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Nonalcoholic steatohepatitis (NASH) is a liver disorder that still demands improved treatment. Understanding the pathogenesis
of NASH will help to develop novel approaches to prevent or treat this disease. In this study, we revealed a novel function of the
aryl hydrocarbon receptor (AhR) in NASH. Transgenic or pharmacological activation of AhR heightened animal sensitivity to
NASH induced by the methionine- and choline-deficient (MCD) diet, which was reasoned to be due to increased hepatic steato-
sis, production of reactive oxygen species (ROS), and lipid peroxidation. Mechanistically, the increased ROS production in AhR-
activated mouse liver was likely a result of a lower superoxide dismutase 2 (SOD2) activity and compromised clearance of ROS.
Activation of AhR induced tetrachlorodibenzo-p-dioxin (TCDD)-inducible poly(ADP-ribose) polymerase (TiPARP) gene ex-
pression, depleted NAD�, deactivated the mitochondrial sirtuin deacetylase 3 (Sirt3), increased SOD2 acetylation, and thereby
decreased SOD2 activity. We also showed that Sirt3 ablation sensitized mice to NASH, whereas adenoviral overexpression of
Sirt3 alleviated the NASH phenotype in AhR-transgenic mice. We conclude that activation of AhR sensitizes mice to NASH by
facilitating both the “first hit” of steatosis and the “second hit” of oxidative stress. Our results suggest that the use of AhR antag-
onists might be a viable approach to prevent and treat NASH. Manipulation of the expression or activity of Sirt3 may also repre-
sent a novel approach to manage NASH.

Nonalcoholic steatohepatitis (NASH) is part of the spectrum of
the nonalcoholic fatty liver disease (NAFLD) characterized

by steatosis, inflammation, and progressive fibrosis (1, 2). Sus-
tained NASH may eventually progress to cirrhosis, liver failure,
and hepatocellular carcinoma. Although the detailed mechanism
for NASH remains to be defined, it is generally believed that the
pathogenesis of NASH fits a two-hit model, in which the first hit is
an initial metabolic disturbance that increases the influx of free
fatty acids and de novo lipogenesis, whereas the second hit includes
oxidative stress and lipid peroxidation (3, 4).

Oxidative stress refers to excessive formation of reactive oxy-
gen species (ROS) and/or limited antioxidant defense. Oxidative
stress plays a central role in the pathogenesis of NASH. Excessive
fatty acid oxidation, due to the accumulation of fatty acids in the
hepatocytes, induces oxidative stress in the mitochondria, peroxi-
somes, and microsomes (5). Overwhelming oxidative stress
causes cell membrane lipid peroxidation and hepatic stellate cell
activation, leading to the exhibition of the hallmarks of NASH,
such as fibrosis, chronic inflammation, and apoptosis. Indeed,
increased levels of serum oxidants and decreased antioxidant de-
fense have been reported in NASH in both humans and rodents
(6–10).

Mitochondria represent a principal source of cellular ROS as
the result of inefficiencies in the flow of electrons along the elec-
tron transport chain (5). Superoxide (O2

�), generated in the mi-
tochondria during respiration, is primarily scavenged by superox-
ide dismutase 2 (SOD2) to hydrogen peroxide (H2O2), which is
subsequently converted to water by catalase. The activity of SOD2
is tightly regulated by the mitochondrial sirtuin deacetylase 3
(Sirt3)-mediated deacetylation on its lysine residues (11, 12). Sirt3

deacetylates SOD2, increases SOD2 activity, and thus enhances
the scavenging of superoxide (11–13).

