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Abstract 

We investigated the impact of glutathione S-transferases Mu 1 (GSTM1)- and Theta 1 (GSTT1)-null 

genotypes on hepatic GST activities in humans, and compared the results with those of Gstm1- and 

Gstt1-null mice. In liver with GSTM1/Gstm1-null genotype, GST activity toward p-nitrobenzyl chloride 

(NBC) was significantly decreased in both humans and mice. Additionally, in liver with GSTT1/Gstt1-null 

genotype, GST activity toward dichloromethane (DCM) was significantly decreased in both humans and 

mice. Therefore, null genotypes of GSTM1/Gstm1 and GSTT1/Gstt1 are considered to decrease hepatic 

GST activities toward NBC and DCM, respectively, in both humans and mice. This observation shows the 

functional similarity of GSTM1 and GSTT1 toward some substrates between humans and mice. In the 

case of NBC and DCM, Gst-null mice would be relevant models for humans with GST-null genotype. In 

addition, decreases in GST activities toward 1,2-dichloro-4-nitrobenzene, trans-4-phenyl-3-buten-2-one, 

and 1-chloro-2,4,-dinitrobenzene were observed in Gstm1-null mice, and a decrease in GST activity 

toward 1,2-epoxy-3-(p-nitrophenoxy)propane was observed in Gstt1-null mice. However, an impact of 

GST-null genotypes on GST activities toward these substrates was not observed in humans. In the case of 

these mouse-specific substrates, Gst-null mice may be relevant models for humans regardless of GST 

genotype, since GST activities, which is higher in wild-type mice than in humans, were eliminated in 

Gst-null mice. This study shows that comparison of hepatic GST activities between humans and mice 

using genotype information would be valuable in utilization of Gst-null mice as human models. 
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Introduction 

Genetic polymorphisms of the drug-metabolizing enzymes are considered significant factors that 

influence the incidence of toxicity by xenobiotics (Andrade et al., 2009). Glutathione S-transferases 

(GSTs, EC 2.5.1.18) are recognized as important phase II drug-metabolizing enzymes, because they 

catalyze the conjugation of electrophilic compounds to glutathione (GSH), which is generally considered 

a detoxification reaction. Acetaminophen (Larson, 2007), bromobenzene (Lau et al., 1980), and aflatoxin 

B1 (Guengerich et al., 1998) are typical compounds whose reactive metabolites are detoxified by GSTs. 

However, in some instances, GSTs mediate metabolic bioactivation of haloalkanes such as 

dichloromethane (DCM) and dibromoethane (van Bladeren, 2000). Human GSTs display genetic 

polymorphisms (Hayes et al., 2005), and they have been considered significant factors that affect 

inter-individual differences in response to xenobiotics. Especially, null genotypes of GSTM1 (Seidegard et 

al., 1988) and GSTT1 (Pemble et al., 1994), which lack the whole gene due to homologous recombination, 

have been noted among GST polymorphisms. Furthermore, they have been reported to have significant 

impact on the incidence of cancer (Parl, 2005), alcoholic liver disease (Ladero et al., 2005), and 

drug-induced liver injury (DILI) (Lucena et al., 2008). 

Metabolism catalyzed by GSTs is generally considered a detoxification reaction, which protects from 

DILI and xenobiotics-induced cancer (Lucena et al., 2008). Regarding DILI, the double null genotype 

lacking both GSTM1 and GSTT1 has been implicated as a risk factor for DILI induced by troglitazone 
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(Watanabe et al., 2003), tacrine (Simon et al., 2000), and valproic-acid (Fukushima et al., 2008). In 

addition, the null genotype of GSTM1 has been suggested to be a risk factor for DILI induced by 

carbamazepine (Ueda et al., 2007) and antituberculosis drugs (Roy et al., 2001). One of the mechanisms 

of such DILI in individuals with GSTM1- and GSTT1-null genotypes is thought to be the lack of GST 

activity to conjugate reactive metabolites with GSH (Lucena et al., 2008). However, the direct 

relationship between GST-null genotypes and hepatic enzyme activities in humans has not been fully 

examined so far. While there were limited reports that focused on GST activity toward aflatoxin B1 in 

human liver during the 1990s (Kirby et al., 1993; Slone et al., 1995), the purpose of those studies was to 

examine the expression of GSTs in paired neoplastic and adjacent non-neoplastic liver tissue (Kirby et al., 

1993) and to determine the extent of variation in GST activity toward aflatoxin B1-8,9-epoxide, which is 

a reactive metabolite of aflatoxin B1 (Slone et al., 1995). As results, decreases in GST Alpha and Mu and 

an increase in GST Pi were observed in neoplastic lesion, and GST activity toward aflatoxin 

B1-8,9-epoxide was low and showed large inter-individual variations. In addition, the impact of GSTM1- 

and GSTT1-null genotypes was not sufficiently examined due to the lack of information and methodology 

to detect GSTM1- and GSTT1-null genotypes at that time. Therefore, it seems valuable to use the 

information about the genotypes of GSTM1 and GSTT1 to examine GST activities in the liver. 

