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Obesity is associated with strong risks of development of 
chronic inflammatory liver disease and metabolic syndrome fol-
lowing a second hit. This study tests the hypothesis that free radi-
cal metabolism of low chronic exposure to bromodichloromethane 
(BDCM), a disinfection byproduct of drinking water, causes non-
alcoholic steatohepatitis (NASH), mediated by cytochrome P450 
isoform CYP2E1 and adipokine leptin. Using diet-induced obese 
mice (DIO), mice deficient in CYP2E1, and mice with spontaneous 
knockout of the leptin gene, we show that BDCM caused increased 
lipid peroxidation and increased tyrosine nitration in DIO mice, 
events dependent on reductive metabolism by CYP2E1. DIO mice, 
exposed to BDCM, exhibited increased hepatic leptin levels and 
higher levels of proinflammatory gene expression and Kupffer cell 
activation. Obese mice exposed to BDCM also showed profound 
hepatic necrosis, Mallory body formation, collagen deposition, 
and higher alpha smooth muscle actin expression, events that are 
hallmarks of NASH. The absence of CYP2E1 gene in mice that 
were fed with a high-fat diet did not show NASH symptoms and 
were also protected from hepatic metabolic alterations in Glut-1, 
Glut-4, phosphofructokinase and phosphoenolpyruvate carbox-
ykinase gene expressions (involved in carbohydrate metabolism), 
and UCP-1, PGC-1α, SREBP-1c, and PPAR-γ genes (involved in 
hepatic fat metabolism). Mice lacking the leptin gene were sig-
nificantly protected from both NASH and metabolic alterations 
following BDCM exposure, suggesting that higher levels of leptin 
induction by BDCM in the liver contribute to the development of 
NASH and metabolic alterations in obesity. These results provide 
novel insights into BDCM-induced NASH and hepatic metabolic 
reprogramming and show the regulation of obesity-linked suscep-
tibility to NASH by environmental factors, CYP2E1, and leptin.
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Obesity is associated with a low inflammatory condition 
where there is steatosis and insulin resistance (Johnson 
et al., 2012; Rius et al., 2012). Simple steatosis can progress 
to more severe inflammatory condition of steatohepatitis, 
cirrhosis, and hepatocellular carcinoma following a “second 
hit” or “multiple hits” (Day and James, 1998; Farrell et  al., 
2012; Tilg and Moschen, 2010). The conceptual “two hit” or 
“multihit” paradigm can come from the environmental factors, 
reactive oxygen species, or a host of other conditions that can 
exacerbate the low lying inflammation in obesity (Jou et  al., 
2008; Torres et al., 2012). There is, however, no clear evidence 
that the environment contributes in progression of nonalcoholic 
steatohepatitis (NASH). The proinflammatory nature of obesity 
is marked by increased release of cytokines and adipokine leptin, 
the levels of which are increased in circulation following leptin 
resistance (Munzberg, 2010; Parola and Marra, 2011). Our 
research has indicated that free radical metabolism of carbon 
tetrachloride, a known hepatotoxin, increases hepatic leptin 
levels over and above the amounts found in obesity (Chatterjee 
et al., 2012a). Fibrosis of liver, which is a feature of full-blown 
NASH, causes a significant reprogramming of the hepatic 
carbohydrate and lipid metabolism, in order to accommodate 
the changed metabolic microenvironment of the obese liver 
(Chen et al., 2012). Because obesity is highly correlated with 
increased inflammatory liver disease incidences, we explored 
the possibility that environmental exposure of disinfection 
byproduct (DBP) bromodichloromethane (BDCM) might act 
as a second hit to exacerbate development of NASH. Chlorine-
based disinfectants have played a critical role in protecting 
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drinking water supply from waterborne infectious diseases for 
nearly a century (Wigle, 1998). BDCM is part of a wide range 
of chemicals known as trihalomethanes, which are formed 
after chlorine is added to the water for disinfection (Lilly 
et al., 1997b). BDCM exposure can happen through the oral 
route, inhalation, and skin contact, with reports suggesting the 
maximum exposure through ingestion and by skin contact (Silva 
et al., 2012; Torti et al., 2001). It is metabolized by the CYP450 
enzymes primarily in the microsomes of hepatocytes (Allis and 
Zhao, 2002; Lilly et al., 1997a). The toxic effects of BDCM are 
mediated by the free radical metabolism of this compound by 
CYP2E1, an isoform of cytochrome P450, forming highly toxic 
hydroxynonenal adducts causing hepatocellular necrosis (Das 
et al., 2013; Tomasi et al., 1985).