The aryl hydrocarbon receptor (AhR) is a ligand-activated xe-
nobiotic receptor that is expressed in most tissues (14, 15). Acti-
vated AhR forms a heterodimer with the AhR nuclear translocator
(ARNT) and binds to xenobiotic response elements in the pro-
moter regions of the target genes, such as the cytochrome P450
1A1 (CYP1A1), CYP1A2, and CYP1B1 (16). AhR can be activated
by numerous environmental contaminants, including tetrachlo-
rodibenzo-p-dioxin (TCDD), benzopyrene, and coplanar poly-
chlorinated biphenyls (16). More recent studies showed that AhR
can also be activated by endogenous ligands (17–19). We have
previously reported that transgenic or pharmacological activation
of AhR led to spontaneous fatty liver disease by transcriptionally
activating the fatty acid translocase FAT/CD36 and increasing the
fatty acid uptake (20). The steatotic effect of AhR was also inde-
pendently reported by others (21). We and others have also re-
ported that AhR induced cellular oxidative stress and increased
lipid peroxidation (20–22), another risk factor for NASH. In hu-
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man populations, dioxin exposure has been reported to be asso-
ciated with increased incidence of fatty liver (23). However, it
remains to be determined whether and how activation of AhR
sensitizes rodents or humans to NASH.

In this study, we showed activation of AhR-sensitized mice to
methionine- and choline-deficient (MCD) diet-induced NASH,
which may have been accounted for by the decreased SOD2 activ-
ity and increased ROS production in the liver. Mechanistically, we
found Sirt3 activity was inhibited by AhR, whereas hepatic over-

expression of Sirt3 alleviated MCD diet-induced NASH in AhR-
activated mice.

MATERIALS AND METHODS
Animals, diet and drug treatment, and histology. The creation of the
tetracycline-inducible CA-AhR TG mice has been previously described
(20). The TG mice and their wild-type (WT) controls used in this study
have been backcrossed to C57BL/6J for at least 6 generations. When nec-
essary, doxycycline (DOX; 2 mg/ml) was given in drinking water for 2

FIG 1 Transgenic activation of AhR sensitized mice to MCD diet-induced NASH. (A) Top, schematic representation of the liver-specific “Tet-off”
CA-AhR transgenic system. DOX, doxycycline; FABP, fatty acid binding protein; PCMV, minimal CMV promoter; TetRE, tetracycline responsive element;
tTA, tetracycline transcriptional activator. Bottom, the expression of CA-AhR was confirmed by transgene-specific real-time PCR. The cycle numbers are
labeled. (B to G) WT and TG mice were fed with the MCD diet for 6 weeks in the presence or absence of DOX before being analyzed for hepatic triglyceride
level (B); liver section Picro-sirius red staining, with the arrowhead indicating the collagen deposition (C); liver section H&E staining, with the arrows
indicating the neutrophil infiltration (D); hepatic expression of fibrogenic genes (E) and inflammatory genes (F); and serum ALT levels (G). n � 6 for each
group. *, P � 0.05.
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weeks to silent transgene expression. The Sirt3�/� mice (stock number
012755) (24) were purchased from the Jackson Laboratory (Bar Harbor,
ME). For diet treatment, mice received the MCD diet (catalog number
TD.90262) or the control amino acid diet (catalog number TD.90149)
from Harlan (Denver, CO). Mice were treated with the MCD diet for 4 to
6 weeks in most of the experiments, except that when TCDD-treated WT
mice or Ad-Sirt3 mice were used, mice were treated with the MCD diet for
2 weeks only. This is because an extended MCD diet treatment in TCDD-
treated mice was partially lethal, whereas the 2-week treatment was cho-
sen for the Ad-Sirt3 mice for optimal adenoviral expression of Sirt3 (data
not shown). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was pur-
chased from Biomol (Plymouth Meeting, PA). When necessary, mice re-
ceived a single gavage of vehicle (corn oil) or TCDD (10 �g/kg) by using a
plastic-coated mouse-feeding needle. For histology, tissues were fixed in
4% formaldehyde, embedded in paraffin, sectioned at 5 �m, and stained
with H&E. The use of mice in this study has complied with relevant federal
guidelines and institutional policies.

Measurements of SOD activity and levels of H2O2, O2
�, and MDA.

