. 
 

Table S1. 1H NMR spectra of aromatic protons of GSH conjugates of AQ and DEAQ. 

Conjugate Proton δppm Multiplicity Coupling Constants 

AQ-SG 

2 8.26 d 2JHH 6.95 Hz 

3 6.79 d 2JHH 7.11 Hz 
5 8.33 d 2JHH 9.00 Hz 
6 7.72 dd 2JHH 9.00 Hz; 3JHH 1.42 Hz 
8 7.92 d 3JHH 1.42 Hz 
2’ 7.34 d 3JHH 1.90 Hz 
6’ 7.55 d 3JHH 2.21 Hz 

DEAQ-SG 

2 8.29 d 2JHH 7.25 Hz 

3 6.82 d 2JHH 7.25 Hz 

5 8.37 d 2JHH 9.14 Hz 

6 7.76 dd 2JHH 9.14 Hz; 3JHH 1.58 Hz 

8 7.97 d 3JHH 1.58 Hz 

2’ 7.44 d 3JHH 2.21 Hz 
6’ 7.67 d 3JHH 2.52 Hz 
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ABSTRACT 

Amodiaquine (AQ), an antimalarial drug, widely prescribed in endemic areas of Africa and 
Asia, is used in combination with artesunate as recommended by the WHO. However, due 
to its idiosyncratic hepatotoxicity and agranulocytosis, the therapeutic use has been 
discontinued in most countries. Oxidative bioactivation to protein-reactive quinonimines 
(QIs) by hepatic cytochrome P450s and myeloperoxidase (MPO) have been suggested to be 
important mechanisms underlying AQ idiosyncratic toxicity. However, the inactivation of 
the reactive QIs by detoxifying enzymes such as human glutathione S-transferases (GSTs) 
and NAD(P)H:quinone oxidoreducatase 1 (NQO1) has not been characterized yet. In the 
present study, the activities of 15 recombinant human GSTs and NQO1 in the inactivation 
of reactive QIs of AQ and its pharmacological active metabolite, N-desethylamodiaquine 
(DEAQ) were investigated. The results showed that GSTP1-1, GSTA4-4, GSTM4-4, 
GSTM2-2 and GSTA2-2 (activity in decreasing order) were active isoforms in catalyzing 
GSH conjugation of reactive QIs of AQ and DEAQ. Additionally, NQO1 was shown to 
inactivate these QIs by reduction. Simulation of the variability of cytosolic GST-activity 
based on the hepatic GST contents from 22 liver donors, showed a large variation in 
cytosolic inactivation of QIs by GSH, especially at a reduced GSH-concentration. In 
conclusion, the present study demonstrates that a low hepatic expression of the active GSTs 
and NQO1 may increase the susceptibility of patients to AQ idiosyncratic hepatotoxicity.  

INTRODUCTION 

The antimalarial drug amodiaquine (AQ) has been widely used in the endemic areas of 
Africa and Asia over the last 50 years. WHO has catalogued the combination therapy of 
artesunate/amodiaquine as one of the strongest recommendation for the treatment of 
uncomplicated P. falciparum malaria [1]. However, AQ is reported to cause severe 
idiosyncratic hepatotoxicity and agranulocytosis with an incidence of 0.05% among the 
patients [2-4]. In humans, AQ is rapidly metabolized to its principle metabolite N-
desethylamodiaquine (DEAQ), predominantly by CYP2C8 [5]. Besides the formation of 
stable metabolites, AQ has been shown to be bioactivated to amodiaquine quinoneimine 
(AQ-QI) by several human cytochrome P450s (CYPs), including CYP3A4, CYP2D6, and 
CYP2C8 [6]. Additionally, the major metabolite DEAQ is also prone to bioactivation, to N-
desethylamodiaquine quinoneimine (DEAQ-QI), by CYP2D6, CYP3A4, CYP2C8, and 
CYP2C9. Both protein-reactive quinoneimines (QIs) are considered the main reactive 
metabolites which may play a role in AQ-induced idiosyncratic toxicity [7]. Since the inter-
individual variation of these CYP isozymes is very large among populations[8], large 
variability in internal exposure to AQ-QI and DEAQ-QI can be expected. 

Besides the bioactivation, inactivation of reactive metabolites by glutathione (GSH) and 
inactivating enzymes, such as human glutathione S-transferases (GSTs) and  
NAD(P)H:quinone oxidoreductase 1 (NQO1) are also important factors determining the 
internal exposure of tissues to reactive metabolites. For example, Tafazoli et al. [9] found 
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that depletion of cellular GSH caused significantly increased AQ cytotoxicity in rat 
hepatocytes. Shimizu et al. [10] demonstrated that covalent protein binding and 
hepatotoxicity was significantly increased in GSH-depleted rats when compared to control 
rats after AQ treatment. Previous studies also showed that AQ-QI and DEAQ-QI are 
inactivated by GSH, forming the corresponding GSH conjugates 5’-glutathione-S-yl-
amodiaquine (AQ-SG) [7] and 5’-glutathione-S-yl-N-desethylamodiaquine (DEAQ-SG) [6], 
respectively. GSTs may play important roles in the detoxification of electrophilic substrates, 
especially in cases electrophiles have a low direct reactivity towards GSH. GSTs 
predominantly catalyze the conjugation reactions of reduced GSH to electrophilic 
compounds, but also the reduction of organic hydroperoxides, thereby preventing 
cytotoxicity or mutagenicity [11]. It has been shown that GST isoenzymes catalyze the 
inactivation of reactive metabolites of many drugs, such clozapine [12], diclofenac [13, 14], 
mefenamic acid[15], and nevirapine [16].  

Besides GSTs, also the human NQO1 is capable of detoxifying QIs, via two-electron 
reduction [17]. A recent study showed that NQO1 catalyzes the inactivation of reactive QIs 
of diclofenac, mefenamic acid, and acetaminophen [18], and the efficacy of inactivation 
was even stronger compared to the most active GST isoforms towards certain reactive QIs. 
Moreover, Tafazoli et al. [9] demonstrated that both cytotoxicity and carbonylation in rat 
hepatocytes were significantly increased by inhibition of NQOs with dicoumarol upon AQ 
treatement, which also supports the protective role of NQOs against AQ cytotoxicity in a 
cellular context. However, direct evidence proving NQO1’s role in detoxifying reactive QIs 
of AQ and DEAQ is still missing.  

Because both human GSTs and NQO1 show large inter-individual variability in expression 
levels [11, 19], individuals with low enzyme activity might be more susceptible towards the 
same internal exposure of reactive metabolites. In case of GSTs, the null genotypes of 
GSTM1 and GSTT1, resulting in no expression levels, have been reported as a risk factor in 
idiosyncratic drug-induced liver injury (IDILI) caused by NSAIDs with an odds-ratio of 8.8 
[20]. For NQO1, polymorphic alleles NQO1*2 and NQO1*3 have been identified and 
individuals carrying the NQO1*2 allele showed very low expression levels compared to 
that of the NQO1*1 allele [21, 22]. Moreover, a recent study showed that the expression 
levels of NQO1 in human livers varied with ethnicity and obesity factors [23]. 

In the present study, the activity of human GST isoforms in the inactivation of AQ-QI and 
DEAQ-QI was studied using human liver microsomes (HLM) as bioactivation system. Next 
to the ten GSTs studied previously [13], also GSTK1-1 was included in the present study. 
GSTK1-1 is specifically localized in mitochondria which are considered critical targets 
organelles of many toxicants. GSTK1-1 shows high activity in the detoxification of 
byproducts of oxidative stress, such as peroxides and α,β-unsaturated aldehydes [24]. 
Whether GSTK1-1 can also catalyze GSH-conjugation of reactive drug metabolites has not 
been reported previously.  The contribution of the most active GST isoform was further 
characterized at different GSH concentrations. Moreover, hepatic contents of GSTs of 22 
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individuals from literature were employed to simulate the inter-individual variability in 
GST-catalyzed inactivation of AQ-QI and DEAQ-QI in human liver cytosol. Additionally, 
the relative contributions of GSTs and NQO1 in inactivating AQ-QI and DEAQ-QI was 
investigated. Our results suggest that both GSTs and NQO1 may play important roles in the 
detoxification of the reactive QIs from AQ and DEAQ, via conjugation and reduction 
pathways, respectively. Inter-individual variability of expression levels of GSTs and NQO1 
are suggested to have a significant influence on inactivation of AQ and DEAQ reactive 
metabolites.  

MATERIALS AND METHODS 

Materials  

Amodiaquine dihydrochloride was obtained from INC Biomedicals (Aurora, OH, United 
States), N-Desethylamodiaquine was obtained from BD Biosciences (Franklin Lakes, NJ, 
United States). AQ-SG and DEAQ-SG references were synthesized and quantified as 
described previously [6]. Human liver microsomes (Lot No. 1210347), pooled from 200 
donors, were purchased from Xenotech (Lenexa, United States). The expression plasmids 
for human GSTA1-1, GSTM1-1, and GSTP1-1 were kindly supplied by Prof. Mannervik 
(Department of Neurochemistry, Stockholm University, Sweden). The expression plasmid 
for GSTT1-1 was kindly provided by Prof. Hayes (Biomedical Research Centre, University 
of Dundee, Scotland, United Kingdom). Expression plasmids for GSTA2-2, GSTA3-3, 
GSTA4-4, GSTM2-2, GSTM3-3, GSTM4-4, GSTP1-1 allele B, C, and D, GSTT2-2, and 
NQO1 were constructed as described previously elsewhere [13, 15, 16, 18]. All other 
chemicals and reagents were of analytical grade and obtained from standard suppliers. 

Construction of plasmids expressing human glutathione S-transferase K1-1 gene 

The pCMV6-Entry plasmid carrying the human GSTK1-1 gene was purchased from 
Origene (Rockville, United States). The following primers containing restriction sites of 
NdeI and EcoRI  (in bold) were used to amplify the coding region of the gene.  

GSTK1-1 Forward: 5’-AAAACATATGGGGCCCCTGCCG-3’ 

GSTK1-1 Reverse: 5’-AAAAGAATTCGCAAGTCTGGCATTCACGGC-3’  

The amplified gene was subcloned into the pET-20b(+) vector obtained from Novagen 
(Madison, WI, United States) and a histidine-tag encoding gene was incorporated in the 
ORF to facilitate subsequent purification via nickel-agarose affinity chromatography. The 
final construct was transformed into competent E. coli BL21 cells. The correct sequences 
were verified by DNA sequencing (Macrogen, Amsterdam, the Netherlands). 

Expression and purification of recombinant human GSTs and NQO1  
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Expression and purification of human GSTs were performed as described previously [12]. 
As summary, E. coli BL21 cells transformed with the expression plasmids encoding 
GSTA1-1, GSTA2-2, GSTA3-3, GSTA4-4, GSTM1-1, GSTM2-2, GSTM3-3, GSTM4-4, 
GSTP1 wild type (*A) and alleles *B, *C, *D. Cells were cultured in 2YT-medium at 37°C 
and the expression of protein was induced with 0.2 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) after OD600 of the cultures reached 0.3. The purification of 
these recombinant human GSTs was performed with GSH-sepharose 4B (GE Healthcare 
Life Sciences, Eindhoven, the Netherlands) affinity chromatography. The bacterial cells 
transformed with GSTT1-1, GSTT2-2, and GSTK1-1 genes were cultured in LB-medium at 
37°C and the expression was induced with 0.5 mM IPTG until OD600 reached 0.7. The 
purification of these his-tagged recombinant human GSTs was performed with Ni-NTA 
(Sigma-Aldrich, Zwijndrecht, the Netherlands) affinity chromatography. Expression and 
purification of NQO1 was performed as described by Vredenburg et al. [18]. 

The purity of the GST proteins was assessed by SDS-PAGE on a 15% gel following a Bio-
SafeTM Coomassie staining (Bio-Rad, Hercules, CA, United States). Protein concentrations 
were determined using the method from Bradford [25] with Quick StartTM Bradford 1X 
Dye Reagent (Bio-Rad, Hercules, CA, United States). Specific activities of the expressed 
recombinant human GSTs were determined spectrophotometrically using an Ultrospec 
2000 UV/visible spectrophotometer (Pharmacia Biotech, Cambridge, England) and by 
using 1-chloro-2,4-dinitrobenzene (CDNB), 1,2-epoxy-3-(p-nitrophenoxy)propane (EPNP) 
and cumene hydroperoxide as substrates. Specific activities of all recombinant human 
GSTs, except GSTT1-1 and GSTT2-2, were measured using 400 μM of CDNB and 1 mM 
GSH as substrates, according to the method of Habig et al. [26]. For human GSTT1-1, 500 
μM EPNP  and 5 mM GSH were used as the substrates as previously described [27]. For 
GSTT2-2, GSH peroxidase activity using cumene hydroperoxide as substrate was 
determined with minor modification from the method of Prohaska et al. [28]. This assay 
contains 100 mM potassium phosphate buffer, pH 7.4, 5 mM EDTA, 4 μg/mL GSH 
reductase, 0.3 mM NADPH, and 1 mM GSH. The reaction was initiated with the addition 
of cumene hydroperoxide at a concentration of 1 mM. The linear decrease of absorbance at 
340 nm, representing the oxidation of NADPH, was measured. The difference in the molar 
extinction coefficient (Δε)  was 6.22 mM-1 cm-1 as reported previously [26]. Specific 
activity of NQO1 was determined using 2,6-dichlorophenolindophenol (DCPIP) as 
substrate as described previously [29]. 

Activity of recombinant human GSTs in the inactivation of reactive QIs of AQ and 
DEAQ using pooled HLM as bioactivation system 

AQ (100 μM) and DEAQ (50 μM) were incubated with HLM at a final microsomal protein 
concentration of 1 mg/mL in 100 mM potassium phosphate buffer (KPi buffer, pH 7.4, 
containing 2 mM EDTA and 5 mM MgCl2). These concentrations of AQ and DEAQ were 
chosen based on the enzyme kinetical study of AQ-SG and DEAQ-SG formation in HLM, 
showing near maximal bioactivation of AQ and DEAQ [6]. To investigate the role of 
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human GSTs under low and high GSH concentrations, 0.5 mM and 5 mM GSH were used 
in the absence and presence of 8 μM recombinant human GST isoforms. These two GSH 
concentration conditions were selected to represent normal physiological situation and 
oxidative stress situation. A concentration of 8 µM of recombinant GST was used to be 
within the range of reported concentrations of hepatic GSTs [30] and which was found to 
show significant increases in GSH-conjugation of AQ-QI and DEAQ-QI. Reactions were 
initiated by adding NADPH regenerating system (NRS; containing final concentrations of 
0.1 mM NADPH, 10 mM glucose-6-phosphate, and 0.5 Units/mL glucose-6-phosphate 
dehydrogenases). All incubations were conducted at a final volume of 100 μL and at 37°C 
in duplicate. Incubations were proceeded for 10 and 45 mins for AQ and DEAQ 
respectively, considering the linearity of product formation over these time periods [6]. 
Reactions were terminated by adding ice-cold perchloric acid at a final concentration of 1% 
(v/v). Incubation samples were cooled on ice for 10 mins and centrifuged for 15 mins at 
14000 rpm. The supernatants were analyzed by HPLC-UV, as described in Section below.  

To investigate the possible contribution of microsomal GST to GSH-conjugation of reactive 
quinoneimines of AQ and DEAQ, incubations were also performed in presence of 500 µM 
S-hexyl glutathione, a potent inhibitor of both cytosolic and microsomal GSTs, as described 
by Mosialou and Morgenstern [31]. 

For the most active recombinant human GST isoform, GSTP1-1*A, the enzymatic GSH-
conjugation of reactive QIs derived from AQ and DEAQ were investigated further in the 
presence of seven different GSH concentrations (0.05, 0.1, 0.2, 0.5, 1, 2 and 5 mM). Non-
enzymatic conjugation at these GSH concentrations was studied in the absence of GSTs. 
All the other incubation conditions were identical as described above.  

Simulation of inter-individual differences of GSH-dependent inactivation of AQ-QI 
and DEAQ-QI by human liver cytosol 

To investigate the inter-individual variations of GST-catalyzed inactivation of reactive QIs 
from AQ and DEAQ in human liver cytosol, the same methodology as described by den 
Braver et al. [13] was employed in the current study. The hepatic GST contents from 22 
donors were taken as published by van Ommen et al. [30] and Rowe et al. [32]. Although 
relatively high GSTP1-1 concentrations were reported in these two studies, these were not 
included in the present simulation, since immunohistochemical studies have shown that 
expression of GSTP1-1 appears mainly restricted to the bile duct whereas only traces were 
found in hepatocytes [33, 34]. Total individual GST activities in catalyzing the inactivation 
of AQ-QI and DEAQI-QI were calculated by multiplying hepatic contents of GSTs and 
specific activities of corresponding recombinant GSTs at 0.5 and 5 mM GSH. Each hepatic 
GST activity was normalized to the non-enzymatic contribution measured under their 
corresponding GSH concentration.  

Competition between NQO1 reduction of AQ-QI and DEAQ-QI and GSTP1-1 
catalyzed GSH conjugation 
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To investigate whether NQO1 was able to catalyze the reduction of AQ-QI and DEAQ-QI 
and to compare the relative catalytic activity of NQO1 with GST, incubations of AQ and 
DEAQ with 1 µM GSTP1-1*A and 1 µM NQO1 were performed as described in Section 
above. Incubations containing 50 µM of dicoumarol were performed to investigate whether 
reduced GSH-conjugate formation in presence of NQO1 was due to inhibition of catalytic 
activity of NQO1 or due to covalent binding of the QIs to the NQO1 protein. Control 
incubations in the absence of GSTP1-1*A or NQO1 were performed. The GSH 
concentration was set at 100 µM to minimize the contribution of non-enzymatic GSH-
conjugation.  

Analytical methods 

The separation and quantification of AQ and DEAQ and their metabolites were performed 
as described previously [6]. In brief, samples were analyzed by a reverse-phase liquid 
chromatography. The Shimadzu HPLC-system consisted of a SIL-20AC auto-sampler 
cooled at 4 oC, two LC20AD binary pumps and a SPD-20A UV/VIS detector (Shimadzu, 
Kyoto, Japan). Chromatographic separation was performed by using a Luna 5 µm C18 
column (4.6 mm × 150 mm) as stationary phase, protected by a 4.0 mm × 3.0 mm i.d. 
security guard (5 µm) C18 guard column, both from Phenomenex (Torrance, CA). An 
isocratic method (9% acetonitrile in 5mM of ammonium acetate buffer, pH 2.4, adjusted by 
formic acid) was used for separation of AQ and DEAQ and their metabolites. The flow rate 
used was 0.75 mL/min and the detector was set at 342 nm. Standard curves were 
constructed for AQ-SG (ranging from 0.05 to 5 µM) and DEAQ-SG (ranging from 0.01 to 
5 µM). Data analysis was performed using the Shimadzu LC solution software, Version 
1.24 SP1. 

RESULTS 

Activity of recombinant human GSTs in the inactivation of reactive QIs of AQ and 
DEAQ using HLM as bioactivation system 

Expression and purification of recombinant human GST isoforms and NQO1 

The purity of the isolated recombinant human GST isoforms and human NQO1 was all 
above 90% as assessed by SDS-PAGE. The specific activities of the purified enzymes are 
tabulated in Table 1 and are consistent with published data [16, 29]. 
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Table 1. Specific activities of recombinant human GSTs and human NQO1. 

Enzymes Substrates Specific activitya (µmol/min/mg protein) 
GSTA1-1 CDNB (0,4 mM); GSH (1 mM) 13.7 
GSTA2-2 CDNB (0,4 mM); GSH (1 mM) 2.07 
GSTA3-3 CDNB (0,4 mM); GSH (1 mM) 3.90 
GSTA4-4 CDNB (0,4 mM); GSH (1 mM) 9.49 
GSTM1-1 CDNB (0,4 mM); GSH (1 mM) 30.6 
GSTM2-2 CDNB (0,4 mM); GSH (1 mM) 30.5 
GSTM3-3 CDNB (0,4 mM); GSH (1 mM) 1.29 
GSTM4-4 CDNB (0,4 mM); GSH (1 mM) 3.69 
GSTP1-1*A CDNB (0,4 mM); GSH (1 mM) 23.3 
GSTP1-1*B CDNB (0,4 mM); GSH (1 mM) 22.3 
GSTP1-1*C CDNB (0,4 mM); GSH (1 mM) 21.3 
GSTP1-1*D CDNB (0,4 mM); GSH (1 mM) 44.3 
GSTK1-1 CDNB (0,4 mM); GSH (1 mM) 1.25 
GSTT1-1 EPNP (0,5 mM); GSH (5 mM) 1.35 
GSTT2-2 Cumene hydroperoxide (1 mM); GSH (1 mM) 1.25 
NQO1 DCPIP (40 µM) 280 

a Activity was average values measured from two independent incubations. Variation was less than 5%. 