As experimental animal models, several lines of Gst-null (knockout) mice have been produced and 

utilized to examine the role of Gsts in vivo. Regarding cytosolic GSTs, Gsta3- (Ilic et al., 2010), Gsta4- 
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(Engle et al., 2004), Gstm1- (Fujimoto et al., 2006), Gstp1/p2- (Henderson et al., 1998), Gstt1- (Fujimoto 

et al., 2007), Gstz1- (Fernandez-Canon et al., 2002; Lim et al., 2004), Gsto1- (Chowdhury et al., 2006), 

and Gsts1- (Trivedi et al., 2006) null mice have been generated. Among these Gst-null mice, Gstm1- and 

Gstt1-null mice have been developed in our group, since null genotypes of human GSTs have been 

reported to occur exclusively in GSTM1 and GSTT1 (Hayes et al., 2005). In order to investigate the 

possibility that Gstm1- and Gstt1-null mice are relevant models for humans with GSTM1- and 

GSTT1-null genotypes, it seems useful to examine the effect of GSTM1/Gstm1- and GSTT1/Gstt1-null 

genotypes on hepatic GST activities toward some specific substrates in both humans and mice. In this 

study, we investigated the impact of GSTM1- and GSTT1- null genotypes on hepatic enzyme activities in 

humans, and compared the results with those from Gstm1- and Gstt1-null mice. 
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Materials and Methods 

Human Liver Samples 

Liver samples were obtained from forty Caucasian patients who had partial hepatectomy performed due 

to tumor metastasis to the liver. Normal portions of the liver that had been removed together with the 

tumor were used for analysis. A summary of donor information is shown in Supplemental Table S1. The 

patients were 27 males and 13 females, and their average age ± S.D. was 62.0 ± 16.0 years. Neither 

human immunodeficiency virus nor hepatitis viruses B or C were detected in any sample. The obtained 

samples were stored in a freezer set at -80°C. The studies were approved by the Ethics Review 

Committee of Daiichi-Sankyo Co., Ltd., and conducted in accordance with the “Declaration of Helsinki” 

(1964 and subsequent revisions). 

Preparation of DNA from Human Liver 

DNA was extracted from liver using DNeasy Blood & Tissue Kit (QIAGEN, Hilden, Germany) in 

accordance with the product instructions. 

Analysis of Human GSTM1 and GSTT1 Genotypes 

Genotypes of human GSTM1 and GSTT1 were determined using TaqMan® Copy Number Assays 

(Applied Biosystems, Foster City, CA) according to the Quick Reference Card; TaqMan® Copy Number 

Assays. Briefly, the assay was performed using the 7900-HT real-time polymerase chain reaction (PCR) 

system with a 20 uL reaction volume and using a 96 well plate containing 20 ng (4 uL) genomic DNA, 10 
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uL of TaqMan Gene expression Master Mix, 1 uL of TaqMan® Copy Number Assay (Hs02575461_cn or 

Hs00010004_cn), 1 uL of TaqMan® Copy number Reference Assays RNaseP, and 4 uL of 

deionized-distilled water. Quantitative PCR was conducted using the following cycling conditions: 

absolute quantification, 95°C for 10 min hold and 40 cycles of 95°C for 15 s and 60°C for 1 min. Each 

individual sample was analyzed in quadruplicate, and at least one calibrator sample for GSTM1 and 

GSTT1 (NA17122: Coriell Institute for Medical Research, Camden, NJ) was included. Copy number of 

GSTM1 and GSTT1 in the calibrator sample was 2 copies according to the product instruction. Obtained 

data were analyzed by CopyCaller™ Software v1.0 (Applied Biosystems) according to the product 

instruction. 

Gstm1- and Gstt1-Null Mice 

Gstm1- and Gstt1- null mice were generated by homologous recombination in embryonic stem cells as 

described previously (Fujimoto et al., 2006; Fujimoto et al., 2007). Wild-type, Gstm1-null, and Gstt1- null 

mice were maintained in a C57BL/6J and 129S1 mixed background. Liver was collected from wild-type, 

heterozygotes, and homozygotes mice at 7 to 8 weeks of age, and the obtained liver samples were stored 

in a freezer set at -80°C. The studies were approved by the Ethics Review Committee for Animal 

Experimentation of Daiichi-Sankyo Co., Ltd., and conducted in compliance with the “Law Concerning 

the Protection and Control of Animals”, Japanese Law No. 105, October 1, 1973, revised on June 22, 

2005. 
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Preparation of Cytosol from Human and Mouse Liver 

Frozen liver samples were thawed and homogenized with 1.15% potassium chloride (1:3, w/v) in an ice 

bath. The homogenates were centrifuged at 9,000g for 20 min at 4°C, and the supernatant fractions were 

further centrifuged at 105,000g for 1 h at 4°C to isolate the cytosolic fraction. Protein concentrations in 

the cytosolic fractions were determined by the method of Lowry et al. (Lowry et al., 1951). 

Western Blot Analysis of GSTM1 and GSTT1 

For the Western blot analysis, the protein concentration of the cytosol was adjusted to 6 mg/mL with 

1.15% potassium chloride and subsequently diluted to 3 mg/mL with Tris-SDS beta-mercaptoethanol 

sample loading buffer (Cosmo Bio Co., Ltd., Tokyo, Japan). Then samples were heated at 95°C for 5 

minutes, and 10 µL (30 µg) of each sample was loaded onto 12.5% polyacrylamide gel (Funakoshi 

Corporation, Tokyo, Japan) and subjected to electrophoresis. As positive controls, 1, 5, 10, and 100 ng of 

recombinant human GSTM1 and GSTT1 proteins (Oxford Biomedical Research, Inc., Rochester, MI) 

were loaded in each gel. The proteins were transferred from the gel to an Immobilon PVDF membrane 

(Millipore Corporation, Billerica, MA) using a blotting apparatus (Horizeblot: Atto Corporation, Tokyo, 

Japan). This membrane was blocked with ECL blocking agent (GE Healthcare, Little Chalfont, 

Buckinghamshire, UK) and treated successively with primary antibodies. Anti-human GSTM1 antibody 

(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and anti-human GSTT1 antibody (Proteintech Group, 

Inc., Chicago, IL) were used as primary antibodies. Then, the membrane was treated with biotin-labeled 
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anti-rabbit IgG antibody (GE Healthcare) as the secondary antibody and finally treated with 

streptavidin-horseradish peroxidase conjugate (GE Healthcare). Protein-antibody complexes were 

detected using ECL Western blotting detection reagent (GE Healthcare) and the membrane was exposed 

to instant film (Fujifilm Corporation, Tokyo, Japan). Intensity of the protein bands was quantified with CS 

Analyzer (Atto Corporation). 