The ability of BDCM to cause hepatocellular free radical 
generation in doses above 3.0mmol/kg might not be relevant to 
clinical hepatology and public health because the EPA permis-
sible limits are far lower than is reported in literature (National 
Toxicology Program, 1987). Further lower doses of BDCM have 
been found to exert little or no effect in normal adult rats (National 
Toxicology Program, 1987). We hypothesized that chronic expo-
sure to BDCM at doses that are lower than those that cause hepa-
tocellular necrosis might exacerbate inflammatory liver disease in 
susceptible obese mice. The study reported here utilizes a chronic 
systemic route of exposure to explore the molecular mechanisms 
of disease progression because BDCM toxicity has been reported 
following exposure via dermal, oral, and ip routes in rodents.

This study, which uses diet-induced obese (DIO) mice model 
that does not progress to NASH by high-fat diet alone, inves-
tigates the BDCM-induced oxidative stress and leptin’s role 
in development of NASH. It also examines reprogramming 
of carbohydrate and lipid metabolism by BDCM exposure. 
The results reported in this study show for the first time that 
low chronic exposure to BDCM, a contaminant of chlorinated 
drinking water, causes NASH by the direct involvement of 
CYP2E1 and leptin in obese mice.

Materials and Methods

Obese mice.  Pathogen-free, custom DIO adult male mice with a C57BL6/J 
background (Jackson Laboratories, Bar Harbor, ME) were used as models of 
diet-induced obesity. They were fed with a high-fat diet (60% kcal) (protein: 
26.2 gm%, 20 kcal%; carbohydrate: 26.3 gm%, 20 kcal%; and fat: 34.9 gm%, 
60 kcal%) from 6 to 16 weeks. The animals were housed one in each cage before 
any experimental use. Mice that contained the disrupted ob gene (leptin knock-
out [KO], spontaneous KO of leptin gene) (B6.V-Lep(/J) (Jackson Laboratories) 
and disrupted CYP2E1 gene (CYP2E1 KO or CYP2E1 gene-deficient mice) 
(129/Sv-Cyp2e1tm1Gonz/J) (Jackson Laboratories) were fed with a high-fat diet 
and treated identically to DIO mice. Mice had ad libitum access to food and 
water and were housed in a temperature-controlled room at 23°C–24°C with a 
12-h light/dark cycle. All animals including transgenic mice were treated in strict 
accordance with the NIH Guide for the Humane Care and Use of Laboratory 
Animals, and the experiments were approved by the institutional review board 
both at NIEHS and the University of South Carolina at Columbia.

Induction of liver injury in obese mice.  DIO mice or high-fat-diet-fed 
gene-specific KO mice at 16 weeks were administered BDCM (1.0mmol/kg, 

diluted in olive oil) through the ip route, two doses per week for 4 weeks. 
DIO mice treated with olive oil (diluent of BDCM) were used as control. After 
completion of the treatment, mice of all study groups were sacrificed for liver 
tissue, blood, and serum for the further experiments.

Clinical analysis of NASH in obese mice.  Histological assessment, 
assessment of NASH by calculating the histological activity index (HAI), 
hydroxyproline assay, picro sirius red staining for fibrosis, and serum aspartate 
aminotransferase (AST) and alanine aminotransferase (ALT) measurements 
were carried out to ascertain the symptoms of NASH (Supplementary methods).

ELISA.  Immunoreactivity for nitrotyrosine was detected in liver homogen-
ates using standard ELISA.

Immunohistochemistry.  Formalin-fixed, paraffin-embedded liver tissue 
from all the mice groups were cut into 5-µm-thick tissue sections. Each section 
was deparaffinized using standard protocol and used for staining (Supplementary 
methods).

Molecular techniques.  Hepatic mRNA expression was examined by 
quantitative real-time PCR analysis. Western blot analysis of proteins was car-
ried out for assessing protein levels in tissue samples (Supplementary methods).

Results

Chronic BDCM Exposure-Induced Hepatic Oxidative Stress 
in Obesity Is Mediated by CYP2E1

To determine the effects of chronic BDCM exposure in 
high-fat-diet-fed mice in generation of free radicals following 
metabolism by CYP2E1, lipid peroxidation was analyzed. 
Results showed that there was an increase in lipid peroxidation as 
indicated by increased immunoreactivity of 4-hydroxynonenal, 
a stable adduct of peroxidation of lipids in DIO + BDCM group 
(Fig. 1A ii) compared with DIO (Fig. 1A i) group or in mice that 
are deficient in CYP2E1 but fed with a high-fat diet (CYP2E1 
KO) (Fig. 1A iii). BDCM exposure also significantly increased 
p47 phox expression, a cytosolic subunit of the NADPH oxidase, 
compared with DIO-only mice, (p < 0.05) (Fig. 1B). CYP2E1 
KO mice had no significant difference in p47 phox mRNA 
expression compared with DIO + BDCM group, suggesting 
an absence of the role of CYP2E1 in p47 phox expression 
(Fig. 1B). 3-Nitrotyrosine immunoreactivity (nitrosative stress) 
as measured by ELISA was significantly elevated in DIO 
+ BDCM group compared with DIO-only group (p  <  0.05)
(Fig. 1C). CYP2E1 KO mice that were fed with high-fat diet 
had a significant decrease in 3-nitrotyrosine immunoreactivity 
compared with DIO + BDCM group (p  <  0.05), suggesting 
the clear role of CYP2E1 in formation of tyrosine radicals and 
nitration of tyrosine residues in the BDCM-exposed group 
(Fig. 1C). Further it also showed that BDCM metabolism by 
CYP2E1 is central to free radical stress in the obese liver.