Metabolic profiles of AQ and DEAQ in HLM 

After incubating AQ and DEAQ respectively with HLM in the presence of GSH under the 
current incubation conditions, DEAQ and AQ-SG appeared to the two major metabolites 
formed in AQ incubations while DEAQ-SG and N-bisdesethylamodiaquine (bis-DEAQ) 
were the two major metabolites formed in DEAQ incubations (Supplemental Figure S1). 
Because of the short incubation time, no secondary metabolites of DEAQ, such as bis-
DEAQ and DEAQ-SG, were observed in AQ incubations. The metabolic profiles of AQ 
and DEAQ are consistent with described by Zhang et al. [6].  Addition of GSTs did only 
show increase of the amount of previously identified AQ-SG and DEAQ-SG, indicating 
that no change in regioselectivity of GSH-conjugation is applicable, as was observed 
previously for the reactive QIs of diclofenac [13]. 

Activity of recombinant human GSTs in the inactivation of AQ-QI and DEAQ-QI 

To investigate the activity of individual human GSTs in the inactivation of reactive QIs of 
AQ and DEAQ, 100 µM AQ and 50 µM DEAQ were incubated with 8 µM recombinant 
human GSTs in the presence of 0.5 and 5 mM GSH. These concentrations of AQ and 
DEAQ did not inhibit GST activity when tested with standard substrates (Supplemental 
Figure S2). Addition of 500 µM S-hexyl-glutathione to the microsomal incubations of AQ 
and DEAQ with 0.5 or 5 mM GSH did not show any effect on the amount of formation of 
AQ-SG and DEAQ-SG, Supplemental Figure S5. This concentration of S-hexyl 
glutathione inhibited GSH-conjugation of CDNB by the pooled HLM by 90%, 
Supplemental Figure S4.  Therefore, microsomal GST or residual cytosolic GSTs in HLM 
do not seem to be involved in the formation of AQ-SG and DEAQ-SG in absence of 
recombinant human GSTs. 
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Figure 1. Effects of recombinant human 
glutathione S-transferases (GSTs, 8 μM) on the 
inactivation of Amodiaquine quinoneimine (A) and 
N-desethylamodiaquine quinoneimine (B). Data 
are expressed as folds difference relative to non-
enzymatic conjugations. Incubations were 
performed in the presence of 1 mg/mL HLM and 
an NADPH regenerating system as described in 
detail in Materials and Methods section. Each bar 
represents average ± range from two separate 
incubations. 
 

Figure 2. GSH dependency curves of AQ-SG (A) and 
DEAQ-SG (B) formation in the absence and presence 
of GSTP1-1*A (8 μM) in incubations with 100 μM 
AQ and 50 μM DEAQ, respectively. Incubations were 
performed in the presence of 1 mg/mL HLM and an 
NADPH regenerating system as described in detail in 
Materials and Methods section. Data are presented as 
average ± range of two separate incubations. Lines do 
not represent fits to data and are only intended to 
guide the eyes. 
 

As shown in Figure 1A, at 0.5 mM GSH, recombinant human GST P1-1 and its alleles 
were the most active isoforms for the inactivation of AQ-QI, by forming 8.5- to 10.9-fold 
higher levels of AQ-SG compared to the non-enzymatic conjugation. GST isoforms A4-4, 
M4-4, M2-2, and A2-2 also showed significant increase of AQ-SG formation by forming 
6.1-, 3.6-, 2.7-, and 2.4-fold higher concentrations, respectively, compared with non-
enzymatic conjugation. Incubation with the other GST isoforms showed levels of GSH-
conjugates less than 2-fold of that in absence of GSTs. At 5 mM  GSH the relative increase 
by the human GST isoforms was reduced due to the stronger non-enzymatic contribution. 
At this high GSH concentration, GSTP1-1 and its variants, GSTA4-4, GSTM4-4, GSTM2-
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2, GSTA2-2 showed 1.7- to 2.2-, 1.8-, 1.1-, 1.1-, 1.2-fold of GSH-conjugates formed 
compared to non-enzymatic conjugation, respectively. 

In case of DEAQ, comparable activities in the inactivation of DEAQ-QI by GSTP1-1 and 
its alleles were observed at 0.5 mM GSH compared to the same condition of AQ (Figure 
1B), with exhibiting 13.0- to 13.9-fold higher levels of DEAQ-SG compared to non-
enzymatic conjugation, respectively. GSTA4-4, GSTM4-4, GSTM2-2, and GSTA2-2 
showed significant increases of 10.3-, 5.9-, 4.5-, and 4.4-fold and the rest GST isoforms 
showed less than 2-fold increase to non-enzymatic conjugation. At 5 mM GSH 
concentration, only GST P1-1 and its alleles and A4-4 showed over 2-fold increase while 
the other GST isoforms showed less than 1.5-fold increase in DEAQ-SG formation, since 
the non-enzymatic conjugation was stronger under this condition. The absolute 
concentrations of AQ-SG and DEAQ-SG formed in this experiment were shown in Table 2. 

Table 2. Concentrations of GSH-conjugates formed in incubations of AQ and DEAQ with human liver 
microsomes and GSH, in absence and presence of recombinant human glutathione S-transferase (GST). 

 AQ-SG (µM) a,c DEAQ-SG (µM) b,c 

 0.5 mM GSH 5 mM GSH 0.5 mM GSH 5 mM GSH 

No GST   0.17±0.02  0.84±0.01  0.09±0.01  0.52±0.03 

GSTA1-1 0.25±0.01 0.88±0.02 0.11±0.01 0.50±0.10 

GSTA2-2 0.40±0.02 0.98±0.03 0.56±0.03 0.68±0.04 

GSTA3-3 0.22±0.01 0.60±0.07 0.09±0.01 0.44±0.04 

GSTA4-4 1.02±0.02 1.56±0.37 0.88±0.01 1.10±0.13 

GSTM1-1 0.26 ±0.02 0.68±0.11 0.14±0.01 0.53±0.04 

GSTM2-2 0.45±0.02 0.95±0.21 0.39±0.02 0.65±0.02 

GSTM3-3 0.34±0.02 0.67±0.06 0.15±0.01 0.63±0.06 

GSTM4-4 0.59±0.01 0.98±0.15 0.51±0.02 0.79±0.13 

GSTP1-1*A 1.80±0.01 2.00±0.02 1.19±0.01   1.46±0.07 

GSTP1-1*B 1.51±0.03 1.67±0.01 1.20±0.08 1.23±0.04 

GSTP1-1*C 1.40±0.02 1.56±0.01 1.12±0.05 1.05±0.13 

GSTP1-1*D 1.58±0.04 1.85±0.07 1.11±0.01 1.28±0.05 

GSTK1-1 0.21±0.01 0.74±0.11 0.09±0.02 0.54±0.02 

GSTT1-1 0.20±0.01 0.76±0.05 0.09±0.01 0.54±0.04 

GSTT2-2 0.20±0.01 0.84±0.14 0.09±0.01 0.58±0.01 

a AQ (100 µM) was incubated for 10 minutes in the presence of 1 mg/mL HLM, an NADPH regenerating system, 
0.5 mM or 5 mM GSH and 8 µM recombinant GST.  
b DEAQ (50 µM) was incubated for 45 minutes in the presence of 1 mg/mL HLM, an NADPH regenerating 
system, 0.5 mM or 5 mM GSH and 8 µM recombinant GST.  
c Data are expressed as average ± range from two separate experiments. 
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GSH-dependent inactivation of non-enzymatic and GST-catalyzed conjugation of 
reactive QIs of AQ and DEAQ 

To further characterize the GST-catalyzed inactivation of reactive QIs of AQ and DEAQ, 
the most active isoform GSTP1-1 (8 µM) was incubated with AQ and DEAQ with seven 
GSH concentrations varying from 0.05 to 5 mM. As shown in Figure 2A, in absence of 
cytosolic GSTs, the conjugation of AQ-QI was linear up to GSH concentration of 1 mM, 
while showing a saturation tendency when GSH concentration was higher than 1 mM. The 
maximal formation of AQ-SG under this condition was 0.84 µM. Addition of 500 µM S-
hexyl glutathione, which completely abolished microsomal GSH-conjugation of CDNB, did 
not affect the formation of AQ-SG (Figure S4 and Figure S5). Therefore, the apparent 
saturation does not result from saturation of microsomal GST but may result from near-
maximal inactivation of reactive QIs by GSH-conjugation or GSH-oxidation. In the 
presence of GSTP1-1, AQ-SG formation at each GSH concentration was significantly 
increased compared to the corresponding non-enzymatic counterpart. The maximal 
formation of AQ-SG was reached at 0.5 mM GSH and higher GSH concentrations, with 
generating around 2 µM AQ-SG. 

For the GSH-dependent formation of DEAQ-SG, as shown in Figure 2B, comparable 
results were obtained. In the presence of GSTP1-1, the total DEAQ-SG formation was 
significantly increased when compared to incubations without GSTP1-1. Maximal DEAQ-
SG formation observed in GSTP1-1 presenting situation was 1.65 µM (at 0.5 mM GSH) 
while in GSTP1-1 absent situation was 0.5 µM (at 5 mM GSH).  

Simulation of inter-individual variation of GST-catalyzed inactivation of AQ-QI and 
DEAQ-QI by human liver cytosol 

To simulate the inter-individual variability of GST-catalyzed conjugation of reactive QIs 
from AQ and DEAQ in human liver cytosol, enzymatic activities of recombinant GSTs in 
the formation of AQ-SG and DEAQ-SG under 0.5 mM and 5 mM GSH were calculated, as 
shown in Table 2. The activity of hepatic GST used in the simulation was linear with 
enzyme concentration in the range of concentrations among 22 donors, see Supplemental 
Figure S3. With the normalization of non-enzymatic GSH-conjugation to one-fold for all 
situations, over-all conjugation and the contribution from each hepatic GST isoform of the 
formation of AQ-SG and DEAQ-SG were shown in Figure 3. Large inter-individual 
variations of GST-catalyzed inactivation of AQ-QI (Figure 3A) and DEAQ-QI (Figure 3B) 
were observed under 0.5 mM GSH. For the inactivation of AQ-QI, a variation from 5.4-
fold (Donor 11) to 31.8-fold (Donor 10) was observed while for the inactivation of DEAQ-
QI, a variation from 6.8-fold (Donor 14) to 59.1-fold (Donor 10) was observed. These 
variations were mainly due to low chemical contribution and high GSTA2-2 activity under 
this GSH concentration. Although GSTA1-1 is the most abundant GST isoforms in human 
liver, because of its relatively low activity in catalyzing the formation of AQ-SG and 
DEAQ-SG, the contribution to this GST isoform under 0.5 mM GSH is still minor. In 
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addition, GSTM1-1, the isoform which did not express in half of donors in this data set, 
barely contributed to the variation because of its low catalytic activity. 

At 5 mM GSH, the inter-individual variability of inactivation of AQ-QI and DEAQ-QI by 
GSH-conjugation was much smaller compared to that of 0.5 mM GSH situation, due to the 
increased contribution of non-enzymatic conjugation, as shown in Figure 3C and Figure 
3D. Under this condition, 1.5-fold (Donor 11 and Donor 12) to 4.7-fold (Donor 10) 
variation of AQ-QI inactivation and 1.1-fold (Donor 12) to 2.1-fold (Donor 10) variation of 
DEAQ-QI inactivation were observed in this small population. In addition to GSTA2-2, 
which contributed predominantly to the inter-individual variation of AQ-SG formation, the 
variation caused by GSTA1-1 also contributed significantly at 0.5 mM GSH (1.4-fold in 
Donor 11 to 9.2-fold in Donor 19). 

 
Figure 3. Simulation of inter-individual variability of GSH-conjugation of reactive Quinoneimines from 
Amodiaquine and N-Desethylamodiaquine in human liver cytosol. Data are expressed as folds increase of 
GSH conjugation of each donor relative to non-enzymatic contribution (set as 1 fold). Hepatic GST contents 
and sorting of donors are adapted from den Braver et al. (2016) and the activity of each GST isoform is 
measured in the present study. (A) Variation of GSH conjugation of AQ-QI at 0.5 mM GSH; (B) Variation of 
GSH conjugation of DEAQ-QI at 0.5 mM GSH; (C) Variation of GSH conjugation of AQ-QI at 5 mM GSH; 
(D) Variation of GSH conjugation of DEAQ-QI at 5 mM GSH. 
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Competition of human GSTs and NQO1 in the inactivation of reactive QIs of AQ and 
DEAQ  

To investigate the activity of NQO1 in the reduction of reactive QIs of AQ and DEAQ, a 
competition experiment between NQO1-catalyzed reduction and GST-catalyzed 
conjugation was performed. 1 µM GSTP1-1*A was selected to compete with NQO1 in the 
inactivation of AQ-QI and DEAQ-QI since it is the GST isoform with the highest catalytic 
activity in the GSH-conjugation of AQ-QI and DEAQ-QI. As shown in Figure 4, the 
presence of 1 μM NQO1 decreased the formation of AQ-SG and DEAQ-SG under both 
non-enzymatical GSH-conjugation and GSTP1-1*A catalyzed enzymatic conjugation 
situations. In the absence of GSTP1-1*A, the chemical GSH conjugation of AQ-QI and 
DEAQ-QI were decreased by 51% and 19%, respectively, by 1 μM NQO1. In the presence 
of 1 μM GSTP1-1*A, the enzymatic GSH-conjugation of AQ-QI and DEAQ-QI were 
decreased by 37% and 60% compared to incubations in absence of NQO1. The reduced 
formation of GSH-conjugates was demonstrated to be caused by the catalytic effect of 
NQO1, since the addition of dicoumarol reverted GSH-conjugate formation of AQ-SG to 
85% and DEAQ-SG to 90%.  

 

Figure 4. Competition between GSH conjugation catalyzed by GSTP1-1*A and reduction catalyzed by NQO1 
on the inactivation of AQ-QI and DEAQ-QI. Incubations were performed in the presence of 1 mg/mL HLM 
and an NADPH regenerating system as described in detail in Materials and Methods section. Y-axis shows the 
formation of GSH-conjugates and X-axis shows the experimental conditions. Bars represent average ± range 
from two separate incubations. 
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DISCUSSION 

Oxidative metabolism leading to the formation of reactive metabolites has been suggested 
as an important mechanism underlying AQ-induced hepatotoxicity and agranulocytosis [7, 
35]. Human cytochrome P450s, particularly CYP3A4, CYP2C8, CYP2D6, and CYP2C9 
[6], and myeloperoxidase (MPO) [35, 36] have been shown to play important roles in the 
bioactivation of AQ and DEAQ, a major oxidative metabolite of AQ. Together with 
oxidative bioactivation, which leads to the formation of two different reactive QIs, the rates 
of inactivation of the QIs catalyzed by human GSTs and NQO1 will also determine the 
internal exposure of an organ or tissue to the reactive QIs.  

In the current study, the activities of 15 human GST isoforms in the GSH conjugation and 
the relative activity of NQO1 in the reduction of AQ-QI and DEAQ-QI were investigated. 
In addition, the potential inter-individual variability of GST-catalyzed detoxification 
profiles of AQ-QI and DEAQ-QI was studied, by applying previously published data set of 
major hepatic GST contents. Previous investigations showed that the cytotoxicity of AQ 
could be significantly reduced with a chemical antioxidant N-acetyl cysteine [37], whereas 
GSH-depleted rat hepatocytes were more vulnerable upon AQ treatment [9, 37]. These 
studies mostly focused on the involvement of AQ-QI, in the context of AQ-induced 
cytotoxicity; however, the reactive metabolite of DEAQ has been overlooked. As the major 
circulating metabolite following AQ administration [38-40], DEAQ and its reactive 
metabolite, DEAQ-QI, might be more important determining the internal exposure of 
individuals to reactive toxic metabolites [6]. 

As shown in Figure 1 and Table 2, several GSTs appeared to be active in catalyzing the 
GSH-conjugation of AQ-QI and DEAQ-QI. GSTP1-1 and GSTA4-4 showed the highest 
activities in the formation of AQ-SG and DEAQ-SG, especially under GSH-depleted 
conditions, whereas GSTA1-1 and GSTM1-1, constituting the major hepatic GST isoforms 
showed very low activity in this process. Additionally, hepatic GSTA2-2 and extra-hepatic 
GSTM4-4 and GSTM2-2 showed intermediate GSH-conjugation activities leading to the 
inactivation of both QIs. In absence of cytosolic GSTs, the formation of AQ-SG and 
DEAQ-SG in HLM appeared to be formed non-enzymatically since addition of S-
hexylglutathione, which can inhibit both cytosolic and microsomal GST [31], did not 
reduce formation of GSH-conjugates (Figure S4). Considering the fact that by using HLM 
as bioactivating system the steady-state concentration of the QIs during the incubation are 
most likely far below the corresponding Km-values, the different yields of GSH-conjugates 
will be a reflection of the different intrinsic clearances (kcat/Km) of the enzymes. Because 
for the more active GSTs, the steady-state concentration of the QIs will also be lower, their 
kcat/Km-values would even be underestimated when only considering the concentration of 
GSH-conjugates. 

The most active GSTs, GSTP1-1 and GSTA4-4, are known to be highly expressed in bile 
ducts in the liver, and in skin and heart tissues [33, 34], respectively. Nevertheless, in 
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isolated human hepatocytes both GSTP1-1 and GSTA4-4 could be detected at low levels 
when compared to the most abundant GSTA1-1 [33, 41]. Gallagher et al. [42] reported the 
presence of GSTP1-1, GSTA1-1, GSTA2-2 and GSTA4-4 in mitochondria of human 
hepatocytes. In addition, GSTK1-1 has been demonstrated to be specifically localized in 
mitochondria [43]. Collectively, these studies suggest that various GSTs may play an 
important role in protecting hepatic tissues from the damage by reactive metabolites and in 
maintaining a favorable mitochondrial redox state. However, since the GST isoforms in 
human blood cells and bone marrow are not fully characterized yet, the correlation of blood 
GSTs with AQ-induced agranulocytosis warrants further research.  

As shown in Figure 2, the total amount of GSH-conjugates of AQ-QI and DEAQ-QI in the 
presence of GSTP1-1 strongly increased even at the highest GSH concentration. This 
observation indicated that a significant amount of the QIs formed at low GSH-
concentration, and in absence of additional GSTs undergo different reactions, since no QIs 
were detected directly by HPLC. Next to GSH-conjugation, alternative reactions of the QIs 
include GSH-oxidation (regenerating drug and producing GSSG), oxidation of NADPH, 
and reaction with microsomal proteins by covalent binding or protein oxidation. Previous 
study reported that the ratio of reduction versus GSH-conjugation of reactive metabolite of 
acetaminophen, NAPQI, significantly shifted to GSH-conjugation side when adding 0.1 
mg/mL GSTP1-1 into the incubations [44]. Therefore the reactions of AQ-QI and DEAQ-
QI with GSH might also shift from GSH-oxidation to GSH-conjugation in the presence of 
GSTP1-1, which results the overall higher formation of GSH-conjugates. To what extent 
the addition of GSTs influence the degree of protein modification, however, remains to be 
established.  

Recently, den Braver et al. [13] simulated the inter-individual variability of hepatic 
cytosolic GST-catalyzed inactivation of reactive QIs derived from diclofenac by 
multiplying the activities of major hepatic GST with their corresponding GST contents in 
20 liver donors, assuming that rates of inactivation is proportional to GST concentrations. 
In the present study, a similar methodology was applied to study inter-individual variability 
of GST-catalyzed inactivation of AQ-QI and DEAQ-QI using the same published profiles 
of major human hepatic GSTs. Similar to the diclofenac study, large variations of GSH 
conjugation profiles of AQ-QI and DEAQ-QI were found among the 22 liver donors, as 
presented in Figure 3. At 5 mM GSH concentrations, an up to 5-fold difference was 
observed for GSH conjugation of AQ-QI and DEAQ-QI and this difference is up to 59-fold 
at reduced GSH concentrations (500 μM) e.g. reflecting oxidative stress conditions. The 
large variation was predominantly caused by the varying expression levels of GSTA2-2 in 
this small population, since GSTA2-2 exhibited a moderate activity in the inactivation of 
AQ-QI and DEAQ-QI under both high and low GSH concentrations. Although this study 
showed that GSTP1-1 and GSTA4-4 were the most active enzymes, they were not included 
in the simulation study since no quantitative information is available about their 
concentrations in human hepatocytes. The relatively high levels of GSTP1-1 in the liver 
homogenates, as reported by van Ommen et al. [30] may be mainly originate from bile duct 
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cells. In the HPLC-chromatograms of the GSTs obtained after affinity chromatography no 
peak was assigned as GSTA4-4, so their levels and inter-individual variability remains to 
be quantified. 

