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Abstract

Previous studies demonstrate that Nrf2, a master regulator of antioxidative responses, is essential
in mediating induction of many antioxidative enzymes by acute activation of the AhR. However,
the role of Nrf2 in protecting against oxidative stress and DNA damage induced by sustained
activation of the AhR remains unknown and was investigated herein. Tissue and blood samples
were collected from wild-type (WT) and Nrf2-null mice 21 days after administration of a low-
toxic dose (10 pg/kg ip) of TCDD. Only Nrf2-null mice lost body weight after TCDD treatment;
however, blood levels of ALT were not markedly changed in either genotype, indicating a lack of
extensive necrosis. Compared to livers of TCDD-treated WT mice, livers of TCDD-treated Nrf2-
null mice had: 1) degenerated hepatocytes, lobular inflammation, marked fat accumulation, and
higher mRNA expression of inflammatory and fibrotic genes; 2) depletion of glutathione,
elevation in lipid peroxidation and marker of DNA damage; 3) attenuated induction of phase-II
enzymes Nqol, Gstal/2, and Ugt2b35 mRNAs, but higher induction of cytoprotective Ho-1,
Prdx1, Trxrl, Gcelc, and Epxh1l mRNAS; 4) higher mRNA expression of Fgf21 and triglyceride-
synthesis genes, but down-regulation of bile-acid-synthesis genes and cholesterol-efflux
transporters; and 5) trend of induction/activation of c-jun and NF-kB. Additionally, TCDD-treated
Nrf2-null mice had impaired adipogenesis in white adipose tissue. In conclusion, Nrf2 protects
livers of mice against oxidative stress, DNA damage, and steatohepatitis induced by TCDD-
mediated sustained activation of the AhR. The aggravated hepatosteatosis in TCDD-treated Nrf2-
null mice is due to increased lipogenesis in liver and impaired lipogenesis in white adipose tissue.
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Introduction

Polychlorinated dibenzo-p-dioxins are persistent environmental pollutants. The most potent
congener, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), acting through aryl hydrocarbon
receptor (AhR)-mediated signaling pathways, produces various toxic and biochemical
effects, such as reproductive and developmental defects, immunotoxicity, liver damage,
wasting syndrome, and cancer at higher doses. There is consistency between humans and
rodents in the target organs affected by dioxins (liver, oral cavity, cardiovascular system,
immune system, thyroid, pancreas, and lung) (Yoshizawa et al., 2007).

TCDD is classified as a non-genotoxic carcinogen because it is not mutagenic in bacteria or
other in vitro assay systems. Induction of Cyplal, via binding of the AhR to the dioxin
response element (DRE) in the Cyplal gene, is a major cause of oxidative stress and
wasting syndrome after dioxin exposure (Morel et al., 1999; Uno et al., 2004; Kopf et al.,
2010). Treatment of C57BL/6 mice with TCDD (15 pg/kg, ip) increases mitochondrial
reactive oxygen species (ROS), which is dependent on the AhR; however, this low-toxic
dose of TCDD also increases reduced glutathione (GSH) in liver mitochondria (Senft et al.,
2002). The protection against ROS-induced oxidative injury has been ascribed to the AhR-
mediated induction of cytoprotective genes, such as NAD(P)H:quinone oxidoreductase 1
(Nqo1l), glutathione S-transferases (Gsts), and UDP-glucuronosyltransferases (Ugts) (Nebert
et al., 2000).

Although the AhR is often regarded as the key transcription factor that mediates alteration of
gene expression by TCDD, the nuclear factor erythroid 2 related factor 2 (Nrf2) is activated
by TCDD as well, and in turn, Nrf2 regulates a battery of cytoprotective genes (Yeager et
al., 2009). AhR can induce Nrf2 mRNA expression via binding to DRE-like elements in the
mouse Nrf2 promoter (Miao et al., 2005), and the induction of Nqo1 by TCDD is dependent
on both AhR and Nrf2 in cells (Ma et al., 2004). A previous study illustrated that TCDD-
induction of many of the cytoprotective genes, namely Ngo1l, Gsts, and Ugts, is lost in Nrf2-
null mice after TCDD treatment (Yeager et al., 2009). However, it remains unknown
whether Nrf2 deficiency aggravates AhR-induced oxidative stress and liver injury,
particularly the risk of liver cancer.

The duration of AhR activation, namely transient versus sustained activation, has been
suggested to be critical in determining the beneficial versus toxic effects of TCDD and other
AR ligands (Mitchell and Elferink, 2009). Interestingly, high-affinity endogenous ligands
for human AhR, such as 2-(1'H-indole-3'-carbonyl)-thiazole-4-carboxylic acid methyl ester
(ITE), kynurenic acid, and indoxyl-3-sulfate (13S) (Henry et al., 2006; DiNatale et al., 2010;
Schroeder et al., 2010) were identified recently. Although TCDD and the endogenous AhR
ligand ITE elicit the same immediate changes in gene expression in mouse lung fibroblasts,
only the long-lived TCDD induces toxicity in vivo (Henry et al., 2010). In contrast, the
endogenous AhR ligand 13S accumulates to high micromolar concentrations in blood of
kidney dialysis patients, suggesting that prolonged activation of the AhR by 13S may
contribute to toxicity observed in kidney dialysis patients (Barreto et al., 2009). Therefore, it
is essential to understand the mechanism of toxicity induced by sustained activation of AhR
by environmental and endogenous chemicals.

The toxicological effects of TCDD are highly dose- and time-dependent. TCDD at high
doses causes injury to various tissues, including body wasting, hepatomegaly, thymic
atrophy, and immune suppression. In our pilot time-course and dose-response study of the
effects of TCDD on hepatic gene expression and toxicity in adult male C57BL/6 mice, a
bolus TCDD dose of 10 pg/kg (ip) induced hepatic expression of AhR- and Nrf2-target
genes without any effect on body weight, indicating that 10 pg/kg is a low-toxic dose of
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TCDD in adult male C57BL/6 mice. TCDD is predominantly sequestered by liver after a
bolus dose of 15 pg/kg in male C57BL/6 mice (Pegram et al., 1995), and TCDD has a long
half-life of 13.5 d in mouse liver (Manara et al., 1982). Moreover, adult male mice treated
with high doses of TCDD appear relatively healthy before 18 d after TCDD treatment, but
their health deteriorate thereafter (Uno et al., 2004). Therefore, in the present study, hepatic
gene expression and pathophysiology as well as blood chemistry in wild-type (WT) and
Nrf2-null mice were determined 21 d after administration of a bolus low-toxic dose of
TCDD (10 pg/kg ip) to investigate the role of Nrf2 in protecting the liver against oxidative
stress, DNA damage, and steatohepatitis induced by TCDD-mediated sustained activation of
the AhR.

MATERIALS AND METHODS

Materials

TCDD was a gift from Dr. Karl Rozman (University of Kansas Medical Center, Kansas
City, KS). All other materials, unless otherwise specified, were purchased from Sigma-
Aldrich (St Louis, MO).