Chronic BDCM Exposure and CYP2E1-Mediated Hepatic 
Free Radical Stress Exacerbate Inflammation and  
Leptin Release

To investigate the role of BDCM exposure and its free 
radical metabolism in exacerbating the inflammatory response 
in obesity, hepatic mRNA expression profiles of interleukin 
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(IL)-1β, interferon-γ (IFN-γ), and tumor necrosis factor (TNF)-α 
were analyzed. Results indicated that there was a significant 
increase in the expression profiles of IL-1β, IFN-γ, and TNF-α  

in DIO + BDCM group compared with DIO-only group 
(p < 0.05) (Fig. 2A). Mice deficient in CYP2E1 had a significant 
decrease in the expressions of these proinflammatory genes 

Fig.  1.  Chronic BDCM exposure in DIO mice generates CYP2E1-mediated oxidative stress. (A) Immunohistochemistry of mouse liver slices depicting 
4-hydroxynonenal immunoreactivity (lipid peroxidation) in DIO, DIO + BDCM, and CYP2E1 KO + BDCM-treated mice (n = 3). ×20 image. (B) Quantitative real-
time PCR (qRTPCR) analysis of liver p47 phox mRNA expression of DIO, DIO + BDCM, and CYP2E1 KO + BDCM mice. Y-axis represents fold of mRNA expres-
sion when normalized against DIO-only group, n = 3. (C) ELISA of liver homogenate, nitrotyrosine immunoreactivity in DIO, DIO + BDCM and CYP2E1 KO + 
BDCM groups. Y-axis represents the chemiluminescent units as an index of nitrotyrosine immunoreactivity, n = 5. *p < 0.05 is considered statistically significant.
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Fig. 2.  BDCM exposure in obese mice causes hepatic inflammation, Kupffer cell activation, TGF-β expression, and increased leptin release. (A) qRTPCR 
analysis of liver IL1-β, IFN-γ, TNF-α, CD68 (Kupffer cell activation marker), TGF-β, Pan macrophage marker F4/80, and leptin mRNA expression of DIO, DIO + 
BDCM, and CYP2E1 KO + BDCM mice. Y-axis represents fold of mRNA expression when compared against DIO-only group, n = 4. (B) Immunohistochemistry of 
liver slices of DIO, DIO + BDCM, and CYP2E1 KO + BDCM for CD68 (panels i–iii) and TGF-β (panels iv–vi) showing ×20 images. (C) Western blot analysis of 
adipokine leptin from liver homogenates of DIO, DIO + BDCM, and CYP2E1 KO + BDCM groups. (D) Immunoreactive band analysis of leptin normalized against 
beta actin. Y-axis depicts the leptin/actin ratio from DIO, DIO + BDCM, and CYP2E1 KO + BDCM groups (n = 3). *p < 0.05 is considered statistically significant.
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(p  <  0.05) (Fig.  2A). DIO + BDCM group had a significant 
increase in the expression of CD68, a Kupffer cell activation 
marker, which plays a significant role in development and 
progression of NASH (p  <  0.05) compared with DIO-only 
group (Fig.  2A). CYP2E1 KO mice fed with a high-fat diet 
had a significant decrease in the expression of CD68 mRNA 
expression, indicating that CYP2E1 plays a prominent role 
in the Kupffer cell activation (p < 0.05) (Fig. 2A). Though a 
significant increase in macrophage marker F4/80 was observed 
in DIO + BDCM group compared with DIO-only group, no 
such difference was observed in absence of CYP2E1 gene 
(Fig. 2A). DIO + BDCM group had a significant elevation in 
the expression of transforming growth factor (TGF)-β, a TH