Although previous association studies suggested increased risks of NSAID-induced liver 
injury [20] and nevirapine-induced hepatotoxicity [45] for individuals carrying GSTM1 and 
GSTT1 double-null genotypes, in the present study, these two GST isoforms did not show 
significant catalytic activity regarding the GSH-conjugation of AQ-QI and DEAQ-QI. Thus 
the overall GSH-conjugation profiles were not different between GSTM1-negative and 
GSTM1-positive donors (Figure 3). It is well known that inter-individual variation of 
clinical AQ pharmacokinetic parameters was large, for example, AUC values of AQ and 
DEAQ varied up to 4-fold in 42 patients during antimalarial therapy [46]. Thus, it can be 
reasonably assumed that individuals with high CYP-mediated bioactivation profiles 
combined with low inactivation profiles for AQ-QI and DEAQ-QI are potentially most 
susceptible to AQ-induced idiosyncratic hepatotoxicity. 

In addition to human GSTs, in the present study NQO1 was showed to be able to catalyze 
the reductive inactivation of AQ-QI and DEAQ-QI, Figure 4. The inhibition of NQO1-
catalyzed reduction of AQ-QI and DEAQ-QI by dicoumarol confirmed the inactivation 
effects of NQO1. However, the activity of NQO1 appeared to be respectively 37% and 60% 
of that of GSTP1-1 at the same concentrations. NQO1 expression is normally considered 
quite low in human liver [29]. Vredenburg et al. [18] estimated the basal concentration of 
NQO1 in human liver and found it to be around 0.3 µM. However, this enzyme is highly 
induced under oxidative stress conditions, notably via the Keap1:Nrf2 signaling pathway 
[47]. Up until now, the absolute quantification of NQO1 has only been studied in lung and 
colon tissues [48] but not yet in liver. Although Rougée et al. [23] reported a large 
variability in NQO1 expression levels in 117 human livers, the individual NQO1 levels of 
expression were not provided. Altogether, it is reasonable to speculate that NQO1 is an 
additional detoxification pathway for AQ-QI and DEAQ-QI next to GST-catalyzed GSH-
conjugation, certainly under oxidative stress conditions. 

In conclusion, the results of the present study, in which HLM were used to bioactivate AQ 
and DEAQ, clearly demonstrated the crucial roles that human GST isoforms (15 tested) and 
NQO1 (1 tested) are playing in the inactivation of the reactive QIs of AQ and DEAQ, via 
GSH conjugation and reduction, respectively (Figure 5). Using the experimentally 
determined activities and levels of the various GST isoforms, a large inter-individual 
variability of GST-catalyzed conjugation of AQ-QI and DEAQ-QI was observed from a 
panel of 22 liver donors. NQO1 showed competing activity to GSTP1 in the inactivation of 
AQ-QI and DEAQ-QI. Especially at low GSH-concentrations GSH-conjugation will be 
strongly dependent on catalysis by GSTs, so the variability of GST-expression will have the 
highest consequences under conditions of reduced GSH-concentration, such as oxidative 
stress. Altogether, it can be assumed that individuals with low expression levels of GSTA2-
2, GSTA1-1 and NQO1 in combination with high expression levels of bioactivating CYP or 
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MPO enzymes, exposed to AQ and by inference to the major metabolite DEAQ, may be 
more susceptible to AQ idiosyncratic hepatotoxicity and agranulocytosis, because of higher 
levels of potentially antigenic protein-adducts. 

 

Figure 5. Scheme of bioactivation by CYPs and MPO and inactivation by GSTs and NQO1scheme of AQ and 
DEAQ. Isoforms of CYPs in bioactivation pathway and GSTs in inactivation pathway are sorted by 
corresponding activities in decreasing order. 
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SUPPLEMENTARY INFORMATION 

Role of human microsomal GSTs in the GSH conjugation of reactive QIs of AQ and 
DEAQ 

To investigate whether the human microsomal GSTs, which present in the HLM fraction, is 
active and if yes, whether the activity can be inhibited by microsomal GST inhibitors, 
CDNB activity in HLM was measured according to the method described in Materials and 
Methods. The inhibitory effect of S-hexylglutathione as a potent microsomal GSTs 
inhibitor [31] was investigated with varying S-hexylglutathione concentrations from 0.1 
µM to 500 µM. As shown in Figure S3, CDNB activity in HLM was inhibited by 90% at 
500 µM S-hexylglutathione.  

To investigate the potential involvement of microsomal GSTs in catalyzing the GSH 
conjugation of AQ-QI and DEAQ-QI, 500 µM S-hexylglutathione was co-incubated with 
100 µM AQ and 50 µM DEAQ, respectively. The incubation conditions, termination of 
incubations, analysis of samples were the same as described in detail in Materials and 
Methods. As shown in Figure S4A, the formation of AQ-SG and DEAQ-SG appeared to be 
not influenced by the inhibition of microsomal GSTs. AQ and DEAQ incubations with 
recombinant CYP3A4 (BD science, Breda, the Netherlands) under identical conditions 
were also performed to evaluate whether S-hexylglutathione at 500 µM has an impact on 
the bioactivation process. Results showed that 500  µM S-hexylglutathione does not have 
an influence on the bioactivation of AQ and DEAQ, either (Figure S4B). In conclusion, we 
suggest that the microsomal GSTs which present in HLM do not involve in the GSH 
conjugation reaction of reactive QIs of AQ and DEAQ. 
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Figure S1. Representative HPLC-UV chromatograms of GSH conjugates and other related metabolites formed 
from AQ and DEAQ incubations. Incubations were performed in the presence of 1 mg/mL HLM and an NADPH 
regenerating system as described in detail in Materials and Methods section. (A) black, AQ 100 µM incubation 
with 0.5 mM GSH; blue, AQ 100 µM incubation with 5 mM GSH; purple, AQ 100 µM incubation with 0.5 mM 
GSH and 8 µM GSTP1-1*A; brown, AQ 100 µM incubation with 5 mM GSH and 8 µM GSTP1-1*A. (B) black, 
DEAQ 50 µM incubation with 0.5 mM GSH; blue, DEAQ 50 µM incubation with 5 mM GSH; purple, DEAQ 50 
µM incubation with 0.5 mM GSH and 8 µM GSTP1-1*A; brown, DEAQ 50 µM incubation with 5 mM GSH and 
8 µM GSTP1-1*A. 
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Figure S2. Inhibitory effects of 100 μM AQ (A) and 50 μM DEAQ (B) on the activities of 15 human recombinant 
GST isoforms. Activities of GST isoforms were determined as described in detail in Materials and Methods 
section 2.3. Y-axis expresses the percentage of activity relative to the activity in absence of AQ or DEAQ.  Each 
bar represents the average of duplicates ± error range. 
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Figure S3. Enzyme concentration dependency of formation of AQ-SG in the presence of recombinant human 
glutathione S-transferase isoforms P1-1 (red, ranging from 0.5 to 32 µM), A1-1 (green, ranging from 8 µM to 64 
µM), and M1-1 (blue, ranging from 4 µM to 64 µM). AQ at 10 µM was incubated with 1 mg/mL HLM and an 
NADPH regenerating system for 10 mins in the presence of 100 µM GSH, the rest conditions were the same as 
described in detail in Materials and Methods section 2.4. Linear curves represent the best fitting and red curve is 
only intended to guide the eyes. Each point represents average ± range from two separate incubations. 
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Figure S4. Inhibitory effect of S-hexylglutathione on CDNB activity in HLM. CDNB activity was measured as 
described in detail in Materials and Methods section 2.3. Y-axis expresses the percentage of activity relative to the 
activity in the absence of S-hexylglutathione. Data are presented as average ± range of two separate measurements. 
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Figure S5. Influence of 500 µM S-hexylglutathione (S-hexyl GSH) on the formation of AQ-SG (A) and DEAQ-
SG (B) formation in HLM and in recombinant CYP3A4. Incubations of 100 µM  AQ and 50 µM  DEAQ were 
performed in the presence of 1 mg/mL HLM or 100 nM recombinant CYP3A4 and an NADPH regenerating 
system as described in detail in Supplemental Information. Data are presented as average ± range of two separate 
incubations. 
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ABSTRACT 

Formation of reactive quinoneimines (QIs) is considered to play an important role in the 
toxicity of anti-malaria drug amodiaquine (AQ). Previous studies have reported the 
protective role of glutathione (GSH) against AQ-induced toxicity, however the protective 
effect of human glutathione S-transferases (GSTs) against toxicity of reactive QIs of AQ 
has not been investigated. Recently we reported the enzymatic contribution of purified 
human GSTs, in particular GSTP1, in the GSH-conjugation of reactive QIs of AQ. The aim 
of the present study was to investigate the protective effect of GSTP1 against cytotoxicity 
induced by reactive QIs of AQ. HepG2 cells were utilized as model system, in the 
combination with transfection of the human GSTP1 gene. Exposure of HepG2 cells to QIs 
of AQ was accompanied by decreased cell viability, increased caspase 3 activity, and 
decreased intracellular GSH level. Furthermore, the QIs of AQ specifically activated the 
endoplasmic reticulum (ER) stress response, but not oxidative stress, DNA damage, or 
inflammatory stress responses. As shown previously, GSH-depletion by BSO increased the 
cytotoxicity of the QIs. Transfection of GSTP1 resulted in a 2-fold increase in GSH-
conjugation of the QIs, showed a significant protection against cell death under GSH-
depletion condition, and abolished QIs-induced apoptosis. The activation of ER stress 
response, however, was not significantly inhibited by GSTP1 transfection, which may 
indicate a lower threshold for ER stress activation, than for apoptosis. In conclusion, we 
have demonstrated in an in vitro cell system that AQ-derived QIs cause ER stress and 
apoptosis, and a protective effect of GSTP1 via enhancing GSH-conjugation and 
attenuating apoptosis. 

INTRODUCTION 

Amodiaquine (AQ) is a potent anti-malaria drug, however, rare but life-threatening 
idiosyncratic hepatotoxicity (1/15,500 patients) and agranulocytosis (1/2000 patients) have 
restricted its therapeutic use [1, 2]. Currently, AQ is forbidden for prophylactic use and is 
only prescribed in combination therapy with artesunate, as recommended by the WHO [3]. 
AQ undergoes rapid and extensive hepatic metabolism to its pharmacologically active 
metabolite N-desethylamodiaquine (DEAQ), predominantly by cytochrome P450 CYP2C8 
[4]. Both AQ and DEAQ are prone to metabolic oxidation leading to the formation of 
amodiaquine quinoneimine (AQ-QI) and N-desethylamodiaquine quinoneimine (DEAQ-QI) 
[5, 6]. These quinonemines (QIs) can rapidly and irreversibly modify proteins [7-9]. Such 
haptenated proteins can disrupt cell function and lead to direct toxicity, or can be 
recognized as ‘non-self’ leading to immune-mediated toxicity [10]. Congruently, cellular 
studies demonstrated a significant contribution of AQ bioactivation to AQ cytotoxicity in 
isolated hepatocytes [11, 12] and in neutrophils [13]. Nevertheless, although it is generally 
accepted that reactive metabolite formation plays an important role in AQ-induced toxicity 
[10, 14], the underlying mechanisms and pathways involved remain unclear. So far, 
identified contributing factors include oxidative metabolism (either by CYPs or 
peroxidases/hydrogen peroxide), depletion of cellular GSH, protein carboxylation, 
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mitochondrial disturbances, reactive oxygen species formation and lipid peroxidation [11-
13, 15].  

Glutathione S-transferases (GSTs) are important enzymes that catalyze the conjugation 
reaction between GSH and chemically reactive drug metabolites. Furthermore, GSTs are 
additionally identified as regulators of cellular signaling pathways, thereby influencing cell 
proliferation or apoptosis [16, 17]. GSH conjugation by GSTs has been shown in vitro with 
chemically reactive metabolites derived from several drugs displaying idiosyncratic toxicity, 
including troglitazone, acetaminophen, clozapine and diclofenac [18-21]. We recently 
demonstrated that GSTs, in particular GSTP1, exhibit high activity in catalyzing the GSH 
conjugation of AQ-QI and DEAQ-QI using purified human GSTs [22]. However, whether 
expression of GSTs in cellular systems can play as a protective factor against toxicity of 
AQ-QI and DEAQ-QI has not been evaluated. Nevertheless, several cellular studies have 
suggested the protective roles of chemical anti-oxidants, such as GSH, as well as drug 
metabolizing enzymes, such as NAD(P)H:quinone oxidoreductase 1 (NQO1) and UDP-
glucuronosyltransferases (UGTs), against AQ-induced cytotoxicity [12, 15] (Figure 1), but 
without recognition of the possible involvement of GSTs.  

 

Figure 1. The relationship between AQ metabolism and toxicity. N-deethylation of amodiaquine (AQ) to its 
major metabolite N-desethylamodiaquine (DEAQ) is predominantly catalyzed by CYP2C8 and forms DEAQ 
[4]. AQ and DEAQ are bioactivated to their corresponding reactive quinoneimine (QI), catalyzed by 
CYP3A4, CYP2D6, CYP2C8, and CYP2C9 [6]. Protein-reactive QIs of AQ and DEAQ can bind to cellular 
proteins and subsequently lead to toxicity [13, 32]. Reactive QIs can be detoxified by conjugation reaction 
with glutathione (GSH), which is catalyzed by glutathione S-transferases (GSTs), and by reduction reaction 
catalyzed by human NAD(P)H:quinone oxidoreductase 1 (NQO1) [22]. 
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HepG2 cells have been used for decades as a test system for studies involving hepatotoxic 
compounds. However, basal levels of phase I and most phase II drug metabolizing enzymes 
in HepG2 cells are very low compared to human hepatocytes [23, 24]. Upon transfection or 
transduction with genes encoding for one or multiple drug metabolizing enzyme genes, 
HepG2 cells have been shown to be a valuable model system to study the role of 
bioactivating enzymes in the cytotoxicity of toxicants [25-29]. Thus, in the present study 
HepG2 cells were utilized in the combination with transient transfection of the human 
GSTP1 gene. GSTP1 was chosen based on its predominant role in catalyzing GSH-
conjugation of AQ-QI and DEAQ-QI amongst 15 human GST isoforms [22]. 

The aims of the present study are i) to characterize the mechanisms and cellular pathways 
of toxicity induced by reactive QIs of AQ;  and ii) to evaluate the ability of GSTP1 in 
protecting against AQ-QI- and DEAQ-QI-induced cytotoxicity. To this end, we evaluated 
multiple cellular parameters including loss of cell viability, caspase 3 activation, GSH-
conjugates formation, GSH homeostasis, and cellular stress responses pathway activation in 
mock- and GSTP1-transfected HepG2 cells. To circumvent the need for intracellular 
bioactivation of AQ or DEAQ by CYPs, which are low in HepG2 cells [23], the toxic 
effects of the synthetic AQ-QI and DEAQ-QI was studied. Particularly, the activation of 
adaptive stress response pathways by AQ-QI and DEAQ-QI was elucidated using high-
content imaging-based BAC-GFP toxicity assays. Dedicated reporter cell lines used can 
reveal the expression of downstream targets of the oxidative stress (SRXN1), ER stress 
(C/EBP-homologous protein, CHOP), inflammation (ICAM1), and DNA damage (p21) 
response pathways with high throughput and time-resolved illustrations [30, 31]. The 
results of this study identified endoplasmic reticulum (ER) as the major target for QIs-
induced perturbations and a significant protective role of GSTP1 by alleviating loss of cell 
viability, enhancing detoxification of reactive QIs and attenuating apoptosis. We propose a 
model to illustrate the bifunctional potential of GSTP1 in protecting cells from chemically 
reactive metabolites targeting the ER.  

MATERIALS AND METHODS 

Chemicals and reagents 

Amodiaquine dihydrochloride was obtained from ICN Biomedicals (Aurora, OH, United 
States), N-desethylamodiaquine was obtained from BD Biosciences (Franklin Lakes, NJ, 
United States). L-Buthionine-sulfoximine (BSO), resazurin, and 1-chloro-2, 4-
dinitrobenzene (CDNB) were purchased from Sigma-Aldrich (Zwijndrecht, The 
Netherlands). 5’-Glutathion-S-yl-amodiaquine (AQ-SG) and 5’-glutathion-S-yl-N-
desethylamodiaquine (DEAQ-SG) references were synthesized and quantified as described 
before [6]. Recombinant GSTP1-1 reference was obtained from earlier study in our group 
[22]. 

HepG2 cells were obtained from European Collection of Cell Cultures (ECACC, Salisbury, 
UK). Dulbecco's Modified Eagle's medium (DMEM) and Phosphate-Buffered Saline (PBS) 
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were purchased from Lonza (Switzerland). Fetal bovine serum (FBS) was purchased from 
PAA Laboratories (Austria). GenJet in vitro DNA transfection reagent and buffer were 
purchased from Tebu-bio (Heerhugowaard, The Netherlands). Caspase 3 substrate Ac-
DEVD-AMC was purchased from Enzo Life Sciences (Bruxelles, Belgium). 

Synthesis of amodiaquine quinoneimine (AQ-QI) and desethylamodiaquine 
quinoneimine (DEAQ-QI) 

Synthesis of AQ-QI and DEAQ-QI was adapted from a method published previously, with 
a few modifications [32]. Briefly, silver oxide was prepared by mixing one equivalent of 
sliver nitrate and 2.5 equivalents of sodium hydrate in aqueous solution and the solution 
was stirred on ice for 15 mins. The formed sliver oxide precipitate was filtered and washed 
with acetone under vacuum and the resulting dried sliver oxide was ready for the 
subsequent QI synthesis. An excessive (5 equivalents) amount of freshly prepared silver 
oxide was added to one equivalent of AQ or DEAQ in anhydrous chloroform and the 
mixture was stirred under nitrogen protection for 1 h at room temperature.  The formed QIs 
of AQ and DEAQ were concentrated in vacuo and then applied to a silica-60 column to 
remove the tracing AQ or DEAQ. Identity of synthetic AQ-QI and DEAQ-QI was verified 
by mass spectrometry and the purities were above 95%, as determined by HPLC-UV and 
LC-TOF-MS [6]. AQ-QI and DEAQ-QI were dissolved in dimethylformamide (DMF), 
stored at −80 oC and protected from light to prevent possible degradation. 

Cell culture 

HepG2 cells were cultured in collagen-coated plates and maintained in DMEM containing 
10% FBS, 1% penicillin/streptomycin (PAA Laboratories, Austria), 1% ultraglutamine 
(Lonza, Switzerland) and 1% non-essential amino acids (Sigma-Aldrich, Germany). Cells 
were incubated at 37oC in 5% CO2 and 95% humidity and were used up to passage 25. 
Cells were passaged upon reaching 80% confluency using Trypsin-EDTA (Lonza, 
Switzerland). 

Transient transfection of human GSTP1 gene 

After plating on collagen-coated plates for 24 h, HepG2 cells were transiently transfected 
with 0.1 µg/1×104 cells hGSTP1 expression plasmid (SC119655, Origene, Rockville, MD, 
USA) or accompanying empty pCMV6-XL5 vector (pCMV6-XL5) using the GenJet In 
Vitro Transfection Reagent for HepG2 cells (SignaGen, Rockville, MD, United States) 
according to the manufacturer’s instructions. At 18 h after transfection, medium was 
replaced and cells were cultured for an additional 30 h prior to incubations. 

GSTP1 activity assay 

HepG2 cells were plated on collagen-coated 6-well plates at 3×105 cells per well and 
transfected as described above. At 48 h post transfection, cells were harvested in ice-cold 
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PBS using Trypsin-EDTA (Lonza, Switzerland), centrifuged at 1000 ×g for 3 min, and 
washed with ice-cold PBS. Cell pellets were re-suspended in 100 µL PBS. Suspended cells 
were lysed with 3 freezing-thaw cycles in liquid nitrogen and subsequent ultra-sonication. 
Cell lysates were obtained with centrifugation at 14000 rpm for 75 mins. GSTP1 activity 
was measured in cell lysate using 1-chloro-2,4-dinitrobenzene (CDNB) as a substrate 
according to the method described by Habig et al. [33]. Protein concentrations were 
determined using the bicinchoninic acid method with bovine serum albumin as standard 
(ThermoFisher Scientific, Waltham, MA, USA). Activity assay was carried out after each 
GSTP1 transfection as validation for the transfection efficiency. 

Cell viability assay 

HepG2 cells were plated on collagen-coated 96-well plates at the density of 1×104 per well 
in 0.1 mL DMEM. When applicable, cells were transfected 24 h later as described above. 
At 48 h after seeding cells were treated without or with 500 μM BSO, which reduced GSH 
levels by more than 90% (data not shown). At 72 h after seeding medium was replaced for 
DMEM without FBS containing test compound. The percentage of organic solvent (DMF) 
was kept constant at 0.5%, which didn’t reduce cell viability under non-BSO pretreatment 
condition and reduced cell viability less than 5% (Figure S2). Cells were incubated with 
QIs or parent compounds for 2.5 h (Figure S3). Following treatment medium was replaced 
and cell viability was assessed after 16 h [13] by the resazurin reduction assay as described 
before [34].  