Treatment of animals

Nrf2-null mice have been previously described, and breeding pairs were obtained from Dr.
Jefferson Chan (University of California Irvine, Irvine, CA) (Chan et al., 1996). Nrf2-null
mice were backcrossed with C57BL/6 mice (Charles River Laboratories, Inc., Wilmington,
MA) and were determined to be > 99% congenic for the C57BL/6 background by Jackson
Laboratories (Bar Harbor, ME). C57BL/6J WT mice were purchased from Jackson
laboratories. All mice were fed Teklad Rodent Diet #8604 (Harlan Laboratories, Madison,
WI1) ad libitum, given free access to water, and were housed singly in an AAALAC-
accredited animal care facility in temperature-, light-, and humidity-controlled rooms. Age-
matched adult (8—-9 weeks old) male WT C57BL/6 and Nrf2-null mice (n = 4-5 per group)
were administered a single ip injection of either vehicle (corn oil, 10 ml/kg) or TCDD (10
pa/kg). Body weight and feed intake were recorded daily. Livers and epididymal white
adipose tissues were collected 21 d after vehicle or TCDD, frozen in liquid nitrogen, and
stored at —80°C. Trunk blood was collected and centrifuged to obtain serum. This study was
approved by the University of Kansas Medical Center Institutional Animal Care and Use
Committee.

RNA extraction

Total tissue RNA was extracted using RNA-Bee reagent (Tel-Test, Inc., Friendswood, TX)
according to the manufacturer’s protocol. Each RNA pellet was redissolved in 0.2 ml of
diethyl pyrocarbonate-treated water. RNA concentrations were quantified by ultraviolet
absorbance at 260 nm.

Determination of mRNAs with branched DNA (bDNA) signal amplification assay

MRNAs of genes expressed in livers (except genes in Figure 6A) were quantified using
Quantigene® branched DNA (bDNA) signal amplification kit (Panomics/Affymetrix,
Fremont, CA) with modifications (Hartley and Klaassen, 2000). The sequences of the bDNA
probes for most of these drug-processing and nuclear-receptor genes have been reported
previously (Buckley and Klaassen, 2007; Knight et al., 2007; Zhang et al., 2010), whereas
sequences of the bDNA probes for other genes are provided in Supplemental Table 1.
Luminescence of samples in 96-well plates was determined with a Synergy 2 Microplate
reader (BioTek Instruments, Inc., Winooski, VT) and reported as relative light units (RLU)
per 5 ug total RNA.
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Determination of mMRNAs with real-time PCR

mRNAs of genes important in cholesterol metabolism in liver and genes involved in
adipogenesis in white adipose tissue were quantified by SYBR® Green real-time PCR. The
PCR amplification reactions were carried out in an ABI Prism 7900 sequence detection
system (Applied Biosystems). Primers of these genes are listed in Supplemental Table 2.
The amount of mMRNA was calculated using the comparative CT method, which determines
the amount of target normalized to an endogenous reference, -actin, with values of wild-
type control set as 1.0.

Determination of GSH, catalase activity, xanthine oxidase (XO) activity, and lipid
peroxidation in liver

Liver homogenates were used to quantify GSH by Ellman's reagent and a GSH standard
curve (Ellman, 1959). Liver catalase activity was analyzed with Amplex® Red catalase
assay kit (Invitrogen, Carlsbad, CA) using a standard curve of catalase. Briefly, to release
catalase from peroxisomes, liver homogenates (in saline) were mixed with Triton X-100
(1%) and then further diluted 100 fold with 1X reaction buffer for the analysis of total
catalase activity. Catalase activity was expressed as Units/mg protein. For determination of
XO activity, liver samples were homogenized (1:20) in 0.1 M Tris-HCI buffer (pH 7.5)
containing 1 mM EDTA. Liver homogenates were centrifuged at 10,000xg for 20 min at
4°C and the supernatants were assayed for XO activity using Amplex® Red Xanthine/
Xanthine Oxidase Assay Kit (MP-22182, Invitrogen) following the manufacturer’s
instructions. XO activity was determined by comparing the fluorescence of samples with
that of XO standards and expressed as microunits/mg protein. Lipid peroxidation was
determined by quantifying thiobarbituric acid reactive substances (TBARS). Briefly, about
25 mg of liver was dounce-homogenized in 2 volumes of ice-cold PBS, and TBARS were
determined with the OXIltek TBARS kit (ZeptoMetrix, Buffalo, NY). Liver homogenates
and malondialdehyde (MDA) standards were incubated with sodium dodecyl sulfate and
thiobarbituric acid at 95°C for 1 h. After incubation, samples were cooled on ice and
centrifuged at 1,800 g for 15 min. Supernatants (200 ul) were transferred to a 96-well plate
and read at 532 nm. Lipid peroxidation was expressed as nmol of MDA equivalents per
gram liver.

Determination of lipids in mouse liver

Sixty mg of frozen liver tissue were homogenized in 0.6 ml of buffer containing 18 mM
Tris, pH 7.5, 300 mM mannitol, 50 mM EGTA, and 0.1 mM phenylmethylsulfonyl fluoride
(Tanaka et al., 2008). Liver homogenates (500 pl) were mixed with 4 ml of
chloroform:methanol (2:1) and incubated overnight at room temperature with occasional
shaking. The next day, 1.0 ml of H,O was added, vortexed, and centrifuged at 3000 g for 5
min. The lower lipid phase was collected and concentrated by vacuum. The lipid pellets
were dissolved in a mixture of 270 pl of isopropanol and 30 pl of Triton X-100 to determine
triglycerides (TG), total cholesterol (CHO), and nonesterified fatty acids (NEFA) using
commercial analytical kits (Wako Chemicals USA, Inc., Richmond, VA).

Western blot determination of NF-kB p65 and phosphorylated histone H2AX (y-H2AX)

protein

Liver nuclear extracts were prepared with a nuclear extract kit (Marligen Biosciences, Inc.,
Rockville, MD). Protein levels of p65 and y-H2AX (H2A.x phosphorylated at S139) were
determined by Western blot. Briefly, protein samples were boiled for 2 min and loaded onto
10% SDS-PAGE gels. After electrophoresis, proteins were transferred to PVDF membranes
and probed with a polyclonal p65 antibody (Ab7970, Abcam, Cambridge, MA), a
monoclonal y-H2AX antibody (2212-1, Epitomics, Inc., Burlingame, CA), or a polyclonal
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histone H3 antibody (Ab1791, Abcam). Signals were visualized with a horseradish
peroxidase-conjugated secondary antibody. Protein levels of NF-kB p65 were normalized to
histone H3. Protein levels of NF-kB p65 and histone H3 were quantified using ImageJ
software (Rasband, W.S., ImageJ, NIH, Bethesda, Maryland, USA,
http://rsb.info.nih.gov/ij/, 1997-2009).

Determination of activities of caspase-3 (Casp3) and caspase-8 (Casp8)

Statistics

RESULTS

Liver tissues were homogenized in a buffer containing 25 mM Hepes, 5 mM MgCl,, 5 mM
EDTA, 2 mM DTT, and 0.1% CHAPS (pH 7.5) in a ratio of 1:4 (wt/vol) (Zender et al.,
2003). Homogenates were centrifuged at 12,000 x g for 10 min (4°C). Total protein (100
ug) from the supernatants was used to determine activities of caspase-3 and caspase-8 using
the chromogenic substrates, namely 200 uM Ac-DEVD-pNA (A2559, Sigma) and Ac-
IETD-pNA (A9968, Sigma), respectively, in 100 mM sodium phosphate/10 mM Tris/100
mM DTT, pH 7.5. Absorbance at 405 nm was determined in a microplate reader after
incubation at 37°C for 1 h. Specific activities of caspase-3 and caspase-8 (nmol of pNA
formed/min/mg) were calculated using standards of p-nitroaniline (pNA).