3
 

cytokine known for its role in fibrosis, compared with DIO-
only group (p < 0.05) (Fig. 2A). The CYP2E1 KO mice had a 
significant decrease in the TGF-β expression compared with 
DIO + BDCM group, suggesting the direct role of CYP2E1 and 
the free radical metabolism of BDCM in the expression patterns 
of this cytokine (p < 0.05) (Fig. 2A). Results also showed that 
hepatic leptin expression was significantly increased in DIO 
+ BDCM group compared with DIO-only group (p  <  0.05) 
(Fig. 2A). Deletion of the CYP2E1 gene in obese mice (CYP2E1 
KO) decreased expression of leptin compared with expression in 
DIO + BDCM group (p < 0.05) (Fig. 2A). Immunolocalization 
of CD68, a Kupffer cell activation marker, was increased in 
hepatic sinusoids of DIO + BDCM group (Fig. 2B ii) compared 
with DIO-only group (Fig. 2B i). CYP2E1 KO obese mice had 
a decreased immunolocalization of CD68 compared with DIO 
+ BDCM group (Fig. 2B iii). TGF-β levels were also decreased 
in CYP2E1 KO mice compared with DIO + BDCM group, 
suggesting a direct role of CYP2E1 free radical metabolism 
in TGF-β levels in obese liver (Fig. 2B iv–vi). Similar to our 
observations in the mRNA expressions of adipokine leptin, 
leptin protein levels were significantly increased in obese mice 
that were exposed to BDCM compared with those in DIO-only 
mice (p  <  0.05) (Figs. 2C and D). CYP2E1 KO mice had a 
significantly decreased leptin protein levels compared with 
DIO + BDCM group, suggesting a strong correlation with 
BDCM exposure, its free radical metabolism by CYP2E1, and 
hepatic leptin production (p < 0.05) (Figs. 2C and D).

Chronic BDCM Exposure Causes NASH and Is CYP2E1 
Dependent

To study the role of BDCM exposure and free radical gen-
eration in development of full-blown NASH, experiments were 
designed to analyze the fibrotic and histopathological indices 
in high-fat-diet-fed mice. Results showed that there was a sig-
nificant increase in mRNA expressions of collagen-1α-1 (COL-
1α-1) and α-smooth muscle actin (SMA) in DIO + BDCM 
group compared with DIO-only group (p  <  0.05) (Fig.  3A). 
High-fat-diet-fed CYP2E1 KO mice had a significant decrease 
in COL-1α-1 and α-SMA expression (p < 0.05), suggesting a 
role of the free radical metabolism following BDCM exposure 
in the expression of these genes. Analysis of the hydroxyproline 

content of the liver revealed a significant increase in the DIO 
+ BDCM group compared with the DIO-only group (p < 0.05) 
(Fig.  3B). CYP2E1 KO mice had a significant decrease in 
hydroxyproline content compared with DIO + BDCM group 
(p < 0.05) (Fig. 3B). Immunolocalization of α-SMA, a stellate 
cell proliferation marker, was increased in DIO + BDCM group 
compared with DIO-only group, suggesting a marked increase 
in fibrosis and stellate cell proliferation, a common event 
in NASH progression (Fig.  3C). α-SMA immunoreactivity 
decreased in CYP2E1 KO mice compared with DIO + BDCM 
group (Supplementary fig.  1). Serum levels of ALT and AST 
were significantly higher in DIO + BDCM group compared with 
DIO-only group, whereas CYP2E1 KO mice had a significant 
decrease in the levels of these enzymes (p < 0.05) (Fig. 3D). 
Further evaluations of NASH progression were carried out by 
assessing the histopathological profiles of BDCM-exposed liver 
tissue (Fig.  3E). Histopathological evaluations were analyzed 
by Histological Activity Score (HAI) (Supplementary table 1). 
Liver histology showed marked increases in hepatocyte necro-
sis, leukocyte infiltration, and ballooning degeneration in DIO 
+ BDCM group (Fig.  3E ii) compared with DIO-only group 
(Fig.  3E i). CYP2E1 KO mice showed marked decrease in 
necrosis, ballooning degeneration, and infiltration of leukocytes 
compared with the BDCM-treated group. HAI scores showed 
similar results in inflammation and fibrosis, with a score that 
was significantly higher in DIO + BDCM group compared with 
DIO-only or CYP2E1 KO groups (Supplementary table  1). 
Picro sirius red staining of DIO + BDCM mouse liver showed 
increased micro- and macrovesicular fibrosis compared with 
both DIO mouse liver and CYP2E1 KO mouse liver (Fig. 3F).

