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Abstract

1,4-Dioxane (DX) is a synthetic chemical used as a stabilizer for industrial solvents. Recent 

occurrence data show widespread and significant contamination of drinking water with DX in 

the US. DX is classified by the International Agency for Research on Cancer as a group 2B 

carcinogen with the primary target organ being the liver in animal studies. Despite the exposure 

and cancer risk, US EPA has not established a drinking water Maximum Contaminant Level 

(MCL) for DX and a wide range of drinking water targets have been established across the US 

and by Health Canada. The DX carcinogenic mechanism remains unknown; this information gap 

contributes to the varied approaches to its regulation. Our recent mice study indicated alterations 

in oxidative stress response accompanying DNA damage as an early change by high dose DX 

(5,000 ppm) in drinking water. Herein, we report a follow-up study, in which we used glutathione 
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(GSH)-deficient glutamate-cysteine ligase modifier subunit (Gclm)-null mice to investigate the 

role of redox homeostasis in DX-induced liver cytotoxicity and genotoxicity. Gclm-null and 

wild-type mice were exposed to DX for one week (1,000 mg/kg/day by oral gavage) or three 

months (5,000 ppm in drinking water). Subchronic exposure of high dose DX caused mild liver 

cytotoxicity. DX induced assorted molecular changes in the liver including: (i) a compensatory 

nuclear factor erythroid 2-related factor 2 (NRF2) anti-oxidative response at the early stage (one 

week), (ii) progressive CYP2E1 induction, (iii) development of oxidative stress, as evidenced by 

persistent NRF2 induction, oxidation of GSH pool, and accumulation of the lipid peroxidation 

by-product 4-hydroxynonenal, and (iv) elevations in oxidative DNA damage and DNA repair 

response. These DX-elicited changes were exaggerated in GSH-deficient mice. Collectively, the 

current study provides additional evidence linking redox dysregulation to DX liver genotoxicity, 

implying oxidative stress as a candidate mechanism of DX liver carcinogenicity.
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1. Introduction

The synthetic chemical 1,4-dioxane (DX) was historically used as a stabilizer for industrial 

solvents (ATSDR, 2012; EPA, 2017). Environmental release of DX has been associated 
primarily with the use and improper disposal of chlorinated solvents, especially 1,1,1
trichloroethane (TCA); DX has also been found in conjunction with other chlorinated 
solvents such as trichloroethylene (TCE) (EPA, 2017). Owing to its high water solubility, 
environmental stability, and poor adsorption to solid phases and organic substrates, DX 
readily leaches into groundwater and contaminates surface waters that receive discharges 
from wastewater treatment plants (EPA, 2017; Sun et al., 2016). Based on the environmental 

occurrence, demonstrated toxic effects and potential for human exposures of DX, the 

Agency for Toxic Substances and Disease Registry (ATSDR) has listed DX as a Superfund 
priority substance (ATSDR, 2017). Intake of DX through drinking water, the dominant route 

of human exposure, is being recognized as an emerging public health threat affecting large 

numbers of individuals worldwide (Godri Pollitt et al., 2019). In the US, there is no federal 

drinking water standard for DX; a health-based reference concentration (RC) of 0.35 μg/L 

was provided by the Environmental Protection Agency (EPA) as part of the Unregulated 

Contaminant Monitoring Rule Round-3 (UCMR3) testing program (IRIS., 2013). According 

to the UCMR3 testing of 4,864 US public water systems (PWSs), DX ranked second in both 

prevalence (detected in 21% of PWSs) and RC exceedance (frequency is 6.9% of PWSs) out 
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of the 28 contaminants tested (Adamson et al., 2017). This occurrence data highlights the 

widespread contamination of drinking water with DX in the US.

To our knowledge, no human studies have assessed the toxicity associated with oral DX 

exposure. DX-induced genotoxicity and carcinogenesis have been studied in numerous in 
vitro and in vivo experimental settings. While in vitro assays have shown an overall lack 

of mutagenic or genotoxic activity (EPA, 2017; Morita and Hayashi, 1998), in vivo studies 

have demonstrated that DX induces liver adenomas and carcinomas in rats and mice (of 

both genders) after chronic exposure (JBRC., 1998; Kano et al., 2009; Kociba et al., 1974; 

National Toxicology, 1978). The 50% liver tumor benchmark dose (lower confidence limit, 

BMDL-50) calculated by the EPA from the Kano et al. (EPA, 2013; EPA, 2020; Kano et 

al., 2009) female mouse data was 33 mg/kg/d, from which dose response modeling using 

linear low dose assumptions yielded an oral cancer slope of 0.1 per mg/kg/day (EPA, 2013; 

EPA, 2020; Kano et al., 2009). Based on inadequate human data and sufficient evidence of 

carcinogenicity in animals, the International Agency for Research on Cancer (IARC) has 

classified DX as a group 2B carcinogen (possibly carcinogenic to humans) (IARC, 1976; 

IARC, 1987).

Despite the reproducible carcinogenic effect and widespread contamination, as noted above, 

there is no US EPA maximal contaminant level (MCL) for DX. A number of states have 

established drinking water guidelines or standards ranging from 0.3 to 70 μg/L across 

the US (EPA, 2017), while the drinking water target set by Health Canada is 50 μg/L 

(HealthCanada, 2018). This wide range is, in part, due to the undetermined carcinogenic 

mechanisms of DX. Some studies suggest that metabolic saturation and cytotoxicity are 

required for DX carcinogenicity (Dourson et al., 2014; Dourson et al., 2017), which 

can lead to a drinking water target in the upper end of the range based upon threshold 

approaches (HealthCanada, 2018). Others demonstrate that long-term exposure at relatively 

low concentrations (i.e., 500 mg/L in drinking water for 2 years) can cause liver cancer in 

the absence of cytotoxicity (Kano et al., 2009). Recent in vivo mutagenicity studies show 

that DX is genotoxic at high doses (i.e., >1,000 mg/kg by oral gavage or >440 mg/kg/day 

in drinking water for 16 weeks) (Gi et al., 2018; Totsuka et al., 2020); however, whether 

DX induces liver carcinogenesis through a mutagenic mechanism of action (MOA) remains 

inconclusive. Further complicating consideration is the poor definition of the relative 

importance of DX metabolism. While it is widely accepted that DX is rapidly metabolized 

to its end-product β-hydroxyethoxyacetic acid (HEAA), the metabolic pathways by which 

this occurs are unclear, and it is unknown whether the metabolism of DX is a detoxifying 

process or results in the production of toxic intermediates (Wilbur et al., 2012). These 

uncertainties represent a significant knowledge gap in DX risk assessment and warrant 

further studies to characterize molecular details of DX-elicited changes in the liver.