Data are presented as mean + standard error (SE). Differences between various groups were
determined by SigmaPlot for Windows Version 11.0 (Systat Software, Inc., San Jose, CA)
using ANOVA followed by Duncan’s post-hoc multiple comparisons, with significance set
atp < 0.05.

Alteration in body weight, tissue weight, and blood chemistry in TCDD-treated Nrf2-null

mice

Because TCDD induces oxidative stress and tissue injury with time, the feed intake and
body weight in TCDD-treated mice was monitored for 21 d. TCDD-treated WT mice had a
body weight gain similar to the vehicle-treated WT mice. In contrast, Nrf2-null mice had
less of an increase in body weight than WT mice after vehicle (corn oil) treatment, and Nrf2-
null mice lost body weight after TCDD treatment (Table 1). TCDD-treated Nrf2-null mice
appeared to have much less abdominal white adipose tissue than vehicle-treated Nrf2-null
mice and TCDD-treated WT mice. The weight loss in TCDD-treated Nrf2-null mice was not
due to anorexia, because there was no decrease in feed intake in these two genotypes after
TCDD treatment (data not shown). TCDD treatment increased the liver/body weight ratio
(~20%) in both genotypes, but had no effect on kidney/body weight ratio in either genotype.
TCDD treatment tended to decrease the spleen/body weight ratio in Nrf2-null mice (p =
0.067).

TCDD treatment slightly increased blood levels of ALT in WT mice, but not in Nrf2-null
mice (Table 1). In contrast, blood levels of ALP were higher in both the vehicle- and
TCDD-treated Nrf2-null mice than in WT controls, although TCDD treatment did not
significantly increase ALP in either genotype. TCDD treatment decreased blood levels of
cholesterol in both genotypes, but did not affect blood levels of triglycerides or NEFA
(Table 1).

Liver histopathology in TCDD-treated Nrf2-null mice

Vehicle-treated WT and Nrf2-null mice demonstrated unremarkable morphology (Fig. 1A-1
to Fig. 1A-2). TCDD-treated WT mice showed scattered focal mixed inflammatory
infiltration and no significant steatosis was observed (Fig. 1A-3). In contrast, TCDD-treated
Nrf2-null mice showed significant liver injury involving perivenular hepatocytes (Fig.
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1A-4). The hepatocytes were enlarged with ballooning degeneration (Fig. 1A-5). As shown
in Fig. 1A-6, there was lobular inflammation composed of lymphocytes, neutrophils and
histiocytes with occasional microgranulomas and lipogranulomas. Scattered apoptotic
hepatocytes (Fig. 1A-7) accompanied by lobular inflammation were also seen. In addition,
as shown in Fig. 1A-8, hepatocytes with microvesicular steatosis were present intermingled
with hydropic hepatocytes. However, no confluent necrosis of hepatocytes was seen.

Because mice with constitutively active AhR develop fatty liver (Lee et al., 2010), lipids in
livers of TCDD-treated mice were examined. Nrf2-null mouse livers tended to have higher
basal levels of triglycerides than WT livers (p=0.08) (Fig. 1B). Sustained activation of the
AhR by TCDD increased hepatic triglycerides markedly in WT mice (321%), and even
more in Nrf2-null mice (748%), resulting in 190% higher triglycerides in TCDD-treated
Nrf2-null mice than in TCDD-treated WT mice. There was no difference in basal levels of
cholesterol between the two genotypes. Hepatic cholesterol levels remained unchanged in
TCDD-treated WT mice, but tripled in TCDD-treated Nrf2-null mice (Fig. 1B). In contrast,
TCDD did not alter hepatic NEFA in either genotype (data not shown).

Alteration in hepatic mMRNAs of inflammatory and fibrotic genes in TCDD-treated Nrf2-null

mice

TCDD induced tumor necrosis factor alpha (Tnfo) moderately (62%) in WT mice, but
markedly (286%) in Nrf2-null mice (Fig. 1C). Similarly, TCDD induced inter-cellular
adhesion molecule 1 (Icam1), which promotes the extravasation of inflammatory cells,
104% in WT mice, but 613% in Nrf2-null mice. In contrast, TCDD induced
cyclooxygenase-2 (Cox-2) only in Nrf2-null mice (144%). Nrf2-null mice had higher basal
expression of collagen 1al (Collal), and higher Collal mRNAs after TCDD treatment (Fig.
1C). Similarly, Nrf2-null mice had higher a-smooth muscle actin (a-Sma) mRNASs both
before and after TCDD treatment, although TCDD did not induce a-Sma significantly in
either genotype (Fig. 1C). In summary, Nrf2-null mice had markedly exacerbated
steatohepatitis after TCDD treatment.

Alteration in hepatic enzymes directly involved in the generation and detoxification of ROS

TCDD treatment induced Cyplal mRNA markedly and similarly in both genotypes (Fig. 2,
Left panel). Oxidation of fatty acids by Cyp4a increases the production of ROS (Hardwick
et al., 2009). Cyp4al4 mRNAs were much higher in both vehicle- and TCDD-treated Nrf2-
null mice than the corresponding WT mice. AhR-mediated induction of XO activities has
been ascribed to the increase of oxidative stress by TCDD (Sugihara et al., 2001).
Surprisingly, vehicle-treated Nrf2-null mice had 61% lower XO activities than vehicle-
treated WT mice (Fig. 2). TCDD moderately increased XO activities in livers of both WT
(30%) and Nrf2-null (42%) mice, resulting in persistent 57% lower XO activities in Nrf2-
null mice than WT mice (Fig. 2).

TCDD did not alter superoxide dismutase 1 (Sod1) or Sod2 mRNAs (data not shown) in
either genotype. In contrast, catalase (Cat) mMRNA was only decreased (32%) in TCDD-
treated Nrf2-null mice (data not shown). Surprisingly, Nrf2-null mice had 146% higher total
catalase activity in liver than WT mice; however, TCDD decreased catalase activity 64% in
Nrf2-null mice, but not in WT mice (Fig. 2).

Alteration in hepatic mMRNAs of classical Nrf2-target detoxification genes in TCDD-treated
Nrf2-null mice

Similar to previous results (Yeager et al., 2009), TCDD treatment induced WT and mutant
Nrf2 mRNA in WT and Nrf2-null mice, respectively, to a similar degree (Fig. 2, right
panel). Real-time PCR results confirmed that the exon5 of Nrf2 mRNA was absent in livers
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(data not shown) and white adipose tissues of Nrf2-null mice. Many of the Nrf2-target genes
encode important second-line antioxidative enzymes. Gstal and Gsta2 share very high
similarities in mMRNA sequence and expression pattern; the bDNA method determines the
total amount of Gstal and Gsta2 (Gstal/2). Ngol and Gstal/2 mRNAs were much lower in
vehicle-treated Nrf2-null mice, and the induction of Nqol and Gstal/2 by TCDD was
attenuated in Nrf2-null mice, resulting in 75% and 68% lower Ngol and Gstal/2 mRNAs,
respectively, in Nrf2-null mice than WT mice (Fig. 2). Similarly, Ugt2b35 mRNA was much
lower in vehicle- and TCDD-treated Nrf2-null mice than in WT mice. Therefore, hepatic
induction of these classical Nrf2-target phase-11 enzymes by TCDD was largely abolished/
attenuated in Nrf2-null mice.