BDCM Exposure and Resulting Reductive Free Radical 
Metabolism of CYP2E1 Modulate Hepatic Glucose and 
Fat Metabolism

To determine whether the exposure to BDCM and its cor-
responding free radical metabolism altered carbohydrate and 
lipid metabolism, mRNA expressions of glucose transporter 
genes Glut-1 and Glut-4 followed by phosphofructokinase 
(PFK) and phosphoenolpyruvate carboxykinase (PCK-1) 
genes were studied. Results showed that Glut-1 and Glut-4 
mRNA expressions were significantly increased in DIO + 
BDCM group compared with DIO-only group (p  <  0.05) 
(Fig. 4A), whereas its expression decreased significantly in the 
CYP2E1 KO mice (p < 0.05) (Fig. 4A). There was a significant 
increase in the mRNA expression of key glycolysis regulatory 
enzyme PFK and gluconeogenesis enzyme PCK-1 in the DIO 
+ BDCM group compared with the DIO-only group (p < 0.05) 
(Fig. 4A), whereas the CYP2E1 mice fed with high-fat diet had 
significantly decreased expressions (p < 0.05) (Fig. 4A). Next 
we examined whether BDCM exposure in obese mice signifi-
cantly modulated lipogenesis and lipid metabolism. Results 
showed that mRNA expressions of lipogenic genes PGC-1α 
and SREBP-1c were significantly increased in DIO + BDCM 
group compared with DIO-only group, whereas the mRNA 
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Fig. 3.  BDCM exposure causes hepatic fibrosis and stellate cell proliferation, features of full-blown NASH. (A) qRTPCR analysis of mRNA expression 
of COL-1-α-1 and α-SMA from liver homogenates of DIO, DIO + BDCM, and CYP2E1 KO + BDCM mice (n = 4). (B) Total hydroxyproline content in liver 
homogenate, an index of collagen deposition in DIO, DIO + BDCM, and CYP2E1 KO + BDCM groups (n = 3). (C) Immunoreactivity of α-SMA in liver tissue 
sections of DIO and DIO + BDCM groups. Panel (i) represents mouse liver section from DIO group and panel (ii) represents mouse liver sections from DIO + 
BDCM group. Images depict ×20 magnification of field size. (D) Serum levels of ALT and AST from DIO, DIO + BDCM, and CYP2E1 KO + BDCM group 
expressed in international Units/liter. (E) Hematoxylin and eosin staining of liver slices from DIO (panel i), DIO + BDCM (panel ii), and CYP2E1 KO mice 
(panel iii). Arrows show necrosis in areas of Zone 3 (perivenular region). (F) Picro sirius red staining of liver slices from DIO (panel i), DIO + BDCM (panel 
ii), and CYP2E1 KO + BDCM (panel iii). Arrows show macro- and microvesicular fibrosis as depicted by red staining. *p < 0.05 is considered statistically 
significant.
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expression profiles of PPAR-α were unchanged (p  <  0.05) 
(Fig.  4B). The expression of these genes was significantly 
decreased in CYP2E1 KO mice compared with DIO + BDCM 
group (p < 0.05)(Fig. 4B). Interestingly, the mRNA expression 
profiles of PPAR-γ were significantly downregulated in DIO 
+ BDCM group compared with DIO-only group (p  <  0.05) 
(Fig. 4B), suggesting that BDCM exposure might have a sig-
nificant role in PPAR-γ downregulation by a different mecha-
nism that is not dependent on the presence of CYP2E1 or its 
free radical metabolism (Fig. 4B).

Increased Hepatic Leptin Following BDCM Exposure 
Modulates Inflammation and Kupffer Cell Activation

To study the role of BDCM exposure–induced higher leptin 
levels in the progression of NASH in obesity, ob/ob mice that are a 
spontaneous KO of leptin were used. Results showed that mRNA 
expressions of proinflammatory cytokine IFN-γ and CD68, a 
Kupffer cell activation marker, were significantly decreased in the 
leptin KO mice compared with the DIO + BDCM (wild type) 
mice (p < 0.05) (Fig. 5A). Interestingly, there was a significant 
change in the expression profiles of another proinflammatory 

cytokine TNF-α in leptin KO mice compared with DIO + BDCM 
group (Fig.  5A). Liver hydroxyproline level, which is a strong 
indicator of collagen levels in the liver, was decreased signifi-
cantly in leptin KO mice compared with DIO + BDCM (wild 
type) group, suggesting less collagen deposition in these mice 
(p < 0.05) (Fig. 5B). This was also reflected in the immunohisto-
chemistry analysis of CD68 and α-SMA (Fig. 5C). Kupffer cell 
activation marker CD68 (Fig. 5C i and ii) and α-SMA (Fig. 5C 
iii and iv) immunoreactivity was decreased in liver sections of 
mice drawn from leptin KO mice compared to wild-type mice 
that were fed with a high-fat diet and exposed to BDCM.