We recently performed a short-term exposure study, wherein BDF-1 female mice were 

exposed to DX (50, 500 and 5,000 mg/L) in drinking water for 1 or 4 weeks (Charkoftaki 

et al., 2021). Although no gross pathological changes were observed in the liver at any 

exposure dose or duration, hepatocyte DNA damage was elevated at both 1 week and 4 

weeks by high dose DX (5,000 ppm). Liver RNASeq and metabolomic analyses revealed 

DX-induced changes in genes involved in glutathione (GSH)-mediated detoxification and 
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nuclear factor erythroid 2-related factor 2 (NRF2)-mediated oxidative stress response, and 

alterations of metabolites involved in metabolic pathways of nucleotide salvage synthesis, 

oxidative stress response and detoxification, and DNA damage (Charkoftaki et al., 2021). 

These results indicate that, at the early stage when hepatic cytotoxicity is absent, high dose 

DX induces DNA damage along with changes in cellular oxidative stress response.

Herein, we report a follow-up study targeting the high dose DX exposure, wherein we 

utilized a mouse model of GSH-deficiency to investigate the role of redox homeostasis 

in DX-induced cytotoxicity and genotoxicity in the liver. GSH attains millimolar 

concentrations in the liver and plays a key role in maintaining hepatic redox homeostasis 

and in cellular mechanisms protecting against oxidative stress (Chen et al., 2013). The 

glutamate-cysteine ligase modifier subunit (Gclm)-null mice exhibit only ≈15% of liver 

GSH levels seen in wild-type mice (Chen et al., 2005; Yang et al., 2002). While Gclm-null 

mice have good health when unchallenged, these mice are more sensitive to hepatotoxicity 

caused by acetaminophen (McConnachie et al., 2007) and TCDD (Chen et al., 2012) 

making them a useful model to assess oxidative stress-mediated liver damage. In the present 

study, following oral exposures to high dose DX for up to 3 months, wild-type (WT) 

and Gclm-null (KO) mice were evaluated for: (i) their susceptibility to liver cytotoxicity 

and genotoxicity, and (ii) biochemical and molecular components of redox dysregulation 

associated with DX toxic and carcinogenic mechanism.

2. Materials and Methods

2.1. Chemicals and reagents

1,4-Dioxane was purchased from EMD Millipore (Burlington, MA, USA). The biochemical 

kits for alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities 

were purchased from Sekisui Diagnostics LLC (Burlington, MA, USA). TRIzol® Reagent 

was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Reagents for reverse 

transcription, real-time quantitative PCR, protein quantification, SDS-PAGE, coomassie 

blue staining, and Western immunoblotting were purchased from Bio-Rad (Hercules, CA, 

USA). Primary antibodies were purchased from Abcam (Waltham, MA, USA) or Cell 

Signaling Technology (Danvers, MA, USA) as specified below. Horseradish peroxidase 

(HRP)-conjugated secondary antibodies were purchased from Cell Signaling Technology 

(Danvers, MA, USA). The TSA Plus Biotin kit was purchased from PerkinElmer (Waltham, 

MA, USA). The DAB substrate kit was purchased from Vector laboratories (Burlingame, 

CA, USA). The reduced (GSH) and oxidized glutathione (GSSG) fluorometric assay kit 

(ab138881) and the Deproteinizing Sample Kit (ab204708) were purchased from Abcam 

(Waltham, MA, USA). The 8-OHdG competitive ELISA assay kit was purchased from 

Cayman Chemical (Ann Arbor, MI, USA). The DNeasy Blood & Tissue kit was purchased 

from Qiagen LLC (Germantown, MD). All other chemicals and reagents were purchased 

from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Animals

The Gclm-null (KO) mouse line (Yang et al., 2002) has been backcrossed onto the 

C57BL/6J background for more than 10 generations. Experimental WT and KO littermates 
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were generated by heterozygous breeding. All animal experiments were approved by and 

conducted in compliance with the Institutional Animal Care and Use Committee (IACUC) 

of the Yale University (Protocol #2020-11643). Mice were maintained in a temperature

controlled room (21–22°C) on a 12 hr light/dark cycle and supplied with a standard chow 

diet and water ad libitum.

2.3. Oral administration of DX

DX was administered to male WT and KO mice (age 12-14 weeks; N = 5-8/experimental 

group) following two protocols (Fig. 1A): (1) oral gavage (1,000 mg/kg/d) for one week, 

or (2) in drinking water (5,000 ppm) for 3 months. Daily gavage with freshly prepared 

DX (100 g/l) was performed between 9:00 and 9:30 AM. DX-containing drinking water 

was changed weekly. Mice from control (CON) groups were provided with regular drinking 

water. During the course of treatment, mice were housed in pairs and had free access to a 

standard chow diet (diet # 2018; Teklad Diets, Harlan Laboratories). The concentrations of 

DX in the baseline drinking water and diet are expected to be at trace levels. The drinking 

water is sourced from the City of New Haven municipal supply, which contained DX at an 

average concentration of 1.57 ppb during the UCMR3 test round (Regional Water Authority, 

2016, available at https://www.rwater.com/media/1056/rwa-wqr-web.pdf). DX may occur 

as a trace contaminant of various food ingredients (e.g. polysorbate 60 and 80) (ATSDR, 

2012); however, these emulsifying ingredients are not listed as ingredients in the chow 

diet used in this study (available at https://insights.envigo.com/hubfs/resources/data-sheets/

2018-datasheet-0915.pdf). Mice were assessed daily for signs of pain and distress (e.g. 

abnormal postures, activities and breathing). Food and water consumption and body weight 

were recorded weekly. At the conclusion of treatment protocols, mice were euthanized by 

CO2 asphyxiation and blood was collected by cardiac puncture. The liver was removed and 

weighed on ice. One piece of liver was immediately placed in 10% neutral buffered formalin 

and later processed for histological examination. The remaining liver tissue was aliquoted, 

flash frozen in liquid nitrogen and stored at −80°C for latter analyses.

2.4. Plasma enzyme assay and liver histology

Plasma was extracted from whole blood and measured for ALT and AST activities using 

a biochemical kit according to the manufacturer’s protocol. For hematoxylin and eosin 

(H&E) staining, mouse livers were fixed in 10% neutral buffered formalin for ~24 hours 

at 4°C, followed by dehydration in graded ethanol solutions and then paraffin embedding. 

Sections (4 – 5 μm thick) were mounted onto glass slides and rendered free of paraffin 

by immersing in xylene, rehydrated and stained with H&E by the Pathology Core at the 

Yale School of Medicine using standard procedures. Liver sections were examined by a 

trained histologist (D.O.) blinded to the treatments and genotypes. Liver histopathology was 

scored for hepatocytes degeneration, inflammation, ductular reactions, steatosis, and tumor 

formation as described previously (Lanaspa et al., 2018); results are reported in artificial unit 

(AU).

