
DMD#18002 

 1

Markers of Electrophilic Stress Caused by Chemically Reactive Metabolites in Human 

Hepatocytes.  

 

Hideo Takakusa, Hiroshi Masumoto, Ayako Mitsuru, Osamu Okazaki, and Kenichi Sudo 

Drug Metabolism & Pharmacokinetics Research Laboratories, R&D Division, Daiichi Sankyo Co., 

Ltd. 1-2-58, Hiromachi, Shinagawa-ku, Tokyo, 140-8710, Japan. 

 DMD Fast Forward. Published on January 28, 2008 as doi:10.1124/dmd.107.018002

 Copyright 2008 by the American Society for Pharmacology and Experimental Therapeutics.

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 28, 2008 as DOI: 10.1124/dmd.107.018002

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18002 

 2

Running title: Markers of Electrophilic Stress Caused by Reactive Metabolites 

Corresponding author: Hideo Takakusa, Ph.D. 

Drug Metabolism & Pharmacokinetics Research Laboratories, R&D Division, Shinagawa R&D 

Center, Daiichi Sankyo Co., Ltd.  

1-2-58, Hiromachi, Shinagawa-ku, Tokyo, 140-8710, Japan. 

Telephone: +81-3-3492-3131 

Fax: +81-3-5436-8567 

Email: takakusa.hideo.yb@daiichisankyo.co.jp 

 

Number of text pages: 28 (including references and legends) 

Number of tables: 1 

Number of figures: 4 

Number of References: 37 

Number of words in the Abstract: 225 

Number of words in the Introduction: 521 

Number of words in Discussion: 1500  

 

Non-standard abbreviations 

ABT: aminobenzotriazole; BHA: Butylated hydroxylanisole; BSO: L-buthionine-(S,R)-sulfoximine; 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 28, 2008 as DOI: 10.1124/dmd.107.018002

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18002 

 3

CES: carboxyesterase; CYP: cytochrome-P450 enzyme; DMSO: dimethyl sulfoxide; FBS: Fetal 

bovine serum; GAPDH: glyceraldehyde 3-phosphate dehydrogenase (EC: 1.2.1.12); GCS: 

glutamylcysteine synthetase (EC: 6.3.2.2); GSH: glutathione; GST: glutathione-S-transferase (EC: 

2.5.1.18); HO: heme oxygenase (EC: 1.14.99.3) ; IDT: idiosyncratic drug toxicity; LC-MS/MS: liquid 

chromatography/tandem mass spectrometry; LDH: lactate dehydrogenase (EC: 1.1.1.27); NQO: 

NAD(P)H:quinone oxidoreductase (EC: 1.6.5.2); Nrf2: NF-E2-related factor 2; Keap1: Kelch-like 

ECH-associated protein 1; tBHQ: tert-butyl hydroquinone, UGT: UDP-glucuronosyltransferase (EC: 

2.4.1.17). 
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ABSTRACT 

The metabolic activation of a drug to an electrophilic reactive metabolite and its covalent binding to 

cellular macromolecules is considered to be involved in the occurrence of idiosyncratic drug toxicity.  

As a cellular defense system against oxidative and electrophilic stress, phase II enzymes are known to 

be induced through a Keap1/Nrf2/ARE system.  We presumed that it is important for the risk 

assessment of drug-induced hepatotoxicity and IDTs to observe the biological responses evoked by 

exposure to reactive metabolites, and then investigated the mRNA induction profiles of phase II 

enzymes in human hepatocytes after exposure to problematic drugs associated with IDTs, such as 

ticlopidine, diclofenac, clozapine and tienilic acid, as well as safe drugs such as levofloxacin and 

caffeine.  According to the results, the problematic drugs exhibited inductive effects on HO-1, which 

contrasted with the safe drugs, and therefore the induction of HO-1 mRNA seems to be correlated with 

the occurrence of drug toxicity including IDT due to electrophilic reactive metabolites.  Moreover, 

GSH-depletion and CYP inhibition experiments have demonstrated that the observed HO-1 induction 

was triggered by the electrophilic reactive metabolites produced from the problematic drugs through 

CYP-mediated metabolic bioactivation.  Taken together with our present study, this suggests that 

HO-1 induction in human hepatocytes would be a good marker of the occurrence of metabolism-based 

drug-induced hepatotoxicity and IDT due to the formation of electrophilic reactive metabolites.
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The occurrence of idiosyncratic drug toxicity (IDT) is major problem in drug development and is of 

great concern to the pharmaceutical industry.  A number of drugs have been withdrawn from the 

market or severely restricted in their use due to unexpected toxicities that become apparent only after 

the launch of new drug entities (Kaplowitz, 2005).  Currently, it is suggested that the metabolic 

activation of a drug to a reactive metabolite and its covalent binding to cellular macromolecules is 

involved in the occurrence of IDTs (Walgren et al., 2005; Zhou et al., 2005).  Bioanalytical 

techniques, including the detection of glutathione (GSH) adducts to reactive metabolites by 

LC-MS/MS and covalent binding assessment using radiolabeled chemical entities, have been utilized 

during lead optimization in order to minimize chemically reactive metabolite formation (Evans et al., 

2004; Baillie et al., 1993; Gan et al., 2005).  Since reactive metabolite formation and covalent 

binding to macromolecules are thought to be necessary yet insufficient processes for the generation of 

an idiosyncratic reaction, it is also important to observe the biological responses evoked by exposure 

to reactive metabolites for the risk assessment of IDTs (Liebler et al., 2005).  