Determination of caspase 3 activity 

Cells were plated on black, clear-bottomed collagen-coated 96-well plates at the density of 
2×104 per well in 0.1 mL DMEM. At 24 h and 48 h after seeding, cells were respectively 
transfected and treated without or with 500 µM BSO as described above. At 48 h following 
transfection HepG2 cells were treated with 0.1 mL DMEM without FBS containing 50 µM 
AQ-QI or 30 µM DEAQ-QI for 16 h. Final concentrations of DMF were 0.5%. As a 
positive control for apoptosis, tamoxifen (50 µM) was included [35]. Following incubation, 
caspase 3 activity was measured using the fluorogenic substrate AC-DEVD-AMC as 
described before [36]. Briefly, 50 µL of caspase assay mixture containing 150 mM HEPES, 
pH 7.4, 450 mM NaCl, 150 mM KCl, 30 mM MgCl2, 1.2 mM EGTA, 1.5% Nonidet P40, 
0.3% CHAPS, 30% sucrose, 150 µM caspase 3 substrate DEVD-AMC, 30 mM DTT, and 
3.0 mM PMSF was directly added to HepG2 cells. Plates were incubated at 37°C for 2 h 
and then fluorescence was measured with excitation at 360 nm and emission at 460 nm 
using a ClarioStar Monochromator Microplate Reader (BMG LABTECH, Ortenberg, 
Germany). Raw fluorescence values were corrected for background fluorescence, which 
was measured in wells without cells containing only medium, one-step assay buffer and test 
compound.  

Metabolism of AQ-QI and DEAQ-QI in HepG2 cells 
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HepG2 cells were plated on collagen-coated 24-well plates at the density of 6×104 per well 
in 1 mL DMEM. Cells were transfected at 24 h after seeding and subsequently treated 
without or with BSO at 24 h after transfection, as described above. At 24 h after BSO 
treatment, HepG2 cells were exposed to 50 µM AQ-QI or 30 µM DEAQ-QI in DMEM 
medium without FBS for 2.5 h. Incubations were terminated by addition of ice-cold 
perchloric acid at a final concentration of 1% and kept on ice for 10 mins. Cell lysates were 
transferred to Eppendorf tubes and debris removed by centrifugation at 14000 rpm for 20 
mins at 4 °C. Supernatants were filtered over 0.2 μm filters and stored at −20 °C until 
analysis. GSH-conjugates of AQ-QI and DEAQ-QI were analyzed and quantified by 
HPLC-UV, as described previously [6].  

Assessment of cellular GSH and GSSG content 

To investigate the GSH and GSSG content in GSTP1- and mock-transfected HepG2 cells, 
concentrations of total GSH and GSSG were measured using the GSH/GSSG-Glo™ 
Glutathione Assay kit (Promega, Madison, WI, USA). Cells were plated in collagen-coated 
96-well plates at the density of 2×104 per well in 0.1 mL DMEM. Transfection, BSO 
treatment, and exposure of AQ-QI and DEAQ-QI were identical as described above. After 
exposure the medium was gently removed and the later steps were conducted according to 
manufacturer’s manual.  

Stress reporter assay of AQ-QI and DEAQ-QI  

To identify the stress response pathways upon AQ-QI and DEAQ-QI exposure, oxidative 
stress response (SRXN1-GFP), endoplasmic reticulum (ER) stress response (CHOP-GFP), 
inflammation response (ICAM1-GFP), and DNA damage response (p21-GFP) pathways 
were measured with a high-content image-based BAC-GFP stress responses reporter assay 
[30, 31]. 

HepG2-based reporter cells were generated by Bacterial Artificial Chromosome tagging as 
described previously [37] and have been characterized previously [30]. The modified 
HepG2 cells originated from HepG2 wild-type cells acquired from ATCC (clone HB8065). 
The cells were plated on collagen-coated 96-well plates at the density of 2×104 per well in 
0.1 mL DMEM, treated subsequently as described above.Levels of GFP-tagged stress 
proteins were monitored using a Nikon TiE2000 confocal laser microscope (lasers: 488nm 
and 408nm), equipped with a perfect focus system, a controlled temperature (37 oC) and 
CO2 (5%) and an automated stage. Prior to imaging, HepG2 cells were stained with 100 
ng/mL Hoechst33342 to visualize the nuclei. After 45 minutes of Hoechst33342 staining, 
medium was replaced with medium containing the different concentrations of AQ-QI, 
DEAQ-QI, AQ, and DEAQ and monitored for 24 h. Quantification of GFP-tagged stress 
proteins and data handling were conducted as previously described [30]. 

Statistical analysis 
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Statistical analysis was conducted using Prism (version 5.0). Data were considered 
significantly different between groups when p < 0.05, which was calculated using the 
Student’s t-test (unpaired samples, two-tailed, unequal variance). 

For the statistics of stress reporter assay data, we used R (3.3.2) [38] and nlme [39] (nlme: 
Linear and Nonlinear Mixed Effects Model) to perform a linear mixed effect model for 
longitudinal data with the following call: lme (value ~ time * treatment_dose,  random = ~  
time | plateID, correlation = corAR1 ( form = ~ 1 | plateID)). As fixed effects we added 
time and treatment-dose effects with interaction. As random effects, we had intercepts for 
plateID (replicates), as well as by-plateID random slopes for the effect of time. Correlation 
analysis was performed with corAR1, which describes the within group correlation 
structure as an autoregressive process of order 1, and accounts for correlation between 
adjoining observations. 

Each treatment was compared to the vehicle (DMF) control treatment in either mock or 
GSTP1 cells. p-values below 0.05 (*), 0.01 (**) and 0.001 (***) were considered as 
significant. 

RESULTS 

Validation of transfection of GSTP1 in HepG2 cells 

Table 1. Specific activity a and estimated concentration of GST in HepG2 cells transfected with empty vector and 
human GSTP1 gene. 

 Mock, No BSO GSTP1, No BSO Mock, BSO GSTP1, BSO 

Activity 
(nmol/min/mg cytosolic protein) 

14±2 400±13 19±5 317±15 

Estimated concentrationb 
(µg GSTP1/mg cytosolic protein) 

N.A. c 51±2 N.A. c 40±2 

a Specific activity was measured using CDNB as substrate, by applying the method described by reference [33]. 
 b Concentrations of GSTs in HepG2 cell lysate were estimated based on the specific activity of recombinant 
GSTP1-1 references.  
c N.A., not applicable. 

To evaluate the role of GSTP1, HepG2 cells were transiently transfected with a DNA 
construct containing the human GSTP1 cDNA behind a CMV-promoter. GST activities in 
mock- and GSTP1-transfected HepG2 cells were characterized by measuring CDNB 
conjugation to GSH in total cell lysates. A 29-fold increase in CDNB conjugation was 
observed in GSTP1-transfected cells. GSH depletion in transfected HepG2 cells by BSO-
treatment did not have a significant impact on GSTP1 activity in cell lysates (Table 1). By 
using the specific activity of purified recombinant GSTP1, the GSTP1 protein 
concentration in transfected cells was estimated at 40-51 µg/mg cytosolic protein. As 
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GSTP1 appears not to be expressed in HepG2 cells [23], the low activity of CDNB in 
lysates from mock-transected cells is most likely due to other GST isoforms [40, 41]. 

Protection by GSTP1 against AQ-QI and DEAQ-QI cytotoxicity 

As QI conjugation to GSH can occur both non-enzymatically and by GST catalysis, the 
cytotoxicity of the QIs was tested at normal and lowered GSH concentrations. GSH was 
depleted by a 24 h treatment with 500 μM BSO prior to exposure to the synthetic QIs. BSO 
treatment alone did not significantly decrease cell viability (data not shown). Cytotoxicity 
of AQ-QI and DEAQ-QI was time-dependent during the first 3 h of exposure. Longer 
incubations did not increase cytotoxicity (Figure S3). In subsequent experiments cells were 
therefore exposed to the synthetic QIs for 2.5 h. The QIs of AQ and DEAQ showed a 
comparable dose-response (Figure 2). GSH depletion lowered IC50 values for both AQ-QI 
(from 54 µM to 20 µM) and DEAQ-QI (from 40 µM to 18 µM).  

DEAQ was significantly more cytotoxic than the parent AQ at 100-300 µM, but 
significantly less cytotoxic than the respective QIs. Under these conditions, the parent 
compound AQ was barely cytotoxic up to 300 µM.  

 

Figure 2. Fitted dose-response curves of viability of HepG2 cells under treatment of AQ or AQ-QI (A) and 
DEAQ or DEAQ-QI (B). HepG2 cells were exposed to test compounds for 2.5 h. GSH depletion was 
performed by addition of BSO (500 µM) 24 h before the exposure. Cells were recovered overnight and cell 
viability was measured by resazurin reduction activity. Results are presented as percentage relative to vehicle 
controls in respective treatment groups. Each data point represents the mean ± S.D. (n=3).  

To investigate the cytoprotective role of GSTP1, mock- and GSTP1-transfected cells were 
exposed to AQ-QI and DEAQ-QI. As shown in Figure 3A, viability of GSTP1-transfected 
cells was significantly higher compared to that of mock cells after 25 and 50 µM AQ-QI 
treatment respectively, in BSO-treated cells. Following DEAQ-QI exposure, GSTP1-
transfected cells also showed higher viability compared to that of mock-transfected cells 
under GSH-depleted condition, especially at 40 µM DEAQ-QI (Figure 3B). Without GSH 
depletion, viability of mock- and GSTP1-transfected cells was comparable for all 
treatments.  
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Protection against AQ-QI- and DEAQ-QI-induced apoptosis by GSTP1 

 

Figure 3. Effect of GSTP1 in protection against AQ-QI- (A) and DEAQ-QI- (B) induced loss of cell viability. 
AQ-QI and DEAQ-QI were incubated with 1×104 HepG2 cells transiently transfected with mock or GSTP1 gene 
for 2.5 h. GSH depletion was performed by addition of BSO (500 µM) 24 h before the exposure of AQ-QI and 
DEAQ-QI. Cell viability was measured by resazurin reduction activity. Results was normalized with setting 
vehicle controls under each treatment at 100%.  Results are presented as mean ± SD (n=3). Statistical significant 
differences with corresponding vehicle control are denoted with ‘a’ and with corresponding mock-transfected 
control are denoted with ‘b’, using the following p values: * p < 0.05, **p < 0.01; analyzed by student-t test. 

To test whether QI exposure induced apoptosis and to study the protective potential of 
GSTP1, activity of caspase 3 was measured under various conditions (Figure 4). Of note is 
that BSO pre-treatment to deplete GSH levels did not significantly increase caspase 3 
activity (data not shown). In the absence of BSO, exposure to both AQ-QI and DEAQ-QI 
increased caspase 3 activity by 60%. Following pretreatment with BSO activation of 
caspase 3 was less, being 30% and 40% for AQ-QI and DEAQ-QI, respectively. Expression 
of GSTP1 prevented QI-induced activation of caspase 3 almost completely. Additionally, 
GSTP1 was effective in attenuating apoptosis induced by the positive control tamoxifen, by 
decreasing caspase 3 activity with 47% (Figure S4). 

 
Figure 4. Caspase 3 activity in mock- and GSTP1-transfected HepG2 cells following a 2.5 h exposure to 50 µM 
AQ-QI (A) or 30 µM DEAQ-QI (B) with or without a 24 h pretreatment with 500 μM BSO. Caspase 3 activity 
was used as measure for cell death by apoptosis and is presented as percentage relative to respective vehicle 
controls in mock-transfected cells. Each bar represents the mean ± SD from three independent experiments. 
Statistical significant differences with corresponding vehicle control are denoted with ‘a’ and with 
corresponding mock-transfected control are denoted with ‘b’, using the following p values: * p < 0.05; ** p < 
0.01; *** p < 0.001 (Student’s t test). 

GSTP1 activity in GSH conjugation of AQ-QI and DEAQ-QI 
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To investigate the GSTP1-mediated GSH conjugation of QIs in transfected HepG2 cells, 
AQ-SG and DEAQ-SG formation were measured in total lysates directly after 2.5 h of QI 
exposure. Under physiological GSH concentrations (without BSO), GSH conjugation of 
AQ-QI and DEAQ-QI doubled in GSTP1-transfected cells (Figure 5A). Under GSH-
depleted conditions (with BSO), GSH conjugation was 2- and 3-fold higher in GSTP1-
transfected cells compared to mock-transfected cells, for AQ-QI and DEAQ-QI 
respectively. The concentration of GSH-conjugates was 0.2 to 4% of the initial AQ-QI 
concentration and 0.05 to 0.9% of the DEAQ-QI concentration (Figure 5A). The majority 
of QIs was reduced back to the respective parent compound (~50% of AQ-QI and ~80% of 
DEAQ-QI), presumably by the action of endogenous antioxidants and/or reductases, e.g. 
quinone reductases (Figure 5B).  

 

Figure 5. Concentrations of glutathione conjugates of AQ-QI (AQ-SG) and DEAQ-QI (DEAQ-SG) (panel A), 
and AQ and DEAQ (panel B) in total lysates of mock- and GSTP1-transfected HepG2 cells. When applicable, 
pre-exposure of 500 μM BSO was performed 24 h before treatment. Cells were treated with 50 µM AQ-QI or 30 
µM DEAQ-QI for 2.5 h, after which GSH conjugates and reduces QIs were analyzed using HPLC. Results are 
presented as mean ± SD from four independent experiments. 

The effect of GSTP1 on AQ-QI- and DEAQ-QI-induced alteration on cellular GSH 
homeostasis 

 

Figure 6. Effects of 50 µM AQ-QI and 30 µM DEAQ-QI on intracellular concentrations of reduced GSH (rGSH) 
(A), GSSG (B), and on the ratio of reduced GSH to GSSG (C). Mock- and GSTP1-transfected HepG2 cells were 
treated with 50 µM AQ-QI or 30 µM DEAQ-QI for 2.5 h, after which GSH and GSSG levels were quantified as 
described under materials and methods. Results are presented as mean ± SD (n=3). 
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To evaluate whether cellular GSH homeostasis was affected by QIs, and whether GSTP1 
did influence the effects, concentrations of intracellular GSH and GSSG were quantified 
following exposure to synthetic QIs. BSO treatment decreased intracellular GSH levels 
from 40 to 0.8 nmol/106 cells, and further decreased below detection limits following QI 
exposure (data not shown). Oxidized GSH (GSSG) levels were not detectable under GSH-
depleted conditions. As shown in Figure 6A, GSH levels decreased 3- to 4-fold after QIs 
treatment, while the intracellular GSSG concentrations did not increase correspondingly, 
but decreased approximately 2-fold (Figure 6B). Following AQ-QI or DEAQ-QI treatment, 
the ratio of reduced GSH to oxidized GSH decreased accordingly 1.5- to 2-fold (Figure 
6C). Compared with mock cells, no apparent differences in concentrations of reduced or 
oxidized GSH were observed in GSTP1-transfected cells. 

Activation of adaptive stress responses by AQ-QI and DEAQ-QI and effects of GSTP1 

The stress responses induced by AQ-QI and DEAQ-QI exposure were measured with a 
high-content image-based BAC-GFP stress responses reporter assay for oxidative stress, 
ER stress, DNA damage stress and inflammatory stress [30, 31]. BSO treatment was not 
included, because this already induced a significant oxidative stress response (data no 
shown). Up to respectively 70 µM and 40 µM, the parent AQ or DEAQ did not 
significantly activate any of the tested stress response pathways, which is consistent with 
the limited onset of cytotoxicity by these compounds. However, exposure to AQ-QI or 
DEAQ-QI resulted in a rapid, marked activation of the ER stress response. Interestingly, all 
other tested pathways (oxidative stress, DNA damage, and inflammatory stress) were not 
significantly activated by either AQ-QI or DEAQ-QI treatment (data not shown). As shown 
in Figure 7, in mock- and GSTP1-transfected HepG2 cells dose- and time- dependent up-
regulations of CHOP-GFP signal were detected for both AQ-QI and DEAQ-QI. Although a 
minor inhibition of the ER stress response by GSTP1 was observed (comparing 
corresponding curves in Figure 7A and B, Figure 7C and D), no statistical difference was 
found between mock- and GSTP1-transfected cells. 

DISCUSSION 

The contribution of oxidative metabolism of AQ to cytotoxicity has previously been 
demonstrated by several studies [11-13]. Recently, it was shown that recombinant human 
GSTs, in particular GSTP1, are able to significantly catalyze the inactivation of AQ-derived 
QIs by GSH-conjugation [22] (Figure 1). Therefore, in the present study, a cell-based in 
vitro system was established to evaluate the protective effects of GSTP1 in a cellular 
context. Even though GSTP1 is generally not expressed in human hepatocytes [23], this 
enzyme was selected as a model GST aiming at exploring GST’s role in protecting against 
reactive drug metabolites in cells. Furthermore, GSTP1 is often up-regulated under stress 
conditions and in tumors [17]. We circumvented the need for CYP-mediated bioactivation 
of AQ by exposing the cells to the synthetic QIs of AQ and DEAQ, the major oxidative 
metabolite of AQ. When using CDNB as substrate, GST activities in mock- and GSTP1-
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transfected HepG2 cells were in a similar range as reported previously in mock- (and 
GSTP1-)transfected HepG2 cells [42-44]. Low basal level of CDNB activity observed in 
mock HepG2 cells most probably contributed from low levels of other GST isoforms, since 
GSTP1 is not expressed in HepG2 cells [23]. Nevertheless, the 29-fold increase of CDNB 
activity observed in GSTP1-transfected cells unambiguously demonstrated the over-
expression of functional GSTP1. 

 

 

Figure 7. Time dynamics of CHOP-GFP reporter activation following exposure to AQ-QI (A and B) or DEAQ-
QI (C and D). Prior to exposure, HepG2 DDIT3/CHOP-GFP cells were transfected with empty vector (A and C) 
or GSTP1 cDNA (B and D). Statistical significant differences with corresponding vehicle control from each 
group are denoted with  ‘*’ when  p < 0.05, ‘**’ when  p < 0.01, and ‘***’ when  p < 0.001; analyzed by linear 
mixed effect model as described in detail in Materials and Methods. 

The differences in sensitivity for cytotoxicity between mock- and GSTP1-transfected 
HepG2 cells towards AQ-QI and DEAQ-QI were evaluated by assessment of cell viability, 
caspase 3 activity, intracellular GSH conjugation of QIs, alterations in cellular GSH 
homeostasis and induction of adaptive stress responses. Cytotoxicity of AQ in HepG2 cells 
was minimal, while exposure to DEAQ decreased cell viability, especially above 100 µM. 
As expected, the chemically reactive metabolites, AQ-QI and DEAQ-QI, were much more 
cytotoxic and displayed comparable and steep dose-dependent decreases in cell viability. 
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Cytotoxicity of both QIs increased under GSH-depleted conditions, indicating that GSH is 
important as scavenger of the reactive QIs by GSH conjugation and as endogenous 
antioxidant (Figure 1).  Interestingly, in contrast to the cell viability assays, caspase 3 
activation, a marker for apoptotic activation, by AQ-QI and DEAQ-QI was higher without 
BSO pre-treatment (Figure 4). The difference between the effects of both QIs on the cell 
viability (Figure 2) and caspase 3 activation (Figure 4) suggests that upon GSH depletion, 
the decrease in cell viability is not only apoptosis dependent but also most likely depends 
other cell death pathways, such as necrosis [45]. 

IC50 values of QIs under GSH-depleted conditions were around 20 µM (Figure 2), which is 
higher than the plasma concentrations of AQ and DEAQ found in patients, normally in 
nanomolar to micromolar ranges [46-48]. However, hepatic concentrations of AQ and 
DEAQ are likely higher as AQ strongly accumulates in the liver [49]. Although QI levels in 
vivo may be lower, exposure continues for a prolonged period of time as the half-life of 
DEAQ is 10 to 12 days [50, 51]. In the current HepG2 cell model, in which prolonged 
exposure is not feasible, the use of relatively high QI concentrations in a short timeframe 
allows for the identification of underlying mechanisms and pathways, as has been done 
previously in similar studies with hepatic toxicants [12, 15]  and other reactive drug 
metabolites such as N-acetyl-p-benzoquinonimine (NAPQI) [52, 53].  