2.5. Reverse transcription and real-time quantitative PCR (Q-PCR)

Total RNA was isolated from frozen liver pieces using TRIzol® Reagent according to 

manufacturer’s protocol. The purity of RNA was assessed by the 260/280 ratios (ranged 
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from 1.95 to 2.0 for all samples) and 260/230 ratios (ranged from 1.97 to 2.13 for all 

samples) measured using a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific). 

cDNA was synthesized using iScript™ cDNA Synthesis Kit according to manufacturer’s 

instructions using 1 μg total RNA in a 20 μl reaction volume. Q-PCR reaction mixtures 

contained 1 μl cDNA, 1x SYBR Green Supermix, and 0.15 μM gene-specific primer sets in 

a total volume of 10 μl. Genomic DNA and ddH2O, respectively, were used replacing cDNA 

as negative controls and yielded no PCR product. Sequences and amplification efficiencies 

of primers used for Q-PCR can be found in Table S1. Reactions were run with two technical 

replicates (inter-replicates CV ranged from 0.1% to 5.7% of CT values) for each biological 

sample using the CFX96 Touch Detection System (BioRad). Expression of housekeeping 

genes (18s and Rplp0) were used for normalization of CT data according to the ΔΔCT 

method (Livak and Schmittgen, 2001). Relative mRNA levels of individual genes were 

reported as fold of the control (WT-CON).

2.6. Western immunoblotting (WB) analyses

Frozen liver pieces were homogenized in RIPA buffer (150 mM NaCl, 1% TritonX-100, 

0.25% sodium deoxycholate, 0.1% SDS, 50 mM Tris, 1 mM EDTA, 1 mM PMSF, 

protease inhibitor cocktail, pH 7.4) on ice with the TissueLyser II (Qiagen). Whole cell 

liver homogenates were centrifuged at 12,000 rpm at 4°C for 20 min and the supernatant 

was collected. Protein concentrations were determined using the Bio-Rad protein assay 

kit according to the manufacturer’s protocol. Proteins in total homogenates (20 - 40 μg) 

were resolved by 4-15% SDS-PAGE, followed by parallel gel Coomassie blue staining 

(for total protein loading) and immunoblotting using following primary antibodies directed 

against: (i) (from Abcam) GCLM (ab126704, 1:5000), GCLC (ab190685, 1:5000), CYP2E1 

(ab28146, 1:2000), GST-pi (ab138491, 1:5000) and CK7 (ab181598, 1:1000), and (ii) (from 

Cell Signaling Technology) NRF2 (#12721, 1:1000), HMOX1 (#43966, 1:1000), NQO1 

(#62262, 1:1000), H2AX (#2595, 1:1000), γH2AX (#9718, 1:500), TRX1 (#2429, 1:1000) 

and TRX2 (#14907, 1:1000), according to the manufacturers’ instructions. Corresponding 

HRP-conjugated secondary antibodies were used at 1:2000 dilution. A quality control (QC) 

sample was prepared by pooling a small aliquot from each biological sample and loaded 

on every single gel to control for SDS-PAGE variations. Coomassie blue-stained gels and 

immunoblots were imaged on the ChemiDoc Touch imaging system (BioRad) and quantified 

using the Image Lab software (BioRad). Protein levels were quantified by densitometry 

analysis of band intensity and normalized to total protein loading per lane (Fig. S1). Relative 

protein abundance was reported as fold of the control (WT-CON).

2.7. Immunohistochemical (IHC) analyses

Paraffin-embedded liver sections (4 - 5 μm) were prepared as described for H&E staining 

and processed for IHC staining using a TSA Plus Biotin kit according to the manufacturer’s 

protocol. Briefly, deparaffinized and rehydrated liver sections were heated in 0.01 M citrate 

buffer (pH 6.6) at boiling for 20 min for antigen retrieval. After cooling down to room 

temperature (RT), tissue sections were immersed in 3% hydrogen peroxide in 30% methanol 

for 10 min to deplete endogenous peroxidase activity. After 4 washes with distilled water, 

the sections were incubated in TNB blocking solution in a humidified chamber for 1 h at 

RT to block nonspecific staining. The sections were then incubated with primary antibodies 
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diluted in TNB blocking solution overnight at 4°C. One section from each biological sample 

was incubated with blank blocking solution to serve as the negative control in every group 

of slides stained, which showed no immunopositivity (Fig. S5C). All subsequent procedures 

in the next day were carried out at RT. The sections were washed 3 times with PBST 

(PBS + 0.5% Tween-20) and incubated with HRP-conjugated secondary antibodies diluted 

in TNB blocking buffer for 1 h. The sections were then incubated for 30 min in streptavidin 

HRP, washed in PBST, incubated for 10 min with biotinyl tyramide, and washed in PBST. 

The Sections were then visualized by incubating with DAB substrate solution for 10 min 

and counterstained with hematoxylin (1:10 dilution in distilled water) for 2 min. Lastly, 

the sections were dehydrated in ascending concentrations of ethanol and mounted with 

Permount for microscopic examination. Primary antibodies were used at dilutions of 1:300 

for CYP2E1 (ab28146, Abcam), 1:100 for 4-HNE (ab46545, Abcam), 1:400 for γH2AX 

(#2595, Cell Signaling Technology), 1:2000 for GST-pi (ab138491, Abcam), and 1:8000 for 

CK7 (ab181598, Abcam) for overnight incubation at 4°C. Corresponding HRP-conjugated 

secondary antibodies were used at 1:500 for 60 min incubation at room temperature. IHC 

staining was developed using the DAB substrate kit (Vector Laboratories), followed by 

counterstaining with Hematoxylin.

2.8. CYP2E1 activity

Whole cell liver homogenates prepared from frozen liver tissues were used in the following 

assays. CYP2E1 activity was assessed by measuring the rate of oxidation of p-nitrophenol 

(PNP) to p-nitrocatechol as described (Chang et al., 2006) with some modifications. 