The electrophilic stress derived from reactive metabolites has been reported to cause an 

immediate adaptive defense response in cells.  This involves various mechanisms, including the 

nuclear translocation of redox-sensitive transcription factors such as NF-E2-related factor 2 (Nrf2), 

which sense electrophilic stress, oxidative stress and protect against cellular damage via Kelch-like 

ECH-associated protein 1 (Keap1) (Wakabayashi et al., 2004; Dinkova-Kostova et al., 2005).  An 

increasing number of studies have identified the genes regulated by Nrf2.  These include genes 
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involved in phase II drug-metabolism, such as heme oxygenase-1 (HO-1), γ-glutamylcysteine 

synthetase (γ-GCS), glutathione-S-transferases (GSTs), NAD(P)H:quinone reductase-1 (NQO-1), and 

UDP-glucuronosyltransferases (UGTs) (Talalay et al., 2003).  The cooperative activity of these 

enzymes serves as a cellular defense against electrophiles and oxidative stress products.  In addition, 

the comparative analysis of gene expression changes using keap1 or Nrf2-deficinet mice has also 

facilitated the identification of numerous new genes regulated by Nrf2 such as CES1 (Thimmulappa et 

al., 2002).  We postulate in this report that the induction of Nrf2-related genes would be a good 

indicator of electrophilic cell stress by reactive metabolites and would be useful as a risk marker for 

metabolism-based drug toxicity and IDTs that might not be expressed during drug development.  

Although intensive studies on Nrf2-mediated induction have been carried out using human cultured 

cell lines such as HepG2 or rodent hepatocytes (Cantoni et al. 2003; Nioi et al., 2003; Shinkai et al., 

2006), there are only a few reports regarding this induction in human hepatocytes (Keum et al., 2006).  

For a better assessment of the potential risks of metabolism-based drug toxicities, it is necessary to 

detect the cellular responses to electrophilic stresses generated through drug metabolism in human 

hepatocytes.   

In the present study, we have investigated the induction profiles of Nrf2-related genes in 

human hepatocytes after they were exposed to known ‘problematic’ drugs associated with IDTs, such 

as ticlopidine, diclofenac, clozapine and tienilic acid.  The induction profiles after exposure to safe 

drugs such as levofloxacin and caffeine were also examined for the purposes of comparison.  
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METHODS 

Materials 

Butylated hydroxylanisole (BHA), tert-butyl hydroquinone (tBHQ), 

L-buthionine-(S,R)-sulfoximine (BSO), aminobenzotriazole (ABT), diclofenac, clozapine, furosemide, 

acetaminophen, acetylsalicylic acid, and dimethyl sulfoxide (DMSO) were purchased from Sigma 

Chemical Co. (St. Louis, MO, USA) and caffeine was purchased from Fluka (Buchs, Switzerland).  

Ticlopidine and levofloxacin were synthesized at Daiichi Pharmaceutical Co., Ltd.  14C-labeled 

acetylsalicylic acid and caffeine were purchased from American Radiolabeled Chemicals, Inc (St. 

Louis, MO, USA). Pooled human (n = 50, mix gender) and male Sprague-Dawley rat liver 

microsomes were purchased from XenoTech (Lenexa, KS, USA).  β-NADP+ and 

glucose-6-phosphate dehydrogenase (G6PDH) were purchased from Oriental Yeast Co. Ltd, (Tokyo, 

Japan) and glucose-6-phosphate (G6P) was from SIGMA.  Fetal bovine serum (FBS), TRIzol® and 

custom primers were purchased from Invitrogen (Carlsbad, CA, USA).  TaqMan® Gold RT-PCR kits, 

TaqMan® Universal PCR Master Mix and custom TaqMan® probes were purchased from Applied 

Biosystems (Foster City, CA, USA).  All other chemicals and reagents were of analytical grade and 

were available from commercial sources.   

Human hepatocyte culture 

Cryopreserved human hepatocytes (Lot No. FEP, KCT and ZCA) were obtained from In 

Vitro Technologies (Baltimore, MD, USA).  Hepatocytes were seeded onto 48-well collagen I-coated 
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plates (ASAHI TECHNO GLASS; Chiba, Japan) in Lanford medium containing 5% v/v FBS at a 

density of 3.0 × 105 viable hepatocytes/wells/0.5 mL.  They were placed into a 37ºC, 5% CO2, 

saturated humidity incubator and incubated for 4 h to allow the cells to attach.  Then, the medium 

containing dead or unattached cells was removed from each well and replaced with 0.5 mL of warmed 

(37ºC) Lanford medium.  The hepatocyte cultures were maintained for 48 hours after plating, with 

incubation medium changed daily.  Stock solutions of the test compounds were prepared in DMSO 

and stored at -20°C until dilution with incubation medium to the final concentration. The final 

concentration of DMSO in each solution was 0.1% v/v.  Plated hepatocytes were treated in triplicate 

for each treatment for 24 h at 37ºC, 5% CO2, saturated humidity with incubation media containing 

each test compound.  For a negative control, plated hepatocytes were also incubated with the medium 

containing DMSO (0.1% v/v).  The hepatocyte cultures were treated with 0.25 mL of ice-cold 

TRIzol® and harvested into separate 1.5-mL centrifuge tubes on ice.  Total RNA was extracted by 

the acid guanidinium thiocyanate-phenol-chloroform method.  For each RNA sample, the total RNA 

extracted was diluted to 5 ng/µL with diethyl pyrocarbonate-treated water and added to the reaction 

mixture.  The concentrations and purity of the isolated RNA samples were determined using UV 

spectrophotometry conducted on a GeneQuant pro (Amersham Biosciences; Piscataway, NJ, USA). 

Reverse transcription reaction 

The reaction mixture for reverse transcription was prepared with TaqMan® Gold RT-PCR 

kits.  The reverse transcription was performed on a GeneAmp® PCR System 9700 (Applied 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 28, 2008 as DOI: 10.1124/dmd.107.018002

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18002 

 9

Biosystems) for 10 min at 25°C, 30 min at 48°C and 5 min at 95°C. 