In contrast, glutamate cysteine ligase catalytic subunit (Gclc) mMRNA was only induced in
TCDD-treated Nrf2-null mice, which still had lower Gclc mRNA than WT mice, due to
much lower basal Gclc expression in Nrf2-null mice (Fig. 3). Nrf2-null mice also had much
lower basal expression of microsomal epoxide hydrolase (Epxh1) and somewhat lower
thioredoxin reductase 1 (Trxrl), but higher induction of these two genes by TCDD (176%
for Epxhl and 86% for Trxrl), resulting in similar expression of these two genes in TCDD-
treated WT and Nrf2-null mice. In contrast, peroxiredoxin 1 (Prdx1 or Prx1) was induced by
TCDD only in Nrf2-null mice, which had higher Prdx1 mRNAs than TCDD-treated WT
mice (Fig. 3). Likewise, TCDD treatment induced heme oxygenase-1 (Ho-1) mRNA
moderately (76%) in WT mice, but more markedly (291%) in Nrf2-null mice (Fig. 3).

Alteration in hepatic oxidative stress as well as markers of cell proliferation and apoptosis
in TCDD-treated Nrf2-null mice

TCDD-treatment did not alter hepatic GSH levels in WT mice, but decreased them 50% in
Nrf2-null mice (Fig. 4A). Similarly, TCDD treatment did not alter hepatic levels of MDA in
WT mice, but increased them 572% in Nrf2-null mice, indicating high levels of oxidative
stress and lipid peroxidation in these mice. Hepatic protein levels of y-H2AX, a well-
established biomarker of DNA damage caused by double-strand breaks (Kuo and Yang,
2008), were determined by Western blot (Fig. 4B). Hepatic y-H2AX protein was
undetectable in vehicle-treated WT mice, slightly elevated in vehicle-treated Nrf2-null mice
and TCDD-treated WT mice, but was markedly increased in TCDD-treated Nrf2-null mice,
suggesting that the markedly elevated oxidative stress in TCDD-treated Nrf2-null mice
results in considerable DNA damage. In parallel, Fanconi anemia-associated nuclease 1
(Fanl), a recently identified key enzyme in DNA repair (Kee and D'Andrea, 2010), was
induced by TCDD only in Nrf2-null mice (Fig. 4C). Topoisomerase 2a (Top2a) is a key
enzyme in DNA repair and replication. TCDD treatment induced mRNAs of Top2a and
mKi67, a proliferative marker, moderately in WT mice (~80%), but markedly (907% and
589%, respectively) in Nrf2-null mice (Fig. 4C). Additionally, ornithine decarboxylase 1
(Odc1) mRNA was induced slightly by TCDD only in Nrf2-null mice (Fig. 4C). TCDD
treatment increased hepatic activities of caspase-3 and caspase-8 in WT mice (47% and
41%), but more in Nrf2-null mice (84% and 86%). Taken together, TCDD-treated Nrf2-null
mice had marked oxidative injury, increased apoptosis, and cell proliferation in liver.

Alteration in hepatic mMRNAs of transcription factors essential in cell proliferation,
apoptosis, and energy metabolism

Interestingly, Nrf2-null mice had lower basal c-Jun mRNA. TCDD treatment down-
regulated c-Jun in WT mice, but tended to induce c-Jun in Nrf2-null mice (Fig. 5). In
contrast, TCDD induced the proto-oncogene c-Myc in both genotypes, but tended to induce
c-Myc more in WT mice. Growth arrest and DNA damage induced gene-45-beta (Gadd45p3)
is a NF-kB target gene, which by inhibiting c-Jun N-terminal kinase (Jnk) overactivation,
promotes the survival of hepatocytes during liver regeneration (Papa et al., 2004; Papa et al.,
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2008). TCDD induced Gadd453 mRNA only in Nrf2-null mice (195%). These data suggest
that AP-1 and NF-kB are activated in TCDD-treated Nrf2-null mice. Peroxisome
proliferator-activated receptor gamma coactivator-1 alpha (Pgc-1a) is critical in regulating
energy metabolism. Interestingly, Pgc-1a mRNA was higher in vehicle-treated Nrf2-null
mice than WT mice, and was down-regulated by TCDD only in Nrf2-null mice (Fig. 5).
TCDD treatment induced p21 mRNA 254% in WT mice but 1008% in Nrf2-null mice,
suggesting that the p53-p21 pathway is markedly activated in TCDD-treated Nrf2-null mice
due to DNA damage. In contrast, mRNAs of CCAAT/enhancer binding protein homologous
protein (Chop), an apoptotic transcription factor and marker of endoplasmic reticulum (ER)
stress, remained unchanged in TCDD-treated mice (Fig. 5), suggesting a lack of marked ER
stress response in both genotypes after TCDD treatment. Nuclear translocation of the NF-kB
p65 subunit was determined by Western blot as an indicator of NF-kB activation.
Interestingly, livers of Nrf2-null mice had lower basal levels of nuclear NF-kB than WT
mice (Fig. 5B). Nuclear translocation of NF-kB tended to increase more in TCDD-treated
Nrf2-null mice (86%) than in TCDD-treated WT mice (40%), resulting in similar levels of
nuclear NF-kB in these two genotypes after TCDD treatment (Fig. 5B).

Alteration in hepatic mMRNAs of genes involved in cholesterol metabolism in TCDD-treated
Nrf2-null mice

TCDD did not alter hepatic mMRNAs of genes essential in basolateral uptake and efflux of
cholesterol, namely scavenger receptor class B type | and Abcal, respectively (data not
shown). In contrast, Nrf2-null mouse livers had 40% lower basal expression of
apolipoprotein B (Apob), which effluxes triglycerides and cholesterol to the blood. TCDD
decreased Apob mRNA 40% in WT mice, and also tended to decrease Apob mRNA in
Nrf2-null mice (Fig. 6A). ATP binding cassette g5 (Abcg5) and Abcg8 function as a
heterodimer to efflux cholesterol into bile. Nrf2-null mice tended to have lower hepatic
MRNA expression of Abcg5 than WT mice before and after TCDD treatment (data not
shown). In contrast, TCDD did not alter Abcg8 mRNA in WT mice, but tended to decrease
it in Nrf2-null mice, resulting in 55% lower Abcg8 mRNA in TCDD-treated Nrf2-null mice
than TCDD-treated WT mice (Fig. 6A).

