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Abstract The TGFb1/Smad pathway plays a critical role in
cholestasis and liver fibrosis. Previous studies show that
TGFb1, TNFa, and insulin inhibit cholesterol 7a-hydroxylase
(CYP7A1) gene transcription and bile acid synthesis in hu-
man hepatocytes. In this study, we investigated insulin,
TGFb1, and TNFa regulation of rat Cyp7a1 gene transcrip-
tion. In contrast to inhibition of human CYP7A1 gene tran-
scription, TGFb1 stimulates rat Cyp7a1 reporter activity.
Smad3, FoxO1, and HNF4a synergistically stimulated rat
Cyp7a1 gene transcription. Mutations of the Smad3, FoxO1,
or HNF4a binding site attenuated the rat Cyp7a1 promoter
activity. Furthermore, TNFa and cJun attenuated TGFb1
stimulation of rat Cyp7a1. Insulin or adenovirus-mediated
expression of constitutively active AKT1 inhibited FoxO1
and Smad3 synergy. In streptozotocin-induced diabetic rats,
Cyp7a1 mRNA expression levels were induced and insulin
attenuated CYP7A1 mRNA levels. Chromatin immunopre-
cipitation assay showed that FoxO1 binding to Cyp7a1 chro-
matin was increased in diabetic rat livers and insulin reduced
FoxO1 binding. These results suggest a mechanistic basis
for induction of Cyp7a1 activity and bile acid synthesis in
cholestatic rats and in diabetic rats. The crosstalk of insulin,
TGFb and TNFa signaling pathways may regulate bile acid
synthesis and lipid homeostasis in diabetes, fatty liver dis-
ease, and liver fibrosis.—Li, T., H. Ma, and J. Y. L. Chiang.
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Bile acids are synthesized from cholesterol in the liver,
stored in the gallbladder, and secreted into the intestine to
facilitate the absorption of dietary lipids and fat-soluble
vitamins and disposal of toxic metabolites, drugs, and xe-
nobiotics (1, 2). Bile acids are quantitatively reabsorbed in
the intestine and transported back to the liver via portal
circulation. Hepatic bile acid synthesis is tightly controlled

by virtue of high cytotoxicity of bile acids. During chole-
static liver injury, hepatic nonparenchymal cells including
Kupffer cells (hepatic macrophages) and hepatic stellate
cells (HSC) release proinflammatory cytokines (IL-1b,
TNFa) and growth factors (hepatic growth factor, TGFb),
respectively, to hepatocytes. These cytokines have been
shown to inhibit bile acid synthesis through transcriptional
repression of the gene encoding cholesterol 7a-hydroxylase
(CYP7A1), the rate-limiting enzyme in bile acid synthesis in
the liver (3–5). Inhibition of bile acid synthesis and stimu-
lation of bile secretion are adaptive responses to protect
hepatocytes from injury. Paradoxically, Cyp7a1 activity
and mRNA expression are stimulated in bile duct-ligated
(BDL) rat and mouse livers (6–8).

TGFb1 is increased in the livers of BDL rats and mice,
and in patients with liver fibrosis (7, 9). TGFb1 is a potent
profibrogenic factor secreted by activated HSCs to stimu-
late HSC transdifferentiation and proliferation, extracellu-
lar matrix expression, hepatocyte apoptosis, and liver
fibrosis (10, 11). Liver fibrosis is associated with nonalco-
holic fatty liver disease and diabetes (12, 13). Transcription
factors Smad2 and Smad3 are major down stream media-
tors of TGFb1 signaling (11, 14). TGFb1 binds to and acti-
vates cell surface TGFb receptor type I (TbRI) and type II
(TbRII) that possess intracellular serine/threonine kinase
activity. TGFb1-activated TbRI then recruits and phosphor-
ylates Smad2 and Smad3 at a conserved C-terminal SSXS
motif. Phosphorylation of Smads by TbRI increases Smad
protein nuclear localization and its transactivating activity.
Smad3 binds GTCT and AGAC sequences in its target
genes. In contrast, Smad2 does not bind directly to DNA
because the amino acids that are responsible for DNA
binding are displaced in Smad2.
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Recently, several insulin-regulated genes, FoxO1, FoxO3a
and FoxO4, have been identified as interacting partners
of Smad3 (15). Smad3 and FoxO1 bind to the cyclin-
dependent kinase inhibitor p21 gene promoter and syner-
gistically stimulate its transcription in neuroepithelial and
glioblastoma cell proliferation. A subsequent study has
identified many TGFb1 target genes that are synchronously
regulated by FoxO-Smad in response to diverse cellular
activities including cell cycle control, inflammation, and
stress in human epithelial cells (16). FoxO1 plays a critical
role in mediating insulin signaling (17). Protein kinase B
(AKT/PKB) phosphorylation of FoxO1 results in FoxO1
nuclear exclusion and inhibition of FoxO1-regulated genes.
It is thought that FoxO1 converges two antagonistic path-
ways, PI3K/AKT and TGFb1/Smad (18).

