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Abstract
The environmental pollutant 2,3,7,8-tetracholorodibenzo-p-dioxin (TCDD) is known to cause a
wide variety of toxic effects, including hepatotoxicity, by way of the aryl hydrocarbon receptor
(AHR). Although inducible expression of cytochrome P450 (CYP) 1A1 and CYP1A2 is
associated with liver injury caused by high-dose TCDD, the specific role of the AHR-CYP1
cascade in hepatotoxicity remains unclear. We investigated the effects of AHR activation under
conditions of cholestasis. We administered oral TCDD to mice at a dose that can effectively
induce Cyp1 gene expression without overt liver toxicity and then ligated their bile ducts. TCDD
pretreatment enhanced bile duct ligation (BDL)-induced increases in liver and plasma bile acids,
bilirubin, and aminotransferases. Histology of TCDD-pretreated BDL mice revealed massive
hepatic necrosis without any increase in number of apoptotic cells. Whereas induction of AHR-
target genes by TCDD was observed similarly in sham-operated as well as in BDL mice, TCDD
pretreatment of BDL mice altered the expression of hepatic genes involved in bile acid synthesis
and transport. Increased plasma proinflammatory cytokines, tumor necrosis factor and
interleukin-1β, in BDL mice were further elevated by TCDD pretreatment. Liver injury by TCDD
plus BDL, such as increased plasma bile acids, bilirubin and aminotransferases, liver necrosis, and
increased tumor necrosis factor production, was exaggerated in Cyp1a1/1a2(−/−) double knockout
mice. These findings indicate that TCDD aggravates cholestatic liver damage and that the
presence of CYP1A1 and CYP1A2 plays a protective role in liver damage caused by TCDD and
BDL.
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1. Introduction
The environmental pollutant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) causes a wide
spectrum of toxic effects, such as hepatotoxicity, immunosuppression, wasting, and
carcinogenesis (reviewed in Bock and Kohle, 2006). Industrial and military exposures to
TCDD have been linked to detrimental health effects. TCDD exposure activates the aryl
hydrocarbon receptor (AHR), a transcription factor that contains basic helix-loop-helix
(bHLH) and Per-Arnt-Sim (PAS) domains, and AHR requires heterodimerization with
another bHLH-PAS protein, AHR nuclear translocator (ARNT), for transcriptional
activation. The AHR-ARNT heterodimer induces expression of a group of genes called the
[Ah] gene battery, including the cytochrome P450 genes (Cyp1a1, Cyp1a2 and Cyp1b1),
which are involved in metabolism of foreign chemicals (reviewed in Nebert et al., 2000;
Uno and Makishima, 2009). CYP1 enzymes also metabolize endogenous compounds,
including eicosanoids and 6-formylindolo[3,2-b]carbazole-6-carboxylic acid, a tryptophan
photoproduct (Nebert and Karp, 2008; Wincent et al., 2009). AHR activation by TCDD
modulates expression of genes involved in cell proliferation and differentiation, a
mechanism possibly leading to carcinogenesis and teratogenesis (Bock and Kohle, 2006).
AHR activation also exerts nongenomic actions, such as activation of mitogen-activated
protein kinase cascades and formation of a ubiquitin ligase complex (Fritsche et al., 2007;
Ohtake et al., 2007). Studies using Ahr(−/−) knockout mice have demonstrated that AHR is
essential for the induction of [Ah] gene battery members and most of the toxicological
effects of TCDD (Fernandez-Salguero et al., 1996; Nebert et al., 2000).