Briefly, frozen liver tissues were homogenized in the assay buffer (50 mM potassium 

phosphate, pH 7.4) on ice with TissueLyser II (Qiagen). Whole cell liver homogenates were 

centrifuged at 12,000 rpm at 4°C for 20 min and the supernatant was collected. Protein 

concentrations were determined using the Bio-Rad protein assay kit (BioRad) according to 

the manufacturer’s protocol and adjusted to a final concentration of 5 μg/μl with the assay 

buffer. For each reaction, 180 μl reaction mixture (50 mM potassium phosphate, pH 7.4, 5 

mM PNP, 100 mM NADPH) was pre-warmed to 37°C, followed by the addition of 20 μl 

liver homogenate (100 μg protein), or serial diluted p-nitrocatechol standards, or negative 

control samples (including blank assay buffer, reaction mixture with no substrate, and heat 

inactivated lysate) to start the reaction. Reaction was allowed to carry on at 37°C for 1 h 

and stopped by the addition of 50 μl trichloroacetic acid (20%, w/v). Mixtures were then 

centrifuged at 13,000 rpm for 5 min at 4°C and 200 μl clear supernatant were transferred 

to each well of a 96-well spec-reader plate. Neutralization was made by adding 20 μl 10N 

NaOH to each well and the absorbance at 535 nm was immediately read on a Spectramax 

M3 microplate reader (Molecular Devices). Assays were run with two technical replicates 

(inter-replicates CV ranged from 1.2% to 7.4%) for each biological sample. The amount 

of product p-nitrocatechol formed in each sample was calculated by plotting against the 

p-nitrocatechol standard curve and normalized to total protein levels (mg). The CYP2E1 

activity was reported as pmol/min/mg protein.

2.9. Liver GSH and GSSG levels

The concentrations of GSH and GSSG were measured using a fluorometric assay kit 

according to the manufacturer’s protocol. Briefly, frozen liver tissues were weighed and 
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homogenized in the lysis buffer (phosphate-buffered saline, 0.5% NP-40) on ice with 

TissueLyser II (Qiagen). Whole cell liver homogenates were centrifuged at 14,000 rpm 

at 4°C for 20 min. The supernatants were then deproteinized by using the Deproteinizing 

Sample Kit and the resultant clear lysates were immediately used for measurements of 

GSH and GSSG in the same sample by parallel fluorometric reactions with respective assay 

buffers and probes. GSH and GSSG standards, and negative controls containing no tissue 

lysates were processed and assayed in the same manner. Fluorescence intensity was read 

at Ex490/Em520 nm on a Spectramax M3 microplate reader (Molecular Devices). Assays 

were run with two technical replicates (inter-replicates CV ranged from 0.6% to 8.3%) for 

each biological sample. Concentrations of liver GSH and GSSG were calculated by plotting 

against GSH and GSSG standard curves, respectively, and normalized to liver wet weight 

(gram). GSH and GSSG concentrations were reported as μmol/g liver. Their values were 

used to calculate the GSH/GSSG ratio for each biological sample.

2.10. HEAA measurement in the plasma

Circulating levels of HEAA were derived from untargeted metabolomic analysis of 

plasma using the HILIC-MS method as described previously (Charkoftaki et al., 2021). 

Briefly, 50 μl frozen plasma samples were thawed overnight at 4°C and mixed with 400 

μl acetonitrile:methanol (1:1, %v/v), followed by centrifugation at 13,000 rpm at 4°C. 

Supernatants were transferred to LC-MS glass vials for HILIC-MS analysis on a quadrupole 

time-of flight (Q-ToF) mass spectrometer (Xevo G2-XS Q-ToF, Waters Corporation) 

equipped with an ultra-performance liquid chromatography (UPLC) Acquity I Class (Waters 

Corporation) unit. The electrospray ionization source (ESI) was operated in the negative 

mode. A quality control (QC) sample was prepared by pooling a small aliquot from each 

biological sample and was analyzed every five injections. Raw MS data were acquired using 

MassLynx 4.1 software (Waters Corporation) and processed using MZmine 2.52 (https://

github.com/mzmine/mzmine2/releases/tag/v2.52) to generate a data matrix consisting of 

m/z value, retention time (RT), and peak abundances. HEAA was annotated based on 

the standard run using the same LC-MS conditions as the samples (Fig. S2). Results are 

reported as HEAA peak area generated by MZmine.

2.11. 8-Hydroxy-2’-deoxyguanosine (8-OHdG) ELISA assay

Oxidative DNA damage was assessed by measuring the oxidized derivative of 

deoxyguanosine (8-OHdG) using a competitive ELISA assay kit. Briefly, genomic DNA 

was isolated from frozen liver tissues using the DNeasy Blood & Tissue kit (Qiagen Inc.) 

following the manufacturer’s instruction. The purity of DNA was assessed by the 260/280 

ratios (ranged from 1.84 to 2.02 for all samples) and 260/230 ratios (ranged from 2.06 

to 2.2 for all samples) measured using a NanoDrop ND-1000 Spectrophotometer (Thermo 

Scientific). The quality of genomic DNA was assessed by nucleic acid electrophoresis (Fig. 

S3). Genomic DNA (30 – 50 μg) was digested with 50U DNase I in 40 μl reaction buffer 

(pH 7.5) containing 10 mM Tris-HCl, 2.5 mM MgCl2 and 0.1 mM CaCl2, at 37°C for 30 

min. The reaction mixture was added with 1U nuclease P1, 5 μl 10x reaction buffer (0.2 

M sodium acetate, 50 mM ZnSO4, and 0.5 M NaCl, pH 5.2,) and ultrapure H2O to a final 

volume of 50 μl and incubated at 37°C for 30 min. The pH of this reaction mixture was 

then readjusted to 7.5 by the addition of 6 μl 1M Tris (pH 8.0), and incubated with 1U 
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alkaline phosphatase at 37°C for 30 min in a final reaction mixture of 60 μl, followed by 

boiling for 10 min and cooling on ice. Fifty μl of the resultant DNA hydrolysate was used 

in the 8-OHdG ELISA assay according to manufacturer’s protocol. Ultrapure H2O replacing 

genomic DNA was processed in the same manner to serve as the control sample. 8-OHdG 

levels are reported as pg/μg DNA.

2.12. Statistical analyses

Statistical analysis was performed using the GraphPad Prism 8.0 software (San Diego, 

CA). For liver histopathology score and blood HEAA levels, differences between treatment

matched WT and KO mice were analyzed by Student’s unpaired t-test. For GCLM mRNA 

and protein abundance in WT mice, and GSH levels, GSSG levels and GSH/GSSG ratios 

in WT and KO mice, respectively, differences between treatment groups were analyzed 

by one-way ANOVA with post-hoc Dunnett’s test correction. For liver 8-OHdG levels, 

differences between groups were analyzed by one-way ANOVA with post-hoc Dunnett’s 

test correction. For all other measurements, multiple group differences were analyzed by 

two-way ANOVA, where the two factors were genotype (WT vs KO) and DX treatments 

(CON vs DX-7d vs DX-3m), with post-hoc Bonferroni test correction. Tests for normality 

(Kolmogorov-Smirnov test) and homoscedasticity (Brown-Forsythe test) were performed 

with residuals of the dependent variables from one-way or two-way ANOVA; the data did 

not deviate from the normality and equal variance assumptions. P < 0.05 was considered 

significant.