Although a large fraction of the QIs was reduced back to the parent compound AQ and 
DEAQ, GSTP1 increased the detoxification of the remaining AQ-QI and DEAQ-QI by 
catalyzing its conjugation to GSH (Figure 5). The relative contribution of GSTP1 to GSH-
conjugation of both QIs was highest at GSH-depleted conditions, while in absolute 
quantities a higher GSTP1-dependent increase of GSH conjugate formation was seen 
without BSO pre-treatment. A small portion of treated-QIs was neither recovered as 
reduced AQ and DEAQ nor as conjugated AQ-SG and DEAQ-SG. This indicates that a 
small portion of reactive QIs might bind to cell membranes or to plastic, leading to an 
underestimation of toxicity of the QIs. QIs-induced caspase 3 activation was completely 
abolished in GSTP1-transfected cells, independent of BSO pre-treatment (Figure 4). 
Additionally, GSTP1-transfected HepG2 cells were significantly more resistant against the 
cytotoxicity of both QIs under GSH-depleted conditions (Figure 3). Together, these results 
indicate a more critical role of GSTP1 under low GSH concentration. The more efficient 
conjugation of the QIs to GSH may have reduced covalent modification of cellular 
macromolecules, like ER proteins Grp78/Bip [54], microsomal GST[55] and PDI [56]. 
GSTP1 itself can also function as a target, as has been shown for chemically reactive 
metabolites derived from acetaminophen [57] and diclofenac [58].  

In many studies, transfected cell lines have been used to demonstrate the protective role of 
GSTs towards cytotoxicity or mutagenicity due to environmental carcinogens, such as 
polycyclic aromatic hydrocarbons [43, 59, 60], anti-tumor alkylating agents, such as 
doxorubicin [61, 62] and  cisplatin [44], and hepatotoxic drugs such as diclofenac [63], 
isoniazid and acetaminophen [64]. However, the mechanisms of GSTP1-mediated 
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protection are not always clear. GSTP1 as a modulator in cell survival and/or apoptotic 
signaling pathways has been well-established [16, 17]. Drug resistances observed in tumor 
tissues have been associated with the overexpression of GSTP1, which effectively blocks 
JNK signaling pathways [65] while specific inhibitors of GSTP1 induce activation of JNK 
[66]. In the present study, overexpression of GSTP1-1 blocked activation of caspase 3 by 
AQ-QI and DEAQ-QI (Figure 4). Thus GSTP1-mediated JNK modulation leading to 
inhibition of pro-apoptotic signaling pathway may contribute to the protective effect of 
GSTP1 against QIs-induced cytotoxicity. In line with this hypothesis, activation of caspase 
3 by tamoxifen, which is known to cause JNK-mediated apoptosis [35], was also 
significantly attenuated by GSTP1 (Figure S4), which cannot be explained by GSTP1-
mediated inactivation of reactive metabolites in the absence of bioactivation of tamoxifen 
in HepG2 cells.  

Although reactive QI formation has been associated with AQ-induced (cyto)toxicity in vitro 
[12, 13] and in vivo [67, 68], the exact cellular mechanisms and pathways of AQ-QI and 
DEAQ-QI toxicity remain poorly understood. More recently, it is becoming well-
recognized that a better understanding of cellular signaling pathways alternation under 
toxicological insult will benefit the risk assessment and early stage prediction of drug 
toxicity [69]. For the understanding of how QIs induced cytotoxicity at cellular level, 
activation of adaptive stress responses was investigated for DNA damage (p21), oxidative 
stress (Srnx1), inflammation (IcamI), and ER stress (CHOP) using a HepG2-based GFP-
reporter assay [30, 31]. Unfortunately, because of activation of these adaptive stress 
response pathways by BSO treatment itself, these assays could not be performed with the 
QIs in presence of BSO. As shown in Figure 7, only the ER stress response was activated 
following QIs exposure while all the other stress response pathways were not activated. 
Congruent with the lack of the oxidative stress (Keap1/Nrf2/Srxn1) response activation, the 
intracellular GSH/GSSG ratio was not significantly decreased upon QI exposure (Figure 6). 
Many chemicals have been reported to induce ER stress and subsequently cause toxicity in 
hepatic and extra-hepatic cells [70-73], in particular chemically reactive benzoquinones 
which may react directly with ER proteins[53, 74]. Mild ER stress assists cells with 
surviving from intrinsic or external insults. However, in case of persistent and/or larger ER 
stress prevailing over the cellular defensive mechanisms, cell injury and activation of 
various pro-apoptotic signaling pathways take place [75]. Actually, the unfolded protein 
response (UPR) in ER, triggering sequential signaling pathways eventually leading to 
apoptosis has been well-established in eukaryotic cells [76, 77]. Since CHOP exhibits an 
essential role in ER stress-mediated apoptosis [78, 79] including drug-induced toxicity in 
HepG2 cells [71], the rapid CHOP activation upon treatment of HepG2 cells with QIs 
(Figure 7) indicated that cytotoxicity of AQ-QI and DEAQ-QI was accompanied by the 
activation of the adaptive ER stress response pathway and, likely, subsequent activation of 
apoptotic programs [71]. However, GSTP1 did not fully protect the cells against the onset 
and persistence of AQ-QI- and DEAQ-QI-induced ER stress response, indicating that the 
rapid protein modification by reactive QIs was not prevented to a sufficient extent. 
Apparently, the initial insult inflicted by the QIs is sufficient to induce a prolonged UPR 
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[80]. However, the activity of GSTP1 in conjugation of the QIs with GSH as well as its 
potential to influence signaling transduction, e.g. via binding to JNK [16, 17, 66], modifies 
the cellular response to prevent apoptosis. 

Unexpectedly, activation of p21 (DNA damage response), ICAM1 (inflammation response), 
or SRXN1 (oxidative stress response) by AQ-QI or DEAQ-QI was not observed, although 
DNA [81], TRPA1 [82], and Keap1 [83] are known targets for QIs. The modest decrease in 
GSH/GSSG ratios seen (Figure 6) is consistent with the lack of activation of an adaptive 
oxidative stress response pathway of QIs of AQ and a previous study [12]. Several 
chemically reactive drug metabolites, like NAPQI, are known to target Cys-residues of 
Keap1 leading to activation of Nrf2 [83]. It is therefore interesting to compare the 
modifying potential of AQ- and DEAQ-QI to modify Keap1 with the potential of NAPQI.  

The current study focuses on the protective role of GSTP1, whereas other GSTs need 
attention. In our earlier work, the major hepatic GST isoforms, GSTA1, A2, and M1 
exhibited much lower activities in catalyzing GSH-conjugation of AQ-QI and DEAQ-QI 
compared to GSTP1 [22]. Nevertheless, the abundance of those major hepatic GST 
isoforms can be up to 100 µM in human liver [84], thus the protection from these hepatic 
GST isoforms against AQ-induced hepatotoxicity cannot be excluded. Furthermore, this 
study implies the potential protective role of GSTP1 in other tissues, such as neutrophils 
[85], where high expression of GSTP1 may protect against AQ-induced agranulocytosis. 

 

Figure 8. Proposed working model of toxicity of AQ-QI and DEAQ-QI and GSTP1-mediated protection in 
HepG2 cells. Reactive moieties in strutures are indicated in red. R represents different subsitutal groups. For AQ-
QI, R= -CH2CH3; for DEAQ-QI, R= -H. AQ-QI and DEAQ-QI deplete cellular GSH while biotransformed to 
AQ-SG and DEAQ-SG, respectively, by GSH conjugation. Meanwhile, ER stress response (CHOP) is activated 
by the protein modification of QIs and apoptosis is subsequently induced. GSTP1-mediated protection against 
reactive QIs of AQ is proposed via enhancing the GSH-conjugation of QIs inhibiting downstream apoptoic 
cellular pathways. 

In summary, we identified ER stress as the main adaptive stress response caused by AQ-QI 
and DEAQ-QI and evaluated the protective role of GSTP1 using a transfected HepG2 cell 
model. Expression of GSTP1 protected against loss of cell viability under GSH-depleted 
condition, blocked caspase 3 activation and increased GSH-conjugation upon AQ-QI and 
DEAQ-QI treatment. The immediate activation of the adaptive ER stress response was 
reduced, but not blocked by GSTP1, presumably due to the low threshold of ER stress. 
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Altogether, as proposed in the model in Figure 8, we conclude that the protein-reactive QIs 
of AQ mainly cause UPR and trigger ER stress, eventually leading to apoptosis in HepG2 
cells. Moreover, GSTP1 protects the cells by enhancing GSH-conjugation, which might 
lead to a reduced protein modification, and preventing apoptosis. 

SUPPLEMENTARY INFORMATION 

 

Figure S1. Mass spectra and assignment of ion fragments of synthetic AQ-QI (A) and DEAQ-QI (B).   
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Figure S2. Effect of DMF concentrations on HepG2 cell viability. HepG2 cells at density of 1×104 per well were 

treated with BSO 24 h prior to exposure. Different concentrations of DMF were treated to cells for 2.5 h. Cell 

viability was measured as described in Materials and Methods section. Bars represent the mean ± SD (n=10). 

 

Figure S3. Time dependency of viability of HepG2 cells upon the exposure of AQ-QI (A) and DEAQ-QI (B). 
Cells at density of 1×104 per well were exposed to 50 µM AQ-QI (A) and 30 µM DEAQ-QI (B) for different time 
periods and cell viability was measured after 16 h of each exposure with resazurin reduction assay, as described in 
details in Materials and Methods section. 
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Figure S4. Caspase 3 activity in mock- and GSTP1-transfected HepG2 cells following a 2.5 h exposure to 50 µM 
Tamoxifen (TAM) as a positive control. Caspase 3 activity was used as measure for cell death by apoptosis and is 
presented as percentage relative vehicle control (0.5% DMSO) in mock-transfected cells. Each bar represents the 
mean ± SD from triplicate experiments. Statistical significant differences with vehicle control are denoted with ‘a’ 
and with corresponding mock-transfected control are denoted with ‘b’, using the following p values: * p < 0.05; ** 
p < 0.01; *** p < 0.001 (Student’s t test). 
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ABSTRACT 

Human glutathione transferase T2-2 (GSTT2-2) is one of the enzymes considered to play a 
role in inactivation of toxicants and carcinogens. The expression level of this enzyme is 
determined by genetic and environmental factors, which may lead to differences in 
susceptibility. As a specific assay for GSTT2-2 so far a spectroscopic assay based on GSH-
conjugation of menaphthyl sulfate (MSu) was used. This spectrophotometric assay, 
however, appeared too insensitive to accurately quantify the GSTT2-2 activities in a panel 
of 20 human liver samples. More recently, expression levels of GSTT2-2 in biological 
samples are quantified by measuring mRNA levels. Since mRNA-levels not always 
correlate well with enzyme activity a specific and sensitive assay is required. In the present 
study a highly sensitive high-performance liquid chromatography (HPLC)-based method 
was developed. By applying the new method, firstly, the specificity of GSTT2-2 among 15 
recombinant human GST isoforms in catalyzing GSH-conjugation of MSu was confirmed. 
By applying the method to individual liver fractions, a 65-fold inter-individual variation of 
GSTT2-2 activity was found. As a second application, the role of GSTT2-2 in GSH-
conjugation of the environmental carcinogen 1-methylpyrene sulfate (MPS) was studied by 
correlation analysis with GSTT2-2-catalyzed MSu conjugation. The relatively poor 
correlation suggested that other GSTs also contribute to MPS-conjugation, as confirmed by 
incubations with recombinant GSTs.  

INTRODUCTION 

Human glutathione transfereases (GSTs) are important phase II enzymes ubiquitously 
expressed in different tissues. Because they catalyze the inactivation of electrophiles and 
hydroperoxides using the cofactor glutathione (GSH), they play an important protective 
role against role in the elimination of potentially toxic and carcinogenic chemicals, 
including drugs, pesticides, and environmental pollutants. Based on their subcellular 
localizations, human GSTs can be divided into three subclasses namely cytosolic GSTs, 
microsomal GSTs and mitochondrial GSTs [1]. The cytosolic human GSTs are dimeric 
proteins and are the most extensively-studied subclass regarding their contributions as a 
protective enzyme system. The human cytosolic GSTs are further divided in seven distinct 
classes: Alpha (A), Mu (M), Pi (P), Theta (T), Omega (O), Sigma (S), and Zeta (Z) [2]. 
Amongst them, the GST theta class enzymes are relatively less studied compared to the 
major cytosolic GSTs. However, the genetic polymorphisms of Theta class GSTs have been 
associated with increased risk for chemical-induced DNA-damage which my lead to 
increased risk of cancers [3].  

The human Theta class GST is composed of two isoforms, GSTTT1-1 and GSTT2-2. These 
GSTs differ from the other cytosolic enzymes by having a relatively low affinity to GSH, 
which explains that they cannot be isolated from tissue extracts by GSH affinity 
chromatography [4]. Furthermore, GSTTT1-1 and GSTT2-2 do not conjugate 1-chloro-2,4-
dinitrobenzene (CDNB), which is a general substrate for all other GSTs [4, 5]. Selective 
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substrates for the theta class GSTs are 1,2-epoxy-3-(p-nitrophenoxy)propane (EPNP) which 
is selective for GSTT1-1 [6, 7] and 1-menaphthyl sulfate (MSu) which appeared to be 
selective for GSTT2-2 [8-11]. However, the selectivity of GSH-conjugation of MSu for 
GSTT2-2 has not been studied with the full spectrum of human GSTs yet. So far, the GSH-
conjugation of MSu has been performed by a spectrophotometric method [8]. Although this 
method has advantages of low-cost lab facilities and quick assay duration, disadvantages 
are the lacking of sensitivity and accuracy with complicated matrices. These disadvantages 
limited its application to samples with low GSTT2-2 expression levels, such as cell lines. 
As alternative methods to determine GSTT2-2 expression levels, mRNA levels and western 
blot assays are used [12, 13]. However, it has been demonstrated that mRNA-levels of drug 
metabolizing enzymes sometimes poorly correlate with protein levels and enzyme activity 
[14, 15]. Furthermore, western blot analysis is not able to distinguish between active and 
inactive enzymes. Therefore, a more sensitive method for the measuring of GSTT2-2-
catalyzed GSH-conjugation of MSu is required. 

Although it has been demonstrated by immunochemical methods that human GSTT2-2 is 
expressed in multiple organs, the expression levels and variability of GSTT2-2 activity in 
human tissues is still poorly studied. Inter-individual variability of GSTs is generally 
considered to have a significant impact on internal exposure to reactive drug metabolites, 
which may thereby affect susceptibility to toxicity and carcinogenicity [16-18]. Although in 
contrast to GSTT1-1, no null genotype has been identified for GSTT2, a deletion of the 
neighboring GSTT2b pseudogene was shown to result in a very strong decrease in the 
enzyme expression level [19]. This deletion has been associated with an increased risk of 
esophageal squamous cell carcinoma [20]. Furthermore, a G537A mutation in the promotor 
area of GSTT2, which leads to lower transcription of GSTT2, has been associated with 
increased risk for colorectal cancer [21]. 

Mutagens that have been identified as substrates for GSTT2-2 include N-acetoxy-PhIP [22], 
secondary lipid peroxidation products, organic hydroperoxides, and sulfate esters of 
methylated polycyclic aromatic hydrocarbons (PAHs) [23]. The selectivity towards sulfate 
esters can be rationalized by the presence of a sulfate binding pocket which was found in 
the crystal structure of GSTT2-2 [24]. 1-Methylpyrene (MP) is one of the methylated 
polycyclic aromatic hydrocarbons and has been detected in cigarette smoke at levels 
exceeding that of benzo[α]pyrene [25, 26]. As the ultimate carcinogen of MP [27], 1-
methylpyrene sulfate (MPS) is formed by sequential benzylic hydroxylation and sulfation 
by catalysis of sulfotransferases. MPS has been shown to bind covalently to DNA forming 
N2-(1-methylpyrenyl)-2’-deoxyguanosine (MPdG) and N6-(1-methylpyrenyl)-2’-
deoxyadenosine (MPdA) in in vitro and in vivo experiments [28]. The excretion of S-
((pyrene-1-yl) methyl) N-acetylcysteine (MPMA) in rat urine [29] indicated an 
involvement of GSH-conjugation pathway in vivo. Although several non-reactive sulfate 
esters of methylated PAHs have been tested with GSTT-2, the role of human GSTs in 
detoxifying MPS has not been characterized yet.  
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The major aims of the present study are, i) to establish a sensitive HPLC-UV-based method 
to enable accurate quantification of human GST T2-2 activity using MSu as a substrate; ii) 
to apply this method for the characterization of the specificity by comparing 15 
recombinant human GSTs; iii) to determine the inter-individual variation of activity and to 
estimate the expression level of GSTT2-2 in a panel of human liver cytosol (HLC) from 20 
different donors; iv) to characterize the role of GSTT2-2 in the detoxification of MPS by 
applying by correlation analysis and recombinant human GSTs.  

 

Figure 1. Representative chromatograms of MSG and MSu from standard and incubation samples, analyzed by 
HPLC-UV-based assay established in the current study. (A) MSG reference sample at 0.13 µM, lowest limit of 
quantification; (B) MSG reference sample at 6.5 µM; (C) incubation sample containing only 100 µM MSu and 5 
mM GSH; (D) incubation sample of 100 µM MSu with 0.2 µM recombinant human GSTT2-2 in the presence of 
5 mM GSH; (E) incubation sample of 100 µM MSu with 5% of human liver cytosol from donor S1399T in the 
presence of 5 mM GSH; (F) Linear standard curve of MSG ranging from 0.13 to 32.5 µM. 

 

MATERIALS AND METHODS 

Materials 
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Recombinant human GST isoforms A1-1, A2-2, A3-3, A4-4, M1-1, M2-2, M3-3, M4-4, 
P1-1*A, P1-1*B, P1-1*C, P1-1*D, K1-1, T1-1, and T2-2 were expressed and purified 
according to the protocols published previously [18]. Pooled HLC was purchased from BD 
Biosciences (Breda, The Netherlands). Individual HLC was prepared from liver fractions 
from 20 donors kindly provided by Kaly-Cell (Strassbourg, France). MSu and S-(1-
menaphthyl) glutathione (MSG) were synthesized according to previously described 
methods [30, 31]. MPS was kindly provided by Prof. Hansruedi Glatt (German Institute of 
Human Nutrition, Berlin, Germany). GSH, ammonium acetate, formic acid and ammonium 
hydroxide were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands). All other 
chemicals and reagents were of analytical grade and obtained from standard suppliers.  

 
Figure 2. Comparison of HPLC –based and spectrophotometric assays for GSTT2-2 activity measurement in 
pooled human liver cytosol (HLC) using MSu as a substrate. (A) UV spectra of absorbance at 298 nm of 
incubations containing 0.144 (black), 0.288 (blue), and 0.72 (red) mg/mL pooled HLC; (B) HPLC 
chromatograms of MSG formation from incubations containing 0.0288 (black), 0.288 (blue), and 0.72 (red) 
mg/mL pooled HLC. Details of incubation conditions were described in the Materials and Methods section. 
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Analysis of GSH-conjugation of MSu by spectrophotometry and by HPLC-UV 

The GSH-conjugation of MSu was determined by the spectrophotometric method as 
described by [8]. Incubations were performed in a final volume of 1 mL 100 mM KPi 
buffer, pH 7.4, containing recombinant human GSTs or HLC (pooled and individual), 5 
mM GSH and 100 µM MSu. After starting the reaction by addition of GSH, the increase in 
absorbance at 298 nm was recorded for 10 min using an Ultrospec 2000 UV/visible 
spectrophotometer (Pharmacia Biotech, Cambridge, England). 

Because the spectrophotometric method appeared not sensitive enough to accurately 
quantify the activity in incubations with HLC, an HPLC-UV method was established. 
To this end, incubations as described above were terminated by the addition of 1% 
perchloric acid (HClO4) (final concentration) and centrifuged at 14,000 rpm to 
precipitate the proteins. The supernatants were analyzed on a Shimadzu HPLC system 
consisting of two LC-20AD binary pumps, a SIL-20AC auto-sampler (cooled at 4 oC), 
and a SPD-20A UV/VIS detector set at 298 nm. Chromatographic separation of 
analytes was performed with a Luna 5 µm C8 column (50 mm × 3 mm) and a gradient 
composed of solvent A (10 mM ammonium acetate, pH 8.0 adjusted with ammonium 
hydroxide) and solvent B (100% acetronitrile). The flow rate was set at 0.5 mL/min 
and the gradient was programmed as follows: 0 to 2 min, isocratic 10% B; 2 to 12.5 
min, linear increase from 10% B to 35%B 12.5 to 13 min, linear increase from 35% B 
to 99% B; 13 to 13.5 min, linear decrease from 99% B to 10% B; 13.5 to20 min 
isocratic at 10% B.  

Isoenzyme selectivity of GST-catalyzed GSH conjugation of MSu 

Previous studies on the specificity of GSH-conjugation by GSTT2-2 were performed 
with an incomplete set of human GSTs. Therefore, in the present study 15 recombinant 
human GSTs were incubated at a GST concentration of 50 nM with 100 µM MSu at 
37oC for 10 min. The major hepatic GST isoforms, GSTA1-1, A2-2, and M1-1 were 
also incubated at an enzyme concentration of 100 µM, which is the highest 
concentration found in HLC [32, 33].  All incubations were performed in 100 mM 
potassium phosphate (KPi) buffer, pH 7.4, in the presence of 5 mM GSH at a final 
volume of 200 µL in duplicate. Incubations were initiated by the addition of MSu and 
terminated with ice-cold HClO4 at a final concentration of 1% (v/v) and cooled on ice 
for 10 min. Precipitates were removed by centrifugation for 15 min at 14,000 rpm. The 
supernatants were analyzed by HPLC-UV as described in Analytical Methods section.  