SOD activity was measured as the inhibition of nitroblue tetrazolium
(NBT) reduction in a xanthine-xanthine oxidase system (12, 25). Briefly,
liver tissues were homogenized in 50 mM potassium phosphate buffer
(pH � 7.8, with 1.34 mM diethylenetriaminepentaacetic acid) and then
centrifuged at 12,000 � g for 10 min. The tissue lysate supernatants were
collected for the SOD activity assay. This total SOD assay is based on the
competition between SOD and an indicator molecule (NBT) for super-
oxide production from xanthine and xanthine oxidase. Incubation with 5
mM sodium cyanide for at least 45 min was used to inhibit SOD1 activity
in order to selectively measure the SOD2 activity. The difference between
total SOD and SOD2 activity is considered to be the SOD1 activity. The
H2O2 levels were measured by using the Amplex red hydrogen peroxide
assay kit from Invitrogen as described by others (26). The O2

� level in
primary hepatocytes was measured by electron paramagnetic (EPR) spec-
trometry using the cell-permeable hydroxlymine spin probe 1-hydroxy-
3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH) (Alexis). In
brief, 50-�l cell suspensions were placed into a temperature- and gas-
controlled Bruker eScan tabletop EPR spectrometer cavity and analyzed
for 10 min at 37°C and 21% O2. Values represent the relative signal inten-
sity of the downfield peak of 5 signal-averaged scans from 9 to 10 min. The

EPR instrument settings were as follows: field sweep, 50 G; microwave
frequency, 9.78 GHz; microwave power, 20 mW; modulation amplitude,
2 G; conversion time, 327 ms; time constant, 655 ms; and receiver gain,
1 � 105. To minimize the effects of adventitious metals, all buffers were
treated with Chelex resin and contained 25 �M deferoxamine. The addi-
tion of purified CuZnSOD was used to validate O2

� as the radical respon-
sible for the observed signal as previously described (27). The method to
measure the liver concentration of malondialdehyde (MDA) was previ-
ously described (20).

Immunoprecipitation and Western blot analysis. Livers were ho-
mogenized and mitochondria were isolated as previously described (24).
Mitochondria were lysed in ice-cold RIPA buffer containing 10 mM nic-
otinamide and 1 �M trichostatin A. The lysates were immunoprecipitated
with an anti-SOD2 antibody (catalog number sc-133254) from Santa
Cruz (Santa Cruz, CA) overnight and immunoblotted with an antiacety-
lation antibody (catalog number 9681) from Cell Signaling (Danvers,
MA). The Sirt3 antibody (catalog number AP6242a) was purchased from
ABGENT (San Diego, CA).

Hepatic overexpression of Sirt3 by adenoviral transduction. Adeno-
virus overexpressing Flag-Sirt3 (Ad-Sirt3) was kindly provided by Bert
Vogelstein from the Johns Hopkins University. The control adenovirus
(Ad-Ctrl) contained the green fluorescence protein. Adenoviruses were
injected through tail veins at the dose of 4 � 109 PFU per mouse. Infected
mice were fed the MCD diet for 2 weeks before NASH phenotype analysis.

Measurement of NAD�. NAD� and NADH were measured by fluo-
rescence in the liver homogenates (250 mg [wet weight] in 1 ml of phos-
phate-buffered saline [PBS]) (28). Fifty microliters of samples was added
to 50 �l of 7% perchloric acid, vortexed for 30 s, sonicated, and then
incubated for 30 min at 60°C to destroy the endogenous enzyme activity.
After centrifugation (13,000 rpm for 3 min), the supernatants were neu-
tralized and 2-�l and 4-�l aliquots were added to black polystyrene 96-
well plates from Corning (Vernon Hills, IL). Reaction mixtures (130-�l
total volume) contained cycling assay buffer (5 mM Tris, 5 mM MgCl2, 50
mM KCl), 54 �M resazurin, 0.4 unit/ml lactate dehydrogenase, and 2.25
mM lactate, with the pH adjusted to 7.5. The reactions of transforming
resazurin to resorufin were initiated with 20 �l of diaphorase per well for
a final concentration of 0.7 unit/well. Standard curves for NAD� were
included in each assay. Resorufin fluorescence was measured immediately

FIG 2 Pharmacological activation of AhR sensitized mice to MCD diet-induced NASH. (A to E) WT mice were injected with a single dose of TCDD (10 �g/kg)
or vehicle and then fed with the MCD diet for 2 weeks before being analyzed for serum ALT level (A); hepatic triglyceride content (B); liver section H&E staining,
with the arrows indicating the neutrophil infiltration (C); and hepatic expression of fibrogenic genes (D) and inflammatory genes (E). n � 5 for each group. *,
P � 0.05; **, P � 0.01. TCDD versus vehicle.
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after adding diaphorase using a plate reader (excitation, 530 nm; emis-
sion, 580 nm) at 30-s intervals for 12.5 min. Values were corrected for
dilutions and normalized to the protein contents.