Benzo[a]pyrene (BaP) is an AHR-activating polycyclic aromatic hydrocarbon found in
industrial incineration products, cigarette smoke, and charcoal-grilled food and is implicated
as a causative agent in lung and head-and-neck cancers, immunosuppression, and
atherosclerosis by way of AHR-mediated metabolic activation (Uno and Makishima, 2009).
BaP is converted to highly mutagenic and carcinogenic metabolites by xenobiotic-
metabolizing enzymes, some of which are induced by AHR activation. The metabolic
activation of BaP is likely due to the combined effects of CYP1 enzymes and other enzymes
(Endo et al., 2008). In contrast to BaP, TCDD is virtually not metabolized in cells (Bock and
Kohle, 2006). CYP1A2, an AHR target, is involved in TCDD accumulation in the liver as a
TCDD-binding “sink” protein (Diliberto et al., 1997; Dragin et al., 2006). Although
CYP1A2 does not play a role in the acute oxidative stress response following TCDD
exposure (Slezak et al., 1999), AHR-dependent CYP1A2 and CYP1A1 induction
contributes to uroporphyria, which is suggested as a mechanism for TCDD-induced liver
toxicity (Smith et al., 2001; Uno et al., 2004b). On the other hand, mice deficient in
CYP1A1 and CYP1A2 induction are more sensitive to acute TCDD hepatotoxicity (Nukaya
et al., 2009). An understanding of the role of the AHR-CYP1 cascade in TCDD-induced
liver toxicity still requires further investigation.

Cholestasis is associated with hepatic and systemic accumulation of toxic biliary
compounds, such as bile acids and bilirubin, and subsequent liver damage (Zollner et al.,
2006). Decreased secretion of bile acids into the intestine induces proliferation and
translocation of intestinal bacteria, which can result in endotoxemia and sepsis (Inagaki et
al., 2006). Endotoxin and proinflammatory cytokines, such as tumor necrosis factor (TNF),
are implicated in endotoxin-induced cholestasis and exacerbate liver injury. Transcription
factors of the nuclear receptor superfamily are known to modulate bile acid metabolism and
pathogenesis of cholestasis (Zollner et al., 2006). The bile acid-sensing nuclear receptors,
farnesoid X receptor (FXR; NR1H4) (supplementary Table 1 provides a list of all mouse
genes and mRNA levels that were included in the present study), pregnane X receptor (PXR;
NR1I2) and vitamin D receptor (VDR; NR1I1), have been investigated in the bile-duct
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ligation (BDL) model of cholestasis. FXR activation by synthetic ligands protects against
cholestatic liver damage by decreasing expression of bile acid biosynthetic genes, such as
sterol 12α-hydroxylase, and by increased expression of genes involved in bile acid transport,
such as those participating in the bile salt export pump ATP-binding cassette transporter B11
(ABCB11; also called BSEP; encoded by the Abcb11 gene). FXR also plays a role in
protection of the intestine from bacterial invasion (Inagaki et al., 2006). However, Fxr(−/−)
knockout mice exhibit resistance to obstructive cholestasis (Stedman et al., 2006), which
seems to contradict the prior finding. PXR agonists enhance bile acid detoxication by
inducing an import transporter, the organic anion transporting polypeptide-1a4 (encoded by
the Slco1a4 gene), the enzyme CYP3A11 (encoded by the Cyp3a11 gene), and a basolateral
export transporter, multidrug resistance-associated protein-3 (encoded by the Abcc3 gene),
resulting in decreased serum bile acids and increased urinary bile acid excretion (Wagner et
al., 2005). The VDR ligand induces intestinal expression of mouse Cyp3a11 and human
CYP3A4 (Matsubara et al., 2008) and enhances the metabolism of bile acids, particularly
urinary excretion, by increasing the expression of bile acid transporter genes in mice
(Nishida et al., 2009). VDR activation represses proinflammatory cytokine expression in
BDL mice, although it does not alter bile acid accumulation (Ogura et al., 2009). Thus, the
nuclear receptors modulate pathogenesis of cholestasis. AHR, which is a bHLH-PAS
transcription factor and does not belong to the nuclear receptor superfamily, is involved in
regulation of CYP gene expression and xenobiotic metabolism. However, the role of the
AHR-CYP1 cascade during cholestasis has not been elucidated. In this study, we
investigated the in vivo role of AHR activation and CYP1A induction during cholestasis
using BDL mice.