3. Results

3.1. Administration of DX in drinking water (5,000 ppm) for 3 months caused mild liver 
cytotoxicity in WT and GSH-deficient (Gclm-null) mice

To investigate the role of redox homeostasis in DX-induced liver damage, we utilized 

the Gclm-null (KO) mouse model of chronic oxidative stress due to compromised de no 
biosynthesis of GSH (Yang et al., 2002). Two DX exposure regimes (Fig. 1A) were applied 

to WT and KO mice (male, age 12-14 weeks) to evaluate hepatic response to short-term 

(1000 mg/kg by daily oral gavage for 7 days) and subchronic (5,000 ppm in drinking water 

for 3 months) exposure. Oral gavage at 1000 mg/kg daily is estimated to be equivalent 

to dosing 5,000 ppm in drinking water based on an average daily water intake of 5 ml 

in an adult male mouse weighing 25 g. This administration route is meant to deliver the 

chemical with a consistent and accurate dose over a short period of time. DX exposure 

for up to 3 months caused no change in food consumption or water intake; however, there 

was a significant interaction between the genotype and 1.4-DX exposure (Table 1). We 

calculated the DX intake by drinking water in WT and KO mice to be 651 ± 131 and 647 

± 106 mg/kg/day, respectively (P = 0.95). Exposure to DX for 3 months had a slight effect 

on body weight (BW) gain (Table 1). The liver weights measured as % of BW were not 

altered by DX treatments, but were higher in KO mice than in WT mice due to a lower 

BW in KO mice (Table 1); this is consistent with the lean phenotype of the KO mice 

previously reported (Kendig et al., 2011). Plasma ALT and AST activities were unaltered 

in mice exposed for 7 days, but were elevated ~2-fold in mice exposed for 3 months 

(Table 1). Histological examination of the liver revealed mild pathologies, manifesting as 
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single cell death (apoptosis and necrosis) and associated inflammatory infiltration, reactive 

changes, and steatosis, in the centrilobular zone in mice from the 3-month exposure cohort 

(Fig. 1B). Histopathological scoring revealed no significant difference in direct cytotoxic 

effects between the WT and KO mice; however, WT mice appeared to experience increased 

inflammation and had more reactive changes than KO mice at the 3 months time point (Fig. 

1C). Overall, our data show that short-term or sub-chronic oral exposure to high dose DX 

does not cause significant liver cytotoxicity in either WT or KO mice.

3.2. High dose DX upregulated NRF2 and its target proteins involved in GSH metabolism 
and anti-oxidative response

To assess whether DX alters cellular redox status, we first measured the expression of a 

panel of NRF2 target genes involved in GSH biosynthesis (Gclm and Gclc) and recycling 

(Gpx4 and Gsr), antioxidant defense (Hmox1 and Nqo1), and xenobiotic metabolism 

(Gstm1, Ugt1a1, and Abcc3) (Figs. 2A & 2B). As expected, most of these genes were 

constitutively upregulated in KO livers (PG < 0.05). They were also induced by DX (PT < 

0.05), which displayed a trend of peaking at 7 days and declining to nearly basal levels at 

3 months; in contrast, Nqo1 exhibited a unique pattern of persistent induction (Fig. 2B). 

Given that some of these genes are also members of the AHR gene battery (Fig. 2B), we 

examined the expression of the signature AHR target genes Cyp1a1 and Cyp1a2, both of 

which were only slightly induced by DX in KO livers (Fig. 2C). Examination of the protein 

abundance of GCLM, GCLC, HMOX1 and NQO1 revealed a pattern of temporal changes 

(Figs. 3A & 3B) that were similar to those observed for gene expression (Figs. 2A & 2B). 

Notably, NRF2 protein was persistently upregulated by DX exposure at 3 months (Figs. 3A 

& 3B). DX-induced redox disturbance was also evidenced by changes in the hepatic GSH 

pool (Fig. 3C). We observed a transient increase in GSH (glutathione in its reduced form) in 

both WT and KO livers at 7 days when NRF2 response was most robust. At 3 months of DX 

exposure, liver GSSG (glutathione in its oxidized form) were elevated in both WT and KO 

mice leading to the decrease in GSH/GSSG ratios. This observation is consistent with more 

oxidation of the hepatic GSH pool in WT mice and by a larger extent in KO mice. Serving 

as the primary redox backup system, thioredoxin 1 gene and protein were found induced by 

DX, whereas thioredoxin 2 protein appeared to be upregulated only in KO mice and was not 

altered by DX exposure (Fig. S4). Collectively, our data show that high dose DX disrupts 

hepatic redox homeostasis prompting NRF2 anti-oxidative response and leading to oxidative 

stress by 3 months, a process enhanced by the low GSH status in KO mice.

3.3. DX caused time-dependent induction of CYP2E1 and centrilobular accumulation of 
the lipid peroxidation by-product 4-hydroxynonenal (4-HNE)

CYP2E1 is postulated to be involved in mammalian DX metabolism (Nannelli et al., 2005). 

This is consistent with a progressive induction of CYP2E1 protein (Figs. 4A & 4B) and 

corresponding increases in CYP2E1 activity (Fig. 4C) with time by DX treatment in 

WT livers and a more robust response in KO livers; however, Cyp2e1 mRNA abundance 

was unaffected by DX exposure (Fig. 4D). IHC examination of liver tissues revealed time

dependent expansion of CYP2E1-positive hepatocytes in the centrilobular zone (Fig. 4E), 

which is characteristic of xenobiotic activation of hepatic CYP2E1 (Lindros, 1997). We 

also observed a progressive increase in immunopositivity for 4-HNE, the by-product of 

Chen et al. Page 10

Sci Total Environ. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lipid peroxidation. Changes in 4HNE occurred predominantly in centrilobular hepatocytes 

and was most dramatic in 3-month exposed KO livers (Fig. 4E). This agrees with the 

known role of CYP2E1 in generating ROS and thereby promoting lipid peroxidation (Caro 

and Cederbaum, 2004). In line with a plausible role of CYP2E1 in metabolizing DX, we 

detected higher plasma levels of HEAA in KO mice relative to WT mice after 3 months 

DX exposure (Fig. 4F). Collectively, our data show that high dose DX induces CYP2E1 

expression in a time-dependent manner, which likely contributes to the oxidative stress and 

lipid peroxidation observed in the liver following 3 months exposure.