Increased Hepatic Leptin Following BDCM Exposure 
Alters Glucose and Fat Metabolism and Augments the 
Progression of NASH

Next we analyzed whether the presence or absence of leptin 
significantly altered the expression of glycolytic and gluconeo-
genic enzymes in the course of NASH progression following 
BDCM exposure. Results showed that the mRNA expres-
sion of glucose transporter Glut-1 and the glycolytic enzyme 
PFK was significantly decreased in leptin KO mice compared 

Fig. 4.  BDCM exposure and CYP2E1-dependent modulation of hepatic glucose and fat metabolism. (A) Liver mRNA expression of glucose transporter 
(Glut-1, Glut-4), glycolytic enzyme (PFK), and gluconeogenic enzyme (PCK-1) in DIO, DIO + BDCM, and CYP2E1 KO + BDCM mice (n = 3). (B) Liver mRNA 
expression of lipid metabolism master regulator, PGC-1α, lipogenic gene SREBP-1c, and regulators of lipid metabolism, PPAR-α and PPAR-γ in DIO, DIO + 
BDCM, and CYP2E1 KO + BDCM mice (n = 3). *p < 0.05 is considered statistically significant.

	�  297



SETH ET AL.

with wild-type mice fed with a high-fat diet and coexposed to 
BDCM (p < 0.05) (Fig. 6A). The expressions of gluconeogenic 
enzyme PCK-1 were unchanged (Fig. 6A). Lipid metabolism 
enzymes like PGC-1α and SREBP-1c were significantly down-
regulated in leptin KO mice compared with wild-type mice that 
were fed with high-fat diet and exposed to BDCM (p < 0.05) 
(Fig. 6B). Interestingly the mRNA expression of PPAR-γ was 
significantly increased in leptin KO mice compared with wild-
type mice coexposed to high-fat diet and BDCM (p  <  0.05) 

(Fig.  6B). Fibrosis as assessed by picro sirius red staining 
decreased in leptin KO mice (Fig. 6C ii) compared with high-
fat-diet-fed and BDCM-exposed mice (Fig. 6C i). Hematoxylin 
and eosin staining of liver section of leptin KO mice had 
decreased inflammation and hepatocyte necrosis (Fig. 6D ii). 
There was also decreased serum ALT and AST levels (p < 0.05) 
(Fig. 6E) in leptin KO mice compared with wild-type mice that 
were fed with high-fat diet and coexposed to BDCM (Figs. 6D 
i and E).

Fig. 5.  Leptin controls BDCM-induced NASH development in obesity. (A) qRTPCR analysis of mRNA expression of IFN-γ, TNF-α, and Kupffer cell 
marker CD68 in DIO + BDCM and Leptin KO + BDCM groups. Y-axis represents fold change compared with DIO-only controls (n = 4). (B) Hydroxyproline 
content in DIO + BDCM and Leptin KO + BDCM groups. Y-axis represents fold change (n = 4). (C) Immunohistochemistry of Kupffer cell marker CD68 and 
stellate cell proliferation marker α-SMA in DIO + BDCM and Leptin KO + BDCM groups. Panels (i and ii) represent CD68, and panels (iii and iv) represent α-
SMA in ×20 magnification. *p < 0.05 is considered statistically significant.
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Fig. 6.  Leptin controls BDCM-induced alterations in glycolysis, gluconeogenesis, and lipid metabolism, thus aiding in development of liver injury in NASH. 
(A) mRNA expressions of liver Glut-1, PFK, and PCK-1 in DIO + BDCM and Leptin KO +BDCM groups. (B) mRNA expressions of liver PGC-1α, SREBP-1c, 
and PPAR-γ in DIO + BDCM and Leptin KO + BDCM groups. (C) Picro sirius red staining showing micro- and macrovesicular fibrosis (arrow) in DIO + BDCM 
(panel i) and Leptin KO + BDCM (panel ii) groups. (D) Hematoxylin and eosin staining showing hepatocellular necrosis (arrow) in DIO + BDCM (panel i) and 
Leptin KO + BDCM (panel ii) groups. (E) Serum ALT and AST enzyme levels in DIO + BDCM and Leptin KO + BDCM groups (n = 4). *p < 0.05 is considered 
statistically significant.
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Discussion