2. Materials and methods
2.1. Animals and Treatment

C57BL/6J mice were obtained from Charles River Laboratories Japan (Yokohama, Japan)
and were maintained under controlled temperature (23 ± 1 °C) and humidity (45–65 %) with
free access to water and chow (Lab. Animal Diet MF, Oriental Yeast, Tokyo).
Cyp1a1/1a2(−/−) double-knockout mice has been described (Dragin et al., 2007), and were
backcrossed to C57BL/6J mice for 8 generations. Experiments were conducted using 7- to
8-week-old male mice. Five days prior to BDL, mice were orally administered TCDD
(Wako Pure Chemicals, Osaka, Japan) dissolved in corn oil at a single dose of 15 μg/kg,
while controls were received oral corn oil alone (Figure 1A). For BDL, mice were
anesthetized with diethyl ether, and the common bile duct was ligated (Ogura et al., 2009).
Sham surgery was performed under the same conditions with the exception of BDL. Plasma
and liver were collected 3 days after surgery. Tissues were snap-frozen in liquid nitrogen or
dry ice and stored until analysis. Plasma bilirubin, aspartate and alanine aminotransferases,
alkaline phosphatase, γ-glutamyl transpeptidase, and plasma and liver total bile acids were
quantified with Bilirubin BII-Testwako, Transaminase CII-Testwako, LabAssay ALP
(Wako Pure Chemicals), IatroLG γ-GTrate(J)II (Mitsubishi Chemical Medience
Corporation, Tokyo, Japan), and Total bile acid-Testwako (Wako Pure Chemicals),
respectively (Nishida et al., 2009). Plasma cytokine levels were determined with the
Biosource enzyme-linked immunosorbent assay kits (Invitrogen Corporation, Carlsbad,
CA). The experimental protocol adhered to the Guidelines for Animal Experiments of the
Nihon University School of Medicine and was approved by the Ethics Review Committee
for Animal Experimentation of Nihon University School of Medicine.

2.2. Real-time quantitative polymerase chain reaction (qRT-PCR)
Total RNA from liver was prepared by the acid guanidine thiocyanate-phenol/chloroform
method (Nishida et al., 2009). The cDNAs were synthesized using the ImProm-II Reverse
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Transcription system (Promega Corporation, Madison, WI). The qRT-PCR was performed
on the ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster City,
CA) using Power SYBR Green PCR Master Mix (Applied Biosystems). Primers for the
CYP3A11, AHR, ARNT, TNFSF10, and TNFRSF10B mRNAs are listed in Table 1, and
other primers have been reported previously (Dong et al., 2009; Nishida et al., 2009; Ogura
et al., 2009; Uno et al., 2009). Relative mRNA levels were calculated by the comparative
threshold cycle method using glyceraldehyde-3-phosphate dehydrogenase as the internal
control (Nishida et al., 2009).

2.3. Western Blotting
Microsomes (S9 fraction) and membrane fractions from liver were prepared with Mem-PER
Eukaryotic Membrane Protein Extraction Reagent Kit (Thermo Fisher Scientific Inc.,
Rockford, IL). They were subjected to SDS-polyacrylamide gel electrophoresis and
transferred to a nitrocellulose membrane. Western blot analysis was performed using a
polyclonal anti-ABCB11 antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and a
polyclonal anti-CYP1A1/1A2 antibody (Daiichi Pure Chemicals, Tokyo, Japan), and
detected with an alkaline phosphatase conjugate substrate system (Endo et al., 2008; Uno et
al., 2008).

2.4. Histology
Liver samples were fixed in 10% neutral buffered formalin and embedded in paraffin.
Tissue sections were stained with hematoxylin and eosin. The terminal
deoxynucleotidyltransferase-mediated deoxyuridine triphosphate nick-end labeling
(TUNEL) assay was performed using the ApopTag apoptosis detection kit (Millipore,
Billerica, MA). Immunohistochemistry was performed using a monoclonal anti-Ki-67
antibody (Dako Denmark A/S, Glostrup, Denmark) and a polyclonal anti-cleaved caspase-3
antibody (Cell Signaling Technology, Danvers, MA), visualized with the Simple Stain
Mouse MAX-PO (Nichirei Corporation, Tokyo, Japan).

2.5. Statistical Analysis
Data are presented as means ± S.D. The unpaired two-group Student’s t-test was performed
to assess significant differences. P-values of < 0.05 were considered statistically significant.