Measurement of Sirt3 activity. The Sirt3 activity was assessed by fluo-
rometric measurement of deacetylation of a Sirt3 peptide substrate by
using the CycLex SIRT3 deacetylase kit (catalog number CY-1153) from
CycLex (Nagano, Japan).

Gene expression analysis by real-time PCR. Reverse transcription
(RT) was performed with random hexamer primers and Superscript RT
III enzyme from Invitrogen. SYBR green-based real-time PCR was per-
formed with the ABI 7300 system (29). Data were normalized against the
control cyclophilin.

Statistical analysis. Data are expressed as the means � standard de-
viations (SD). One-way analysis of variance (ANOVA) Tukey’s test was
performed for statistical analysis using GraphPad Prism version 4.0. P
values of less than 0.05 were considered statistically significant.

RESULTS

Genetic activation of AhR sensitized mice to MCD diet-induced
NASH. We have previously reported the creation of tetracycline-
inducible constitutive active AhR (CA-AhR)-transgenic mice ex-
pressing CA-AhR in the liver under the control of the fatty acid
binding protein (FABP) gene promoter (20). CA-AhR was con-
structed by deleting the minimal ligand-binding domain of AhR
(30). As outlined in Fig. 1A, in mice carrying both the tetracycline
response element (TetRE)-CA-AhR and FABP-tetracycline tran-
scriptional activator (tTA) transgenes, tTA expressed in the liver
will bind to TetRE and induce the expression of CA-AhR, whereas
treatment of mice with doxycycline (DOX) will dissociate tTA
from TetRE and thus silence the expression of CA-AhR. The expres-
sion of the CA-AhR transgene and its silencing by DOX was con-

FIG 3 Activation of AhR increased ROS production, compromised SOD2 activity, and increased lipid peroxidation. Mice were the same as described in the
legends to Fig. 1 and 2. (A and B) Hepatic H2O2 levels in WT and TG mice treated without or with DOX (A) or WT mice treated with vehicle or TCDD (B). (C)
Superoxide (O2

�) levels in primary hepatocytes treated with vehicle or TCDD. (D and E) Total SOD, SOD2, and SOD1 activities in WT and TG mice treated
without or with DOX (D) or WT mice treated with vehicle or TCDD (E). (F and G) Hepatic concentrations of malondialdehyde (MDA) in WT and TG mice
treated without or with DOX (F) or WT mice treated with vehicle or TCDD (G). *, P � 0.05.
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firmed by real-time PCR (Fig. 1A). The expression of CA-AhR was
largely unaffected in transgenic (TG) mice treated with the MCD diet
(Fig. 1A). The expression of the endogenous AhR was indistinguish-
able between wild-type (WT) and TG mice (data not shown).

To determine the in vivo role of AhR in NASH, we fed WT and
TG mice with the amino acid control diet or MCD diet for 6 weeks.
The MCD diet is a widely used dietary model of NASH that pro-
duces key features of NASH, including steatosis, hepatic inflam-
mation, and fibrosis (31). The MCD diet alone had little effect on
the expression of the endogenous AhR and its typical target genes
(data not shown). We found that the hepatic triglyceride level was
higher in TG mice than in WT mice (Fig. 1B), consistent with our
reported steatotic role of AhR (20). Increased collagen deposition
(Fig. 1C) and neutrophil infiltration (Fig. 1D) in the liver of TG
mice were shown by Picro-sirius red staining and H&E staining,
respectively. The transgenic sensitization of NASH was further
confirmed by gene expression analysis. This included the induc-
tion of the fibrogenic genes Col1a1, Col1a2, TGF-�, and 	-SMA
(Fig. 1E), as well as the induction of proinflammatory genes
TNF-	, IL-1�, and IL-6 (Fig. 1F). These phenotypes were trans-
gene dependent, because they were normalized in TG mice treated
with DOX (Fig. 1B to F). Interestingly, despite their heightened
NASH phenotypes in fibrosis and inflammation, the serum level
of alanine aminotransferase (ALT) was not higher in TG mice
than in WT mice (Fig. 1G).