Quantitative real-time PCR 

The PCR reaction mixture was prepared with TaqMan® PCR Universal Master Mix.  An Inventoried 

Taqman® MGB probe and primer mixture (Applied Biosystems) were used in the PCR reaction for 

CES1, γ-GCS, GSTA1, GSTP1, HO-1, NQO1, GAPDH and β-actin.  The codes of the TaqMan MGB 

probes used were as follows: Hs00275607_m1 (CES1), Hs00155249_m1 (γ-GCS), Hs00272272_m1 

(GST1A), Hs00168310_m1 (GSTP1), Hs00157965_m1 (HO-1), Hs00168547_m1 (NQO1), 4316317E 

(GAPDH) and 4326315E (β-actin).  The primers and probe for UGT1A1 (Accession No. 

NM000463) were obtained from Invitrogen and the positions of their sequences are as follows: 

490-516 (forward primer), 603-627 (reverse primer) and 453-522 (probe).  Quantitative real-time 

PCR was performed in a MicroAmp Optical 96well Reaction PlateTM (Applied Biosystems) with an 

ABI PRISM® 7000 (Applied Biosystems). An initial step occurred for 2 min at 50°C, subsequently 

followed by heating to 95°C for 10 min, and followed by 40 cycles at 95°C for 15 s and 60°C for 1 

min.  The relative quantification of the gene expression levels was determined by a standard curve 

generated from a dilution series (from 0.0061 to 400 ng/µL) of a standard RNA sample obtained from 

the control hepatocytes, and normalized to the amount of GAPDH or β-actin mRNA.  The results are 

expressed as mean ± S.D. and significant differences were evaluated using t-test. 

Lactate dehydrogenase (LDH) release 

To determine the toxic effects of the compounds, the levels of lactate dehydrogenase (LDH) in the cell 
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culture medium were analyzed according to the recommendations of the manufacturer of the 

Cytotoxicity Detection Kit (LDH) (Roche Diagnostics Corporation; Indianapolis, IN, USA).   

In vitro covalent binding assay 

The experimental procedure was based on that previously reported (Masubuchi et al., 2007).  Briefly, 

the complete incubation of the 14C-labeled test compounds with HLMs contained the following: 10 

µM 14C-labeled test compound (substrate), 2 mg/mL HLMs, 100 mM potassium phosphate buffer pH 

7.4, 25 mM G6P, 2 units/mL G6PDH and 10 mM MgCl2.  This mixture was preincubated for 3 min at 

37 °C.  The reaction was initiated by the addition of β-NADP+ to reach final concentration of 2.5 mM.  

The final incubation volume was 0.5 mL.  As the substrates were dissolved in acetonitrile, the final 

incubation mixture contained acetonitrile at the concentration of 1%.  After 1 h incubation, the 

reaction was terminated by the addition of 0.5 mL ice-cold acetonitrile.  After voltexing and 

centrifugation, precipitated protein was washed with 80% (v/v) aqueous methanol containing 10% 

(w/v) trichloroacetic acid, diethyl ether - methanol (1:1, v/v) and 80% (v/v) aqueous methanol (twice 

for each solvent).  The resulting precipitated protein was dissolved in 0.5 mL of 1.0 N NaOH, and the 

aliquots were taken for protein assay by DC protein assay kit (Bio-Rad Laboratories, Hercules, CA, 

USA) and determination of radioactive content by liquid scintillation counting with scintillation fluid 

cocktail Hionic-fluor (PerkinElmer, Wallesley, MA, USA).  The amount of test compounds 

covalently bound to the microsomal protein was determined and covalent binding [pmol/min/mg of 

protein] was calculated.  As a background, radioactivity of the samples without incubation was also 
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determined. 
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RESULTS 

     In order to examine the cellular responses to electrophilic stress by a Keap1/Nrf2/ARE system 

in human hepatocytes, the induction profiles of typical Nrf2-responsive genes after exposure to BHA, 

a classical activator of Nrf2, were observed.  The mRNA expression levels of HO-1, γ-GCS, 

UGT1A1, CES1, NQO1, GSTA1 and GSTP1 after 24 h-exposure of human hepatocytes (Lot FEP, 

KCT and ZCA) to 100 µM BHA are shown in Table 1.  The concentration and time of exposure were 

set according to the previous report (Keum et al., 2006)).  The mRNA expression levels of HO-1, 

CES, UGT1A1 and NQO1 were increased after 24 h-exposure to BHA.  The ratios of BHA-induced 

mRNA levels relative to the vehicle control were: HO-1, 2.02~4.77; CES1, 1.67~4.49; UGT1A1, 

1.77~10.31; NQO1, 1.32~3.88.  Lot KCT hepatocytes exhibited the highest induction levels of these 

enzymes among the three lots of hepatocytes used.  The γ-GCS and GSTA1 mRNA expression levels 

were barely affected by the exposure to BHA, accounting for 0.85~1.22 and 1.16~1.46 fold changes 

relative to the vehicle control, respectively.  GSTP1 mRNA expression levels were not determined 

because they were below the lower limit of quantification of real time PCR. 