Measurement of GST Activities in Human and Mouse Liver 

GST activities were spectrophotometrically measured using 1-chloro-2,4,-dinitrobenzene (CDNB), 

1,2-dichloro-4-nitrobenzene (DCNB), p-nitrobenzyl chloride (NBC), trans-4-phenyl-3-buten-2-one (PBO), 

1,2-epoxy-3-(p-nitrophenoxy)propane (EPNP), and dichloromethane (DCM) as substrates for GSTs. 

Since many studies using these substrates have characterized the enzymatic properties of GST isoforms 

(Hayes and Pulford, 1995), we also used them in this study. CDNB was used as a general substrate to 

detect total GST activity, which is catalyzed by various GST isoforms. NBC, DCNB, and PBO were used 

as substrates for Mu class GSTs, and EPNP and DCM were used as substrates for Theta class GSTs. GST 

activities toward CDNB (GST-CDNB activity), DCNB (GST-DCNB activity), NBC (GST-NBC activity), 

PBO (GST-PBO activity), and EPNP (GST-EPNP activity) were measured according to the method of 

Habig et al (Habig et al., 1974). GST activity toward DCM (GST-DCM activity) was measured according 

to the method of Nash (Nash, 1953). 

Statistical Analyses 
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In the study using human liver samples, nonparametric statistical tests were applied for evaluating the 

effect of GST genotypes on hepatic GST activities or protein expression levels, since GST activities and 

protein expression levels did not show normal distribution as evaluated by Shapiro-Wilk test (data not 

shown). Human data were not analyzed by gender, since gender differences in GST activities and protein 

expression levels were not detected by Kruskal-Wallis test (data not shown). The association between 

genotype and hepatic GST activities or protein expression levels was evaluated by Jonckheere-Terpstra 

trend test or Kruskal-Wallis test under the assumption of the trend or genotype mode in the laws of 

inheritance, respectively. Correlation between protein expression levels and GST activities was analyzed 

by Spearman rank correlation test. Statistical software R version 2.11.0 (http://www.r-project.org) was 

used for all statistical analyses of data from human samples. In the study using Gst-null mice, the effect of 

Gst genotypes on hepatic GST activities was analyzed by a parametric Dunnett’s test in accordance with 

the previous reports (Fujimoto et al., 2006; Fujimoto et al., 2007). Mouse data were analyzed by gender, 

since gender differences in GST activities toward CDNB, DCNB, NBC, and DCM were detected by F-t 

test (data not shown). Statistical analyses in the study using Gst-null mice were conducted with statistical 

software (SAS System version 6.1.2: SAS Institute Inc., Cary, NC, USA). A 5% level of probability was 

considered to be statistically significant in all statistical analyses performed in this study. 
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Results 

Analysis of Human GSTM1 and GSTT1 Genotypes 

The results of human GSTM1 and GSTT1 genotyping are shown in Table 1. Regarding GSTM1, the 

number of samples that had 0 copies (null genotype or homozygotes), 1 copy (heterozygotes), and 2 

copies (wild-type) were 22, 15, and 3, respectively. Thus, the null allele frequency of GSTM1 was 73.8 %. 

Regarding GSTT1, the number of samples that had 0 copies (null genotype or homozygotes), 1 copy 

(heterozygotes), and 2 copies (wild-type) were 7, 18, and 15, respectively. Thus, the null allele frequency 

of GSTT1 was 40.0 %. The results of the combination analysis for GSTM1 and GSTT1 genotypes are 

shown in Supplemental Table S2. Four samples (10 %) out of a total of 40 samples had the 

GSTM1/GSTT1- double null genotype. 

Western Blot Analysis of GSTM1 and GSTT1 in Human Liver 

GSTM1 and GSTT1 protein expression was not detected in the human liver samples with GSTM1- and 

GSTT1-null genotype, respectively (Supplemental Fig. S1 and S2). Protein expression levels of GSTM1 

and GSTT1 significantly changed with the copy number of GSTM1 and GSTT1, respectively (Fig. 1A and 

1B). 