TCDD did not alter hepatic mMRNAs of two genes essential in cholesterol synthesis, namely
HMG-CoA synthase 1 and HMG-CoA reductase, in either genotype (data not shown).
Synthesis of bile acids is essential for the elimination of cholesterol. Two pathways, namely
classic and alternative pathways are responsible for the biosynthesis of bile acids from
cholesterol. Cyp7al and Cyp8b1 are two key enzymes in the classic/neutral pathway of bile
acid biosynthesis. TCDD treatment down-regulated Cyp7al about 70% in both genotypes
(Fig. 6A). In contrast, TCDD tended to decrease Cyp8b1l mRNA in WT mice, whereas
significantly decreased Cyp8b1 (76%) in Nrf2-null mice. Cyp27al and Cyp7bl are two key
enzymes in the alternative/acidic pathway of bile acid biosynthesis. TCDD did not alter
Cyp27al mRNA in WT mice, but tended to decrease it in Nrf2-null mice, resulting in 41%
lower Cyp27al mRNA in TCDD-treated Nrf2-null mice than TCDD-treated WT mice (Fig.
6A). Additionally, Nrf2-null mice had much lower hepatic mMRNA expression of Cyp7bl
than WT mice before and after TCDD treatment, although TCDD did not significantly
further down-regulate Cyp7b1 in Nrf2-null mice. Therefore, these data strongly indicate that
a decrease in catabolism (via bile acid synthesis) and low biliary excretion (via Abcg5/g8) of
cholesterol are responsible for the markedly elevated hepatic levels of cholesterol in TCDD-
treated Nrf2-null mice.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luetal.

Page 9

Alteration in hepatic mMRNAs of genes involved in fatty acid metabolism in TCDD-treated
Nrf2-null mice

To elucidate the mechanism of the markedly exacerbated hepatosteatosis (Fig. 1B) in
TCDD-treated Nrf2-null mice, hepatic mRNA expression of various genes important in the
uptake, synthesis, and metabolism of lipids was determined (Fig. 6B). Fibroblast growth
factor 21 (Fgf21) promotes lipolysis in adipocytes in fed mice (Hotta et al., 2009).
Interestingly, Nrf2-null mice had 320% higher basal levels of Fgf21 mRNAs. TCDD
treatment induced Fgf21 3—4 fold in both genotypes, resulting in 254% higher Fgf21
MRNAs in TCDD-treated Nrf2-null mice than WT mice. Chylomicrons, produced in the
intestine, transport dietary triglycerides to peripheral tissues and cholesterol to the liver.
Lipoprotein lipase (Lpl) is a key enzyme that hydrolyzes triglycerides of circulating
chylomicrons, and liver-specific overexpression of Lpl causes fatty liver (Kim et al., 2001).
The resultant new particle, called chylomicron remnants, are enriched in cholesteryl ester
and are rapidly removed from the circulation by the liver via low-density lipoprotein
receptor (LdIr). TCDD induced Lpl mRNAs to a similar degree (~290%) in both genotypes
(Fig. 6B). Cd36 and fatty acid binding protein 1 (Fabp1l) are responsible for uptake of fatty
acids into hepatocytes and intracellular transport of fatty acids, respectively (Weisiger, 2007;
Lee et al., 2010). TCDD treatment induced Cd36 305% and 385% in WT and Nrf2-null
mice, respectively, but down-regulated Fabpl only in WT mice (28%). In contrast, TCDD
treatment had no effect on Ldlr mRNAs (data not shown).

Uncoupling protein 2 (Ucp2) promotes mitochondrial oxidation of fatty acids. TCDD
induced Ucp2 in both genotypes (Fig. 6B). Compared to TCDD-treated WT mice, TCDD-
treated Nrf2-null mice had much higher Cyp4al4 (Fig. 2) but similar carnitine
palmitoyltransferase 1a and acyl CoA oxidase (data not shown), key enzymes involved in
mitochondrial and peroxisomal oxidation of fatty acids. Therefore, the higher hepatic
accumulation of triglycerides in Nrf2-null mice is unlikely due to decreased fatty acid
oxidation.

TCDD treatment tended to decrease fatty acid synthase (Fasn) in both genotypes (data not
shown), which is consistent with inhibition of de novo fatty acid synthesis in livers of rats
treated with low-toxic doses of TCDD (Lakshman et al., 1988; Lakshman et al., 1989).
Diacylglycerol O-acyltransferase 2 (Dgat2) is a key enzyme in triglyceride synthesis (Stone
et al., 2004). Nrf2-null mice had higher Dgat2 mRNA before and after TCDD treatment,
which tended to decrease, but not significantly, Dgat2 mRNA. In summary, compared to
TCDD-treated WT mice, TCDD-treated Nrf2-null mice had similar induction of genes
involved in hepatic hydrolysis (Lpl) and uptake (Cd36) of lipids, but higher expression of
genes involved in lipid hydrolysis (Fgf21) and triglyceride synthesis (Dgat2).

Alteration in mMRNASs of genes involved in adipogenesis in epididymal white adipose tissue
(WAT) in TCDD-treated Nrf2-null mice

It appears that the markedly higher hepatosteatosis in TCDD-treated Nrf2-null mice than
TCDD-treated WT mice cannot be explained solely by the moderate differences in hepatic
expression of genes involved in lipid metabolism (Fig. 6B). Recently, Nrf2 is shown to be
essential in adipogenesis (Pi et al., 2010). Because the slight weight loss in Nrf2-null mice
was not due to a decrease in feed intake, we hypothesized that a defect in adipogenesis in
TCDD-treated Nrf2-null mice and resultant shift of lipids from adipose tissue to liver
contributes to the aggravated hepatosteatosis in these mice. Messenger RNA expression of
genes essential for AhR and Nrf2 signaling as well as adipogenesis in WAT was determined
by real-time PCR (Fig. 7). TCDD induced Cyplal in WAT similarly in both genotypes, but
to a much lower degree than in liver (Fig. 7). TCDD also increased Nrf2 mRNA (31%) and
Ngol mRNA (214%) in WT mice, but not in Nrf2-null mice.
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Transcription factors CCAAT/enhancer-binding protein a (Cebpa) and B (Cebpb) are master
regulators of adipogenesis. TCDD increased Cebpa mRNA (155%) in WT mice, but not in
Nrf2-null mice. In contrast, TCDD markedly induced Cebpb mRNA (747%) in Nrf2-null
mice, but not in WT mice (Fig. 7). Interestingly, vehicle-treated Nrf2-null mice had a higher
ratio of Cebpa to Cebpb in WAT; however, after TCDD treatment, the ratio of Cebpa to
Cebpb tended to increase in WT mice (p = 0.07), but sharply decreased 76% in Nrf2-null
mice, resulting in a 81% lower ratio of Cebpa to Cebpb in Nrf2-null mice than WT mice.
Peroxisome proliferator-activated receptor y (Ppary), a master regulator of lipogenesis, was
down-regulated (33%) by TCDD only in WAT of Nrf2-null mice (Fig. 7). TCDD induced
Pgc-1la (739%) and a lipogenic transcription factor, sterol regulatory element-binding
protein 1c (Srebp-1c) (72%) mRNAs in WT mice, but tended to decrease them in Nrf2-null
mice, resulting in 91% and 48% lower Pgc-1a and Srebp-1c mMRNAS in TCDD-treated Nrf2-
null mice than TCDD-treated WT mice (Fig. 7).