     We next investigated the induction profiles of Nrf2-related genes by problematic drugs that are 

known to be associated with severe IDTs, as well as safe drugs.  The structures of the drugs tested are 

shown in Figure 1.  Human hepatocytes (Lot KCT) were exposed for 24 h to increasing 

concentrations (30, 100 and 300 µM) of ticlopidine, clozapine, diclofenac, acetaminophen and tienilic 

acid as the problematic drugs, and caffeine, levofloxacin, furosemide and acetylsalicylic acid as the 
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safe drugs, and BHA as a positive control, followed by the determination of the mRNA expression 

levels of HO-1, UGT1A1, CES1 and NQO1, which were all observed to be responsive to BHA (Figure 

2).  Hepatocytes exposed to 300 µM BHA, ticlopidine and clozapine exhibited increased LDH 

release (>2 fold compared with the vehicle control) in the culture medium, demonstrating the cellular 

toxicity by these treatments.  The mRNA levels of HO-1 increased after exposure to ticlopidine, 

clozapine, diclofenac, tienilic acid and BHA in a concentration-dependent manner, and the induction 

ratios relative to the vehicle control were determined to be 2.56 for 100 µM ticlopidine, 3.90 for 100 

µM clozapine, 2.71 for 300 µM diclofenac, 2.95 for 300 µM tienilic acid and 4.77 for 100 µM BHA.  

In contrast, the increase in HO-1 mRNA levels after exposure to the safe drugs were determined to be 

less than 2-fold relative to the control, suggesting that HO-1 is not induced by safe drugs.  These 

results showed a good contrast in HO-1 mRNA induction between the problematic and safe drugs.  

UGT1A1 was highly induced by exposure to the problematic drugs, showing a more than 10-fold 

increase in the mRNA level.  Since the mRNA levels were also increased 2.90~6.94-fold after 

exposure to the safe drugs, the contrast in UGT1A1 induction between the problematic and safe drugs 

was not clear.  In the cases of CES1 and NQO1, neither the problematic nor safe drugs caused 

significant increase in their mRNA expression levels.  The BHA treatment as a positive control 

exhibited mRNA induction (> 2 fold) in HO-1, UGT1A1, CES1 and NQO1.  Next the observed fold 

changes of induction of the drugs were compared with their intrinsic covalent binding yields in human 

liver microsomal systems reported previously (Masubuchi et al., 2007).  Furthermore, we 
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additionally conducted the covalent binding study of acetylsalicylic acid and caffeine using their 

14C-labelled tracers in order to obtain the covalent binding data of the safe drugs by the same method.  

As a result, the safe drugs, acetylsalicylic acid and caffeine exhibited the trace levels of covalent 

binding (0.07 and 0.16 pmol/min/mg of protein, respectively) in a human liver microsomal system.  

The fold changes of induction of the drugs were plotted against their covalent binding yields as shown 

in Figure 2 (E).  HO-1 and UGT1A1 showed weak positive correlations between the induction and 

covalent binding, and their correlation coefficient were calculated to be 0.43 and 0.57, respectively.  

On the other hand, no correlation was observed in case of CES1 and NQO1.  

     In order to investigate whether or not HO-1 induction in human hepatocytes by BHA and 

problematic drugs was affected by depletion of GSH, a major endogenous scavenger of electrophiles, 

the mRNA levels of HO-1 were determined after co-treatment of hepatocytes with BSO, a specific 

inhibitor of GSH synthesis.  When human hepatocytes (Lot KCT) were exposed to 100 µM BHA, 

100 µM ticlopidine, 300 µM diclofenac and 300 µM acetaminophen, they were co-treated with 

increasing concentrations (0, 10 and 50 µM) of BSO for 24 h, followed by the determination of HO-1 

mRNA levels, as shown in Figure 3a.  According to the results, co-treatment with BSO enhanced the 

HO-1 mRNA induction by BHA, ticlopidine, diclofenac and acetaminophen in a 

concentration-dependent manner.  Control incubations ((-) substrate) of hepatocytes with BSO and 

without substrate showed that mRNA levels of HO-1 were not changed solely by BSO at the 

concentrations tested.  The effect of co-treatment with BSO and the safe drugs on the mRNA level of 
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HO-1 was also examined, as shown in Figure 3b.  The mRNA levels of HO-1 after exposure to 300 

µM levofloxacin and caffeine with BSO were not different from those of the (-) substrate control, 

whereas those after exposure to acetylsalicylic acid were slightly enhanced under GSH depletion 

conditions.   

     Because BHA and the problematic drugs tested are known to be metabolized into electrophilic 

reactive species by cytochrome-P450 enzymes (CYPs), metabolism via CYPs is presumed to 

contribute the the HO-1 induction by these drugs.  Then, during 24 h-exposure of human hepatocytes 

(Lot KCT) with 100 µM BHA, ticlopidine, clozapine and 300 µM diclofenac, they were co-treated 

with increasing concentrations (0, 300 and 1000 µM) of ABT, a nonspecific and irreversible inhibitor 

of CYPs (Mico et al., 1988).  In this experiment, the hepatocytes were also challenged with 50 µM 

BSO in order to detect the changes in HO-1 mRNA level with a wider dynamic range.  As shown in 

Figure 4a, ABT treatment significantly suppressed the HO-1 induction by BHA and problematic drugs 

in a concentration-dependent fashion.  The mRNA levels in the control hepatocytes not exposed to 

any substrate were not changed by ABT, demonstrating that ABT itself has no effect on HO-1 

induction.  In addition, we also examined the effect of ABT on HO-1 induction by tBHQ (Figure 4b), 

which is a demethylated metabolite of BHA and is known to be an activator of Nrf2 (Keum et al., 

2006).  Hepatocytes exposed to 30 µM tBHQ for 8 h exhibited an approximately 2-fold increased 

mRNA level, and which was not suppressed by the addition of ABT.   
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DISCUSSION 

Several in vitro studies using human cultured cell lines such as HepG2 or rodent 

hepatocytes as well as in vivo studies in rodents have shown that Phase II enzymes are induced by 

electrophiles and that some drugs are known to produce electrophiles via a Keap1/Nrf2 system 

(Cantoni et al. 2003; Nioi et al., 2003; Shinkai et al., 2006), whereas there are only a few studies 

examining the Keap1/Nrf2-mediated enzyme induction profiles by the electrophilic stress in human 

hepatocytes (Keum et al., 2006).  Induction studies of typical Nrf2-related genes by BHA have 

shown that the mRNA level induction of HO-1, UGT1A1, CES and NQO-1 is readily observable in 

human hepatocytes and that the mRNA levels induced were varied among the enzymes observed.  