Measurement of GST activities in the Human and Mouse Liver 

GST-CDNB activity, which is an indicator of total GST activity, did not significantly change with the 

copy number of GSTM1 and GSTT1 in human liver (Fig. 2A and 2B). In mouse liver, we have reported 
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that GST-CDNB activity significantly decreased in both Gstm1-heterozygotes and Gstm1-homozygotes 

(Gstm1-null mice) (Fujimoto et al., 2006) (Fig. 3A), but neither in Gstt1-heterozygotes nor 

Gstt1-homozygotes (Gstt1-null mice) (Fujimoto et al., 2007) (Fig 3B). Regarding Mu class substrates, 

GST-NBC activity significantly changed with the copy number of GSTM1 in human liver (Fig. 4A). In 

contrast, GST-DCNB activity did not significantly change with the copy number of GSTM1 in human 

liver (Fig. 4B). GST-DCNB activity was close to the lower limit of quantification, and GST-PBO activity 

was below the lower limit of quantification in human liver (data not shown). In addition, expression 

levels of GSTM1 protein and GST-NBC activity were significantly correlated in human liver (Fig. 4C). In 

mouse liver, GST-NBC activity significantly decreased in both Gstm1-heterozygotes and 

Gstm1-homozygotes (Gstm1-null mice) (Fig. 5A). We have reported that GST-DCNB activity 

significantly decreased in both Gstm1-heterozygotes and Gstm1-homozygotes (Gstm1-null mice) 

(Fujimoto et al., 2006) (Fig. 5B). Furthermore, GST-PBO activity significantly decreased in 

Gstm1-homozygotes (Gstm1-null mice) (Fig. 5C). Regarding Theta class substrates, GST-DCM activity 

significantly changed with the copy number of GSTT1 in human liver (Fig. 6A). In addition, protein 

expression levels of GSTT1 and GST-DCM activity significantly correlated (Fig. 6B) and GST-EPNP 

activity was below of the lower limit of quantification (data not shown). In mouse liver, we have reported 

that GST-DCM and GST-EPNP activities significantly decreased in both Gstt1-heterozygotes and 

Gstt1-homozygotes (Gstt1-null mice) (Fujimoto et al., 2007) (Fig. 7A and 7B). 
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Discussion 

We investigated the impact of GSTM1- and GSTT1-null genotypes on hepatic GST activities in humans, 

and compared the results with those of Gstm1- and Gstt1-null mice to evaluate the possibility that these 

mice are human relevant models. The null allele frequency of GSTM1 and GSTT1 in the human samples 

used in this study was 73.8 and 40.0 %, respectively (Table 1), and similar to the previously reported null 

allele frequency (Moyer et al., 2007), suggesting the samples used in this study were within the general 

distribution range of GSTM1- and GSTT1-null alleles. Since protein expression of GSTM1 and GSTT1 

was not detected in the human liver samples with the GSTM1 and GSTT1-null genotypes, respectively 

(Supplemental Fig. S1 and S2), it is suggested that the GSTM1 and GSTT1-null genotypes were consistent 

with the absence of protein expression. In addition, protein expression levels of GSTM1 and GSTT1 

significantly changed with the copy number of GSTM1 and GSTT1, respectively (Fig. 1A and 1B). This 

result was in accord with the report that investigated the impact of GSTM1- and GSTT1-null genotypes on 

gene expression levels in lymphoblastoid cell lines from humans (McCarroll et al., 2006). 

Among the hepatic GST activities investigated in this study using various substrates, GST-NBC and 

GST-DCM activities significantly decreased in liver with the GSTM1/Gstm1- and GSTT1/Gstt1-null 

genotypes, respectively, in both humans and mice (Fig. 4A, 5A, 6A, and 7A). Therefore, it is suggested 

that the impact of GSTM1/Gstm1 and GSTT1/Gstt1-null genotypes was reflected in decreases in 

GST-NBC and GST-DCM activities, respectively, in both humans and mice. Significant correlation 
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between protein expression levels and activities in human liver (Fig. 4C and 6B) indicates that NBC and 

DCM are substrates for human GSTM1 and GSTT1, respectively. NBC has been reported as a substrate 

for GSTM1 in humans (Hayes and Pulford, 1995), although there has been no report about mice. 

Accordingly, this study shows that NBC is a substrate for GSTM1 in mice as well as in humans. DCM is 

a widely used industrial organic solvent, and has been reported to be a substrate for GSTT1 in both 

humans and mice based on studies using recombinant GSTT1 protein (Sherratt et al., 2002). However, the 

impact of GSTT1-null genotype on GST-DCM activity in human liver has not been reported so far, 

although we have reported that GST-DCM activity was almost absent in liver of Gstt1-null mice 

(Fujimoto et al., 2007). Therefore, this study shows that the decrease in GST-DCM activity in human liver 

with GSTT1-null genotype. From the results of the GST-NBC and GST-DCM activities, functional 

similarity of GSTM1 and GSTT1 between humans and mice was suggested in this study. In the case of 

common substrates between humans and mice, such as NBC and DCM, Gstm1- and Gstt1-null mice are 

considered to be relevant models of humans with GSTM1- and GSTT1-null genotypes, respectively. 

Regarding DCNB, PBO, and EPNP, decreases in GST activity toward these substrates were observed 

specifically in Gstm1-null or Gstt1-null mice (Fig. 5B, 5C, and 7B), while an impact of GSTM1 or 

GSTT1-null genotypes was not observed in humans (Fig. 4B). In humans, GST-DCNB activity was close 

to the lower limit of quantification, and GST-PBO and GST-EPNP activities were lower limit of 

quantification. In wild-type mice, in contrast, GST-DCNB, GST-PBO, and GST-EPNP activities were 
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clearly detected. Therefore, the higher GST activities toward these substrates in wild-type mice than those 

in humans might mask the toxicity that could occur in humans. In the case of these mouse-specific 

substrates, Gst-null mice may be relevant models for humans regardless of GST genotype, since GST 

activities, which is higher in wild-type mice than in humans, were eliminated in Gst-null mice. As an 

example of the utilization of Gst-null mice, it has been reported that Gsta3-null mice are sensitive to 

aflatoxin B1-induced cytotoxicity and genotoxicity (Ilic et al., 2010). This fact suggests the usefulness of 