Pharmacological activation of AhR sensitized mice to MCD
diet-induced NASH. We treated WT C57BL/6J mice with a single
dose of the AhR ligand TCDD (10 �g/kg) and then fed the mice
with a control diet or the MCD diet for 2 weeks. Under the control
diet, this dose of TCDD did not cause apparent liver toxicity, as
suggested by a minimum change in the serum ALT level, but was
effective in inducing AhR target genes (data not shown). In con-
trast, when mice were fed with the MCD diet, TCDD treatment
significantly increased the serum ALT level (Fig. 2A). The TCDD-
treated mice also showed increased hepatic steatosis (Fig. 2B),
neutrophil infiltration (Fig. 2C), fibrogenic gene expression
(Fig. 2D), and inflammatory gene expression (Fig. 2E).

Activation of AhR increased ROS production, compromised
SOD2 activity, and increased lipid peroxidation. Oxidative stress
plays a central role in the pathogenesis of NASH (3, 4). To under-
stand the mechanism by which AhR sensitized mice to NASH, we
measured the ROS levels in AhR-activated mice. The H2O2 level
was increased in the MCD diet-fed TG mice (Fig. 3A) and TCDD-
treated WT mice (Fig. 3B). Treatment of WT primary mouse
hepatocytes with TCDD also increased the O2

� production
(Fig. 3C). The increased ROS level in AhR-activated mice may
have been accounted for by decreased SOD activity. Interestingly,
it is the activity of the mitochondrial SOD2, but not SOD1, that
was significantly decreased by AhR activation (Fig. 3D and E).
Lipid peroxidation is often used as a surrogate marker for oxida-
tive stress. Consistent with their increased ROS production, the
MCD diet-fed and AhR-activated mice showed increased liver
concentrations of malondialdehyde (MDA), an end product of
lipid peroxidation (Fig. 3F and G). The transgenic phenotypes
were normalized upon DOX treatment.

Activation of AhR increased SOD2 acetylation and decreased
Sirt3 activity. The SOD2 activity is tightly regulated by acetylation
on its lysine residues (11, 12). We went on to measure the SOD2
acetylation by SOD2 immunoprecipitation followed by Western
blotting using an anti-acetyl-lysine antibody. Indeed, transgenic

(Fig. 4A) or pharmacological (Fig. 4B) activation of AhR increased
SOD2 acetylation. Sirt3 is a mitochondrial NAD�-dependent
deacetylase responsible for SOD2 deacetylation (11, 12). The Sirt3
expression was not affected in AhR-activated mice (Fig. 4C). In-
stead, the level of NAD�, which is required for the deacetylase
activity of Sirt3, was decreased in the liver of TG mice and TCDD-

FIG 4 AhR activation increased SOD2 acetylation and decreased Sirt3 activ-
ity. (A and B) SOD2 acetylation in TG mice (A) and TCDD-treated WT mice
(B), as determined by immunoprecipitation and immunoblotting. The bot-
tom rows in panels A and B are the quantifications of the Western blot results.
(C) Hepatic Sirt3 mRNA expression in TG mice (left) and TCDD-treated WT
mice (right); (D) NAD� level in TG mice and TCDD-treated WT mice; (E)
hepatic TiPARP mRNA expression in TG mice and TCDD-treated WT mice;
(F) hepatic Sirt3 activity in TG mice (left) and TCDD-treated WT mice (right).
*, P � 0.05; **, P � 0.01.
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treated WT mice (Fig. 4D). The decreased NAD� level in AhR-
activated mice may have been accounted for by the upregulation
of the TCDD-inducible poly(ADP-ribose) polymerase (TiPARP)
gene (Fig. 4E), an AhR target gene known to deplete NAD� (28).