This observed variation in the inductive response to electrophilic stress would be due to the fact that 

there are different regulatory features in the gene expression process after Nrf2 activation.  For 

instance, the chromatin-remodeling molecule BRG1 has recently been identified as a specific 

coactivator of HO-1 gene expression which interacts with Nrf2 to selectively mediate HO-1 induction 

in response to oxidative and electrophilic stress (Zhang et al. 2006). 

In the comparative induction study between the problematic and safe drugs shown in 

Figure 2, we chose clozapine, ticlopidine, tienilic acid, diclofenac and acetaminophen as the 

problematic drugs because these drugs are reported to be associated with IDT including hepatotoxicity 

due to the formation of the electrophilic reactive metabolites and covalent binding to cellular proteins.  

The proposed structures of the reactive metabolites generated from the problematic drugs are shown in 
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Figure 1.  Clozapine causes fatal neutropenia, aguranulocytosis and hepatotoxicity, and received a 

warning regarding its use (Alvir et al., 1993; Macfarlane et al., 1997).  Clozapine forms reactive 

metabolites such as nitrenium ion by CYPs, activated neutrophils and bone marrow cells (Pirmohamed 

et al., 1995).  Ticlopidine also received a warning and is restricted in its use due to severe 

hepatotoxicity and agranulocytosis (Skurnik et al., 2003).  The thiophene moiety of ticlopidine is 

mainly oxidized by CYP2C19 with the formation of electrophilic reactive metabolites, including 

thiophene S-oxide and thiophene epoxide, which can form covalent binding to cellular proteins 

including CYP2C19 (Ha-Duong et al., 2001).  Tienilic acid was withdrawn from the market in 1980 

due to severe and fatal liver injury (Zimmerman et al., 1984).  Tienilic acid has a thiophene moiety as 

well as ticlopidine and is metabolized mainly by CYP2C9 to form thiophene-derived electrophilic 

reactive metabolites (Lopez-Garcia et al., 1994).  Diclofenac is associated with hepatotoxicity, which 

is considered to be due to the formation of electrophilic reactive metabolites, including 

acylglucuronide by UGTs and benzoquinone-imines by CYP2C9 and 3A4, followed by their covalent 

binding to liver proteins (Boelsterli, 2003).  As shown in Figure 2, these problematic drugs exhibited 

inductive effects on HO-1, which contrasted with the safe drugs, and therefore the induction of HO-1 

mRNA seems to be correlated with the occurrence of drug toxicity including IDT due to electrophilic 

reactive metabolites.  Acetaminophen was categorized as a problematic drug, but did not increase the 

mRNA level of HO-1 in the concentration range tested.  Since acute and fatal liver injury of 

acetaminophen due to the formation of an electrophilic reactive metabolite, 
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N-acetyl-benzoquinone-imine, is caused by its overdose (e.g. 4000 mg/day) (Hinson et al., 1981), 

higher exposure concentrations of acetaminophen may be necessary for the induction of HO-1.  

Although acetaminophen is the most thoroughly studied problematic drug and there is some body of evidence of 

toxicity due to bioactivation in particular in mice, it is known that human hepatocytes are less responsive to 

acetaminophen than mice (Chueng et al., 2005: Tee et al., 1987).  This species difference in hepatotoxic effects 

of acetaminophen is considered to be due to difference in the rate of CYP2E1-mediated formation of reactive 

metabolites.  Thus, the no induction of HO-1 by acetaminophen observed could be explained by the low 

sensitivity of human hepatocytes to acetaminophen.  The parallel gene induction studies with hapatocytes from 

animal species would be helpful to understand the species deference in metabolic bioactivation and toxicity. 

     UGT1A1 was induced by exposure to the safe drugs as well as the problematic drugs, as shown 

in Figure 2.  Previous studies have shown that the regulation of UGT expression is targeted by a 

number of xenobiotic and steroid receptors such as PXR, CAR and PPAR in response to xenobiotics, 

carcinogens, stress signals and hormones other than the Keap1/Nrf2 signaling pathway (Soars et al., 

2004).  Therefore, the observed inductive effects of the safe drugs on UGT1A1 are thought to be due 

to the induction through these receptors and UGT1A1 induction would not be a specific marker for 

electrophilic stress responses.   

     The fold changes of induction for HO-1 were shown to be positively and weakly correlated with 

the covalent binding yields.  Nrf2 activation is known to be regulated by the covalent modification 

pattern of Keap1, which is dependent on the structures of the electrophilic reactive species (Hong et al., 
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2005).  Therefore, the Nrf2-mediated gene induction would be dependent not only on the quantity of 

covalent binding but also on the structures of reactive metabolites and the pattern of covalent binding.  

This may be one reason for no strong correlation between covalent binding and Nrf2-mediated gene 

induction.  For the further consideration, however, it would be necessary to determine the covalent 

binding yields in the induction experiments using human hepatocytes.  In case of UGT1A1, the drugs 

with the trace levels of covalent binding yield showed inductive effects, supporting the idea that the 

observed induction of UGT1A1 was, at least partially, mediated by the induction pathways other than 

Keap1/Nrf2 pathway. 

     Because electrophilic reactive species can be scavenged by GSH, a major intracellular 

nucleophile, the GSH depletion experiment using BSO represents that the formation of electrophilic 

reactive species should be involved in the HO-1 induction by BHA and the problematic drugs.  