Gsta3-null mice as an in vivo model to assess the risk of aflatoxin B1 in humans, since wild-type mice are 

resistant to the aflatoxin B1-induced toxicity due to high GST activity toward aflatoxin B1, which is 

mainly catalyzed by GSTA3. In addition, Gstm1-null mice showed marked methemoglobinemia in a 

single dose study of DCNB compared with wild-type mice (Arakawa et al., 2010). GST-DCNB activity in 

both humans and Gstm1-null mice was close to the lower limit of quantification, and the absolute value of 

GST-DCNB activity was similar between humans (2.5 ± 1.3 nmol/min/mg protein) and Gstm1-null mice 

(Male: 5.1 ± 1.9 nmol/min/mg protein, Female: 3.2 ± 2.0 nmol/min/mg protein). Considering the absolute 

value of GST-DCNB activity, the results from Gstm1-null mice may be appropriate for assessment of the 

human risks to DCNB. In other words, the higher GST-DCNB activity in wild-type mice than in humans 

might mask the toxicity that could occur in humans. To avoid underestimating human risk from exposure 

to DCNB, the marked methemoglobinemia induced by single doses of DCNB in Gstm1-null mice should 

be considered to indicate a potential risk in humans. 
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Regarding CDNB, which is an general substrate for various GSTs, a decrease in GST-CDNB activity 

was observed in Gstm1-null mice (Fig. 3A), but not in humans with GSTM1-null genotype (Fig. 2A). 

Since it has been reported that GSTM1 of mice and humans shows similar activity toward CDNB (Hayes 

and Pulford, 1995), GSTM1 expression levels among total GSTs in liver might be higher in mice than in 

humans. No decrease in GST-CDNB activity was observed in either Gstt1-null mice (Fig. 3B) or humans 

with GSTT1-null genotype (Fig. 2B). These results were consistent with the report showing that GSTT1 

lacks activity toward CDNB in both mice (Whittington et al., 1999) and humans (Sherratt et al., 1997). 

In drug development, it is important to consider and predict the effect of genetic polymorphisms on the 

efficacy and safety of candidate compounds (Ma and Lu, 2011). In addition, a screening system for 

reactive metabolites to reduce idiosyncratic DILI recently become important in the absorption, 

distribution, metabolism, excretion, and toxicity (ADME/Tox) studies (Ikeda, 2011). Gstm1- and 

Gstt1-null mice might be important in vivo models to evaluate the formation of reactive metabolite or the 

subsequent covalent binding and toxicity in ADME/Tox studies. Further efforts to utilize Gstm1- and 

Gstt1-null mice will be necessary, since experimental data of these models are limited so far. 

The impact of GSTM1/Gstm1 and GSTT1/Gstt1 on hepatic GST activities is summarized in Table 2 and 

Table 3, respectively. In conclusion, comparison of GST activities between humans and mice in liver with 

genotype information would be valuable in utilization of Gst-null mice as human models. 



DMD #42911 

 19 

Acknowledgments 

We would like to thank Yuki Kishino and Yukari Shibaya for excellent technical assistance and Donald 

J. Hinman for his careful proofreading of this manuscript. 



DMD #42911 

 20 

Authorship Contributions 

Participated in research design: Arakawa, Shinagawa, Fischer, Mueller, and Takasaki. 

Conducted experiments: Arakawa, Fujimoto, Kato, Endo, Fukahori, and Fischer. 

Performed data analysis: Arakawa, Fujimoto, Kato, Endo, and Fukahori. 

Wrote or contributed to the writing of the manuscript: Arakawa and Fujimoto. 



DMD #42911 

 21 

References 

Andrade RJ, Agundez JA, Lucena MI, Martinez C, Cueto R, and Garcia-Martin E (2009) 

Pharmacogenomics in drug induced liver injury. Curr Drug Metab 10:956-970. 

Arakawa S, Maejima T, Kiyosawa N, Yamaguchi T, Shibaya Y, Aida Y, Kawai R, Fujimoto K, Manabe S, 

and Takasaki W (2010) Methemoglobinemia induced by 1,2-dichloro-4-nitrobenzene in mice 

with a disrupted glutathione S-transferase Mu 1 gene. Drug Metab Dispos 38:1545-1552. 

Chowdhury UK, Zakharyan RA, Hernandez A, Avram MD, Kopplin MJ, and Aposhian HV (2006) 

Glutathione-S-transferase-omega [MMA(V) reductase] knockout mice: enzyme and arsenic 

species concentrations in tissues after arsenate administration. Toxicol Appl Pharmacol 

216:446-457. 

Engle MR, Singh SP, Czernik PJ, Gaddy D, Montague DC, Ceci JD, Yang Y, Awasthi S, Awasthi YC, and 

Zimniak P (2004) Physiological role of mGSTA4-4, a glutathione S-transferase metabolizing 

4-hydroxynonenal: generation and analysis of mGsta4 null mouse. Toxicol Appl Pharmacol 

194:296-308. 

Fernandez-Canon JM, Baetscher MW, Finegold M, Burlingame T, Gibson KM, and Grompe M (2002) 

Maleylacetoacetate isomerase (MAAI/GSTZ)-deficient mice reveal a glutathione-dependent 

nonenzymatic bypass in tyrosine catabolism. Mol Cell Biol 22:4943-4951. 