Here in this study, we report the development of NASH 
in obese mice following exposure to moderately lower dose 
of BDCM, a DBP of drinking water. Results also show that 
the free radical metabolism of BDCM, via CYP2E1 pro-
duces lipid peroxidation and the ensuing oxidative stress, 
exacerbates inflammation and adipokine leptin release (Figs. 
1–3). The weekly doses of BDCM that were continued for 
4 weeks were higher than the EPA permissible annualized 
average, but the study for the first time highlights the devel-
opment of metabolic syndrome in obesity, albeit in rodent 
models. The disease progression from steatosis (fatty liver) 
to NASH was dependent on the free radical metabolism and 
adipokine leptin, whose release was a consequence of the free 
radical metabolism of BDCM (Figs. 5 and 6). Further the 
exposure to BDCM and the oxidative stress altered glucose 
transport, glycolytic pathway, gluconeogenesis, and skewed 
lipid metabolism toward lipogenesis (Fig. 4). The results also 
assume significance in clinical hepatology research because 
there is a direct correlation between obesity and develop-
ment of chronic liver diseases like NASH as supported by 
a Center for Disease Control and Prevention report (Ogden 
et  al., 2007). Our results find a correlation between the 
environmental toxicant BDCM and development of NASH 
in obesity; like toxicity-associated steatohepatitis, BDCM-
exposed NASH is clinically relevant, even more to general 
population worldwide owing to wide access of chlorinated 
drinking water (Cave et al., 2010; Driedger et al., 2002). As 
a consequence, our results indicate that the levels of drinking 
water contaminant like BDCM should be strictly monitored to 
avoid any health hazards, though the studies reported here are 
restricted to rodent models only. Our results also for the first 
time show the molecular mechanisms by which the metabo-
lism of BDCM causes generation of toxic free radical metabo-
lites and exacerbates the inflammatory process in obesity, thus 
augmenting the development of a full-blown NASH. BDCM 
has been shown to be metabolized by CYP2E1 through a free 
radical mechanism, generating dihalomethyl radicals (Tomasi 
et al., 1985). Using immune-spin trapping, previous research 
reports from this group have shown that BDCM produces pro-
tein radical adducts (Das et al., 2013). Protein radical adducts 
from BDCM metabolism were also detected in the chronic 
dosing regimen (Supplementary fig. 2).

Prolonged exposure to BDCM in a mouse model of high-
fat-diet-induced obesity showed hydroxynonenal adduct 
formation and nitrosative stress in Zone 3 of the liver and 
tyrosine nitration, events that were dependent on the CYP2E1 
protein (Fig. 1). BDCM-exposed high-fat-diet-fed mice liver 
also showed increase in the p47 phox gene expression, an 
important component of the NADPH oxidase, but was inde-
pendent of CYP2E1 (Fig. 1B). This expression profile might 
be due to the Kupffer cell activation process (increased 
CD68 expression; Fig.  2A), which can be triggered by the 

downstream actions of P2X7 receptor activation, as reported 
by Chatterjee et al.(2012b), in a similar model of liver injury 
with CCl

4
 exposure.

The metabolism of BDCM by CYP2E1 was responsible for 
a significant increase in the exacerbation of the inflammatory 
response in obese mice. Inflammation is key to progression of 
steatosis to steatohepatitis in obesity (Copaci et al., 2006; Jou 
et al., 2008; Farrell et al., 2012). The role of proinflammatory 
cytokines like TNF-α, IL-1β, IFN-γ, and TH

3
 cytokine TGF-β 

in NASH progression is well documented (Copaci et al., 2006; 
Larter and Farrell, 2006). Kupffer cell activation, which is 
marked by increased NADPH oxidase activity, MCP-1 release, 
peroxynitrite formation, increased MHC Class  II expression 
and TNF-α release plays a significant role in NASH pathogen-
esis (Chatterjee et al., 2012a; Tosello-Trampont et al., 2012; 
Wang et  al., 2009). The increased expression of CD68 (> 
20-fold), a Kupffer cell activation marker, in BDCM-exposed 
mice compared with only DIO mice confirm the inflamma-
tory surge and activation of Kupffer cells in the obese liver 
following BDCM exposure (Fig. 2A). NASH development is 
characterized by high degree of fibrosis and increased depo-
sition of collagen, increased hepatic stellate cell prolifera-
tion, and increased hydroxyproline content (Syn et al., 2011). 
Liver biopsies reveal ballooning degeneration of hepatocytes, 
Mallory body formation, and infiltration of leukocytes (Diehl, 
1999; Farrell et  al., 2012). Our results showed significant 
expression of COL-1α-1 and α-SMA in the liver that was 
dependent on the presence of the CYP2E1 protein, suggesting 
the metabolism of BDCM by CYP2E1 as an important factor 
in the expression of the fibrotic indicator collagen and hepatic 
stellate cell proliferation marker, α-SMA (Figs. 3A and C) 
(Abdelmegeed et  al., 2012). The fibrosis was also reflected 
by increased hydroxyproline content and intense staining of 
picro sirius red in liver tissues of DIO + BDCM group (Figs. 
3B and F). Histopathology and analysis of liver ALT and AST 
levels were also indicative of liver injury and NASH devel-
opment, both of which were dependent on the CYP2E1 pres-
ence, showing the importance of the free radical metabolism of 
BDCM by CYP2E1 as a primary cause of disease progression 
(Abdelmegeed et al., 2012) (Figs. 3D and E).