Furthermore, GSH is also a major antioxidant and therefore it was suggested that the hepatocellular 

redox status could affect the HO-1 induction by electrophilic stress.  Though acetaminophen did not 

affect the mRNA level of HO-1 up to 300 µM under normal condition as shown in Figure 2a, it 

induced HO-1 under GSH-depleted condition (Figure 3a), indicating that acetaminophen also has a 

potential to induce HO-1 via reactive metabolite formation and which would be masked by GSH under 

normal condition.  The safe drugs levofloxacin and caffeine had no inductive effect on HO-1 even 

under the GSH-depleted conditions, showing that GSH depletion can sharpen the contrast in HO-1 

induction between the problematic and safe drugs.  Acetylsalicylic acid is believed to be relatively 
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safe at therapeutic doses and is thus categorized as a safe drug in this study. However, it has been 

reported that its overdose results in hepatotoxicity, probably due to the formation of electrophilic acyl 

glucuronide and thus it can be regarded as a potentially problematic drug (Bjorkman, 1998; Dickinson 

et al., 1994).  The slight induction by acetylsalicylic acid observed under GSH-depleted conditions 

may represent its potential risk of hepatotoxicity.   

     Moreover, CYP inhibition experiments using ABT demonstrate that CYP metabolism is an 

essential pathway for the HO-1 induction by BHA and the problematic drugs.  As mentioned above, 

ticlopidine, clozapine and diclofenac are transformed to electrophilic reactive metabolites by CYP 

enzymes.  BHA is also known to be typically metabolized by CYPs to a demethylated metabolite, 

tert-butylhydroquinone (tBHQ), which is in turn converted to the electrophilic reactive species 

tert-butylquinone through autooxidation, as shown in Figure 1 (Cummings et al., 1985).  Thus, the 

observed HO-1 induction is considered to be triggered by the electrophilic reactive metabolites 

produced through CYP metabolism.  The lack of an effect of ABT on HO-1 induction by tBHQ 

suggests that tBHQ is capable of inducing HO-1 without CYP-mediated metabolic bioactivation, 

which seems to be in reasonable agreement with this conclusion because tBHQ can be autooxidized to 

tert-butylquinone. 

    HO-1 catalyzes degradation of heme, resulting in production of biliverdin and carbon monoxide (CO).  

Biliverdin can suppress oxidative stress by scavenging reactive oxygen species (Baranano et al., 2002).  CO has 

strong anti-inflammatory effects and protective effects against immune-mediated liver injury (Otterbein et al., 
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2000).  Because HO-1 has some defensive effects against cellular damages caused by electrophilic stress, HO-1 

induction by the problematic drugs would be reasonable from a functional point of view.  Future studies to 

investigate changes in level of HO-1 activity and yields of HO-1 products after mRNA level induction will 

provide further support for the concept in this study. 

     In summary, we have investigated the induction profiles of typical Nrf2-related genes after the 

exposure of human hepatocytes to BHA and a series of the marketed drugs and have revealed that the 

mRNA levels of HO-1 can be increased specifically by problematic drugs associated with severe 

hepatotoxicity including IDT.  Moreover, GSH-depletion and CYP inhibition experiments have 

demonstrated that the observed HO-1 induction was triggered by the electrophilic reactive metabolites 

produced from the problematic drugs through CYP-mediated metabolic bioactivation.  Taken 

together, our present study suggests that HO-1 induction in human hepatocytes would be a good 

marker for the cellular stress response to electrophilic reactive metabolites and metabolism-based drug 

toxicity and IDT. 

   

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 28, 2008 as DOI: 10.1124/dmd.107.018002

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18002 

 22

REFERENCES 

Alvir JM, Lieberman JA, Safferman AZ, Schwimmer JL and Schaaf JA (1993) Clozapine-induced 

agranulocytosis. Incidence and risk factors in the United States. N Engl J Med 329:162-167. 

 

Baillie TA and Davis MR (1993) Mass spectrometry in the analysis of glutathione conjugates. Biol 

Mass Spectrom 22:319-325.   

 

Baranano DE, Rao M, Ferris CD and Snyder SH (2002) Biliverdin reductase: a major physiologic 

cytoprotectant. Proc Natl Acad Sci U S A 99:16093-16098. 

 

Bjorkman D (1998) Nonsteroidal anti-inflammatory drug-associated toxicity of the liver, lower 

gastrointestinal tract, and esophagus. Am J Med 105:17S-21S. 

 

Boelsterli UA (2003) Diclofenac-induced liver injury: a paradigm of idiosyncratic drug toxicity. 

Toxicol Appl Pharmacol 192: 307-322.   

 

Cantoni L, Valaperta R, Ponsoda X, Castell JV, Barelli D, Rizzardini M, Mangolini A, Hauri L and 

Villa P (2003) Induction of hepatic heme oxygenase-1 by diclofenac in rodents: role of oxidative stress 

and cytochrome P-450 activity. J Hepatol 38: 776-783. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 28, 2008 as DOI: 10.1124/dmd.107.018002

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18002 

 23

 

Cheung C, Yu AM, Ward JM, Krausz KW, Akiyama TE, Feigenbaum L and Gonzalez FJ (2005) The 

cyp2e1-humanized transgenic mouse: role of cyp2e1 in acetaminophen hepatotoxicity. Drug Metab 

Dispos. 33:449-457. 

 

Cummings SW, Ansari GA, Guengerich FP, Crouch LS and Prough RA (1985) Metabolism of 

3-tert-butyl-4-hydroxyanisole by microsomal fractions and isolated rat hepatocytes. Cancer Res 45: 

5617-5624. 

 

Dickinson RG, Baker PV and King AR (1994) Studies on the reactivity of acyl glucuronides--VII. 