3. Results
3.1. TCDD aggravates BDL-induced liver damage

To examine the effects of AHR-CYP1 induction on cholestasis, we pretreated mice with a
dose of TCDD that is known to maximally induce Cyp1 gene expression without overt
toxicity (Uno et al., 2004a). We did not observe weight loss in TCDD-treated mice (Figure
1A). Five days after TCDD pretreatment, we performed sham or BDL surgery. BDL
decreased the body weight, compared with that following sham surgery, but we saw no
difference in body weight between TCDD-pretreated and control vehicle-pretreated mice
(Figure 1A). TCDD did not change liver or plasma bile acids, plasma bilirubin,
aminotransferases, γ-glutamyl transpeptidase, and alkaline phosphatase in sham-operated
mice, although it did increase liver weight (Figures 1B & 1C). TCDD pretreatment in BDL
mice further increased the accumulation of liver bile acids (Figure 1B) and plasma bile
acids, bilirubin, aminotransferases, γ-glutamyl transpeptidase, and alkaline phosphatase
(Figure 1C).

Liver histology showed that TCDD treatment induces local infiltration of inflammatory
cells, and a small number of TUNEL-positive hepatocytes were found only in portions of the
pericentral and periportal areas, but not in inflamed regions (Figure 2). A limited number of
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hepatocytes in inflammatory foci were positive for cleaved caspase-3 in mice treated with
TCDD. BDL liver showed scattered focal necrosis of hepatocytes, with small populations of
TUNEL-positive cells and cleaved caspase-3-positive cells (Figure 2). TCDD pretreatment
induced massive necrosis but did not increase the number of TUNEL-positive cells or
cleaved caspase-3-positive cells (Figure 2). Cells positive for Ki-67, a proliferation marker,
were not observed in any group (data not shown). These findings suggest that TCDD
pretreatment induces severe liver damage in BDL mice, which is likely caused by necrosis
rather than apoptosis.

We also examined the cholestatic effect on the expression of AHR-target genes. BDL alone
decreased CYP1A2 and increased CYP1B1 mRNA levels in sham-operated mice (Figure
3A, insets). In contrast, TCDD strongly induced hepatic CYP1A1, CYP1A2 and CYP1B1
mRNA levels, and there was no significant difference in these induced levels between sham-
operated and BDL mice (Figure 3A). Although TCDD slightly increased AHR and ARNT
mRNA expression, BDL did not induce robust changes in these expressions (Figure 3B).
TCDD treatment strongly induced hepatic CYP1A1 and CYP1A2 proteins in sham-operated
mice as well as in BDL mice (Figure 4). These data indicate that cholestasis does not affect
induction of the AHR-CYP1 cascade by TCDD.