Alterations of these lipogenic transcription factors suggest that lipogenesis was impaired in
TCDD-treated Nrf2-null mice. Consistently, adipsin, an adipocyte-specific adipokine, was
down-regulated 31% by TCDD in Nrf2-null mice (Fig. 7). Adiponectin, an adipocyte-
enriched peptide hormone, was 39% lower in TCDD-treated Nrf2-null mice than TCDD-
treated WT mice. Interestingly, WAT of Nrf2-null mice had higher basal expression of ATP
citrate lyase (Acly), a key enzyme in acetyl-CoA synthesis. However, TCDD induced Acly
153% in WT mice, but tended to down-regulate it in Nrf2-null mice, resulting in a trend of
lower expression of Acly in TCDD-treated Nrf2-null mice. TCDD also induced Fasn in WT
mice, but not in Nrf2-null mice. Stearoyl-Coenzyme A desaturase 1 (Scdl) is a key enzyme
in fatty acid synthesis. TCDD tended to induce Scd1 in WT mice but down-regulate it in
Nrf2-null mice, resulting in a 15% lower expression of Scdl in TCDD-treated Nrf2-null
mice than TCDD-treated WT mice (Fig. 7).

Discussion

The present data demonstrate that 21 d after administration of a low-toxic dose of TCDD (10
pa/kg), WT mice have induction of Nrf2 and certain Nrf2-target genes, hepatosteatosis, but
minimum oxidative injury (as indicated by the maintenance of GSH, lack of elevation in
lipid peroxidation, and minimal DNA damage). In contrast, TCDD-treated Nrf2-null mice
have markedly elevated oxidative stress, DNA damage, and steatohepatitis. TCDD causes
differential expression of lipogenic genes in liver and WAT of WT and Nrf2-null mice. The
TCDD-induction of certain classical Nrf2-target phase-11 enzymes is abolished/attenuated in
Nrf2-null mice, whereas certain other Nrf2-target cytoprotective genes are induced more in
TCDD-treated Nrf2-null mice, which may prevent overt necrotic cell death in these mice.

TCDD is classified as a non-genotoxic carcinogen, because it is not mutagenic in either
bacteria or most in vitro assay systems. TCDD is the most potent liver tumor promoter in
rodents, and constitutively-active AhR markedly promotes liver cancer in mice (Moennikes
et al., 2004). In the present study, TCDD-treated WT mice have increased expression of the
proliferation markers mKi67 and Top2a, as well as induction of proinflammatory genes
Tnfa and Icam1, which is consistent with the tumor-promoting characteristic of TCDD.
However, TCDD-treated WT mice have minimal DNA damage and liver injury, which is
consistent with a lack of tumor-initiating effects in liver by lower doses of TCDD in WT
mice.

Oxidative DNA damage is closely associated with TCDD-induced liver cancer (Knerr and
Schrenk, 2006). AhR-mediated induction of Cyplal is a major cause of the increase in
oxidative stress and liver injury after dioxin exposure (Morel et al., 1999; Uno et al., 2004).
Oxidation of fatty acids by Cyp4a increases the production of ROS (Hardwick et al., 2009).
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The similar induction of Cyplal and markedly higher expression of Cyp4al4 in TCDD-
treated Nrf2-null mice likely causes a higher production of ROS. In contrast, Nrf2-null mice
have lower antioxidative capacity, evidenced by the lower basal expression of antioxidative
enzymes, such as Gelc, Ngol, Epxh1, and Gstal/2. Catalase is essential in the detoxification
of hydrogen peroxide. The mechanism of down-regulation of catalase in TCDD-treated
Nrf2-null mice remains unknown. Interestingly, prolonged oxidative stress by hydrogen
peroxide down-regulates catalase via hypermethylation of its promoter in hepatoma cells
(Min et al., 2010). In TCDD-treated Nrf2-null mice, the marked imbalance between the
production and detoxification of ROS results in depletion of GSH, marked oxidative stress,
and DNA damage (Fig. 8).

The mechanism of novel finding of lower XO activities in vehicle- and TCDD-treated Nrf2-
null mice than WT mice remains unknown. Consistent with literature (Sugihara et al., 2001),
TCDD increases XO activities in livers of both WT and Nrf2-null mice. Hepatic XO activity
is decreased in rats fed low-protein diet or purified diet and during liver carcinogenesis
induced by p-dimethylaminoazobenzene (Westerfeld et al., 1950; Westerfeld and Richert,
1951). Interestingly, the low protein diets are characterized by fatty infiltration and hydropic
degeneration of liver (Westerfeld et al., 1950), which is similar to the pathological changes
observed in TCDD-treated Nrf2-null mice (Fig. 1). Additionally, reactive nitrogen species
peroxynitrite (ONOO™) markedly inhibits XO activity via oxidative disruption of the
molybdenum catalytic site (Lee et al., 2000). The potential contribution of protein imbalance
and peroxynitrite to decreased XO activities in Nrf2-null mice warrant further investigation.

The induction of phase-1l enzymes Ngol, Gstal/2, and Ugt2b35 by TCDD-mediated
sustained activation of the AhR is abolished/attenuated in livers of Nrf2-null mice. This is
consistent with a previous acute study that induction of Nrf2 and Ngol by TCDD is AhR-
dependent, and these three phase-1l enzymes are not induced in Nrf2-null mice 24 h after
TCDD treatment (Yeager et al., 2009).

The present data demonstrate that certain Nrf2-target cytoprotective genes are induced by
TCDD to a surprisingly higher degree in Nrf2-null mice than WT mice. Nrf2 is activated by
low levels of ROS to protect cells against oxidative stress. In contrast, an intermediate
amount of ROS activates NF-kB and AP-1 to ameliorate oxidative stress and promote cell
survival (Gloire et al., 2006). The decreases in c-Jun mMRNA and nuclear translocation of
NF-kB p65 protein in unstressed Nrf2-null livers is consistent with a previous report that
hepatic mMRNA expression of c-Jun and p65 decreases in unstressed Nrf2-null livers (Yang
et al., 2005). Trxrl, a selenoprotein that catalyzes the reduction of disulfide in the active site
of thioredoxin, which regulates the redox status of the cells, is induced by Tnfa, and Trxrl
activates NF-kB (Sakurai et al., 2004). Trxr1 has been reported as a Nrf2-target gene
(Sakurai et al., 2005). The induction of Trxrl by TCDD in Nrf2-null mice (Fig. 3) may be
due to elevated Tnfa (Fig. 1). Induction of Ho-1 is a late event in TCDD-induced
hepatotoxicity. Ho-1 can be up-regulated by Nrf2, AP-1, and NF-kB (Farombi and Surh,
2006); activation of Nrf2 alone is not sufficient to induce Ho-1 (Okawa et al., 2006). The
higher induction of Ho-1 in TCDD-treated Nrf2-null mice might be due to activation of
AP-1 and/or NF-kB in these mice. The expression of Gclc is increased by GSH depletion
with the activation of the Jun/AP-1 transcription factor (Tanaka et al., 1998). Although the
basal expression of Gclc and Epxh1 is decreased in Nrf2-null mice, Gelc and Epxhl mRNAS
are induced only in Nrf2-null mice after TCDD treatment, which might be due to activation
of AP-1 and/or NF-kB, known transactivators of Gclc and Epxh1 (Fig. 8) (Lu, 2009).