Salicyl acyl glucuronide reactivity in vitro and covalent binding of salicylic acid to plasma protein of 

humans taking aspirin. Biochem Pharmacol 47: 469-476.   

 

Dinkova-Kostova AT, Holtzclaw WD and Kensler TW. (2005) The role of Keap1 in cellular protective 

responses. Chem Res Toxicol 18:1779-1791. 

 

Evans DC, Watt AP, Nicoll-Griffith DA and Baillie TA (2004) Drug-protein adducts: an industry 

perspective on minimizing the potential for drug bioactivation in drug discovery and development. 

Chem Res Toxicol 17:3-16. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 28, 2008 as DOI: 10.1124/dmd.107.018002

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18002 

 24

 

Gan J, Harper TW, Hsueh MM, Qu Q and Humphreys WG. (2005) Dansyl glutathione as a trapping 

agent for the quantitative estimation and identification of reactive metabolites. Chem Res Toxicol 

18:896-903. 

 

Ha-Duong NT, Dijols S, Macherey AC, Goldstein JA, Dansette PM and Mansuy D (2001) Ticlopidine 

as a selective mechanism-based inhibitor of human cytochrome P450 2C19. Biochemistry 

40:12112-12122.  

 

Hinson JA, Pohl LR, Monks TJ and Gillette JR (1981) Acetaminophen-induced hepatotoxicity. Life 

Sci 29:107-116. 

 

Hong F, Sekhar KR, Freeman ML and Liebler DC (2005) Specific patterns of electrophile adduction 

trigger Keap1 ubiquitination and Nrf2 activation. J Biol Chem 280:31768-31775. 

 

Kaplowitz N (2005) Idiosyncratic drug hepatotoxicity. Nat Rev Drug Discov 4:489-499.  

 

Keum YS, Han YH, Liew C, Kim JH, Xu C, Yuan X, Shakarjian MP, Chong S and Kong AN (2006) 

Induction of heme oxygenase-1 (HO-1) and NAD[P]H: quinone oxidoreductase 1 (NQO1) by a 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 28, 2008 as DOI: 10.1124/dmd.107.018002

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18002 

 25

phenolic antioxidant, butylated hydroxyanisole (BHA) and its metabolite, tert-butylhydroquinone 

(tBHQ) in primary-cultured human and rat hepatocytes. Pharm Res 23: 2586-2594.  

 

Liebler DC and Guengerich FP (2005) Elucidating mechanisms of drug-induced toxicity. Nat Rev 

Drug Discov 4:410-420. 

 

Lopez-Garcia MP, Dansette PM and Mansuy D (1994) Thiophene derivatives as new 

mechanism-based inhibitors of cytochromes P-450: inactivation of yeast-expressed human liver 

cytochrome P-450 2C9 by tienilic acid. Biochemistry 33:166-75.   

 

Macfarlane B, Davies S, Mannan K, Sarsam R, Pariente D and Dooley J (1997) Fatal acute fulminant 

liver failure due to clozapine: a case report and review of clozapine-induced hepatotoxicity. 

Gastroenterology 112: 1707-1709.  

 

Masubuchi N, Makino C and Murayama N. (2007) Prediction of in vivo potential for metabolic 

activation of drugs into chemically reactive intermediate: correlation of in vitro and in vivo generation 

of reactive intermediates and in vitro glutathione conjugate formation in rats and humans. Chem Res 

Toxicol 20:455-464. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 28, 2008 as DOI: 10.1124/dmd.107.018002

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18002 

 26

Mico BA, Federowicz DA, Ripple MG and Kerns W (1988) In vivo inhibition of oxidative drug 

metabolism by, and acute toxicity of, 1-aminobenzotriazole (ABT). A tool for biochemical toxicology 

Biochem Pharmacol 37:2515-2519.  

 

Nioi P, McMahon M, Itoh K, Yamamoto M and Hayes JD (2003) Identification of a 

novelNrf2-regulated antioxidant response element (ARE) in the mouse NAD(P)H:quinone 

oxidoreductase 1 gene: reassessment of the ARE consensus sequence. Biochem J 374: 337-348.   

 

Otterbein LE, Bach FH, Alam J, Soares M, Tao Lu H, Wysk M, Davis RJ, Flavell RA and Choi AM 

(2000) Carbon monoxide has anti-inflammatory effects involving the mitogen-activated protein kinase 

pathway. Nat Med 6: 422-428. 

 

Pirmohamed M, Williams D, Madden S, Templeton E and Park BK (1995) Metabolism and 

bioactivation of clozapine by human liver in vitro. J Pharmacol Exp Ther 272:984-990. 

 

Shinkai Y, Sumi D, Fukami I, Ishii T and Kumagai Y (2006) Sulforaphane, an activator of Nrf2, 

suppresses cellular accumulation of arsenic and its cytotoxicity in primary mouse hepatocytes. FEBS 

Lett 580:1771-1774.  

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 28, 2008 as DOI: 10.1124/dmd.107.018002

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18002 

 27

Skurnik YD, Tcherniak A, Edlan K and Sthoeger Z (2003) Ticlopidine-induced cholestatic hepatitis. 

Ann Pharmacother 37: 371-375.   

 

Soars MG, Petullo DM, Eckstein JA, Kasper SC and Wrighton SA. (2004) An assessment of 

UDP-glucuronosyltransferase induction using primary human hepatocytes. Drug Metab Dispos 

32:140-148. 

 

Talalay P, Dinkova-Kostova AT and Holtzclaw WD (2003) Importance of phase 2 gene regulation in 

protection against electrophile and reactive oxygen toxicity and carcinogenesis. Adv Enzyme Regul 

43:121-134. 