3.2. TCDD modifies expression of genes implicated in bile acid metabolism
BDL is known to alter expression of genes that are involved in bile acid metabolism (Zollner
et al., 2006). We examined the effect of TCDD pretreatment on the expression of bile acid
metabolism-related genes in BDL mice. Cholesterol 7α-hydroxylase (CYP7A1) catalyzes
the rate-limiting step of the classical bile acid synthesis pathway, and one or more of the
CYP3A enzymes are involved in the metabolic conversion of xenobiotics and endogenous
substrates, including bile acids, to more polar derivatives (Xie and Evans, 2001; Makishima,
2005). Figure 5A shows that BDL increased CYP7A1 and CYP3A11 mRNA levels, as had
been previously shown (Stedman et al., 2004; Inagaki et al., 2005), and TCDD pretreatment
suppressed these induced CYP7A1 and CYP3A11 mRNA levels in BDL mice. Sodium
taurocholate-cotransporting polypeptide, and organic anion transporter proteins are involved
in bile acid uptake at the basolateral membrane of hepatocytes (Zollner et al., 2006). TCDD
pretreatment effectively decreased SLCO1A1 mRNA levels in BDL mice (Figure 5B). The
canalicular export pumps ABCB11 and ABCC2 (also called multidrug resistance-associated
protein 2; MRP2) excrete bile acids from the canalicular membranes, whereas ABCC3
(MRP3), ABCC4 (MRP4), and OSTB all play a role in the alternative excretion of bile acids
from hepatocytes into the systemic circulation (Zollner et al., 2006). Consistent with
previous findings (Wagner et al., 2003; Maher et al., 2005; Boyer et al., 2006; Stedman et
al., 2006), TCDD increased ABCC2, ABCC3, ABCC4 mRNA, and BDL induced the
ABCB11, ABCC3, ABCC4, OSTA and OSTB mRNA levels (Figure 5B). TCDD is well
known to induce numerous P450 enzymes, including CYP1, which might influence the
regulation of ABCB transporter expression. TCDD pretreatment suppressed ABCB11
mRNA induction by BDL, and TCDD-induced expression of ABCC2 mRNA was not
significant in BDL mice (Figure 5B). BDL slightly increased hepatic ABCB11 proteins and
TCDD pretreatment decreased its expression (Figure 4). These findings suggest that
canalicular excretion of bile acids may be repressed in TCDD-pretreated BDL mice. Further
studies are needed to elucidate the functional relevance of ABCB11 expression. ABCC4
mRNA levels were effectively stimulated in TCDD-pretreated BDL mice. However, any
combined increases caused by TCDD plus BDL were not seen in ABCC2, ABCC3 or OSTB
mRNA levels (Figure 5B).
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3.3. TCDD enhances cytokine production in BDL mice
TCDD-induced liver toxicity is dependent on inflammatory cytokines such as TNF and
interleukin-1β (IL1B) (Pande et al., 2005; Uno and Makishima, 2009). BDL also stimulates
inflammatory cytokine production (Ogura et al., 2009). Figure 6A shows that BDL caused
an increase in plasma TNF and IL1B mRNA levels, and TCDD pretreatment further
enhanced the production of these cytokines. TCDD also raised hepatic TNF and IL1B
mRNA levels in sham-operated mice, but these induced levels were not altered in BDL mice
(Figure 6B). These data suggest that increased TNF and IL1B in TCDD-pretreated BDL
mice are derived from extrahepatic tissues and/or the result of posttranslational
modification. The TNF-related apoptosis-inducing ligand TNFSF10 (TRAIL) and its
receptor, death receptor-5 TNFRSF10B (DR5; TRAIL receptor 2), have been shown to
contribute to liver injury by BDL (Takeda et al., 2008). We therefore examined the Tnfsf10
and Tnfrsf10b expression in these mice. TCDD slightly increased TNFSF10 and
TNFRSF10B mRNA levels in sham-operated mice (Figure 6B). BDL increased mRNA
expression of TNFRSF10B but not of TNFSF10. In BDL mice, TCDD pretreatment did not
alter TNFRSF10B mRNA levels, while further decreasing TNFSF10 mRNA levels. These
findings suggest that TNFSF10- and TNFRSF10B-mediated apoptosis is probably not
involved in liver injury in TCDD-pretreated BDL mice.

3.4. TCDD induces disseminated hepatocyte necrosis in cholestatic Cyp1a1/1a2(−/−) mice
Cyp1a2(−/−) knockout mice are partially resistant to high-dose TCDD-induced hepatic
toxicity, while being completely protected against TCDD-induced uroporphyria (Smith et
al., 2001), and Cyp1a1(−/−) mice show a decreased accumulation of hepatic uroporphyrin
levels, compared with that in Cyp1a1(+/+) mice (Uno et al., 2004b). On the other hand, the
loss of CYP1A1 and/or CYP1A2 induction in mice leads to increased acute hepatotoxicity
induced by TCDD (Nukaya et al., 2009). Hence, we wished to examine the involvement of
TCDD-induced CYP1A1 and CYP1A2 in liver toxicity during cholestasis by analyzing
Cyp1a1/1a2(−/−) double-knockout mice. TCDD decreased body weight, but increased liver
weight, in mice having the absence of both the Cyp1a1 and Cyp1a2 genes (Figure 7A).
TCDD pretreatment plus BDL increased plasma bile acids in Cyp1a1/1a2(−/−) mice to
levels comparable to that of wild-type mice (Figures 7B & 1B). Interestingly, plasma levels
of bilirubin and aminotransferases were drastically elevated in TCDD-pretreated cholestatic
Cyp1a1/1a2(−/−) mice (Figure 7B). Plasma levels of γ-glutamyl transpeptidase and alkaline
phosphatase increased by TCDD plus BDL in Cyp1a1/1a2(−/−) mice were slightly more
than those in wild-type mice (Figures 7B & 1C). Whereas TCDD or BDL alone induced
mild histological changes, BDL in combination with TCDD pretreatment resulted in
massive diffuse hepatic necrosis (Figure 7C) and strikingly elevated plasma TNF levels
(Figure 7D). These findings indicate that the complete absence of CYP1A1 and CYP1A2
results in a far greater deterioration in liver damage and inflammatory response induced by
TCDD pretreatment plus BDL. It therefore appears that CYP1A1 and CYP1A2 play a
protective role in TCDD-induced hepatotoxicity in cholestatic mice.