Finally, we showed the activity of Sirt3 was decreased in both TG
mice and TCDD-treated WT mice (Fig. 4F). These results together
suggested that activation of AhR inhibited SOD2 activity by inhib-
iting Sirt3-mediated SOD2 deacetylation.

FIG 5 Sirt3 ablation sensitized mice to MCD diet-induced NASH. (A to E) WT and Sirt3�/� mice were fed the MCD diet for 4 weeks before being analyzed for
serum ALT level (A); hepatic fibrogenic gene expression (B); inflammatory gene expression (C); hepatic triglyceride content (D); liver section H&E staining, with
the arrows indicating the neutrophil infiltration (E); SOD activities (F); and SOD2 acetylation (G). The right section in panel G is the quantification of the
Western blot results. The inset in panel A shows the lack of Sirt3 protein expression in Sirt3�/� mice, in which the composite image was derived from a single
original image. *, P � 0.05. Sirt3�/� versus WT.
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Sirt3 ablation sensitized mice to MCD diet-induced NASH.
To further define the role of Sirt3 in NASH, we subjected the
Sirt3�/� mice (24) to the MCD diet for 4 weeks. The lack of Sirt3
protein expression in Sirt3�/� mice was confirmed by Western
blotting (Fig. 5A). Indeed, Sirt3 ablation sensitized mice to MCD
diet-induced NASH. Specifically, compared to their WT counter-
parts, MCD diet-fed Sirt3�/� mice showed an increased serum
ALT level (Fig. 5A), increased expression of fibrogenic genes

(Fig. 5B), increased expression of inflammatory genes (Fig. 5C),
increased hepatic triglyceride content (Fig. 5D), increased neutro-
phil infiltration (Fig. 5E), and a decreased SOD2 activity (Fig. 5F).
The acetylation of SOD2 was increased in Sirt3�/� mice (Fig. 5G),
consistent with the loss of Sirt3-mediated deacetylation activity.

Overexpression of Sirt3 alleviated CA-AhR-transgenic mice
from NASH. We overexpressed Sirt3 in CA-AhR TG mice in order
to determine whether overexpression of Sirt3 was sufficient to

FIG 6 Overexpression of Sirt3 alleviated CA-AhR transgenic mice from NASH. Transgenic mice infected with the control virus (Ad-Ctrl) or Ad-Sirt3 were fed
with the MCD diet for 2 weeks. (A) Western blotting to confirm the expression of Flag-Sirt3. The top and bottom panels were blotted with anti-Flag and anti-Sirt3
antibodies, respectively. The composite image of the top panel was derived from a single original image. (B to I) Serum ALT level (B); hepatic triglyceride content
(C); liver section H&E staining, with the arrows indicating the neutrophil infiltration (D); hepatic fibrogenic gene expression (E) and inflammatory gene
expression (F); SOD activities (G); hepatic H2O2 level (H); and SOD2 acetylation (I). The right section in panel I is the quantification of the Western blot results.
*, P � 0.05. Ad-Sirt3 versus Ad-Ctrl.
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alleviate the NASH-sensitizing effect of AhR. The Sirt3 overex-
pression in the liver was achieved by infecting mice with an ade-
novirus encoding the Flag-tagged Sirt3. The expression of the
transduced Sirt3 was confirmed by Western blotting (Fig. 6A). TG
mice infected with the control virus (Ad-Ctrl) or Ad-Sirt3 were
fed the MCD diet for 2 weeks before being analyzed for the NASH
phenotype. In contrast to the sensitizing effect of Sirt3 ablation,
Sirt3 overexpression alleviated TG mice from MCD diet-induced
NASH. Specifically, compared to their Ad-Ctrl-infected counter-
parts, Ad-Sirt3-infected TG mice showed a decreased serum ALT
level (Fig. 6B), decreased hepatic steatosis (Fig. 6C), decreased
neutrophil infiltration (Fig. 6D), decreased expression of fibro-
genic genes (Fig. 6E), decreased expression of inflammatory genes
(Fig. 6F), increased SOD2 activity (Fig. 6G), and decreased pro-
duction of H2O2 (Fig. 6H). The acetylation of SOD2 was decreased
in the liver of Ad-Sirt3 mice (Fig. 6I), consistent with the increased
Sirt3-mediated deacetylation activity.