Fujimoto K, Arakawa S, Shibaya Y, Miida H, Ando Y, Yasumo H, Hara A, Uchiyama M, Iwabuchi H, 

Takasaki W, Manabe S, and Yamoto T (2006) Characterization of phenotypes in Gstm1-null mice 

by cytosolic and in vivo metabolic studies using 1,2-dichloro-4-nitrobenzene. Drug Metab Dispos 

34:1495-1501. 

Fujimoto K, Arakawa S, Watanabe T, Yasumo H, Ando Y, Takasaki W, Manabe S, Yamoto T, and Oda S 

(2007) Generation and functional characterization of mice with a disrupted glutathione 

S-transferase, theta 1 gene. Drug Metab Dispos 35:2196-2202. 

Fukushima Y, Seo T, Hashimoto N, Higa Y, Ishitsu T, and Nakagawa K (2008) Glutathione-S-transferase 

(GST) M1 null genotype and combined GSTM1 and GSTT1 null genotypes are risk factors for 

increased serum gamma-glutamyltransferase in valproic acid-treated patients. Clin Chim Acta 

389:98-102. 

Guengerich FP, Johnson WW, Shimada T, Ueng YF, Yamazaki H, and Langouet S (1998) Activation and 

detoxication of aflatoxin B1. Mutat Res 402:121-128. 

Habig WH, Pabst MJ, and Jakoby WB (1974) Glutathione S-transferases. The first enzymatic step in 

mercapturic acid formation. J Biol Chem 249:7130-7139. 

Hayes JD, Flanagan JU, and Jowsey IR (2005) Glutathione transferases. Annu Rev Pharmacol Toxicol 

45:51-88. 

Hayes JD and Pulford DJ (1995) The glutathione S-transferase supergene family: regulation of GST and 



DMD #42911 

 22 

the contribution of the isoenzymes to cancer chemoprotection and drug resistance. Crit Rev 

Biochem Mol Biol 30:445-600. 

Henderson CJ, Smith AG, Ure J, Brown K, Bacon EJ, and Wolf CR (1998) Increased skin tumorigenesis 

in mice lacking pi class glutathione S-transferases. Proc Natl Acad Sci U S A 95:5275-5280. 

Ikeda T (2011) Drug-induced idiosyncratic hepatotoxicity: prevention strategy developed after the 

troglitazone case. Drug Metab Pharmacokinet 26:60-70. 

Ilic Z, Crawford D, Vakharia D, Egner PA, and Sell S (2010) Glutathione-S-transferase A3 knockout mice 

are sensitive to acute cytotoxic and genotoxic effects of aflatoxin B1. Toxicol Appl Pharmacol 

242:241-246. 

Kirby GM, Wolf CR, Neal GE, Judah DJ, Henderson CJ, Srivatanakul P, and Wild CP (1993) In vitro 

metabolism of aflatoxin B1 by normal and tumorous liver tissue from Thailand. Carcinogenesis 

14:2613-2620. 

Ladero JM, Martinez C, Garcia-Martin E, Fernandez-Arquero M, Lopez-Alonso G, de la Concha EG, 

Diaz-Rubio M, and Agundez JA (2005) Polymorphisms of the glutathione S-transferases mu-1 

(GSTM1) and theta-1 (GSTT1) and the risk of advanced alcoholic liver disease. Scand J 

Gastroenterol 40:348-353. 

Larson AM (2007) Acetaminophen hepatotoxicity. Clin Liver Dis 11:525-548, vi. 

Lau SS, Abrams GD, and Zannoni VG (1980) Metabolic activation and detoxification of bromobenzene 

leading to cytotoxicity. J Pharmacol Exp Ther 214:703-708. 

Lim CE, Matthaei KI, Blackburn AC, Davis RP, Dahlstrom JE, Koina ME, Anders MW, and Board PG 

(2004) Mice deficient in glutathione transferase zeta/maleylacetoacetate isomerase exhibit a 

range of pathological changes and elevated expression of alpha, mu, and pi class glutathione 

transferases. Am J Pathol 165:679-693. 

Lowry OH, Rosebrough NJ, Farr AL, and Randall RJ (1951) Protein measurement with the Folin phenol 

reagent. J Biol Chem 193:265-275. 

Lucena MI, Andrade RJ, Martinez C, Ulzurrun E, Garcia-Martin E, Borraz Y, Fernandez MC, 

Romero-Gomez M, Castiella A, Planas R, Costa J, Anzola S, and Agundez JA (2008) Glutathione 

S-transferase m1 and t1 null genotypes increase susceptibility to idiosyncratic drug-induced liver 

injury. Hepatology 48:588-596. 

Ma Q and Lu AY (2011) Pharmacogenetics, pharmacogenomics, and individualized medicine. Pharmacol 

Rev 63:437-459. 

McCarroll SA, Hadnott TN, Perry GH, Sabeti PC, Zody MC, Barrett JC, Dallaire S, Gabriel SB, Lee C, 

Daly MJ, and Altshuler DM (2006) Common deletion polymorphisms in the human genome. Nat 

Genet 38:86-92. 

Moyer AM, Salavaggione OE, Hebbring SJ, Moon I, Hildebrandt MA, Eckloff BW, Schaid DJ, Wieben 

ED, and Weinshilboum RM (2007) Glutathione S-transferase T1 and M1: gene sequence 



DMD #42911 

 23 

variation and functional genomics. Clin Cancer Res 13:7207-7216. 

Nash T (1953) The colorimetric estimation of formaldehyde by means of the Hantzsch reaction. Biochem 

J 55:416-421. 