3.4. Subchronic DX exposure elevated DNA damage marker γH2AX and 8-OHdG in the 
liver

Acting as part of the cellular response to direct genotoxic insults, phosphorylation of histone 

H2A variant (H2AX) at Ser139 residue (γH2AX) occurs rapidly at DNA damage foci. As 

such, γH2AX has been used as a sensitive molecular markers to track DNA damage and 

subsequent damage repair (Sharma et al., 2012). The changes of H2AX and γH2AX in our 

study cohorts were twofold. First, hepatic content of H2AX was ~30% lower in KO-CON 

mice relative to WT-CON mice, and DX exposure for 3 months further reduced H2AX 

levels by ~35% in both WT and KO livers (Figs. 5A & 5B). This observation agrees with 

a previous study reporting accelerated H2AX degradation under cellular oxidative stress 

(Gruosso et al., 2016), and provides an additional line of evidence supporting DX-elicited 

oxidative stress in the liver. Second, Ser139 phosphorylation of H2AX, reflected by the 

relative abundance of γH2AX to the total H2AX pool (measured by the γH2AX/H2AX 

ratio), was elevated by approximately 1.3- and 2.1-fold, respectively, in the livers of WT 

and KO mice exposed to DX for 3 months (Figs. 5A & 5B). Notably, IHC analysis using 

the same primary antibody detected minimal γH2AX-positive hepatocytes in liver tissues of 

CON mice, but revealed scattered foci of γH2AX-positive hepatocytes in the centrilobular 

zone of liver tissues from DX-exposed WT and KO mice (Fig. 5C). To further assess if 

this DNA damage response was directly associated with DX-induced oxidative stress at 3 

months, we measured 8-OHdG (an index of oxidative DNA damage) in the liver. Indeed, 

subchronic DX exposure caused a significant increase in liver 8-OHdG levels in KO mice 

(~89% increase, P = 0.01) (Fig. 5D), whereas this effect was marginal in WT mice (~33% 

increase, P = 0.08). Collectively, our data show that subchronic exposure to high dose 

DX leads to genotoxicity in the liver, which is in part mediated by oxidative stress. To 

evaluate the presence of preneoplastic lesions in the liver, we examined the expression and 

distribution of GST-pi and CK7, both of which have been used as markers for preneoplastic 

changes (Sakai and Muramatsu, 2007; Santos et al., 2014). In our study cohorts, neither 

protein was altered following 3 months of DX exposure (Fig. S5).

4. Discussion

Defining the mechanisms of DX toxicity and carcinogenicity require a comprehensive 

understanding at the molecular level. Our recent multi-omics study in BDF-1 mice indicated 

alterations in oxidative stress defense systems accompanying DNA damage as an early 

change by high dose DX (Charkoftaki et al., 2021). These changes were investigated in more 

molecular detail in the current mechanistic study, wherein we exposed the C57BL/6J GSH
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deficient Gclm-null mice (a model of chronic oxidative stress) and their WT littermates to 

high dose DX orally for one week or three months. Subchronic DX exposure at 5,000 ppm 

in drinking water caused mild cytotoxicity in the livers of WT or KO mice. This lack of 

overt hepatotoxicity from high dose DX exposure is consistent with other subchronic studies 

(Gi et al., 2018; Kano et al., 2008; Lafranconi et al., 2021). It should be noted that the 

development of preneoplastic lesions (characterized by GST-pi positive foci) in the liver was 

observed mostly in rats in these studies. The absence of this phenotype in mice, however, 

was noted in the current study and has been reported previously (Kano et al., 2008). Such 

a discrepancy may suggest species differences in the biological process of DX-induced 

preneoplasia. At the molecular level, we identified a series of changes in the liver by high 

dose DX, including: (i) a compensatory NRF2 anti-oxidative response in the acute phase 

(i.e. at 7 days), (ii) progressive induction of CYP2E1 protein expression and enzymatic 

activity, (iii) development of oxidative stress following subchronic exposure, as evidenced 

by persistent NRF2 induction, a more oxidized GSH pool, and accumulation of the lipid 

peroxidation by-product 4-HNE, and (iv) elevations in oxidative DNA damage and DNA 

damage repair. Importantly, these DX-elicited molecular changes were amplified in mice 

deficient of GSH. These results provide molecular evidence linking redox dysregulation to 

DX-induced liver genotoxicity and potentially carcinogenesis.

Oxidative stress due to the overproduction of reactive oxygen species (ROS) is an important 

mutagenic mechanism for numerous chemical carcinogens (Checa and Aran, 2020; Kirtonia 

et al., 2020). The involvement of oxidative stress in DX toxicity and carcinogenicity has 

been investigated in a limited number of studies. Mnaa et al reported the inhibition of 

catalase activity and increase in malondialdehyde (a lipid peroxidation product) content 

in the livers of rats exposed to a modest dose of DX in drinking water (100 mg/kg/day) 

for 6 weeks (Mnaa et al., 2016). Totsuka et al analyzed the spectrum of DNA mutations 

and adducts in livers from DX-exposed male gpt delta transgenic F344 rats; 8-OHdG 

was identified as one of the three characteristic DNA adducts formed following 16 weeks 

exposure to medium (200 ppm) or high (5,000 ppm) doses of DX (Totsuka et al., 2020). DX

elicited redox disturbance has also been reported in kidney tissues following DX exposure 

for 12 weeks (Qiu et al., 2019). Using ELISA in the current study, we show that exposure 

to high dose DX produced 8-OHdG in mouse liver tissues. Taken together, results from this 

study and others support a causal role of oxidative stress in DX-induced liver toxicity and 

genotoxicity.

In the current study, the hepatic oxidative stress resulting from subchronic DX exposure 

is likely associated with the observed progressive induction of CYP2E1 enzyme. CYP2E1 

activation is an important cellular source of ROS formation, including superoxide anion, 

hydrogen peroxide and the lipid peroxidation by-products MDA and 4-HNE, some of which 

are highly reactive and can form mutagenic DNA-adducts (Guengerich, 2020; Linhart et al., 

2014; Peter Guengerich and Avadhani, 2018). Our present results also show that CYP2E1 

induction by DX in the liver is likely mediated by a post-transcriptional mechanism. It is an 

interesting finding that low GSH appears to escalate this process as seen in the Gclm-null 

liver, the underlying mechanism of which is unknown. When comparing WT and Gclm-null 

exposed mice, we noted a correlation between the CYP2E1 activity in the liver and the 

HEAA concentration in the plasma, suggesting that liver CYP2E1 is likely an important 
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contributor to DX metabolism in vivo. In addition, recent studies have reported both 

histopathologic and transcriptomic results that are consistent with a mitogenic response, 

independent of cytotoxicity, to high dose DX exposure in mouse livers; these effects were 

found at 6,000 ppm in drinking water for 90 days, but not at lower doses (e.g. ≤ 2000 ppm) 

(Chappell et al., 2021; Lafranconi et al., 2021). Our current data showing CYP2E1 induction 

and oxidative stress at 5,000 ppm for 90 days is compatible with the mitogenic findings 

because CYP2E1 and oxidative stress are both capable of activating mitogenic pathways 

and inducing a proliferative response in the liver (Cederbaum et al., 2012; Schattenberg 

and Czaja, 2014). Whether CYP2E1 induction is essential to mitogenesis, genotoxicity and 

carcinogenesis induced by DX warrants further investigation.