In this study, we investigated Smad3 regulation of the rat
Cyp7a1 gene, and its possible implications in bile acid
homeostasis during liver fibrosis and diabetes. Our results
show that TGFb1-activated Smad3 stimulates the rat Cyp7a1
gene. Smad3 directly binds to the rat Cyp7a1 promoter
and acts in synergy with FoxO1 and HNF4a to induce rat
Cyp7a1 promoter activity. Smad3 and FoxO1 may crosstalk
and synchronize insulin inhibition and TGFb1 activation
of Cyp7a1 in diabetes and liver fibrosis. On the other hand,
TNFa signal antagonizes TGFb1 activation of CYP7A1 gene
transcription. These three cell-signaling pathways may
crosstalk in response to extracellular signals to regulate bile
acid synthesis and maintain lipid homeostasis.

MATERIALS AND METHODS

Cell culture
The human hepatoblastoma cell line, HepG2, was purchased

from American Type Culture Collection (Manassas, VA). The
cells were cultured in Dulbeccoʼs modified Eagle medium and
F-12 (Sigma, St. Louis, MO) supplemented with 100U/ml peni-
cillin G/streptomycin sulfate (Mediatech, Herndon, VA) and
10% (v/v) heat inactivated fetal bovine serum (Irvine Scientific,
Santa Ana, CA).

Reporters and expression plasmids
Human and rat CYP7A1/Luc reporters were constructed as

previously described (19). Expression plasmids pFLAG-CMV2-
Smad2, pFLAG-CMV2-Smad3, and pFLAG-CMV2-Smad4 were
kindly provided by Dr. David Jones (University of Utah, Salt Lake
City, UT). The construction of the expression plasmid for HNF4a
(pCMV-HNF4a) was previously described (20). The b-galactosidase
expression plasmid (pCMV-b-gal), and the mammalian expres-
sion vector pcDNA3.1 were obtained from Clonetech (Palo Alto,
CA). The reporter vector pGL2-Basic was purchased from Promega
(Madison, WI). Expression plasmid for pCMV-rHNF3b (FoxA2)
was kindly provided by Robert H. Costa (University of Illinois at
Chicago, IL). pCMV5-FoxO1 was kindly provided by Dr. D. Accili
(Columbia University, NY). cJun expression plasmid was originally
provided by Dr. Inder Verma (The Salk Institute, San Diego, CA)
and subcloned into pcDNA3.

Transient transfection assay
Luciferase reporters and expression plasmids were transfected

into HepG2 cells using Lipofectamine 2000 reagent (Life Tech-

nologies, Inc., Gaithersbrug, MD) following manufacturerʼs in-
structions. Luciferase reporter activities were assayed and
expressed as relative luciferase units divided by b-galactosidase
activity as described previously. Assays were performed in tripli-
cates and expressed as mean 6 SD.

Recombinant adenovirus
Recombinant Adenovirus Ad-EGFP was obtained from Dr. Li

Wang (Univ. of Utah, Salt Lake City, UT), Ad-Akt1 expressing
myristoylated and constitutively active mutant form of Akt1 was
purchased from Vector Biolabs (Philadelphia, PA). Recombinant
adenoviruses were amplified in HEK293A cells and purified with
Adeno-X Virus mini purification kit (BD Biosciences, San Jose,
CA). Virus titer was determined by Adeno-X rapid titer kit (BD
Biosciences). Expression of Akt1 in HepG2 cells were confirmed
by Western Blot analysis using anti-Akt1 antibody (Cell Signaling
Technology, Danvers, MA).