4. Discussion
In this study, we found that TCDD pretreatment enhances liver damage and inflammatory
cytokine production in BDL mice. High-dose TCDD treatment (200 μg/kg) is known to
cause liver toxicity, characterized by a marked accumulation of lipids within hepatocytes
and inflammatory cell infiltration in an AHR-dependent manner (Fernandez-Salguero et al.,
1996). Whereas a single 75-μg/kg dose of TCDD given to wild-type mice causes severe
uroporphyria and liver injury 5 weeks later, Cyp1a2(−/−) mice treated with TCDD show no
increases in hepatic porphyrin levels or hepatocellular damage (Smith et al., 2001).
Cyp1a1(−/−) mice exhibit less accumulation of uroporphyrin in the liver 18 days after a
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single intraperitoneal 200-μg/kg dose of TCDD (Uno et al., 2004b). These findings suggest
that CYP1A2 and CYP1A1 mediate TCDD-induced hepatocellular injury associated with
uroporphyria. Thus, TCDD-activated AHR induces expression of CYP1A1 and CYP1A2,
and it would appear that these CYP1 enzymes might contribute to the etiology of high-dose
TCDD-induced toxicity. On the other hand, mice deficient in CYP1A1 and CYP1A2
induction are more sensitive to acute hepatocellular damage and hepatic inflammation
induced by a single intraperitoneal dose of TCDD (32 or 64 μg/kg) than wild-type mice
(Nukaya et al., 2009). In the present study (Figures 1, 2 & 7), we showed that a single oral
15-μg/kg dose of TCDD alone to wild-type mice results in no damage and that TCDD
produces liver damage under conditions of cholestasis. Moreover, in the cholestatic liver of
Cyp1a1/1a2(−/−) double-knockout mice, TCDD caused much more striking damage than
that under conditions of cholestasis in wild-type mice. Our findings suggest that AHR-
induced CYP1A enzymes play a protective role against low-dose TCDD toxicity in
cholestatic liver. Consistent with the previous report (Nukaya et al., 2009), CYP1A1 and
CYP1A2 induction is a protective response against acute TCDD-induced hepatotoxicity.
CYP1A1 and CYP1A2 are involved in metabolism of xenobiotics as well as endogenous
compounds, including bilirubin, eicosanoids and 6-formylindolo[3,2-b]carbazole-6-
carboxylic acid (Zaccaro et al., 2001; Nebert and Karp, 2008; Wincent et al., 2009).
Cyp1a1/1a2/1b1(−/−) triple-knockout mice show an exaggerated response to zymosan-
induced peritonitis, suggesting an anti-inflammatory role of the CYP1 enzymes (Dragin et
al., 2008). In the present study, liver damage in TCDD-pretreated BDL Cyp1a1/1a2(−/−)
mice was associated with increased plasma levels of bilirubin and TNF (Figure 7). It seems
likely that the CYP1 enzymes might be involved in the critical synthesis and/or degradation
of specific eicosanoids (Nebert and Karp, 2008) that are responding to toxic endogenous
compounds and/or inflammatory signal molecules, which have accumulated in the
cholestatic liver. Disruption of Cyp1a1 or Cyp1a2 has been demonstrated to decrease
TCDD-induced hepatic injury in subchronic toxicity studies (Smith et al., 2001; Uno et al.,
2004b). CYP1 enzymes may play a different role in subchronic or chronic TCDD toxicity.