The gap in our mechanistic understanding of DX liver carcinogenicity is a major factor 

underlying the wide range in DX drinking water targets and the lack of a federal MCL 

in the US. The focus of the current study was to elucidate redox changes associated with 

DX cytotoxicity and genotoxicity, a potential MOA that has not been carefully investigated 

before. We used a high dose of DX that has been shown to cause tumor development in 

laboratory animals (> 66 mg/kg/day) (Kano et al., 2009). Of note, the cancer effect level 

demonstrated in Kano et al. (Kano et al., 2009) of 500 ppm in drinking water is 10 fold 

below the dose level used in this study; in neither case was there remarkable evidence of 

hepatocellular damage. It will thus be important to track the dose response for effects seen in 

this study to the lower doses which remain associated with DX carcinogenesis to determine 

which transcriptomic and biochemical markers are most related to the carcinogenic 

response. Further, the cancer effect level in animal studies is approximately 10,000 fold 

above levels to which humans are exposed in contaminated drinking water (Adamson et 

al., 2017). While toxicological studies using environmentally relevant concentrations of DX 

are essential, high dose studies are important and necessary to initially explore the adverse 

biological effects possible from a given chemical in a limited number of animals and thereby 

to identify mechanistically-relevant events. As such, mechanistic data derived from the 

current and other high dose studies (Gi et al., 2018; Lafranconi et al., 2021; Totsuka et al., 

2020) are expected to serve as important references to refine the assessment of carcinogenic 

pathways that may be triggered at lower doses, not only in the general population but also in 

sub-populations of greater susceptibility.

In the current study, we identified the NRF2 stress response, GSH homeostasis, and 

CYP2E1 induction as being among the cellular targets of high dose DX exposure that 

can lead to the observed oxidative stress and genotoxicity in mouse livers. This evidence 

comports with the generally negative findings of DX genotoxicity in vitro, but is consistent 

with evidence of liver genotoxicity in vivo (EPA, 2020; NJDWQI, 2020). The liver may be 

vulnerable to the induction of CYP2E1 and other oxidative stress pathways triggered by DX 

leading to genotoxicity via mechanisms that are less likely used to screen for genotoxicity 

in the in vitro systems. It is critical to determine how the molecular changes identified in 

the current study progress at environmentally relevant doses in future longer-term studies. 

Utilizing cells or animal model systems that are deficient in key steps in these redox 

and metabolic pathways (e.g. Nrf2-null or Cyp2e1-null mice) will help to delineate their 

functional significance in DX metabolism and carcinogenicity.
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Abbreviations:

DX
1,4-dioxane

4-HNE
4-hydroxynonenal

8-OHdG
8-Hydroxy-2’deoxyguanosine

ALT
alanine aminotransferase

AST
aspartate aminotransferase

ATSDR
Agency for Toxic Substances and Disease Registry

BMDL-50
50% liver tumor benchmark dose (lower confidence limit)

ESI
electrospray ionization source

GCL
glutamate-cysteine ligase

Gclc 
glutamate-cysteine ligase catalytic subunit gene

Gclm 
glutamate-cysteine ligase modifier subunit gene

GSH
reduced glutathione

GSSG
oxidized glutathione
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H2AX
histone H2A variant

γH2AX
phosphorylation of H2AX at Ser139 residue

H&E
hematoxylin and eosin

HEAA
β-hydroxyethoxyacetic acid

IARC
International Agency for Research on Cancer

IHC
immunohistochemical

LOAEL
lowest-observed-adverse-effect level

MCL
maximal contaminant level

MOA
mechanism of action

NOAEL
no-observed-adverse-effect level

NRF2
nuclear factor erythroid 2-related factor 2

TCA 
1,1,1-trichloroethane

TCE 
trichloroethylene

PWSs
public water systems

QC
quality control

Q-ToF
quadrupole time-of flight

RC
reference concentration
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ROS
reactive oxygen species

UCMR3
Unregulated Contaminant Monitoring Rule Round-3

UPLC
ultra-performance liquid chromatography

WB
western immunoblotting
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Highlights

• 1,4-Dioxane evoked transient compensatory NRF2 antioxidant response in 

mouse livers

• CYP2E1 was induced by 1,4-Dioxane, accompanied by oxidative stress in 

mouse livers

• GSH deficiency escalated 1,4-dioxane-induced oxidative DNA damage in 

mouse livers

• Redox dysregulation may play a causal role in 1,4-dioxane liver genotoxicity
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Fig. 1. 
DX exposure protocol and liver histopathology. (A) Scheme of DX exposure protocols. 

Male wild-type (WT) and Gclm-null (KO) mice (N = 5-8/group) were provided with regular 

drinking water (CON) or administered with DX for 7 days (DX-7d) by oral gavage or 

for 3 months (DX-3m) in drinking water as described in the Materials and Methods. (B) 

Representative images of H&E stained liver tissues. DX exposure for 3 months caused 

mild pathologies, including steatosis, single cell death (red arrows), inflammatory infiltration 

(orange arrows), and reactive changes (yellow arrows), in the centrilobular zone in both 

WT and KO mice. CV, central vein; PT, portal triad. Magnifications: 200x (I) and 600x 

(II). (C) Liver histopathologies were scored for hepatocytes injury, inflammation, ductular 

reactive change, and steatosis. Results are presented in Scatter plots showing individual data 

points from each experimental group with the group median at the line. Differences between 
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treatment-matched WT (black circles) to KO (red circles) mice were analyzed by Student’s 

unpaired t-test. *P < 0.05, ***P <0.001.
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Fig. 2. Q-PCR analysis of gene expression in liver tissues.
Examined genes are known to be regulated by (A) NRF2, (B) NRF2 and AHR, or (C) AHR. 

Expressions of housekeeping genes 18s and Rplp0 were used for normalization of CT data. 

Relative mRNA abundance of individual gene is reported as fold of the control (WT-CON). 