Parl FF (2005) Glutathione S-transferase genotypes and cancer risk. Cancer Lett 221:123-129. 

Pemble S, Schroeder KR, Spencer SR, Meyer DJ, Hallier E, Bolt HM, Ketterer B, and Taylor JB (1994) 

Human glutathione S-transferase theta (GSTT1): cDNA cloning and the characterization of a 

genetic polymorphism. Biochem J 300 ( Pt 1):271-276. 

Roy B, Chowdhury A, Kundu S, Santra A, Dey B, Chakraborty M, and Majumder PP (2001) Increased 

risk of antituberculosis drug-induced hepatotoxicity in individuals with glutathione S-transferase 

M1 'null' mutation. J Gastroenterol Hepatol 16:1033-1037. 

Seidegard J, Vorachek WR, Pero RW, and Pearson WR (1988) Hereditary differences in the expression of 

the human glutathione transferase active on trans-stilbene oxide are due to a gene deletion. Proc 

Natl Acad Sci U S A 85:7293-7297. 

Sherratt PJ, Pulford DJ, Harrison DJ, Green T, and Hayes JD (1997) Evidence that human class Theta 

glutathione S-transferase T1-1 can catalyse the activation of dichloromethane, a liver and lung 

carcinogen in the mouse. Comparison of the tissue distribution of GST T1-1 with that of classes 

Alpha, Mu and Pi GST in human. Biochem J 326 ( Pt 3):837-846. 

Sherratt PJ, Williams S, Foster J, Kernohan N, Green T, and Hayes JD (2002) Direct comparison of the 

nature of mouse and human GST T1-1 and the implications on dichloromethane carcinogenicity. 

Toxicol Appl Pharmacol 179:89-97. 

Simon T, Becquemont L, Mary-Krause M, de Waziers I, Beaune P, Funck-Brentano C, and Jaillon P 

(2000) Combined glutathione-S-transferase M1 and T1 genetic polymorphism and tacrine 

hepatotoxicity. Clin Pharmacol Ther 67:432-437. 

Slone DH, Gallagher EP, Ramsdell HS, Rettie AE, Stapleton PL, Berlad LG, and Eaton DL (1995) Human 

variability in hepatic glutathione S-transferase-mediated conjugation of aflatoxin B1-epoxide and 

other substrates. Pharmacogenetics 5:224-233. 

Trivedi SG, Newson J, Rajakariar R, Jacques TS, Hannon R, Kanaoka Y, Eguchi N, Colville-Nash P, and 

Gilroy DW (2006) Essential role for hematopoietic prostaglandin D2 synthase in the control of 

delayed type hypersensitivity. Proc Natl Acad Sci U S A 103:5179-5184. 

Ueda K, Ishitsu T, Seo T, Ueda N, Murata T, Hori M, and Nakagawa K (2007) Glutathione S-transferase 

M1 null genotype as a risk factor for carbamazepine-induced mild hepatotoxicity. 

Pharmacogenomics 8:435-442. 

van Bladeren PJ (2000) Glutathione conjugation as a bioactivation reaction. Chem Biol Interact 

129:61-76. 

Watanabe I, Tomita A, Shimizu M, Sugawara M, Yasumo H, Koishi R, Takahashi T, Miyoshi K, 

Nakamura K, Izumi T, Matsushita Y, Furukawa H, Haruyama H, and Koga T (2003) A study to 



DMD #42911 

 24 

survey susceptible genetic factors responsible for troglitazone-associated hepatotoxicity in 

Japanese patients with type 2 diabetes mellitus. Clin Pharmacol Ther 73:435-455. 

Whittington A, Vichai V, Webb G, Baker R, Pearson W, and Board P (1999) Gene structure, expression 

and chromosomal localization of murine theta class glutathione transferase mGSTT1-1. Biochem 

J 337 ( Pt 1):141-151. 

 



DMD #42911 

 25 

Footnotes 

Reprint requests: Shingo Arakawa, Medicinal Safety Research Laboratories, Daiichi Sankyo Co., Ltd., 

717 Horikoshi, Fukuroi, Shizuoka 437-0065, Japan. Phone: +81-538-42-4376, Fax: +81-538-42-4350, 

E-mail: arakawa.shingo.z6@daiichisankyo.co.jp 



DMD #42911 

 26 

Legends for Figures 

 

Fig. 1.  Relationship between GST copy number and protein expression levels in human liver. A, 

Relationship between GSTM1 copy number and protein expression levels of GSTM1. B, Relationship 

between GSTT1 copy number and protein expression levels of GSTT1. Data are shown as individual 

points, and filled circles and open triangles indicate males and females, respectively. GSTM1 and GSTT1 

copy numbers were determined by TaqMan® Copy Number Assays (Applied Biosystems), and protein 

expression levels of GSTM1 and GSTT1 were determined by Western blot analysis and quantification of 

band intensity using CS Analyzer (Atto Corporation). 

 

Fig. 2.  Impact of GSTM1- and GSTT1-null genotype on GST-CDNB activity in human liver. A, 

Relationship between GSTM1 copy number and GST-CDNB activity. B, Relationship between GSTT1 

copy number and GST-CDNB activity. Data are shown as individual points, and filled circles and open 

triangles indicate males and females, respectively. GSTM1 and GSTT1 copy numbers were determined by 

TaqMan® Copy Number Assays (Applied Biosystems), and GST-CDNB activity was measured 

spectrophotometrically. 