TCDD pretreatment enhanced the production of inflammatory cytokines TNF and IL1B in
BDL mice (Figure 6). TCDD exposure is known to increase lipopolysaccharide-induced
toxicity in mice by enhancing serum TNF levels, and treatment of mice with anti-TNF
antibody reduces TCDD-mediated mortality (Uno and Makishima, 2009). Tnfrsf1a/Tnfrsf1b/
Il1r1(−/−) triple-knockout mice (lacking two receptors for TNF and one receptor for IL1R1)
are resistant to TCDD-induced hepatocellular damage (Pande et al., 2005). Increased
production of inflammatory cytokines such as TNF may contribute to the exaggerated liver
damage that we have seen in TCDD-pretreated BDL mice in the present study. The
TNFSF10/TNFRSF10B pathway has been shown to be involved in hepatocyte apoptosis in
BDL mice (Takeda et al., 2008). Although BDL increased hepatic TNFRSF10B mRNA
expression, TCDD pretreatment did not alter TNFRSF10B mRNA levels, whereas TCDD
decreased TNFSF10 mRNA levels in BDL mice (Figure 6). Apoptotic cells were not greater
in number in the liver of TCDD-pretreated BDL mice (Figure 2). These data suggest that
TNFSF10/TNFRSF10B-mediated apoptosis is not a principal component in causing severe
liver damage in TCDD-pretreated BDL mice. Further studies are needed to elucidate the
mechanisms of liver injury by TCDD plus BDL.