Interestingly, in TCDD-treated Nrf2-null mice, despite the depletion of glutathione, marked

elevation of lipid peroxidation and DNA damage, there does not appear to be marked
necrosis of hepatocytes, as indicated by histopathological analysis and blood levels of ALT.
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Gadd45 is critical in protecting against liver injury and promoting cell proliferation
induced by activation of JNK during liver regeneration (Papa et al., 2008). The strong
induction of Gadd45p in TCDD-treated Nrf2-null mice may prevent cell death induced by
overactivation of JNK, which otherwise causes death of hepatocytes during chronic
oxidative stress (Singh et al., 2009). Taken together, activation of AP-1 and NF-kB in
TCDD-treated Nrf2-null mice is likely responsible for the induction of many Nrf2-target
cytoprotective genes, which may prevent the necrotic death of hepatocytes in these mice
(Fig. 8). However, activation of AP-1 and NF-kB enhances pro-inflammatory responses. In
livers of TCDD-treated Nrf2-null mice, the sustained oxidative stress and DNA damage,
exacerbated inflammation, increased cell proliferation, but insufficient apoptosis markedly
increases the risk of carcinogenesis. Therefore, further long-term studies on whether Nrf2
deficiency increases TCDD-induced liver carcinogenesis are warranted.

The present data demonstrate that Nrf2 deficiency markedly aggravate TCDD-induced
hepatosteatosis. Dioxin exposure is associated with increased prevalence of fatty liver in
humans (Lee et al., 2006). Sustained activation of AhR by high doses of TCDD causes fatty
liver and weight loss in rodents. The hepatosteatosis in TCDD-treated WT mice is consistent
with a recent report that constitutively activated AhR causes fatty liver, at least partially via
induction of Cd36 and decrease in peroxisomal p-oxidation of fatty acids (Lee et al., 2010).
When fed a high-fat diet, Nrf2-null mice have higher expression of lipid uptake and
synthesis genes (Tanaka et al., 2008). Moreover, when fed a methionine- and choline-
deficient (MCD) diet, Nrf2-null mice have more severe hepatosteatosis (Chowdhry et al.,
2010; Sugimoto et al., 2010; Zhang et al., 2010). In the present study, when fed a normal
chow, TCDD-treated Nrf2-null mice have approximately 3 times the triglyceride
concentration in livers of WT mice. Sustained activation of AhR by TCDD induces a group
of genes that function in the mobilization and uptake of lipids (Fig. 6). However, TCDD-
treated WT and Nrf2-null mice have similar induction of lipogenic genes in liver, suggesting
that the aggravated hepatosteatosis due to Nrf2 deficiency cannot be solely explained by
differences in hepatic lipid metabolism between TCDD-treated WT and Nrf2-null mice.

The differential effects of TCDD on WAT of WT and Nrf2-null mice are intriguing. Both
AhR and Nrf2 signaling are functional in WAT (Yoshinari et al., 2006). Although higher
doses of TCDD cause weight loss, lower doses of TCDD slightly increase body weight in
rodents (Croutch et al., 2005). Moreover, intrauterine exposure to dioxin-like compounds
and PCBs is associated with higher body mass index (BMI) during early childhood
(Verhulst et al., 2009). TCDD (at 10 pg/kg) moderately induces AhR target genes Cyplal
and Nrf2 in WAT (Fig. 7), suggesting a moderate magnitude of activation of AhR in WAT
by this dose of TCDD. Very interestingly, TCDD induces lipogenic factors Cebpa, Pgc-1a,
and Srebp-1c in WAT of WT mice, resulting in induction of key enzymes involved in
lipogenesis, namely Acly and Fasn (Fig. 7). A previous study showed that TCDD dose-
dependently induces mRNA expression of Cebpb, but down-regulates Cebpa in WAT of
C57BL/6 mice up to 7 days after TCDD treatment (Liu et al., 1998). During adipocyte
differentiation, Cebpb is induced at an early stage, followed by induction of Cebpa and
Ppary. Both Cebpb and Cebpa are important for adipogenesis. A reduced ratio of Cebpa to
Cebpb is associated with dedifferentiation of adipocytes by Tnfa (Ron et al., 1992). It is
proposed that a decreased ratio of Cebpa to Cebpb by TCDD impairs adipogenesis in mice
with acute exposure to higher doses of TCDD (Liu et al., 1998). Therefore, it is likely that
exposure to higher doses of TCDD impairs adipogenesis through induction of Cebpb and
decrease of the ratio of Cebpa to Cebpb, whereas prolonged exposure to lower doses of
TCDD might promote adipogenesis through induction of Cebpa and Pgc-1a. In light of the
increased BMI associated with exposure to low doses of AhR ligands in rodents and humans
(Croutch et al., 2005; Verhulst et al., 2009), the role of AhR activation in lipogenesis in
WAT and its impact on BMI warrant further investigation.
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Adipose tissue is the primary site of lipid storage; impaired adipogenesis causes channeling
of lipids to liver and resultant fatty liver. Adipose-specific knockout of Ppary causes
progressive loss of adipose tissue and hepatosteatosis, despite a lack of elevation in blood
basal levels of triglycerides and NEFA (He et al., 2003). Similarly, TCDD-treated WT and
Nrf2-null mice have similar blood lipid profiles (Table 1), despite their marked differences
in adipogenesis (Fig. 7). The impaired adipogenesis in TCDD-treated Nrf2-null mice likely
contributes to both weight loss (Table 1) and aggravated hepatosteatosis (Fig. 1), as more
fatty acids may be channeled to livers of these mice.

The present data reveal a novel role of Nrf2 in regulating the biosynthesis of bile acids (Fig.
6). Although some mice with Cyp7al deficiency have postnatal lethality, the survived
Cyp7al-null mice overcome bile acid deficiency through induction of Cyp7b1 and the
alternative pathway of bile acid biosynthesis (Schwarz et al., 1996). In TCDD-treated wild-
type mice, only the classical pathway through Cyp7al was decreased. In contrast, in TCDD-
treated Nrf2-null mice, the classical pathway (through Cyp7al-Cyp8b1l) was markedly
decreased, and the alternative pathway (through Cyp27al-Cyp7bl), which has a much lower
basal levels in Nrf2-null mice, tended to be decreased. Therefore, in TCDD-treated Nrf2-
null mice, both the classical and alternative pathways of bile acid biosynthesis are
compromised, contributing to elevated cholesterol in livers of TCDD-treated Nrf2-null mice.

Sustained activation of AhR by TCDD (10 pg/kg) causes weight loss in Nrf2-null mice, but
not in WT mice (Table 1). Interestingly, the weight loss in TCDD-treated Nrf2-null mice is
not due to hypophagia. Pgc-1a plays a key role in regulating mitochondrial biogenesis,
oxidative metabolism, and energy metabolism in various cells (Lin, 2009). The down-
regulation of Pgc-1a by TCDD in Nrf2-null mice might be due to oxidative stress (Pirinen et
al., 2007). Therefore, the weight loss in TCDD-treated Nrf2-null mice might be due to a
combined effect of impaired adipogenesis and disrupted hepatic energy metabolism because
of mitochondrial dysfunction (by severe oxidative stress), which warrants further
investigation.

In conclusion, the present data demonstrate clearly the key role of Nrf2 in protecting the
mouse liver against oxidative stress, DNA damage, and steatohepatitis induced by TCDD-
mediated sustained activation of AhR. Activation of stress signaling pathways (e.g. AP-1
and NF-kB) in TCDD-treated Nrf2-null mice is likely responsible for hepatic induction of
certain cytoprotective genes and aggravated inflammatory responses. Moreover, the present
study discovers a novel role of Nrf2 in protection against TCDD-mediated impairment of
adipogenesis which contributes to weight loss and hepatosteatosis in TCDD-treated Nrf2-
null mice. Future studies on the time-course changes in gene expression and physiological
function in liver and WAT of TCDD-treated Nrf2-null mice will further our understanding
of how the interplay of AhR-Nrf2 crosstalk between liver and adipose tissues influences
steatohepatitis and liver fibrosis when the body is exposed to various environmental and
endogenous AhR ligands.