Enzyme kinetics of GSH conjugation of MSu catalyzed by recombinant human 
GSTT2-2 and pooled HLC 

The enzyme kinetical parameters of GSH conjugation of MSu by recombinant hGSTT2-2 
were determined by varying the MSu-concentration from 0.5 to 50 µM. Incubations were 
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performed at 37 oC in 100 mM KPi buffer, pH 7.4, in the presence of 5 mM GSH and 50 
nM recombinant human GSTT2-2. This concentration of GSTT2-2 was selected based on 
the linear range of enzyme concentration-dependency of MSG formation (Supplemental 
Figure S1). All incubations were performed in a total volume of 200 µL and were pre-
incubated at 37oC for 5 min. Reactions were started by the addition of GSH. After 2 min, 
the incubations were terminated by addition of HClO4  (1% final concentration, v/v). The 
analysis of samples was the same as described above. Enzyme kinetics of GSH conjugation 
of MSu with pooled HLC were performed using 0.72 mg/mL HLC. MSu concentrations 
ranging from 0.1 to 50 µM were used to study the enzyme kinetics. Incubations were 
performed at 37oC for 10 min based on linearity of reaction (Supplemental Figure S2). All 
other conditions were the same as described for recombinant human GSTT2-2. 

Enzyme kinetical parameters were calculated by nonlinear regression using the Michaelis–
Menten equation or the substrate inhibition equation with GraphPad Prism 5 software (San 
Diego, CA, USA). 

Characterization of GSTs involved in the GSH-conjugation of MPS 

To investigate which GSTs are able to catalyze GSH-conjugation of MPS,  MPS was 
incubated at a concentration of 100 µM with the 15 available recombinant human GST 
isoforms at an enzyme concentration of 8 µM. Incubations were performed in 100 mM KPi 
buffer, pH 7.4, in the presence of 5 mM GSH for 1 h at 37oC. Reactions were started by 
adding MPS and terminated by adding an equal volume of ice-cold acetonitrile. Samples 
were cooled on ice for 10 min and centrifuged for 15 min at 14000 rpm. The GSH-
conjugate formed, MP-SG, was quantified using the HPLC method of Reinen, Vriese, Glatt 
and Vermeulen [34], with minor modifications. Samples at 50 µL of supernatant were 
analyzed using a Shimadzu HPLC system consisting of two LC-20AD binary pumps, a 
SIL-20AC auto-sampler, and a SPD-20A UV/VIS detector coupled with a reversed-phase 
C18 column (ChromSpher, 5 μm, 100 × 3 mm, Chrompack, Middelburg, The Netherlands). 
A gradient composed of solvent A (5% of acetonitrile and 95% of 10 mM ammonium 
acetate, pH adjusted to 5 with formic acid) and solvent B (95% of acetonitrile and 5% of 10 
mM ammonium acetate) was used. The gradient was programmed as follows: gradient 
elution from 5% B to 90% B for 4.5 min, isocratic elution at 90% B for 4 min, gradient 
elution back to 5% B from 8.5 to 9 min, and isocratic elution at 5% B from 9 to 15 min. 
The flow rate was 0.5 mL/min and UV detection was set at a wavelength of 346 nm. MP-
SG reference was obtained by quantitative conversion of samples with varying 
concentrations of MPS, since MP-SG is the only metabolite in this biotransformation 
reaction. The standard curve of MP-SG appeared linear within the range of 0.26 to 52.63 
µM. 

The correlation between GST-conjugation of MPS and MSu was studied by using a panel 
of HLC from 20 donors. Each individual HLC fraction was incubated for 30 min at 37 oC 
with 100 µM MSu or MPS, at a protein concentration of 2 mg/mL and in presence of 5 mM 
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GSH. Reactions were performed in a final volume of 200 µL and in duplicate and started 
and terminated as described above. Correlation analysis of formation rates between MP-SG 
and MSG was performed using a Spearman’s correlation test with GraphPad Prism 5 
software (San Diego, CA, USA). P < 0.05 was regarded as statistically significant and all 
tests were two-sided.  

RESULTS 

Validation of the HPLC-UV method for the analysis of MSG and MSu 

A sensitive HPLC-UV-based assay for the quantification of MSG formed by GSTT2-2 was 
established. Representative HPLC chromatograms of reference compounds and incubation 
samples are presented in Figure 1. The retention times of MSG and MSu were 9.6 and 11.1 
min, respectively. When incubating MSu with both recombinant human GST2-2 (Figure 
1D) and HLC (Figure 1E), MSG was found to be the only metabolite. No MSG formation 
was found in incubations in the absence of GSTT2-2 fraction (Figure 1C). The lowest limit 
of quantification of MSG using this HPLC-UV method was 0.13 µM, as shown in Figure 
1A. Linear calibration curve of MSG were obtained from 0.13 to 32.5 µM, as shown in 
Figure 1F.  

To compare the sensitivity of the HPLC-UV method with that of the spectrophotometric 
assay of Gillham [8], incubations were performed at different concentrations of pooled 
HLC. As shown in Figure 2A, at a HLC-concentration of 0.288 mg/mL the 
spectrophotometric assay showed only a weak slope with an increase in absorbance over 10 
minutes of approximately 3 times to the noise. Only at a HLC-concentration of 0.72 mg/mL 
the increase in absorbance was more than 10 times to the noise, which is usually considered 
as the lowest limit of quantification. However, when analyzed by HPLC-UV the MSG 
could still be quantified accurately in incubation containing 0.0288 mg/mL pooled HLC, 
Figure 2B. Thus the sensitivity of the current HPLC-UV assay is estimated to be 
approximately 25-fold higher than that of the spectrophotometric assay.  

Isoenzyme selectivity of GST-catalyzed GSH conjugation of MSu 

To confirm the selectivity of MSu as a GSTT2-2-specific substrate, 15 recombinant human 
GST isoforms were incubated at an enzyme concentration of 50 nM with 100 µM MSu and 
in the presence of 5 mM GSH. As shown in Figure 3A, only GSTT2-2 exhibited a high 
activity in the formation of MSG. None of the other GST isoforms showed significant 
MSG-formation when incubated at 50 nM enzyme concentration. Because GSTA1-1, 
GSTA2-2, and GSTM1-1 can have hepatic concentrations up to 100 µM, these recombinant 
enzymes were also incubated at 100 µM with MSu at identical condition as mentioned 
above. Figure 3B shows that these GSTs at 100 µM only formed small amounts of MSG, 
being less than 10% of the amount formed by 50 nM GSTT2-2. 
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Figure 3. Specificity of GSTT2-2-catalyzed menapthyl GSH-conjugate (MSG) formation. Incubation 
conditions, each recombinant human GST isoform at 50 nM was incubated with 100 µM of menapthyl sulfate 
(MSu) in the presence of 5 mM GSH for 10 min at 37oC. Insert show the incubations of recombinant human 
GSTA1-1, GSTA2-2, GSTM1-1 at 100 µM, and GSTT2-2 at 50 nM incubating with 100 µM MSu in the 
presence of 5 mM GSH for 10 min at 37oC. Each bar represents average ± range from two separate 
incubations. 

Enzyme kinetics of GSH-conjugation of MSu by recombinant human GSTT2-2 and 
pooled HLC 

To further characterize the GSH-conjugation of MSu by recombinant human GSTT2-2 and 
pooled HLC, enzyme kinetic studies were performed. Protein concentrations and incubation 
times were first optimized with regard to linearity of product formation, Supplemental 
Figure S2. As shown in Figure 4A, for recombinant human GSTT2-2, the formation of 
MSG increased up to an MSu concentration of 10 µM. When MSu concentrations were 
higher than 10 µM, a decrease in MSG formation was observed. By fitting data into 
substrate inhibition equation, Km was calculated as 1.7 ± 0.5 µM, Vmax as 623 ± 84 
nmol/min/mg protein, and Ki of 28.1 ± 9.5 µM. Interestingly, no substrate inhibition pattern 
was observed for pooled HLC kinetics (Figure 4B). The Km value in this case was 0.4 ± 
0.04 µM, and Vmax value was 132.0 ± 2.7 pmol/min/mg cytosolic protein. 
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Figure 4. Enzyme kinetics of human recombinant 
GSTT2-2 (A) and pooled HLC (B) probed by MSu 
GSH-conjugation reaction. Incubation conditions, (A) 
recombinant human GSTT2-2 at 50 nM was 
incubated with MSu ranging from 0.5 to 50 µM in the 
presence of 5 mM GSH at 37oC for 2 min; (B) pooled 
HLC at 0.72 mg/mL was incubated with MSu ranging 
from  0.1 to 50 µM in the presence of 5 mM GSH at 
37oC for 10 min. Solid lines are obtained by 
nonlinear regression using the Michaelis–Menten 
equation or substrate inhibition equation. Inserts show 
corresponding Eadie-Hofstee plot. 

Figure 5. Specificity of GSTT2-catalyzed methyl 
pyrene glutathione conjugate (MP-SG) formation. 
Each GST isoforms at 8 µM was incubated with 105 
µM of methyl pyrene sulfate (MPS) in the presence 
of 5 mM GSH for 5 min at 37oC. (A) concentrations 
of MP-SG formation; (B) percentage of MP-SG 
formation with GSTT2-2-catalyzed formation of MP-
SG normalized as 100%. Data are presented as 
average ± range of two separate incubations. 

Characterization of GSTs involved in the GSH-conjugation of MPS 

To characterize the GSTs involved in the GSH-conjugation of MPS, 105 µM MPS was 
incubated with 8 µM recombinant human GST isoforms for 5 min in the presence of 5 mM 
GSH. As in case of MSu, under these conditions no spontaneous GSH-conjugation was 
detected. As shown in Figure 5A, GSTT2-2 was the most active isoform. A few GST 
isoforms, such as GSTA3-3, A4-4, P1-1*B, P1-1*C and P1-1*D, weakly catalyzed the 
GSH-conjugation of MPS, with converting less than 5% MPS to MP-SG. In contrast, 
GSTT2-2 exhibited a remarkably high activity in catalyzing this reaction, with a formation 
of 45 µM MP-SG. With normalizing GSTT2 activity in catalyzing the formation of MP-SG 
as 100%, all other GST isoforms showed activities no more than 13% (Figure 5B). 
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Correlation analysis of activities of GSH-conjugation of MSu and MPS in 20 HLC 
donors 

 

Figure 6. Inter-individual variation of GSH-conjugation of MPS and human GSTT2-2 activity in 20 human 
liver donors. (A) Formation rates of MP-SG and MSG of 20 HLC. Activity of MP-SG formation is plotted as 
left Y-axis and activity of MSG formation is plotted as right Y-axis. Each bar represents average ± range from 
two separate incubations. (B) Spearman correlation analysis between GSH-conjugation of MPS and human 
GSTT2-2 activity (probed by MSu GSH-conjugation) in 20 human liver donors.  

To investigate the correlation between GSH-conjugation of MPS and human GSTT2-2 
activity, MP-SG and MSG formation were measured using a panel of HLC-fractions from 
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20 donors. As shown in Figure 6A, a 65-fold variability was observed using MSu as 
substrate (between S1329T and S1399T), reflecting a large variability in hepatic GSTT2-2 
expression. When using MPS as a substrate, however, only a 3.8-fold difference was found 
between the most and least active HPLC-fractions, S1449T and S1343T, respectively. 
These results implied the possibility of large variations of both expression level of GSTT2-
2 and detoxifying profiles of MPS among population. 

Although, a significant correlation was found between GSH-conjugation of MPS and MSu, 
Figure 6B (Spearman r=0.86, p<0.0001), the line does not cross the origin, suggesting the 
contribution of other cytosolic GSTs, consistent with the results with the recombinant GSTs, 
Figure 5. 

DISCUSSION 

In the current study, an HPLC-UV method was established for the accurate quantification 
of human GSTT2-2 in biological samples. With this method MSG concentration low to 
0.13 µM can be accurately quantified. Although several previous studies have used the 
spectrophotometric method to determine GSTT2-2 activity [4, 8, 11], the HPLC-UV 
method was found to be more than 25 times more sensitive (Figure 2). The more sensitive 
HPLC-based method can be used as a reliable tool for the analysis of in vitro samples 
containing low GST2-2 activity, of which the sensitivity of spectrophotometric assay is not 
high enough. Another advantage of the HPLC-based method is that it assesses both the 
formation of MSG and the depletion of MSu simultaneously, which would not be 
applicable for the spectrophotometric method. 

Even though the GSH-conjugation of MSu was considered as GSTT2-2-specific for 
decades, the specificity regarding comparison with other GST isoforms has not been 
comprehensively investigated. In the current study, by applying the established HPLC-UV 
method for quantifying MSG in MSu incubations, the high specificity of MSu as substrate 
for GSTT2-2 is confirmed. Even at 100 µM, the major hepatic GST isoforms GSTA1-1, 
GSTA2-2, and GSTM1-1 showed only a few percentage of the activity found with 50 nM 
GSTT2-2 [32, 33]. Because the other GST isoforms are either way less abundant or absent 
in the liver, they will not contribute to MSu GSH-conjugation.  

As an application of the HPLC-based method from current study, enzyme kinetics of MSu 
conjugation by purified recombinant GSTT2-2 and by pooled HLC was characterized. 
Previously, Hussey and Hayes [11] reported that purified GSTT2-2 from HLC exhibited a 
MSu GSH-conjugation activity of 497 nmol/min/mg protein. Later on, Tan et al. [35] 
described that recombinant human GSTT2-2 expressed in E. coli exhibited a Vmax value of 
237 nmol/min/mg protein and a Km of 4.8 µM. These values are in the same range with 
maximal velocity (623 nmol/min/mg protein) and Km (1.7 µM) obtained with the 
recombinant human GSTT2-2 in the present study. However, certain discrepancies were 
found compared with published data. For example, previous studies have never reported 
that enzyme kinetics of GSTT2-2 with MSu showing a substrate inhibition pattern (with the 
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same substrate concentration range used as in the present study), whereas a clear substrate 
inhibition curve was observed when MSu concentrations were higher than 10 µM (Figure 
3A). Interestingly, this substrate inhibition pattern was not observed in pooled HLC, where 
a typical hyperbolic Michaelis-Menten curve was obtained (Figure 3B). Additionally, 4-
fold lower Km (0.4 µM vs. 1.7 µM) observed in pooled HLC suggested that the matrix of 
HLC, most probably other cytosolic proteins interacting with GSTT2-2, might have an 
impact on the binding of MSu to GSTT2-2.  Previous studies have demonstrated that 
several GSTs have other functions, next to catalyzing GSH-conjugation or peroxide-
hydrolysis, such as physical interaction with proteins involved in signaling pathways (Tew 
and Townsend, 2012).  It therefore cannot be excluded that GSTT2-2 also has other 
functions. 

Besides enzyme kinetics characterization of GSTT2-2, the novel HPLC-UV method was 
applied to characterize the variability of GSTT2-2 activity in HLCs.  By comparing the 
activities of a panel of 20 HLC fractions, a 65-fold variation of GSTT2-2 activity was 
observed (Figure 6), indicating that the inter-individual variability of this enzyme among 
population is very large. The basis of the large variability in this selection of HLC fractions 
is not known. However expression of GSTT2-2 can be determined by genetic factors, such 
as by mutations in the promotor region [21], and by the absence of the GSTT2B-
pseudogenes. Furthermore, in vitro studies have demonstrated that transcription of GSTT2-
2 can be strongly upregulated by plant polyphenols and butyrate [36, 37]. The fact that 
polyphenols and butyrate provided protection against oxidative stress caused by organic 
peroxides is indicative that GSTT2-2 regulation is one of the important protective stress 
responses. 

The big variability in GSTT2-2 activity will have most significant influence for 
(geno)toxicants which are highly dependent on GSTT2-2 for inactivation. The presence of a 
sulfate binding pocket in the crystal structure of GSTT2-2, suggests that the inactivation of 
mutagenic sulfate esters might be strongly dependent on GSTT2-2. In the present study, we 
examined the specificity of human GST isoforms in the detoxification of MPS. MPS is 
formed via sulfation of 1-hydroxylmethylpyrene (HMP), one of the major hydroxyl-
metabolites of the environmental carcinogen methylpyrene [28, 38]. The ultimate 
carcinogen is considered to be MPS, since this sulfate ester can spontaneously degrade to a 
reactive carbocation [27], which strongly binds to DNA. Our result show that GSTT2-2 is 
the most active GST catalyzing the GSH-conjugation of MPS, with the other isoforms 
showing less than 10% activity compared to that of GSTT2-2 (Figure 4). However, the 
relatively poor correlation with GSTT2-2-activities suggests that other GSTs may also 
contribute to GSH-conjugation of MPS in HLC. Overall, the big variation of both GSTT2-2 
activity and detoxification profiles of MPS observed in 20 individual HLC underlies a 
potential mechanism of inter-individual susceptibility to toxicants which are substrates of 
GSTT2-2.  
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In conclusion, in the present study a novel HPLC-based assay to quantify GSTT2-2 activity 
from different biological systems was validated. This new assay allows the quantification of 
GSTT2-2 activity in HLC, which was not possible with previously-used method. By 
applying the assay, specificity of GSTT2-2 in MSu GSH-conjugation, enzyme kinetics of 
recombinant human GSTT2-2 and pooled HLC were characterized. More importantly, big 
inter-individual variability of GSTT2-2 activity and detoxification profiles of MPS was 
demonstrated in a small set of population, by applying this assay. Furthermore, the big 
inter-individual variability of GSTT2-2 activity might underlie the inter-individual 
differences of susceptibility to MPS carcinogenicity, the ultimate environmental carcinogen 
of MP. 
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Figure S1. Recombinant human GSTT2-2 dependency of MSG formation. Incubations were performed with 
GSTT2-2 concentrations ranging from 0.02 to 0.2 µM and MSu at 100 µM in the presence of 5 mM GSH for 10 
min at 37oC. Initiation and termination of reactions were described in detail in Materials and Methods section. 

 

Figure S2. Concentration (A) and incubation time (B) dependency of MSG formation in pooled human liver 
cytosol (HLC). For concentration dependency experiment, varying concentrations of HLC were incubated with 
100 µM MSu in the presence of 5 mM GSH for 10 min at 37oC. For incubation time dependency experiment, 100 
µM MSu was incubated with 0.72 mg/mL HLC in the presence of 5 mM GSH for time varying from 2 to 15 min 
at 37oC.  
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SUMMARY 

Serious adverse drug reactions (ADRs) remain a significant problem during drug 
development and post-marketing stages. Even though extensive research has been 
performed, the understanding and prediction of diverse types of ADRs is still far from 
complete. Especially considering the most problematic ADRs, the idiosyncratic drug 
reactions (IDRs), which are rare and unpredictable and in several cases lethal [1]. Several 
hypotheses for the mechanisms of underlying IDRs have been proposed, however, not all 
cases can be fully explained by these mechanisms. The formation of and human exposure to 
chemically reactive metabolites (CRMs) is generally considered to play an essential role in 
ADRs and IDRs, in different manners [2-4]. Essential macromolecules such as proteins can 
be modified or oxidized by CRMs, which triggers the formation of reactive oxygen species 
(ROS) and toxicity, in some cases leading to immune-mediated toxicity. The internal 
exposure of CRMs in tissues is determined by formation and protection processes, which 
are predominantly catalyzed by drug metabolizing enzymes (DMEs). The disbalance 
between bioactivation and inactivation processes leading to high internal exposure of 
CRMs is suspected to be a potential risk factor explaining the susceptibility to ADRs. As 
illustrated in Figure 1, individuals with high bioactivation combined with lower 
inactivation capacities of toxic drugs are suspected to be more susceptible to ADRs and 
IDRs.  

 

Figure 1. Simplified scheme explaining the balance between bioactivation and inactivation, which is influencing 
the exposure of chemically reactive metabolites (CRMs) and subsequently impacting on adverse outcome in non-
susceptible individuals (A) and potentially more susceptible individuals (B). Figure adapted from Dr. Jan 
Commandeur, Vrije Universiteit, The Netherlands. 

Over decades, many studies have been performed to elucidate the risk factors for ADRs and 
IDRs and to improve the predictability of working models, however, not all risk factors in 
the bioactivation and inactivation processes are yet understood.  