Electrophoretic mobility shift assay
Smad3 was synthesized in vitro using the transcription/translation

system (Promega, WI) programmed with the Smad3 expression
plasmid according to the manufacturer instruction. Synthetic
oligonucleotides of complementary strands were labeled with
(a-32P) dCTP and incubated with in vitro translated proteins (5 ml)
as described previously. Gels were dried, autoradiographed by
PhosphorImaging. The probes (Smad binding site underlined) used
in the experiments were: Tinman 4RLL: gatcGGAGTCTAGACCGGC;
rat Cyp7a1 Smad3: gatcAAAGTCTAGTCAGACCCAC.

Site-directed mutagenesis
A PCR-based Quick-Change Site-directed Mutagenesis Kit

(Stratagene, La Jolla, CA) was used for mutation of the reporter
construct. Mutations of the Smad3 binding site were introduced
into complementary oligonucleotides, which were used as PCR
primers. Thermal cycling was performed with the primers and
wild-type reporter constructs as templates according to the manu-
facturerʼs instruction. The sequence of the mutation was con-
firmed by DNA sequencing. One of the two complementary
PCR primers used was: -34 GCACATATAAAGTtTAtTCAaACCCAC-
TGTTTCG11 (lower cases indicate mutations in Smad 3 site,
which is underlined).

RNA isolation and quantitative real-time PCR
Rat livers were kindly provided by Dr. Meszaros (NEOUCOM,

Rootstown, OH). Briefly, 8-week-old male Sprague-Dawley rats
were randomly divided into two groups. Rats were given either
vehicle or a single intraperitoneal. injection of streptozotocin
(STZ) (60 mg/Kg body weight). One week after STZ injection,
hyperglycemia was confirmed in diabetic group by determining
blood glucose level of above 300 mg/dl. Some of these diabetic
rats were then given daily insulin injection (0.5 mg/kg) subcuta-
neously for 6 weeks. The average blood glucose concentrations
(mg/dl) in these three treatment groups were: control: 100 6
2.05; STZ: 402.6 6 54.6; STZ 1 insulin: 285.8 6 58.0. Rats were
then sacrificed. Liver tissues were homogenized and RNA isola-
tion, reverse transcription reactions and real-time PCR were per-
formed as described previously (20). All primers/probe used
were TaqMan Gene Expression Assays (Applied Biosystems).
Relative mRNA expression was quantified using the comparative
CT (Ct) method and expressed as 2 -DDCt.

Chromatin immunoprecipitation assay
Rat livers (?1 g/rat, n 5 5) from the same group were pooled

and homogenized. Cell nuclei were purified and cross-linked in
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formaldehyde. Chromatin immunoprecipitation (ChIP) assays
were performed with ChIP assay kit (Upstate Biotech, Charlottesville,
VA) following manufacturerʼs instruction. Antibodies used were:
Anti-HNF4a (Santa Cruz biotechnology, Santa Cruz, CA); Anti-
Smad3 (Santa Cruz Biotechnology); Anti-FoxO1 (Cell Signaling
Technology, Danvers, MA). PCR primers F: -579 GCTGTGGCTT-
CCTGGTAGATG and R: 12 CCGAAACAGTGGGTCTGACTAG
were used to amplify a 581 bp rat Cyp7a1 promoter region that
contains FoxO1, HNF4a, and Smad3 binding sites.

Statistical Analysis
Real-time PCR results of rat liver mRNA expression are ex-

pressed as mean 6 SEM. Reporter assays were performed in trip-
licates and expressed as mean 6 SD. Studentʼs t-test was used for
statistical analysis. A P value of, 0.05 was considered to be statisti-
cally significant difference between treated and untreated control.

RESULTS

Smad3 stimulates rat Cyp7a1 reporter activity
TGFb1 level is increased in cholestatic liver injury. To