Highlights

>TCDD causes hepatosteatosis and induction of Nrf2-target genes in wild-type mice.
>TCDD causes weight loss, oxidative injury, and steatohepatitis in Nrf2-null mice.
>Livers of TCDD-treated Nrf2-null mice have lower Ngol, Gstal/2, and Ugt2b35
MRNAS. > Livers of TCDD-treated Nrf2-null mice have lipogenic gene expression
profiles. > White adipose tissues of TCDD-treated Nrf2-null mice have impaired
adipogenesis.
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Ahr
Nrf2
TCDD
WT
ALT
mKi-67
Top2a
Cyp
Ngol
Gst
Ugt
Ho-1
Prdx1
Trxrl
Gelc
Epxhl
Fgf21
Abcg8
DRE
ROS
GSH
ITE
13S
bDNA
TBARS
MDA
TG
CHO
NEFA
v-H2AX
Casp3
Casp8
pNA
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aryl hydrocarbon receptor

nuclear factor erythroid 2 related factor 2
2,3,7,8-tetrachlorodibenzo-p-dioxin
wild-type

alanine aminotransferase

antigen identified by monoclonal antibody Ki-67
topoisomerase 2-alpha

cytochrome p450

NAD(P)H:quinone oxidoreductase 1
glutathione S-transferase
UDP-glucuronosyltransferases

heme oxygenase-1

peroxiredoxin 1

thioredoxin reductase 1

glutamate cysteine ligase catalytic subunit
microsomal epoxide hydrolase

fibroblast growth factor 21

ATP binding cassette g8

dioxin response element

reactive oxygen species

reduced glutathione

2-(1'H-indole-3'-carbonyl)-thiazole-4-carboxylic acid methyl ester

indoxyl-3-sulfate

branched DNA

thiobarbituric acid reactive substances
malondialdehyde

triglycerides

cholesterol

nonesterified fatty acids
phosphorylated histone H2AX
caspase-3

caspase-8

p-nitroaniline
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Tnfa
lcaml
Cox-2
Collal
a-Sma
X0
Sod1
Cat
Fanl
Odc1
Gadd45p
Jnk
Pgc-la
Chop
ER
Apob
Lpl
LdIr
Fabpl
Ucp2
Fasn
Dgat2
WAT
Cebp
Ppary
Srebp-1c
Acly
Scdl
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tumor necrosis factor alpha

inter-cellular adhesion molecule 1

cyclooxygenase-2

collagen lal

a-smooth muscle actin

xanthine oxidase

superoxide dismutase 1

catalase

Fanconi anemia-associated nuclease 1

ornithine decarboxylase 1

growth arrest and DNA damage induced gene-45-beta
c-Jun N-terminal kinase

peroxisome proliferator-activated receptor gamma coactivator-1 alpha
CCAAT/enhancer binding protein homologous protein
endoplasmic reticulum

apolipoprotein B

lipoprotein lipase

low-density lipoprotein receptor

fatty acid binding protein 1

uncoupling protein 2

fatty acid synthase

diacylglycerol O-acyltransferase 2

white adipose tissue

CCAAT/enhancer-binding protein

peroxisome proliferator-activated receptor y

sterol regulatory element-binding protein 1c

ATP citrate lyase

stearoyl-Coenzyme A desaturase 1
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(VEH)- and TCDD-treated wild-type and Nrf2-null mice. A5-8) Liver histopathology of
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triglycerides (TG) and total cholesterol (CHO); and C) Hepatic mRNAs of inflammatory
and fibrotic genes. Mean + SE. N=4-5. * p < 0.05 versus corresponding vehicle-treated

mice; T p < 0.05 versus corresponding wild-type mice.
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Hepatic mMRNAs of AhR-target and redox genes (left panel) as well as Nrf2 and classical
Nrf2-target Phase-11 enzymes (right panel) in TCDD-treated Nrf2-null mice. Mean * SE.
N=4-5. * p < 0.05 versus corresponding vehicle-treated mice; T p < 0.05 versus
corresponding wild-type mice.
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Hepatic mRNAs of Nrf2-target antioxidative genes in TCDD-treated Nrf2-null mice. Mean

+ SE. N=4-5. * p < 0.05 versus corresponding vehicle-treated mice; T p < 0.05 versus

corresponding wild-type mice.
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A) Hepatic mRNAs of transcriptional factors important in cell proliferation, apoptosis, and
energy metabolism in TCDD-treated Nrf2-null mice; and B) Protein levels of NF-kB p65
subunit in nuclear extracts from livers of TCDD-treated Nrf2-null mice. Mean * SE. N=4-5.
*p < 0.05 versus corresponding vehicle-treated mice; T p < 0.05 versus corresponding wild-
type mice.
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Hepatic mRNAs of genes important in cholesterol (A) and lipid (B) metabolism in TCDD-
treated Nrf2-null mice. Mean + SE. N=4-5. * p < 0.05 versus corresponding vehicle-treated
mice; T p < 0.05 versus corresponding wild-type mice.
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epididymal white adipose tissue (WAT) of TCDD-treated Nrf2-null mice. Mean + SE. N=4—
5. * p £ 0.05 versus corresponding vehicle-treated mice; T p < 0.05 versus corresponding

wild-type mice.
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Fig. 8.
Diagram that summarizes the role of Nrf2 in protecting mouse liver against oxidative DNA
damage and steatohepatitis induced by TCDD-mediated sustained activation of the AhR.

TG, triglycerides; FA, fatty acids; CE, cholesteryl ester; CHO, cholesterol; DRE, dioxin
response element; ARE, antioxidant response element.
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Table 1
Alteration in body and tissue weights as well as blood chemistry in wild-type and Nrf2-null mice 21 d after
TCDD treatment.
Wild-type Wild-type Nrf2-null Nrf2-null
Vehicle TCDD Vehicle TCDD
Body weight before treatment (g) 275+12 26615 o31+26b 248+17
Body weight 21 d after treatment (g)  28.6 £ 1.0 27.4+15  9334+909b 243+1.7b
Body weight change (g) 1.2+0.2 08+0.4 02+0209 _ogg+01ab
Liver/body weight (9/100 g) 560+009 g72+020@ 493:024 gog+po212
Kidney/body weight (g/100 g) 1.35+0.02 131+002 1.36+0.05 1.35+0.03
Spleen/body weight (g/100 g) 0.29+0.004 036+0.03 0.34+0.02 0.27 +0.01
ALT (UIL) 161 41+68 18+1 25+11
ALP (UL) 773 85+ 4 964+5b 1244110
Triglycerides (mg/dl) 929+4.6 929+57 929+4.3 97.8+4.38
Cholesterol (mg/dl) 47+2 3p+48 50+2 37+18@
NEFA (mEg/L) 0.23+0.03 0.24+0.02  0.28+0.02 0.26 +0.03

N=4-5, mean + SE.
a . . .
p < 0.05 versus corresponding vehicle-treated mice.

bp < 0.05 versus corresponding wild-type mice.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 October 15.