Results are presented in Box plots showing individual data points from each experimental 

group (N = 5-6/group). Group differences were analyzed using one-way ANOVA with 

post-hoc Dunnett’s test correction for Gclm gene in WT mice or using two-way ANOVA 

with post-hoc Bonferroni test correction for all other genes for the main effects of DX 

exposures (PT), genotypes (PG), or the interaction between these two factors (PI). P < 

0.05 was considered significant. WT, wild-type mice; KO, Gclm-null mice. CON (black), 

provided regular water; DX-7d (pink), exposed to DX by gavage for 7 days; DX-3m (blue), 

exposed to DX in drinking water for 3 months.
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Fig. 3. Expressions of redox sensitive proteins and glutathione concentrations in liver tissues.
(A) Representative Western blotting images for protein expressions using liver whole-cell 

lysates. (B) proteins levels were quantified by densitometry analysis and normalized to total 

protein loading per sample. Relative protein abundance was reported as fold of control 

(WT-CON). Results are presented in Scatter plots showing individual data points from each 

experimental group with the group median at the line (N = 4/group). Group differences were 

analyzed using one-way ANOVA with post-hoc Dunnett’s test correction for GCLM protein 

in WT mice or using two-way ANOVA with post-hoc Bonferroni test correction for all 

other proteins for the main effects of DX exposures (PT), genotypes (PG), or the interaction 

between these two factors (PI). P < 0.05 was considered significant. (C) Liver concentrations 

of reduced (GSH) and oxidized glutathione (GSSG) were measured in whole-cell lysates 

using a fluorometric assay kit and normalized to liver weight (g). Differences between 

treatment groups of WT and KO mice, respectively, were analyzed by one-way ANOVA 
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with post-hoc Dunnett’s test correction. Results are presented as mean ± S.D. in Bar plots 

showing individual data points from each experimental group (N = 5-8/group). P < 0.05 was 

considered significant. *P < 0.05, **P < 0.01. WT, wild-type mice; KO, Gclm-null mice. 

CON (black), provided regular water; DX-7d (pink), exposed to DX by gavage for 7 days; 

DX-3m (blue), exposed to DX in drinking water for 3 months.
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Fig. 4. CYP2E1 activity, lobular distribution of CYP2E1 and 4-HNE in liver tissues, and plasma 
HEAA.
(A) Representative Western blotting images of CYP2E1 using liver whole-cell lysates. 

(B) CYP2E1 protein levels were quantified by densitometry analysis and normalized to 

total protein loading per sample (N = 4/group). (C) CYP2E1 activity was determined 

by measuring the rate of p-nitrophenol oxidation using liver whole-cell lysates and was 

normalized to total protein levels (mg) per sample (N = 5-8/group). (D) Cyp2e1 mRNA 

level was measured by Q-PCR (N = 5-8/group). Relative abundance of CYP2E1 protein 

and mRNA were reported as fold of control (WT-CON). (E) IHC detection of CYP2E1 

and 4-HNE in liver tissues. CV, central vein; PT, portal triad. Magnifications, 100x (I) and 

200x (II). (F) Plasma levels of HEAA were estimated by untargeted metabolomics analysis 

as described in the Materials and Methods (N = 6/group). Results are presented in Scatter 

plots (B) or Box plots (C, D, & F) showing individual data points from each experimental 

group. Differences between groups for CYP2E1 protein, mRNA and activity were analyzed 

using two-way ANOVA with post-hoc Bonferroni test correction for the main effects of 

DX exposures (PT), genotypes (PG), or the interaction between these two factors (PI). 

Differences between treatment-matched WT and KO mice were analyzed using unpaired 

student’s t-test. *P < 0.05 was considered significant. WT (black), wild-type mice; KO (red), 

Gclm-null mice. CON, provided regular water; DX-7d, exposed to DX by gavage for 7 days; 

DX-3m, exposed to DX in drinking water for 3 months.
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Fig. 5. Detection of DNA damage marker (γH2AX) and oxidative DNA damage (8-OHdG) in the 
liver.
(A) Representative Western blotting images of H2AX and γH2AX using liver whole-cell 

lysates. (B) Protein levels were quantified by densitometry analysis and normalized to total 

protein loading per sample (N = 6/group). Relative abundance was reported as fold of 

control (WT-CON). Results are presented in Scatter plots showing individual data points 

from each experimental group with the group median at the line (N = 6/group). Differences 

between groups were analyzed using two-way ANOVA with post-hoc Bonferroni test 

correction for the main effects of DX exposures (PT), genotypes (PG), or the interaction 

between these two factors (PI). P < 0.05 was considered significant. (C) IHC detection of 

γH2AX in liver tissues. Magnifications, 100x (I) and 400x (II). (D) Liver 8-OHdG Levels 

were measured by a competitive ELISA assay. Results are reported as pg/μg genomic DNA 
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and presented in Box plots showing individual data points from each experimental group 

(N = 6/group). Group differences were analyzed using one-way ANOVA with post-hoc 
Dunnett’s test correction. *P < 0.05 was considered significant. CON, provided regular 

water; DX-3m, exposed to DX in drinking water for 3 months.
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Table 1.

Food and water intake and clinical parameters

Gclm wild-type (WT)
(N = 5-6/group)

Gclm-null (KO)
(N = 6-8/group)

P value
(2W-ANOVA)

Food intake (gram/mouse/day)

CON 4.2 ± 0.7 4.8 ± 1.1
PI = 0.03

DX-3m 4.9 ± 0.5 4.1 ± 0.7

Water intake (ml/mouse/day)

CON 3.8 ± 0.4 4.4 ± 0.3
PI = 0.01

DX-3m 4.1 ± 0.5 3.7 ± 0.7

Body weight (gram)

CON 29.8 ± 2.3 26.8 ± 1.4
PT = 0.04

PG < 0.001DX-7d 28.2 ± 1.4 26.5 ± 2.2

DX-3m 32.0 ± 2.9 27.5 ± 1.9

Liver weight (% of Body weight)

CON 4.6 ± 0.3 5.4 ± 0.4
PG = 0.04
PI = 0.001DX-7d 5.1 ± 0.6 4.8 ± 0.4

DX-3m 4.6 ± 0.3 5.0 ± 0.2

Plasma ALT (U/dL)

CON 20.0 ± 5.7 19.0 ± 1.9

PT < 0.001DX-7d 23.7 ± 6.2 15.7 ± 2.7

DX-3m 41.6 ± 7.7 43.8 ± 14.2

Plasma AST (U/dL)

CON 29.1 ± 3.3 35.1 ± 5.5

PT < 0.001DX-7d 34.7 ± 4.2 38.1 ± 3.4

DX-3m 62.1 ± 4.6 73.6 ± 19.6

Male mice (age 12-14 weeks) were provided with regular drinking water (CON) or administered with 1,4-dioxane (DX) for 7 days (DX-7d) by 
oral gavage (1,000 mg/kg/day) or for 3 months (DX-3m) in drinking water (5,000 ppm) as described in the Materials and Methods. Food and 
water consumptions and body weights were recorded weekly. Liver weights and plasma ALT and AST levels were measured at the conclusion of 
treatment protocols. Group differences were analyzed using two-way ANOVA for the main effects of DX exposures (PT), genotypes (PG), or the 

interaction between these two factors (PI). Post-hoc Bonferroni test was performed for multiple comparisons test. Results are presented as mean ± 

S.D.. P < 0.05 was considered significant.
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