The general aim of the research presented in this thesis was to study the possible role of 
DMEs and their interplay in determining the toxicological outcome of drugs at the 
molecular and cellular level, by using the anti-malaria drug Amodiaquine (AQ) and its 
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CRMs as model compounds. To this end, in chapter 2 and chapter 3, we characterized the 
involvement of phase I (CYPs and NQOs) and phase II (GSTs) isoenzymes in the 
metabolism of AQ and in the formation and detoxification of related CRMs. These studies 
aimed at the elucidation of the inter-individual variation of DMEs as a potential risk factor 
in AQ-induced toxicity. In chapter 4, the AQ-derived quinoneimines (AQ-QI and DEAQ-
QI) were employed as model compounds to elucidate cellular mechanisms and to identify 
both risk and protective factors of CRM-induced toxicities in a cellular system. In chapter 
5, the role of human glutathione S-transferase (GST) isoform T2-2, a previously overlooked 
phase II enzyme, in detoxifying CRMs and environmental carcinogens was characterized.  

Chapter 1 introduced the concept of ADRs and IDRs, with a brief description of their 
characteristics. Several hypotheses and currently known risk factors for ADRs and IDRs, 
such as immune system involvement, mitochondrial injury, inhibition of bile salt excretion 
pump (BSEP) and genetic variations were discussed. The formation of CRMs was 
introduced as a key factor in the onset of ADRs and IDRs. Additionally, biological 
functions, expression levels, inter-individual variability of three representative DMEs 
investigated in this thesis, namely CYPs, GSTs, and NQO1, and their potential impact on 
susceptibility to ADRs and IDRs were summarized. A few human liver cell-derived models, 
new cell culturing techniques and their applications in studies on the roles of DMEs in drug 
toxicity were overviewed as well. Moreover, the role of DMEs and CRMs formation in 
other proposed mechanisms of ADRs and IDRs were introduced. Besides, DME-catalyzed 
formation and elimination of CRMs as important molecular initiating events (MIEs) in the 
adverse outcome pathways (AOPs) concept and the prediction of drug toxicity in the hazard 
matrix assessment strategy was discussed. Lastly, AQ as a model drug for the study of roles 
of DMEs and CRMs in IDRs, and currently known mechanisms of AQ-induced 
idiosyncratic toxicity were summarized. 

Chapter 2 and chapter 3 focused on the characterization of phase I and phase II DMEs 
involved in the formation and elimination of CRMs of the model drug used throughout this 
thesis, AQ. AQ is widely used in the endemic area of Africa and Asia for more than 50 
years for the treatment of malaria. The ADRs of AQ reported are severe idiosyncratic 
agranulocytosis and hepatotoxicity, with very low incidences of around 0.05%. Oxidative 
bioactivation to protein-reactive quinoneimines (QIs) is considered to play an important 
role in the onset of AQ-induced toxicity [5, 6]. Previous studies showed that hepatic 
metabolism is important in the formation of a reactive QI of AQ (AQ-QI), and that GSH is 
able to spontaneously conjugate to AQ-QI, thus functioning as a protective factor. However, 
the individual DME-isoenzymes catalyzing these steps were not known at the start of this 
thesis. Another important feature of AQ is that after oral administration, the major 
metabolite, N-desethylamodiaquine (DEAQ) is the principle pharmacologically-active form 
in vivo while AQ plasma concentrations have a 100- to 240-fold lower AUC [7, 8]. In 
chapter 2 human liver microsomes (HLM) and recombinant CYP isozymes (a panel of 14 
isoforms) were used to study the kinetics of bioactivation of AQ and DEAQ and to 
characterize the CYP isoforms involved in the formation of reactive QIs of AQ and DEAQ, 
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namely AQ-QI and DEAQ-QI. GSH was used to trap reactive QIs formed in incubations of 
AQ and DEAQ. The results showed that even though AQ and DEAQ are prone to auto-
oxidation, also resulting in the formation of the two QIs, the enzyme-catalyzed formation of 
the QIs remains the major contributor to CRMs exposure in vivo (Figure S4, chapter 2). 
Bioactivation of AQ and DEAQ to the respective QIs in HLM both exhibited Michaelis–
Menten kinetics. For AQ bioactivation, the enzyme kinetical parameters were Km, 11.5 ± 
2.0 μmol/L, Vmax, 59.2 ± 3.2 pmol/min/mg and CLint, 5.15 μl/min/mg. For DEAQ, 
parameters were Km, 6.1 ± 1.3 μmol/L, Vmax, 5.5 ± 0.4 pmol/min/mg and CLint, 0.90 
μl/min/mg. Recombinant CYPs and inhibition studies with HLM showed that CYP3A4, 
CYP2C8, CYP2C9 and CYP2D6 are major isozymes contributing to the bioactivation of 
AQ and DEAQ. Collectively, chapter 2 showed that, considering its much higher AUC, 
DEAQ is likely to be quantitatively more important than AQ with respect to hepatic 
exposure to CRMs in vivo. Since it is well known that the expression levels and activity of 
hepatic human CYPs can vary strongly amongst populations [9, 10], Individuals with high 
levels of CYP3A4, CYP2C8, CYP2C9, and CYP2D6 may be more susceptible to 
hepatotoxicity upon AQ-therapy. 

Chapter 3 focused on the identification and characterization of human DMEs involved in 
the elimination of CRMs of AQ and DEAQ, in particular GSTs and NQO1. Human GSTs 
are important detoxifying DMEs protecting against various electrophilic compounds by 
catalyzing the conjugation of electrophiles to GSH. Besides GSTs, human NQO1 is also 
known as an important detoxifying DME, by catalyzing the two-electron reduction of 
quinoneimines. The activities of 15 recombinant human GSTs and NQO1 in the 
inactivation of the reactive QIs of AQ and DEAQ were determined, using HLM as a 
bioactivation system. The results showed that GSTP1-1, GSTA4-4, GSTM4-4, GSTM2-2 
and GSTA2-2 (activity in decreasing order) were active isoforms in catalyzing GSH 
conjugation of the QIs of AQ and DEAQ. Additionally, NQO1 showed competing activity 
to GSTP1-1 in the inactivation of the reactive QIs of AQ and DEAQ. By applying the 
major hepatic GSTs known from literature, the variability in the GST-catalyzed GSH-
conjugation profile in 22 liver donors was simulated in this study. Results showed a large 
variation in cytosolic GSH-conjugation of the QIs of AQ and DEAQ, especially at a 
reduced GSH-concentration condition (up to 59-fold difference). Altogether, these results 
indicate that both human GSTs and NQO1 may play important roles in the detoxification of 
the reactive QIs from AQ and DEAQ, via conjugation and reduction pathways, respectively. 
Especially at low GSH-concentrations, e.g. occurring under hepatotoxicity conditions, 
GSH-conjugation is strongly dependent on catalysis by GSTs. Thus variability in GST 
expression will have the most significant consequences at reduced GSH concentrations, e.g. 
under conditions of oxidative stress. Inter-individual variability in expression levels of 
GSTs and NQO1 will have a significant influence on the inactivation of the QIs of AQ and 
DEAQ. Combined with the conclusions from chapter 2 and chapter 3, high(er) 
susceptibility to AQ-induced toxicity might occur in individuals carrying high expression 
levels of bioactivating CYP isoforms (CYP3A4, CYP2C8, CYP2C9, and CYP2D6) in 
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combination with low expression levels of inactivating GST isoforms (GSTA2-2 and 
GSTA1-1) and NQO1.  

To translate and validate the findings at the molecular level to the cellular level, we applied 
a transgenic HepG2 cell model to unravel the mechanisms of cytotoxicity of the QIs of AQ 
and DEAQ, namely AQ-QI and DEAQ-QI, and to assess the protective role of GSTs in 
chapter 4. HepG2 cells were selected based on certain advantages as described in chapter 
1. With a transient transfection approach, a high expression level of GSTP1-1 in HepG2 
cells was achieved, as indicated by the CDNB assay. Multiple parameters, including loss of 
cell viability, caspase 3 activation, GSH homeostasis, activation of adaptive stress response 
pathway and the cellular QIs disposition, were assessed in mock- and GSTP1-transfected 
cells. Additionally GSH-depletion, achieved by L-Buthionine-sulfoximine (BSO) pre-
treatment, was created to mimic an oxidative stress situation. The results showed that both 
QIs induced a concentration-dependent loss of cell viability, which was significantly 
aggravated by GSH-depletion. Activation of caspase 3 is indicative for stimulation of 
apoptosis. Exposure of the cells to QIs was accompanied by a significant decrease of 
intracellular GSH and GSSG levels and a moderate increase in GSSG/GSH ratio. 
Transfection of HepG2 cells with GSTP1 resulted in a 2-fold increase in GSH-conjugates of 
both QIs and provided protection against their cytotoxicity. Interestingly, caspase 3 
activation by the QIs was completely blocked by GSTP1 transfection, even in GSH-
depleted cells. Application of a high-content imaging-based adaptive stress response 
fluorescent protein reporter assay demonstrated a rapid activation of the adaptive 
endoplasmic reticulum (ER) stress response pathway in the HepG2 cells by both QIs, which 
was not alleviated by GSTP1 in transfected cells. 

The subject of chapter 5 was the characterization of GSTT2-2 and its variability in human 
livers. Human GSTT2-2 is one of the overlooked DMEs in this context. Human GSTT2-2 
has been isolated from human liver and identified for over three decades, however, a 
sensitive activity assay and the elucidation of its role in the detoxification of toxic 
compounds are still missing. In this chapter, we established a sensitive HPLC-based 
method for the quantification of S-(1-menaphthyl) glutathione (MSG), the product of the 
GSTT2-2 specific substrate 1-menaphthyl sulfate (MSu). This assay was more sensitive and 
more accurate when compared to the currently used spectrophotometric assay. By applying 
this new assay, the specificity of GSTT2-2, amongst 15 recombinant human GST isoforms, 
was confirmed. The enzyme kinetical properties of GSTT2-2 with recombinant GSTT2-2 
and in pooled human liver cytosol (HLC) were also characterized. Moreover, a 65-fold 
inter-individual variation of GSTT2-2 activity was discovered in 20 individual HLCs. In 
addition, a selective role of GSTT2-2 in detoxifying the environmental carcinogen, 1-
methylpyrene sulfate (MPS), was confirmed by using 15 recombinant GSTs screen and 
correlation analysis. Combined with the large inter-individual variability of GSTT2-2 
activity observed, it is concluded that low expression levels of GSTT2-2 may be a risk 
factor underlying susceptibility to MPS carcinogenicity.  
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CONCLUSIONS AND PERSPECTIVES 

Understanding underlying mechanisms and predictions of ADRs and IDRs are still big 
challenges nowadays. Although many risk factors and hypotheses explaining susceptibility 
to ADRs and IDRs have been suggested and several systems to predict ADRs and IDRs of 
drug candidates have been proposed, there is no single theory which can cover all ADRs. 
This is also because that the adverse outcome of a drug is probably resulting from a 
combination of risk factors and multiple mechanisms. Nevertheless, the formation of and 
exposure to CRMs is likely vital in ADRs and the onset of some IDRs. Enzymatic 
bioactivation, bio-inactivation and elimination determine the fate of CRMs in vivo and the 
balance between these biological processes will impact the individual susceptibility to 
ADRs and IDRs. In this thesis, we focused on the characterization of phase I bioactivating 
and phase II bio-inactivating DMEs in the formation and detoxification of CRMs. AQ, a 
frequently used anti-malaria drug was chosen as a model drug, ultimately aiming at a better 
understanding of risk factors underlying AQ-induced idiosyncratic toxicity.  

Throughout the thesis, we focused on a few important DME systems, namely CYPs, NQO1, 
and GSTs, and their roles in influencing the balance between bioactivation and inactivation 
processes of drugs causing ADRs and IDRs. However, there are more DMEs potentially 
important in the formation and elimination of CRMs. Myeloperoxidase (MPO), a phase I 
enzyme abundantly expressed in activated neutrophils, has been shown to play an important 
role in catalyzing the formation of semi-quinone radicals and quinoneimines of drugs 
causing IDRs [11], such as amodiaquine [12, 13], glafenine [14], clozapine [13], nimesulide 
[15], phenytoin and carbamazepine [16]. UDP-glucuronosyltransferases (UGTs), an 
important DME family which normally is considered as a phase II detoxifying enzyme, 
sometimes also functions as a bioactivating enzyme [17]. For example, UGTs catalyze the 
formation of protein-reactive glucuronides of NSAIDs including diclofenac [18] and 
mefenamic acid [19], leading to covalent protein binding. Moreover, an increased risk 
factor for diclofenac-induced idiosyncratic drug-induced liver injury (DILI) has been 
associated with UGT2B7*2 genotype [20]. There are some less-extensively studied DMEs, 
which detoxifying CRMs and protect against chemical insults, however, they need to be 
further explored. NRH:quinone oxidoreductase 2 (NQO2) is a member of human quinone 
reductase family, however, its role in reducing reactive quinone or quinoneimine 
metabolites is not fully unraveled. Nevertheless, an association between a low expression 
level of NQO2, as a consequence of a mutation in the NQO2 gene, and clozapine-induced 
agranulocytosis [21, 22] was reported. Recent work from our group showed that NQO2 is 
able to catalyze the reduction of CRMs of toxic drugs, including acetaminophen, clozapine, 
diclofenac, mefenamic acid, amodiaquine, and carbamazepine [23]. However, the 
physiological relevance of these findings remains to be investigated. Membrane-associated 
proteins in eicosanoid and glutathione metabolism (MAPEG), also referred as microsomal 
glutathione S-transferases (mGSTs), is a GST superfamily with similar functions as 
cytosolic GSTs. Amongst its six human members, mGST1 is known to play a role in the 
conjugation of electrophilic compounds and protection against oxidative stress [24]. 
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However, the role of mGSTs in inactivating CRMs of drugs causing ADRs and IDRs is not 
known yet. A pilot experiment performed in chapter 3 showed that mGSTs in HLM seems 
not involved in the inactivation of QIs of AQ and DEAQ (Supplemental Figure S4, 
chapter 4). Further research to systematically explore the role of mGSTs in inactivating 
CRMs of drugs causing ADRs and IDRs will be of interest. 

In recent years, different human liver-derived cellular models have been used in drug safety 
and risk assessment studies. In this thesis, chapter 4, we employed HepG2 cells to 
investigate the mechanisms of cytotoxicity of CRMs of AQ and DEAQ. Most human liver-
derived cell lines, including HepG2 cells, are considered poor models for human 
hepatocytes, since the levels of DMEs in these cell lines are generally low. By manipulating 
the expression levels of DMEs, such as the transient transfection approach used in this 
thesis, the engineered cell lines are proposed to identify DMEs involved in the metabolism 
of drugs and for the prediction of ADRs. In this thesis, we only evaluated the protective 
effect of one GST isoform in a cellular context due to time and technical limitations. 
However, there are a few studies with multiple co-expressed DMEs (including 
bioactivating and inactivating enzymes) in HepG2 cells for the assessment of the DILI 
potential of drug candidates [25-28]. On the other hand, due to the complexity of 
mechanisms of most ADRs and IDRs, the conventional 2D cell models are not enough to 
resemble the pathological situations. Thus more advanced cell culture models, such as 3D 
cultures, spheroids, bio-printed human tissues, and micro-physiological systems have been 
proposed to improve the resemblance and predictability [29, 30]. Of notice, the human 
induced pluripotent stem cells (iPSCs) are becoming an advantageous tool to individualize 
the toxicity assessment in recent years [31]. Although some technical difficulties still 
remain in the differentiation and re-differentiation, once the iPSCs were differentiated, 
proper levels of key DMEs carrying the individual’s metabolic fingerprints may be 
expressed. The inter-individual variation of DMEs on susceptibility to drug toxicity can 
likely be explored in more depth with iPSCs derived from sensitive and insensitive 
individuals. Nevertheless, although associations between the formation of CRMs due to 
drug metabolism and various ADRs and IDRs have been generally acknowledged, covalent 
binding of CRMs to proteins as such is not able to completely rationalize the mechanisms 
and to accurately predict toxicities. Other important mechanisms and hypotheses, as 
aforementioned, such as activation of immune system, involvement of cell inflammatory 
and death signaling pathways, and genetic variations are also essential pieces in the full 
picture.  

In conclusion, in this thesis, several in vitro approaches were used for the characterization 
of the roles of bioactivating and inactivating DMEs in determining the levels of as well as 
the exposure to CRMs, and its impact on the toxicological outcome of xenobiotics, with a 
special emphasis on the anti-malaria drug AQ. With these approaches, we successfully 
identified the balance between the bioactivation and inactivation of reactive QIs of AQ, its 
potential consequences for AQ-induced idiosyncratic toxicity, and gained insights into the 
cellular mechanisms underlying reactive QIs-mediated hepatotoxicity. These approaches 
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provided rapid, reproducible, and cost-efficient strategies for the identification of risk 
factors of drugs causing ADRs or IDRs and for the evaluation of potential risks of new drug 
candidates and chemicals. The mechanistic understanding of ADRs and IDRs has been 
evolving over years, however, despite that still a lot of work remains to be done to fully 
comprehend the molecular and cellular mechanisms of ADRs and IDRs.  

Toxicology is a field requiring the integration of knowledge and expertise also from 
medicinal chemists, biologists, pharmacologists, pathologists, and clinicians. With 
unraveling a small piece of the big puzzle, the work presented in this thesis has contributed 
further to the understanding of mechanisms, the rationalization of human susceptibility to 
ADRs and IDRs, and the identification and assessment of risks and hazards of drug 
candidates and chemicals.  
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Nederlandse Samenvatting 

Ernstige bijwerkingen, in het Engelse Adverse Drug Reactions (ADRs), blijven een 
aanzienlijk probleem tijdens de ontwikkeling van medicijnen en na het op de markt brengen 
van medicijnen. Hoewel uitgebreid onderzoek is verricht, is het begrip en de voorspelling 
van diverse soorten bijwerkingen nog verre van volledig. Vooral omdat de meest 
problematische bijwerkingen, de idiosyncratische geneesmiddelenreacties (Idiosyncratic 
Drug Reactions, IDRs), zeldzaam en onvoorspelbaar zijn en in een aantal gevallen zelfs 
dodelijk. Verschillende hypotheses voor de mechanismen van onderliggende IDRs zijn 
voorgesteld, maar niet alle gevallen kunnen op deze manier  volledig worden verklaard. De 
vorming van en blootstelling aan de chemisch reactieve metabolieten (CRMs) wordt 
algemeen beschouwd een essentiële rol te spelen bij ADRs en IDRs. Essentiële 
macromoleculen zoals eiwitten kunnen worden gemodificeerd of geoxideerd door CRMs, 
die de vorming van reactieve zuurstofspecies (ROS) en toxiciteit veroorzaken.Dit kan in 
sommige gevallen leiden tot immuunsysteem-gemedieerde toxiciteit. De interne 
blootstelling van CRMs in weefsels wordt bepaald door formatie- en 
beschermingsprocessen, die voornamelijk worden gekatalyseerd door geneesmiddel 
metaboliserende enzymen (Drug Metabolizing Enzymes, DMEs). Een disbalans tussen 
bioactivatie- en bioinactivatieprocessen die leidt tot hoge interne blootstelling van CRMs is 
een mogelijke risicofactor die de gevoeligheid voor bijwerkingen verklaart. In de afgelopen 
decennia zijn er veel onderzoeken uitgevoerd om de risicofactoren voor ADRs en IDRs op 
te helderen en om de voorspellende kracht van modellen te verbeteren, maar nog niet alle 
risicofactoren in de bioactivatie en bioinactivatie processen zijn opgehelderd. 

Het doel van het onderzoek gepresenteerd in dit proefschrift is om de mogelijke rol van en 
interacties tussen DMEs te bepalen in de toxicologische uitkomst van geneesmiddelen op 
moleculair en cellulair niveau te onderzoeken. Hiervoor zijn het anti-malaria medicijn 
Amodiaquine (AQ) en zijn CRMs gebruikt als modelverbindingen. Hiertoe hebben we in 
hoofdstuk 2 en hoofdstuk 3 de fase-I (CYPs en NQOs) en fase II (GSTs) isoenzymen 
betrokken in het metabolisme van AQ en in de vorming en ontgiften van gerelateerde 
CRMs gekarakteriseerd. Deze studies zijn gericht op de opheldering van de interindividuele 
variatie van DMEs als een potentiële risicofactor in AQ-geïnduceerde toxiciteit. In 
hoofdstuk 4 zijn de AQ-afgeleide quinoneimines (AQ-QI en DEAQ-QI) gebruikt als 
modelverbindingen om cellulaire mechanismen op te helderen en zowel risico- als 
beschermende factoren van door CRM geïnduceerde toxiciteiten in een cellulair systeem te 
identificeren. In hoofdstuk 5 wordt de rol van humaan glutathion S-transferase (GST) 
isovorm T2-2, een eerder over het hoofd gezien fase II enzym, in het ontgiften van CRMs 
en carcinogenen voor het milieu gekarakteriseerd. 