understand the mechanism of previously reported induc-

tion of CYP7A1 activity and bile acid synthesis in chole-
static rat model (6, 7), we studied the effect of TGFb1
on rat Cyp7a1 reporter activity. TGFb1 time-dependently
stimulated rat Cyp7a1 promoter activity (Fig. 1A, left panel).
In contrast, TGFb1 strongly inhibited human CYP7A1 re-
porter activity under the same experimental condition
(Fig. 1A, right panel) (5). We then studied the effect of
cotransfection of Smad2, Smad3, and Smad 4 on rat
CYP7a1 reporter activity. Fig. 1B shows that only Smad3
strongly stimulated the rat Cyp7a1 promoter/reporter ac-
tivity by approximately 16-fold. Smad3 stimulated rat
Cyp7a1 reporter activity in a dose-dependent manner (data
not shown). An analysis of the rat Cyp7a1 proximal pro-
moter sequence identified a potential Smad3 binding se-
quence, -18 AGTCAGAC211, which is identical to the Smad3
binding site in the human collagenase-I promoter (Fig. 2A)
(21). This sequence is not conserved in the human or
mouse CYP7A1 promoter. Electrophoretic mobility shift
assay shows that in vitro synthesized Smad3 binds to this
sequence, and the binding is competed out by unlabeled
Smad3 probe or a consensus Smad3 probe from the
Tinman-4 gene (Fig. 2A). The Smad3 binding activity to

Fig. 1. TGFb1 and Smad3 stimulate rat Cyp7A1 reporter activity. A: Rat Cyp7A1 reporter construct p3644
(0.2 mg, left panel) or human CYP7A1 reporter construct ph-1887 (0.2 mg, right panel) was transfected into
HepG2 cells. Twenty-four h after transfection, cells were treated with 0.1 nM TGFb1 for 6 or 24 h and har-
vested for luciferase activity assays. * Statistically significant difference (P , 0.05), TGFb1-treated vs. non-
treated control. B: Rat Cyp7A1 reporter construct p3644 (0.2 mg) was cotransfected with 0.1 mg expression
plasmids Smad2, Smad3, or Smad4 into HepG2 cells. Cells were harvested for reporter assays 48 h after
transfection. All luciferase activities were normalized to b-gal activity and expressed as relative Luciferase
unit (RLU)/b-gal activity. Experiments are performed in triplicates and results are expressed as mean 6 SD.
* Statistically significant difference (P , 0.05), Smads vs. pcDNA3 empty vector.
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DNA is very weak as reported previously (22). Thus, to
further confirm the functional role of this Smad3 binding
site, we mutated this Smad3 binding site in the rat Cyp7a1
reporter p-344 and performed reporter assays. Fig. 2B
shows that the mutant Cyp7a1 promoter/reporter had
much lower basal activity, which was not stimulated by
Smad3. These results suggest that Smad3 binds to the rat
CYP7A1 promoter and is required for basal transcription

of the rat Cyp7a1 gene. These results provide a molecular
basis for reported induction of Cyp7a1 activity in BDL rats
(6, 7).

Smad3 and FoxO1 synergistically stimulate rat Cyp7a1
promoter/ reporter activity

Smad3 is known to interact with other DNA binding fac-
tors to exert its gene specific transcriptional regulation

Fig. 2. Smad3 binds to rat Cyp7A1 proximal promoter. A: P32 -labeled probes and in vitro translated Smad3
protein were used in electrophoretic mobility shift assay. A probe containing Smad3 binding site from
Tinman-4 gene was used as a positive control. Excess unlabeled probes (503) were used in competition
assays. B: Wild-type or mutant rat Cyp7a1 reporter construct containing mutations in Smad3 binding site
were cotransfected with 0.1 mg Smad3 expression plasmid into HepG2 cells. Cells were harvested for reporter
activity assays 48 h after transfection. Experiments are performed in triplicates and results are expressed as
mean 6 SD. * Statistically significant difference (P , 0.05), Smads vs. pcDNA3 empty vector.