Hepatic and plasma bile acids were markedly increased in BDL mice pretreated with TCDD
(Figure 1). BDL increased CYP7A1 mRNA levels (Figure 5). Fibroblast growth factor-15,
which is known to be induced by FXR in the intestine, represses Cyp7a1 transcription
(Inagaki et al., 2005). BDL decreases intestinal bile acids, leading to decreased FXR-
induced fibroblast growth factor-15 production, thereby derepressing hepatic CYP7A1
expression. Interestingly, TCDD pretreatment repressed Cyp7a1 expression in BDL mice
(Figure 5). This strong Cyp7a1 repression may be due to increased inflammatory cytokines
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(Li et al., 2006). BDL increased CYP3A11, ABCB11, ABCC2, ABCC3 and OSTB mRNA
levels and ABCB11 proteins (Figures 5 & 4). Because these genes are also elevated by the
bile acid receptors FXR and PXR (Wagner et al., 2003;Wagner et al., 2005;Boyer et al.,
2006;Stedman et al., 2006), it is likely that accumulated bile acids may stimulate
transcription by way of these receptors. The increases of CYP3A11, ABCB11 and OSTB
mRNA levels and ABCB11 proteins in BDL mice were repressed by TCDD pretreatment
(Figures 5 & 4). TCDD also decreased SLCO1A1 expression. Proinflammatory cytokines
are likely to be involved in the repression of these bile acid metabolism-related genes
(Aitken et al., 2006;Klaassen and Aleksunes, 2010). In TCDD-pretreated BDL mice, we
found that the bile acid-synthesizing enzyme CYP7A1, as well as the import transporter
SLCO1A1, is decreased, whereas the export transporters ABCC2 and ABCC3 are induced.
These changes probably reflect a mechanism whereby elevated hepatic bile acids can be
lowered. However, we observed that hepatic and plasma bile acids are further enhanced in
these mice (Figure 1). The TCDD-mediated decrease in expression of CYP3A11, combined
with decreases in ABCB11 and OSTB, might lead to the hepatocytes becoming more
vulnerable to toxicity caused by the accumulation of bile acids. Bile acids and TCDD
together enhance the production of inflammatory cytokines such as TNF and IL1B in
macrophages (Miyake et al., 2000;Kerkvliet, 2009). A vicious cycle of bile acid
accumulation, inflammation, and hepatocyte necrosis may therefore be involved in causing
the severe liver toxicity that we find in TCDD-pretreated BDL mice. A further
understanding of TCDD/cholestasis-induced liver injury should provide insights into the
elucidation of pathogenesis seen in chemically induced liver diseases.
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Figure 1.
Effects of TCDD pretreatment and BDL on (A) body weight, (B) liver weight and bile acids,
(C) plasma bile acids, bilirubin, aspartate aminotransferase (AST), alanine aminotransferase
(ALT), γ-glutamyl transpeptidase (γ-GT), and alkaline phosphatase (ALP) in mice. Mice (n
= 6 per group) were administered the vehicle corn oil or TCDD (15 μg/kg) via gavage on
“Day −5” and subjected to sham operation or BDL on “Day 0”. Liver and blood were
collected on “Day +3”. Values represent the means ± S.D. (A) **P < 0.01; ***P < 0.001 vs.
vehicle-pretreated sham-operated mice. There was no significant difference between
vehicle-pretreated sham-operated mice and TCDD-pretreated BDL mice. (B, C) *P < 0.05;
**P < 0.01; ***P < 0.001; between indicated groups.
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Figure 2.
TCDD pretreatment induces massive hepatic necrosis in BDL mice. Hematoxylin and eosin
staining (H&E; x 20 magnification), TUNEL assays (x 20 magnification and x 60
magnification), and cleaved caspase-3 staining (x 60 magnification) were performed on liver
sections from mice treated as described in Figure 1.
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Figure 3.
Effects of TCDD and BDL on hepatic mRNA expression of AHR-target genes. (A)
CYP1A1, CYP1A2 and CYP1B1 mRNA levels. (B) AHR and ARNT mRNA levels. Total
RNA was prepared from the mice shown in Figure 1. In this and subsequent figures,
expression of the indicated mRNA levels was measured by qRT-PCR using
glyceraldehyde-3-phosphate dehydrogenase as the internal control. Values for normalized
mRNA expression are relative to those of corn oil-pretreated sham-operated mice. Effects of
BDL on CYP1A1, CYP1A2 and CYP1B1 mRNA expression in corn oil-pretreated mice are
shown in insets of (A). Values represent the means ± S.D. *P < 0.05; **P < 0.01; ***P <
0.001.
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Figure 4.
Expression of hepatic CYP1A1, CYP1A2 and ABCB11 proteins. Each lane was loaded with
15 μg of microsomal proteins and 40 μg of membrane proteins for CYP1A1/CYP1A2 and
ABCB11, respectively. Microsomes and membrane fractions were prepared from the mice
shown in Figure 1. Experiments were repeated with similar results.
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Figure 5.
Effects of TCDD and BDL on hepatic mRNA levels of genes involved in bile acid
metabolism. (A) CYP7A1 and CYP3A11 mRNA. (B) Expression of SLC01A1, ABCB11,
ABCC2, ABCC3, ABCC4 and OSTB mRNA. Values represent the means ± S.D. *P < 0.05;
**P < 0.01.
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Figure 6.
TCDD pretreatment enhances release of TNF and IL1B in BDL mice. (A) Plasma levels of
TNF and IL1B proteins. (B) Hepatic TNF, ILIB, TNFRSF10B, and TNFSF10 mRNA levels.
Values represent the means ± S.D. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 7.
Liver damage by TCDD and BDL is exaggerated in Cyp1a1/1a2(−/−) double-knockout
mice. (A) Body weight changes and liver weight. (B) Plasma bile acids, bilirubin, aspartate
aminotransferase (AST), alanine aminotransferase (ALT), γ-glutamyl transpeptidase (γ-GT),
and alkaline phosphatase (ALP). (C) Hematoxylin and eosin staining (H&E) of liver
sections (x10 magnification). (D) Plasma TNF protein concentrations. Cyp1a1/1a2(−/−)
mice (n = 4 per group) were administered corn oil alone or TCDD (15 μg/kg) via gavage on
“Day −5” and subjected to sham operation or BDL on “Day 0”. Liver and blood were
collected on “Day +3” by the same method as shown in Figure 1. Values represent the
means ± S.D. *P < 0.05; **P < 0.01; ***P < 0.001.
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