Hoofdstuk 1 introduceert het concept van ADRs en IDRs, met een korte beschrijving van 
hun kenmerken. Verschillende hypothesen en momenteel bekende risicofactoren voor 
ADRs en IDRs worden besproken. De vorming van CRMs wordt geïntroduceerd als een 
sleutelfactor in het ontstaan van bijwerkingen en IDRs. Bovendien worden de biologische 
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functies, expressieniveaus, interindividuele variabiliteit van drie representatieve DMEs 
onderzocht in dit proefschrift, namelijk CYPs, GSTs en NQO1, en hun potentiële impact op 
de vatbaarheid voor bijwerkingen en IDRs samengevat. Een paar menselijke van 
levercellen afgeleide modellen, nieuwe celkweektechnieken en hun toepassingen in studies 
over de rollen van DMEs in geneesmiddeltoxiciteit worden eveneens besproken. Bovendien 
wordt de rol van DMEs en CRMs in andere mechanismen die tot ADRs en IDRs kunnen 
leiden geïntroduceerd. Daarnaast werd DME-gekatalyseerde vorming en eliminatie van 
CRMs als belangrijke moleculair initiërende gebeurtenissen (Molecular Initiating Event, 
MIEs) in het concept van adverse effect pathways (Adverse Outcome Pathways, AOPs) en 
de voorspelling van geneesmiddeltoxiciteit in de gevarenmatrixbeoordelingsstrategie 
besproken. Ten slotte zijn AQ als een modelgeneesmiddel om  de van rollen van DMEs en 
CRMs in IDRs te bestuderen en op dit moment bekende mechanismen van AQ-
geïnduceerde idiosyncratische toxiciteit samengevat. 

Hoofdstuk 2 en hoofdstuk 3 zijn gericht op de karakterisering van fase I en fase II DMEs 
die betrokken zijn bij de vorming en eliminatie van CRMs van het modelgeneesmiddel AQ 
dat in dit proefschrift wordt gebruikt. In hoofdstuk 2 worden humane levermicrosomen 
(HLM) en recombinante CYP-isozymen (een panel van 14 isovormen) gebruikt om de 
kinetiek van bioactivatie van AQ en DEAQ te bestuderen en de CYP-isovormen te 
karakteriseren die betrokken zijn bij de vorming van reactieve QIs van AQ en DEAQ , 
namelijk AQ-QI en DEAQ-QI. GSH is gebruikt voor het opvangen van reactieve QIs 
gevormd in incubaties met AQ en DEAQ. De resultaten tonen aan dat hoewel AQ en 
DEAQ gevoelig zijn voor auto-oxidatie, wat ook resulteert in de vorming van de twee QIs, 
de door enzym gekatalyseerde vorming van de QIs nog steeds de belangrijkste bijdrage 
levert aan de blootstelling van CRMs in vivo (Figuur S4, hoofdstuk 2) . Bioactivatie van 
AQ en DEAQ aan de respectievelijke QIs in HLM vertonen beide Michaelis-Menten 
kinetiek. Voor AQ bioactivatie zijn de kinetische parameters van het enzym Km, 11,5 ± 2,0 
μmol/L, Vmax, 59,2 ± 3,2 pmol/min/mg en CLint, 5,15 μl/min/mg. Voor DEAQ zijn de 
parameters Km, 6,1 ± 1,3 μmol/L, Vmax, 5,5 ± 0.4 pmol/min/mg en CLint, 0,90 μl/min/mg. 
Recombinante CYPs en remmingsstudies met HLM tonen aan dat CYP3A4, CYP2C8, 
CYP2C9 en CYP2D6 de belangrijkste isozymen zijn die bijdragen aan de bioactivatie van 
AQ en DEAQ. Gezamenlijk laat hoofdstuk 2 zien dat, gezien de veel hogere AUC, DEAQ 
waarschijnlijk kwantitatief belangrijker is dan AQ met betrekking tot hepatische 
blootstelling aan CRMs in vivo. Aangezien het algemeen bekend is dat de expressieniveaus 
en de activiteit van humane CYPs in de lever sterk kunnen variëren tussen de populaties, 
kunnen personen met hoge CYP3A4-, CYP2C8-, CYP2C9- en CYP2D6-niveaus 
gevoeliger zijn voor hepatotoxiciteit na AQ-therapie. 

Hoofdstuk 3 is gericht op de identificatie en karakterisatie van menselijke DMEs die 
betrokken zijn bij de eliminatie van CRMs van AQ en DEAQ, in het bijzonder GSTs en 
NQO1. Menselijke GSTs zijn belangrijke ontgiftende DMEs die beschermen tegen 
verschillende elektrofiele verbindingen door de conjugatie van deze elektrofielen aan GSH 
te katalyseren. Naast GSTs staat menselijk NQO1 ook bekend als een belangrijk ontgiftend 
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DME, door de twee-electronreductie van quinoneimines  te katalyseren. De activiteiten van 
15 recombinante humane GSTs en NQO1 bij de bioinactivatie van de reactieve QIs van AQ 
en DEAQ zijn bepaald, met behulp van HLM als een bioactivatie systeem. De resultaten 
tonen aan dat GSTP1-1, GSTA4-4, GSTM4-4, GSTM2-2 en GSTA2-2 (in afnemende 
volgorde van activiteit) actieve isovormen zijn bij het katalyseren van GSH-conjugatie van 
de QIs van AQ en DEAQ. Bovendien vertoont NQO1 een competitie met GSTP1-1 in de 
bioinactivatie van de reactieve QIs van AQ en DEAQ. Door de concentraties van de 
belangrijkste hepatische GSTs die uit de literatuur te nemen, is de variabiliteit in het GST-
gekatalyseerde GSH-conjugatieprofiel in 22 leverdonoren gesimuleerd in deze studie. De 
resultaten tonen een grote variatie in cytosolische GSH-conjugatie van de QIs van AQ en 
DEAQ, vooral bij lagere GSH-concentraties (tot een 59-voudig verschil). Alles bij elkaar 
geven deze resultaten aan dat zowel humane GSTs als NQO1 een belangrijke rol kunnen 
spelen bij het ontgiften van de reactieve QIs van AQ en DEAQ, via respectievelijk 
conjugatie en reductie. In het bijzonder bij lage GSH-concentraties, bijvoorbeeld 
zoalsvoorkomt wanneer de cel hepatotoxiciteit ondergaat, is GSH-conjugatie sterk 
afhankelijk van katalyse door GSTs. Aldus zal variabiliteit in GST-expressie de meest 
significante gevolgen hebben bij verlaagde GSH-concentraties, bijvoorbeeld onder 
omstandigheden van oxidatieve stress. Interindividuele variabiliteit in expressieniveaus van 
GSTs en NQO1 zal een significante invloed hebben op de bioinactivatie van de QIs van AQ 
en DEAQ. In combinatie met de conclusies uit hoofdstuk 2 en hoofdstuk 3 kan een 
hoge(re) gevoeligheid voor door AQ geïnduceerde toxiciteit optreden bij personen met 
hoge expressieniveaus van bioactiverende CYP-isovormen (CYP3A4, CYP2C8, CYP2C9 
en CYP2D6) in combinatie met lage expressieniveaus van bioinactiverende GST-
isovormen (GSTA2-2 en GSTA1-1) en NQO1. 

Om de bevindingen op moleculair niveau naar het cellulaire niveau te vertalen en te 
valideren hebben we in hoofdstuk 4 een transgeen HepG2-celmodel toegepast om de 
mechanismen van cytotoxiciteit van de QIs van AQ en DEAQ, namelijk AQ-QI en DEAQ-
QI, te ontrafelen en de beschermende rol van GSTs te onderzoeken. HepG2-cellen zijn 
geselecteerd op basis van bepaalde voordelen zoals simpel te behandelen, metabool-
competent te maken en kostenefficiënt zoals beschreven in hoofdstuk 1. Via een transiënte 
transfectie is een hoog expressieniveau van GSTP1-1 in HepG2-cellen bereikt, zoals 
aangetoond door de CDNB-assay. Meerdere parameters, waaronder verlies van 
cellevensvatbaarheid, caspase 3-activering, GSH-homeostase, activering van de adaptieve 
stressresponsroute en de cellulaire QI-dispositie, zijn beoordeeld in ongetransfecteerde en 
met GSTP1 getransfecteerde cellen. Bovendien is GSH-depletie, bereikt door een 
voorbehandeling met L-Buthionine-sulfoximine (BSO), veroorzaakt om een oxidatieve 
stresssituatie na te bootsen. De resultaten tonen aan dat beide QIs een concentratie-
afhankelijk verlies van cellevensvatbaarheid veroorzaaken, dat aanzienlijk wordt verergerd 
door GSH-depletie. Activering van caspase 3 is indicatief voor stimulering van apoptose. 
Blootstelling van de cellen aan QIs gaat gepaard met een significante afname van 
intracellulaire GSH- en GSSG-niveaus en een kleine toename in GSSG / GSH-verhouding. 
Transfectie van HepG2-cellen met GSTP1 resulteert in een tweevoudige toename van 
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GSH-conjugaten van beide QI's en verschaft bescherming tegen de cytotoxiciteit. 
Interessant is dat de caspase 3-activering door de QIs volledig wordt geblokkeerd door 
GSTP1-transfectie, zelfs in cellen met GSH-depletie. Het toepassen van een op high-
content imaging gebaseerde adaptieve stressrespons fluorescerende eiwitreporterassay toont 
een snelle activering van de adaptieve endoplasmatisch reticulum (ER) stressreactieroute in 
de HepG2-cellen door beide QIs aan, waar niet tegen wordt beschermd door GSTP1. 

Het onderwerp van hoofdstuk 5 is de karakterisering van GSTT2-2 en de variabiliteit ervan 
in menselijke levers. Menselijk GSTT2-2 is een van de over het hoofd gezien DME in deze 
context. Menselijke GSTT2-2 is drie decenia geleden geïsoleerd uit menselijke lever en 
geïdentificeerd, maar een gevoelige activiteitsassay en de opheldering van de rol in de 
ontgiften van toxische verbindingen ontbreken nog steeds. In dit hoofdstuk hebben we een 
gevoelige HPLC-gebaseerde methode voor de kwantificering van S-(1-menaftyl) glutathion 
(MSG), het product van het GSTT2-2-specifieke substraat 1-menafthylsulfaat (MSu), 
opgesteld. Deze assay is gevoeliger en nauwkeuriger in vergelijking met de momenteel 
gebruikte spectrofotometrische assay. Door deze nieuwe assay toe te passen, is de 
specificiteit van GSTT2-2, tegenover 15 recombinante menselijke GST-isovormen, 
bevestigd. De enzym kinetische eigenschappen van GSTT2-2 met recombinant GSTT2-2 
en in gepoolde menselijke levercytosol (HLC) zijn ook gekarakteriseerd. Bovendien is een 
65-voudige interindividuele variatie van GSTT2-2-activiteit ontdekt in 20 individuele 
HLCs. Verder is een selectieve rol van GSTT2-2 bij het ontgiften van het milieu-
carcinogeen, 1-methylpyreensulfaat (MPS), bevestigd door 15 recombinante GSTs te 
bestuderen en en correlatieanalyse te gebruiken. Gecombineerd met de grote 
interindividuele variabiliteit van de waargenomen GSTT2-2-activiteit, wordt geconcludeerd 
dat lage expressieniveaus van GSTT2-2 een risicofactor kunnen zijn voor de gevoeligheid 
voor MPS carcinogeniteit. 

Concluderend, in dit proefschrift zijn verschillende in vitro benaderingen gebruikt voor de 
karakterisering van bioactivatie en bioinactivatie van DMEs en bij het bepalen van de 
blootstelling aan CRMs en de impact ervan op de toxicologische uitkomst van xenobiotica, 
met een speciale nadruk op de anti-malariamedicijn AQ. Met deze benaderingen hebben we 
met succes de balans geïdentificeerd tussen de bioactivatie en inactivatie van reactieve QIs 
van AQ, de mogelijke gevolgen voor door AQ geïnduceerde idiosyncratische toxiciteit 
bestudeerd en inzichten verkregen in de cellulaire mechanismen die ten grondslag liggen 
aan reactieve QIs-gemedieerde hepatotoxiciteit. Deze benaderingen levert snelle, 
reproduceerbare en kostenefficiënte strategieën voor de identificatie van risicofactoren van 
geneesmiddelen die ADRs of IDRs veroorzaken en voor de evaluatie van mogelijke risico's 
van nieuwe kandidaat-geneesmiddelen en chemicaliën. Het mechanistische begrip van 
ADRs en IDRs is echter in de loop van de jaren geëvolueerd, hoewel er nog steeds veel 
werk moet worden gedaan om de moleculaire en cellulaire mechanismen van bijwerkingen 
en IDRs volledig te begrijpen. 
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总结 

药物不良反应（Adverse drug reactions, ADRs）作为新药研发失败和药物撤市的

重要原因之一，仍不时给用药患者、药物研发人员和制药公司带来不同程度的痛楚

和遗憾。在世界范围内，关于各类药物不良反应的机制、预测和预防研究几十年来

从未间断，并取得了若干重大突破性研究成果；然而对于各类药物不良反应机制全

面而深入的理解和有效而准确的预防措施，尚差强人意。尤其是一类被称作特异质

反应（Idiosyncratic drug reactions, IDRs）的药物不良反应；这类毒性反应发生概率低

（通常为 0.05%～0.05‰）同时极端不可预测，但一旦发生后果通常非常严重（器官

衰竭或高致死率）。关于特异质反应的发生机制，目前学界尚无清晰的统一定论；

但通常认为这是一类由多种复杂因素共同影响而出现的毒性反应。近年来，研究学

者提出了数种用于阐释和预测特异质反应的假说，但这些假说迄今为止尚未能透彻

而完整的解释各个特异质反应案例。 

在众多假说和机理阐释中，化学反应活性代谢物（ Chemically reactive 
metabolites, CRMs）的生成被广泛地认为在药物不良反应，特别是特异质反应的发生

过程中，扮演着关键性的作用。这些化学反应活性代谢物通常为亲电子体，对蛋白

质、DNA、脂质等大分子有着非常强的反应活性。这些维持细胞和生物体正常生理

运转的大分子若被 CRMs 共价结合则会导致变性而丧失正常生理功能，从而引起细

胞坏死和凋亡，最终引起组织和器官的损伤甚至衰竭。CRMs 在组织器官和细胞中的

暴露水平，主要取决于药物的 CRMs 在体内的生成和消除的动态过程；而这些过程，

在绝大多数的情况下是由体内的药物代谢酶（Drug metabolizing enzymes, DMEs）介

导的。因此，决定药物的 CRMs 生成和消除过程程度和速度的药物代谢酶在个体中

的表达水平很可能对该个体对于药物的不良反应的敏感性有着关键性的影响。对于

人群中的某些个体，如若该个体体内的生成 CRMs 的代谢酶类存在高水平表达，同

时负责 CRMs 消除的代谢酶类存在低水平表达；那么 CRMs 在该个体的组织器官和

细胞内的蓄积水平很可能会显著高于正常人群，该个体对于某些药物不良反应和特

异质反应会有更高的敏感性。 

在本博士学位论文中，研究者选取了阿莫地喹（Amodiaquine, AQ）以及其

CRMs 作为模型药物，运用多种分子和细胞毒理学研究模型，阐释了可能在 AQ 引起

的特异质毒性反应中发挥关键作用的 CRMs 生成和消除代谢酶类的相关作用。AQ 是

一种经典的抗疟疾药物，目前广泛应用于疟疾流行区域。但 AQ 用于预防疟疾和单

独用药时，不时引起药源性肝损伤和粒细胞缺乏症这类严重威胁用药者生命安全的

不良反应。这些严重的特异质反应影响了 AQ 作为抗疟药的广泛运用；目前临床上

AQ 被限制于仅与青蒿素类药物联合应用于疟疾治疗而不得单独用药。AQ 的原型药

物，并无明显的副作用；而 AQ 经由肝脏内的药物代谢酶经氧化反应生成的醌亚胺

类 CRMs 能与蛋白质广泛的共价结合，引起蛋白变性，从而引发毒性反应。这一结

论基本已被学界接受，然而介导 AQ 毒性代谢物生成的具体酶类，介导其消除去活
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的代谢酶类，以及其毒性代谢物生成和去活的酶促反应过程，在本论文研究起始时

尚未见报道。同时，AQ 的毒性代谢物引起细胞毒性的机分子制和细胞内靶点也未见

阐明。 

本论文首先运用了药物体外代谢研究手段，在分子水平证明了人肝药酶亚型

CYP3A4, CYP2C8, CYP2C9 和 CYP2D6 是介导 AQ 和其药理活性代谢物 DEAQ 生物

活化产生 CRMs 的主要代谢酶类，并表征了在人肝微粒体中 AQ 和 DEAQ 生成

CRMs 的酶促反应动力学过程。同时结合文献数据，提示 DEAQ 在体内的生物活化

形成 CRMs 的过程较 AQ 可能更为重要。其次，本论文首次证明了人谷胱甘肽转移

酶（GSTs）和醌类氧化还原酶 1（NQO1）在介导 AQ 和 DEAQ 的 CRMs 消除和去

活过程中发挥的重要作用。并且利用文献中报道的人群中存在的肝脏中主要 GST 酶

含量数据，模拟了在该人群中由肝脏中 GST 酶介导的 AQ 和 DEAQ 的 CRMs 解毒去

活的水平差异。这两部分的研究结果，提示了人群中可能对 AQ 特异质反应高度敏

感的个体的存在；体内同时存在高表达水平的 CYP3A4, CYP2C8, CYP2C9, CYP2D6
和低水平表达的 GSTA2-2, GSTA1-1 和 NQO1 的个体，需格外谨慎基于 AQ 处方的抗

疟疾治疗。 

在第三部分研究中，我们运用了人源肝细胞系并采用转染人谷胱甘肽转移酶亚

型 GSTP1-1 的方法，探究由 GSTs 介导的 AQ 和 DEAQ 的 CRMs 的解毒去活过程的

生理相关性和这类 CRMs 引起细胞毒性的分子机制。通过测定一系列紧密相关的生

物标记物和细胞毒性指标，我们证实了 AQ 和 DEAQ 的 CRMs 导致了 HepG2 细胞的

活力丧失，激活了细胞凋亡程序，耗竭了细胞内谷胱甘肽水平，并高特异性地激活

了内质网应激反应。细胞内高表达 GSTP1-1 增强了谷胱甘肽结合反应的程度，同时

降低了细胞活力的丧失和抑制了细胞凋亡。该研究证实了人谷胱甘肽转移酶在保护

细胞免受 AQ 和 DEAQ 的 CRMs 引起的毒性反应中的重要作用，同时鉴定了内质网

作为 AQ 和 DEAQ 的 CRMs 的主要细胞内靶点，确证了该 CRMs 的高度特异的蛋白

质结合活性。 

在论文的第四部分，我们主要关注于研究一种还未被充分认识的 GST 酶亚型

GSTT2-2。在本项研究中，我们基于已存在但不够灵敏的紫外分光光度法，建立了一

种基于高效液相色谱（HPLC-UV）分析人肝脏中 GSTT2-2 活力的方法。运用这种新

方法，我们确证了 1-甲基萘硫酸结合物（1-menaphthyl sulfate, MSu）作为 GSTT2-2
特异性底物，同时证实了人群中 GSTT2-2 活力的巨大差异。另外，我们还证明了

GSTT2-2 作为最重要的消除 1-甲基芘硫酸结合物（MPS,一种重要的环境致癌物）的

GST 亚型酶。人群中存在的巨大 GSTT2-2 活力差异可能是导致个体对 MPS 致癌性不

同敏感程度的潜在原因之一。 

总而言之，在本论文中，我们运用了多种体外代谢和毒理学研究方法，鉴定和

表征了药物代谢酶介导的抗疟药阿莫地喹 CRMs 的生成和消除过程，研究了这些代
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谢酶类个体表达水平差异可能对其毒性反应的个体敏感性的影响，同时推定了代谢

酶活化和去活过程对于临床上使用阿莫地喹的安全与毒性界限的范围。这些研究手

段为进一步研究和推断药物引起不良反应和特异质反应的危险因素提供了有效和快

速的依据。然而，全面透彻的阐释药物引起不良反应和特异质反应的机制和精准的

预测药物引起不良反应和特异质反应，需要今后更系统和更细致的工作。 

由于时间和精力的有限，本论文只研究了 CYPs，GSTs 和 NQO1 作为介导药物

CRMs 生成和消除过程的重要代谢酶类，在药物不良反应和特异质反应发生发展过程

中可能起到的关键性作用。然而如开篇所提到的，药物不良反应，尤其是特异质反

应通常是由多种因素共同影响的极其复杂的过程。而毒理学作为一门生物学，医学

和化学的交叉学科，其发展需要来自临床医学家，生物学家，药理学家，化学家和

病理学家等等各方专业人才的共同努力和帮助。本篇论文的研究工作从宏观的角度

评阅，仅仅解开了一个庞大谜团的一角；但本论文的工作方法和关键性结论对推动

学科发展，对未来领域内同行深入理解药物代谢酶在药物不良反应中发挥的重要作

用，预测和评估化学物质（包含药物）的毒性危险级别，或有裨益。 
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