 

Fig. 3.  Impact of Gstm1- and Gstt1-null genotype on GST-CDNB activity in mouse liver. A, 

Relationship between Gstm1 genotypes and GST-CDNB activity (Data from Fujimoto et al., Drug Metab 
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Dispos 34: 1495-1501, 2006). B, Relationship between Gstt1 genotypes and GST-CDNB activity (Data 

from Fujimoto et al., Drug Metab Dispos 35: 2196-2202, 2007). Open, light gray, and dark gray bars 

indicate wild-type, Gst-heterozygotes, and Gst-homozygotes (Gst-null mice), respectively. The values are 

depicted as the mean ± S.D. of four or five mice per group. GST-CDNB activity was measured 

spectrophotometrically. Significant differences from the wild-type by Dunnett’s test are shown as ** P < 

0.01 and *** P < 0.001. 

 

Fig. 4.  Impact of GSTM1-null genotype on GST-NBC and GST-DCNB activities in human liver. A, 

Relationship between GSTM1 copy number and GST-NBC activity. B, Relationship between GSTM1 

copy number and GST-DCNB activity. C, Relationship between protein expression levels of GSTM1 and 

GST-NBC activity. Data are shown as individual points, and filled circles and open triangles indicate 

males and females, respectively. GSTM1 copy number was determined by TaqMan® Copy Number 

Assays (Applied Biosystems), and GST-NBC and GST-DCNB activities were measured 

spectrophotometrically. Protein expression levels of GSTM1 was determined by Western blot analysis 

and quantification of band intensity using CS Analyzer (Atto Corporation). 

 

Fig. 5.  Impact of Gstm1-null genotype on GST-NBC, GST-DCNB, and GST-PBO activities in mouse 

liver. A, Relationship between Gstm1 genotypes and GST-NBC activity. B, Relationship between Gstm1 
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genotypes and GST-DCNB activity (Data from Fujimoto et al., Drug Metab Dispos 34: 1495-1501, 2006). 

C, Relationship between Gstm1 genotypes and GST-PBO activity. Open, light gray, and dark gray bars 

indicate wild-type, Gstm1-heterozygotes, and Gstm1-homozygotes (Gstm1-null mice), respectively. The 

values are depicted as the mean ± S.D. of four or five mice per group. GST-NBC, GST-DCNB, and 

GST-PBO activities were measured spectrophotometrically. Significant differences from the wild-type by 

Dunnett’s test are shown as ** P < 0.01 and *** P < 0.001. 

 

Fig. 6.  Impact of GSTT1-null genotype on GST-DCM activity in human liver. A, Relationship between 

GSTT1 copy number and GST-DCM activity B, Relationship between protein expression levels of GSTT1 

and GST-DCM activity. Data are shown as individual points, and filled circles and open triangles indicate 

males and females, respectively. GSTT1 copy number was determined by TaqMan® Copy Number Assays, 

and GST-DCM activity was measured spectrophotometrically. Protein expression levels of GSTT1 was 

determined by Western blot analysis and quantification of band intensity using CS Analyzer (Atto 

Corporation). 

 

Fig. 7.  Impact of Gstt1-null genotype on GST-DCM and GST-EPNP activities in mouse liver (Data 

from Fujimoto et al., Drug Metab Dispos 35: 2196-2202, 2007). A, Relationship between Gstt1 genotypes 

and GST-DCM activity. B, Relationship between Gstt1 genotypes and GST-EPNP activity. Open, light 
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gray, and dark gray bars indicate wild-type, Gstt1-heterozygotes, and Gstt1-homozygotes (Gstt1-null 

mice), respectively. GST-DCM and GST-EPNP activities were measured spectrophotometrically. 

Significant differences from the wild-type by Dunnett’s test are shown as *** P < 0.001. 
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TABLE 1 Analysis of Human GSTM1 and GSTT1 Genotypes 

Gene 

Copy Number/ Genotype 

No. Examined Null Allele Frequency 0 copies 

Homozygotes (Null) 

1 copy 

Heterozygotes 

2 copies 

Wild-type 

GSTM1 22 (55.0 %) 15 (37.5 %) 3 (7.5 %) 40 73.8 % 

GSTT1 7 (17.5 %) 18 (45.0 %) 15 (37.5%) 40 40.0 % 
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TABLE 2 Summary of the impact of GSTM1/Gstm1-null genotype on GST activities 

Isoform Specificity Substrate 
Human 

GSTM1-null 

Mouse 

Gstm1-null 

Substrate 

Classification 

Total GSTs CDNB →  ↓* Mouse-specific 

Mu class GSTs 

NBC ↓ ↓ Common 

DCNB → (CLLOQ)  ↓* Mouse-specific 

PBO → (BLLOQ) ↓ Mouse-specific 

→: No impact, ↓: Decreased, CLLOQ: Close to the lower limit of quantification, BLLOQ: Below the lower limit of quantification 

*: Data from Fujimoto et al., Drug Metab Dispos 34: 1495-1501, 2006 
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TABLE 3 Summary of the impact of GSTT1/Gstt1-null genotype on GST activities 

Isoform Specificity Substrate 
Human 

GSTT1-null 

Mouse 

Gstt1-null 

Substrate 

Classification 

Total GSTs CDNB → →* Not substrate 

Theta class GSTs 
DCM ↓ ↓* Common 

EPNP → (BLLOQ) ↓* Mouse-specific 

→: No impact, ↓: Decreased, BLLOQ: Below the lower limit of quantification 

*: Data from Fujimoto et al., Drug Metab Dispos 35: 2196-2202, 2007 
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