DISCUSSION

In this study, we have revealed a novel function of AhR in NASH.
The heightened sensitivity to NASH in AhR-activated mice was
due to the combined effect of increased steatosis and increased
ROS production (Fig. 7). The increased ROS level was likely a
result of a decreased SOD2 activity and compromised ROS scav-
enging. Activation of AhR induced TiPARP gene expression, de-
pleted NAD�, deactivated Sirt3, increased SOD2 acetylation, and
thereby decreased SOD2 activity. Sirt3 ablation sensitized mice to
NASH, whereas adenoviral overexpression of Sirt3 alleviated the
NASH phenotype in AhR-activated mice.

We have previously reported that activation of AhR caused
spontaneous hepatic steatosis primarily by the activation of CD36
and promotion of hepatic fatty acid uptake (20). However, hepatic
triglyceride accumulation alone is believed to be not sufficient to
trigger fibrosis and inflammation. Accumulating evidence sug-
gests that oxidative stress is the necessary “second hit” to trigger
liver injuries in NASH (4, 5). Indeed, NASH in both humans and
rodents is associated with increased oxidative stress and decreased
activities of antioxidant enzymes (6–10). SOD2 is one of the pri-
mary antioxidant enzymes in the mitochondria, which is the prin-
cipal source of cellular ROS. SOD2 converts superoxide to hydro-
gen peroxide, which is subsequently converted to water by catalase
and other peroxidases. Decreased expression or activity of SOD2
has been associated with NASH (6, 9). Our results showed that
activation of AhR in the liver inhibited SOD2 activity and in-
creased the ROS level. We conclude that activation of AhR sensi-
tizes mice to NASH by facilitating both “hits”: the first hit of ste-
atosis, and the second hit of oxidative stress (Fig. 7).

Sirt3 is the primary mitochondrial deacetylase (13). Sirt3 reg-
ulates the energy-producing mitochondrial proteins and en-
hances their enzymatic activities in response to nutrient distress
(32, 33). Recent studies showed Sirt3 controls SOD2 activity
through regulating its acetylation (11, 12). Sirt3�/� mice showed a
decreased SOD2 activity and increased oxidative stress (11, 12).
We found that activation of AhR decreased Sirt3 activity, which
may have resulted from decreased levels of NAD�. This notion is
consistent with the observation that activation of AhR decreased
the NAD� level by activating the TiPARP gene expression.
TiPARP utilizes NAD� for ADP-ribosylation reactions and thus
contributes to NAD� depletion.

The importance of Sirt3 in regulating oxidative stress and im-
pacting the pathogenesis of NASH was further confirmed by our
uses of the Sirt3 loss-of-function and gain-of-function models.
We showed that the Sirt3�/� mice were more sensitive to MCD
diet-induced NASH. The increased fibrosis and inflammation in
Sirt3�/� mice phenocopied the sensitizing effect of AhR activa-
tion. Conversely, adenoviral overexpression of Sirt3 protected the
CA-AhR TG mice from NASH by inhibiting hepatic steatosis and
ROS production. The expression of CD36 was not significantly
affected in MCD diet-fed Sirt3�/� mice or Ad-Sirt3 mice (data not
shown), suggesting that the Sirt3 effect on NASH was independent
of the CD36 regulation.

In summary, we showed AhR activation sensitized mice to
NASH by inhibiting SOD2 activity, increasing ROS production,
and increasing lipid peroxidation. Mechanistically, AhR inhibited
SOD2 activity by decreasing the activity of Sirt3. Sirt3 ablation
sensitized mice to NASH, whereas overexpression of Sirt3 was
sufficient to alleviate the NASH-sensitizing effect of AhR. It re-
mains to be determined whether the AhR�/� mice are protected
from MCD diet-induced NASH. Our results suggest that AhR
antagonists might be a viable approach to prevent and treat
NASH. It is encouraging that major progress has been made in the
identification and characterization of AhR antagonists (17, 18).
Moreover, manipulation of the expression or activity of Sirt3,
such as the use of exogenous NAD and Sirt3 inducers (34, 35), also
represents a novel approach to manage NASH.
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