 

Tee LB, Davies DS, Seddon CE and Boobis AR (1987) Species differences in the hepatotoxicity of 

paracetamol are due to differences in the rate of conversion to its cytotoxic metabolite. Biochem 

Pharmacol 36:1041-1052.  

 

Thimmulappa RK, Mai KH, Srisuma S, Kensler TW, Yamamoto M and Biswal S. (2002) Identification 

of Nrf2-regulated genes induced by the chemopreventive agent sulforaphane by oligonucleotide 

microarray. Cancer Res 62:5196-5203.   

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 28, 2008 as DOI: 10.1124/dmd.107.018002

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18002 

 28

Wakabayashi N, Dinkova-Kostova AT, Holtzclaw WD, Kang MI, Kobayashi A, Yamamoto M, Kensler 

TW and Talalay P (2004) Protection against electrophile and oxidant stress by induction of the phase 2 

response: fate of cysteines of the Keap1 sensor modified by inducers. Proc Natl Acad Sci USA 

101:2040-2045. 

 

Walgren JL, Mitchell MD and Thompson DC (2005) Role of metabolism in drug-induced 

idiosyncratic hepatotoxicity. Crit Rev Toxicol 35:325-361. 

 

Yueh MF and Tukey RH (2007)Nrf2-Keap1 signaling pathway regulates human UGT1A1 expression 

in vitro and in transgenic UGT1 mice. J Biol Chem 282:8749-8758. 

 

Zhang J, Ohta T, Maruyama A, Hosoya T, Nishikawa K, Maher JM, Shibahara S, Itoh K and 

Yamamoto M (2006) BRG1 interacts withNrf2 to selectively mediate HO-1 induction in response to 

oxidative stress. Mol Cell Biol 26: 7942-7952. 

 

Zhou S, Chan E, Duan W, Huang M and Chen YZ (2005) Drug bioactivation, covalent binding to 

target proteins and toxicity relevance. Drug Metab Rev 37:41-213.  

 

Zimmerman HJ, Lewis JH, Ishak KG and Maddrey WC. (1984) Ticrynafen-associated hepatic injury: 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 28, 2008 as DOI: 10.1124/dmd.107.018002

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18002 

 29

analysis of 340 cases. Hepatology 4:315-323.   

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 28, 2008 as DOI: 10.1124/dmd.107.018002

 at A
SPE

T
 Journals on A

pril 23, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#18002 

 30

FOOTNOTES 
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LEGENDS TO FIGURES 

Figure 1. Chemical structures of the compounds tested and their proposed reactive metabolites. 

 

Figure 2. Induction profiles of HO-1, UGT1A1, CES1 and NQO1 after exposure of human hepatocytes to 

the compounds tested.  Human hepatocytes (Lot KCT) were exposed for 24 h to increasing 

concentrations (30, 100 and 300 µM) of ticlopidine, clozapine, diclofenac, acetaminophen, tienilic 

acid, caffeine, levofloxacin, furosemide, acetylsalicylic acid and BHA, followed by the determination 

of the mRNA expression levels of HO-1 (A), UGT1A1 (B), CES1 (C) and NQO1 (D).  Bar graphs 

represent the mean ± SD of three determinations.  *, p < 0.01 compared with control.  (E) 

Comparison of the fold changes of induction of the drugs with their intrinsic covalent binding yields in 

human liver microsomal systems. 

 

Figure 3. Effect of BSO on the HO-1 mRNA induction in human hepatocytes.  (A) Human hepatocytes 

(Lot KCT) were exposed to 100 µM BHA, 300 µM diclofenac, 100 µM ticlopidine and 300 µM 

acetaminophen in the presence of BSO (0, 10 and 50 µM) for 24 h.  (B) Human hepatocytes (Lot 

KCT) were exposed to 300 µM acetylsalicylic acid, 300 µM caffeine and 300 µM levofloxacin in the 

presence of BSO (0, 10 and 50 µM) for 24 h.  Bar graphs represent the mean ± SD of three 

determinations.  *, p < 0.01 compared with 0 µM BSO.  
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Figure 4. Effect of ABT on the HO-1 mRNA induction in human hepatocytes.  (A) Human 

hepatocytes (Lot KCT) were treated with the increasing concentrations (0, 300 and 1000 µM) of ABT 

during 24 h-exposure to 300 µM diclofenac, 100 µM BHA, ticlopidine and 30 µM clozapine in the 

presence of 50 µM BSO.  (B) Human hepatocytes (Lot ZCA) were treated with the increasing 

concentrations (0, 300 and 1000 µM) of ABT during 8 h-exposure to 30 µM tBHQ in the presence of 

50 µM BSO.  Bar graphs represent the mean ± SD of three determinations.  *, p < 0.01 compared 

with 0 µM ABT. 
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Table 1. BHA-induced mRNA expression profiles in human hepatocytes. 

mRNA expression level ratio* (Mean ± SD) 

Enzyme Lot. FEP Lot. KCT Lot. ZCA 

HO-1 2.59 ± 0.18 4.77 ± 0.18 2.02 ± 0.25 

γ-GCS 0.85 ± 0.12 0.89 ± 0.02 1.22 ± 0.23 

UGT1A1 2.15 ± 0.16 10.31 ± 0.59 1.77 ± 0.20 

CES1 1.67 ± 0.35 4.49 ± 0.72 2.57 ± 0.56 

NQO1 1.97 ± 0.29 3.88 ± 0.68 1.32 ± 0.30 

GSTA1 1.31 ± 0.17 1.46 ± 0.23 1.16 ± 0.06 

GSTP1 ND ND ND 

Hepatocytes were exposed to 100 µM BHA at 37°C for 24 h.  

* Relative to the vehicle control, n=3. 

ND: Not determined due to lower mRNA expression level than the quantification limits. 
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