Obesity-linked nonalcoholic fatty liver disease is asso-
ciated with insulin and leptin resistance (Bugianesi et al., 
2004; Choudhury and Sanyal, 2005; Könner and Bruning, 
2012). Defects in insulin receptor activation, which is a 
consequence of obesity, result in insulin resistance and sec-
ondary hyperinsulinemia (Choudhury and Sanyal, 2005). 
Insulin resistance as a consequence of obesity sets the stage 
for severe metabolic alterations in the liver due to predomi-
nance of de novo lipogenesis and stalling of beta oxidation 
of fatty acids (Choudhury and Sanyal, 2005). Defects in 
insulin signaling lead to alteration of Glut-4-induced glu-
cose transport and increase in gluconeogenesis and glycog-
enolysis (Choudhury and Sanyal, 2005; Leguisamo et  al., 
2012). The DIO mice model (C57BL/6J) showed prominent 
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diabetes with fasting blood glucose levels of greater than 
240 mg/dl and blood insulin levels of greater than 150 µU/
ml (Surwit et  al., 1988). We explored whether BDCM-
induced NASH and especially the free radical-mediated 
oxidative stress produced metabolic reprogramming in the 
liver of DIO mice. Our results showed that there was an 
increase in Glut-4 and Glut-1 levels in the liver (Fig. 4A). 
These increases assume significance in fibrosis because 
stellate cell proliferation requires increased glucose 
availability (Tang and Chen, 2010). Further there was a 
significant increase in the glycolytic enzyme PFK and glu-
coneogenic enzyme PCK-1 (Fig. 4A). The BDCM exposure 
to DIO mice not only induced NASH but also led to met-
abolic alterations that might cause reprogramming of the 
key glycolytic enzymes that furthered de novo lipogenesis 
and increased inflammation. Similar to alterations in the 
enzymes of carbohydrate metabolism, a principal regulator 
of de novo lipogenesis (SREBP-1c) was increased signifi-
cantly in DIO mice following exposure to BDCM (Fig. 4B). 
Further the transcription factor PPAR-α (slight increase, but 
not statistically significant) and transcriptional coactivator 
PGC-1α, master regulators of lipid metabolism in the liver, 
increased albeit moderately following BDCM exposure. On 
the other hand, there was a significant downregulation of 
PPAR-γ, the effect being dependent on the presence of the 
CYP2E1 gene (Fig. 4B). Decreased expression of PPAR-γ 
is associated with NASH because PPAR-γ KO mice develop 
severe steatohepatitis (Wu et al., 2010). Our observation of 
a decreased expression of this gene linked to the CYP2E1 
reductive metabolism established a new paradigm of oxida-
tive stress and metabolic reprogramming in NASH.

Another important aspect of obesity and the progression 
of NASH are linked to the development of leptin resistance, 
resulting in high circulatory levels of leptin, primarily due to 
the defect in leptin signaling (Kamada et  al., 2008; Könner 
and Bruning, 2012; Morris and Rui, 2009; Munzberg, 2010). 
BDCM coexposure in obesity significantly increased hepatic 
leptin levels over the already high levels that existed in DIO 
mice (Figs. 2A, C, and D). Absence of leptin (ob/ob or Leptin 
KO mice) protected mice from NASH development by BDCM 
coexposure and restored the expression of metabolic regulators 
in both glucose and lipid genesis pathways to DIO levels (Figs. 
5 and 6). These results are significant because leptin levels 
were increased following BDCM exposure, thus explaining the 
direct role of BDCM in augmenting the development of NASH 
from simple steatosis. This also explains the role of BDCM-
induced free radical generation as a probable second hit that 
helped in progression of the disease.

In summary, our results clearly showed for the first time 
that chlorinated drinking water that contains moderate lev-
els of DBPs, when consumed over time, can be a potential 
cause for development of NASH in obesity models of mice. 
Future studies in rodent models and epidemiological studies 
in humans, in areas where BDCM levels are higher than EPA 

permissible limits, might shed more important light about the 
possible link of DBPs of drinking water and development 
of metabolic syndrome and/or NASH. Our results show that 
NASH development and progression in experimental models 
of obesity can develop, at least in part, from the daily ran-
dom exposure to low and tolerable levels of DBPs. Human 
susceptibility to NASH from environmental factors can be a 
possibility given the wide variance in susceptibility in indi-
viduals following CYP2E1 polymorphisms (Daly, 2012; 
Ginsberg et al., 2009; Jimenez-Lopez and Cederbaum, 2005; 
Neafsey et al., 2009). Because BDCM is metabolized primar-
ily by CYP2E1, individuals with CYP2E1 polymorphisms 
might respond to lower doses of BDCM, thus making them 
candidates for NASH progression. Though it is speculative at 
this point, polymorphisms of other proteins associated with 
BDCM metabolism may also enhance pathogenicity even at 
very low levels of exposure. The data presented here stress 
the involvement of the environmental conditions in progres-
sion of NASH and its comorbidities and provide novel insight 
into the risk factors associated with NASH progression and 
the potential global health impact of this significant environ-
mental toxicant.
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