Fig. 3. Smad3 and FoxO1 synergistically stimulate rat Cyp7A1 reporter activity. Rat Cyp7A1 reporter con-
struct p344 (0.2 mg) (A) or human CYP7A1 reporter construct ph-1887 (0.2 mg) (B) were cotransfected with
0.1 mg expression plasmids Smad3 and/or FoxO1 in HepG2 cells as indicated. Cells were harvested for re-
porter assays 48 h after transfection. Experiments are performed in triplicates and results are expressed as
mean 6 SD. * Statistically significant difference (P , 0.05), FoxO1 and/or Smads vs. pcDNA3.
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(22). We have previously shown that FoxO1 binds to an in-
sulin response element in the rat Cyp7a1 promoter and
stimulates rat Cyp7a1 promoter activity (23). Because syn-
ergy between Smad3 and FoxO1 in transcriptional regula-
tion has been established in a group of genes that contain
both Smad3 and FoxO1 binding sites (15, 16), we there-
fore tested if Smad3 and FoxO1 could regulate rat Cyp7a1
synergistically. Fig. 3A shows that FoxO1 alone stimulates
the rat Cyp7a1 reporter activity by ?4-fold, while Smad3
alone stimulates the rat Cyp7a1 reporter by ?15-fold.
When both Smad3 and FoxO1 were cotransfected, the
rat Cyp7a1 reporter activity was induced by ?50-fold.
These results indicate that Smad3 and FoxO1 may act in
synergy to stimulate rat Cyp7a1 gene expression. In con-
trast, human CYP7A1 promoter/reporter activity was
strongly inhibited by cotransfection of Smad3 and FoxO1
(Fig. 3B). As a negative control, Smad3 did not show syn-
ergy with FoxA2 (data not shown), which was also shown to
bind the insulin response element in the rat Cyp7a1 pro-
moter (23). Because HNF4a is a critical activator of both
human and rat Cyp7a1, we next tested if HNF4a had a syn-
ergistic effect on rat Cyp7a1 stimulated by Smad3 and
FoxO1. Interestingly, reporter assays revealed synergistic

stimulation of the rat Cyp7a1 reporter by HNF4a and
FoxO1, and HNF4a and Smad3 (Fig. 4A). When three
transcriptional factors were cotransfected together, the
rat Cyp7a1 reporter was maximally stimulated. We next
mutated HNF4a, FoxO1, or Smad3 binding site in the
rat Cyp7a1 reporter construct and performed reporter as-
says to evaluate the relative importance of each of these
three transcriptional factors in the rat Cyp7a1 gene expres-
sion. As shown in Fig. 4B, Smad3 showed a stronger stimu-
latory effect on the wild-type rat Cyp7a1 reporter than
HNF4a or FoxO1. Interestingly, mutation of the HNF4a
binding site not only abolished HNF4a stimulation of
the reporter activity, but also attenuated the stimulating
effect of FoxO1 and HNF4a. Similarly, mutation of the
FoxO1 binding site significantly reduced HNF4a and
Smad3 stimulation of the reporter activity. When the
Smad3 binding site was mutated, the HNF4a and FoxO1
stimulatory effects were almost abolished. These results
indicate that the synergy between FoxO1, Smad3, and
HNF4a are critical in rat Cyp7a1 gene expression, and
Smad 3 plays a central role in coordinating transcriptional
regulation of the rat Cyp7a1 gene. Disruption of such a
transcriptional complex by inhibiting any of these tran-

Fig. 4. Rat Cyp7A1 is stimulated by Smad3/FoxO1/
HNF4a. A: Rat Cyp7A1 reporter p344 (0.2 mg) was
cotransfected with Smad3, FoxO1, and/or HNF4a
in HepG2 cells as indicated for reporter assays. The
FoxO1, HNF4a, and Smad3 binding sites in rat
Cyp7a1 gene promoter are illustrated. B: Wild-type or
rat Cyp7A1 reporter constructs containing mutations
in Smad3, FoxO1, or HNF4a binding site (0.2 mg)
were cotransfected with FoxO1, Smad3, or HNF4a.
Cells were harvested for reporter assays 48 h after
transfection. Experiments are performed in triplicates
and results are expressed as mean6 SD. * Statistically
significant difference (P, 0.05), FoxO1, Smads, and/
or HNF4a vs. pcDNA3 empty plasmid.
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scriptional factors will result in strong repression of rat
Cyp7a1 gene expression.

TNFa counteracts Smad3 stimulation of rat Cyp7a1
reporter activity

Since proinflammatory cytokines (TNFa and IL-1b) are
known to antagonize TGFb1-induced gene expression
(24), and TNFa and IL-1b rapidly inhibit CYP7A1 gene ex-
pression (3, 25, 26), we studied the effect of TNFa on
TGFb1 regulation of Cyp7a1 reporter activity. TGFb1 stim-
ulated, whereas TNFa (50 ng/ml) repressed, rat Cyp7a1
reporter activity as expected (Fig. 5A, left panel). Addition
of TNFa attenuated TGFb1 stimulation of rat Cyp7a1 re-
porter activity. TGFb1 or TNFa repressed human Cyp7a1
reporter activity as expected (Fig. 5A, right panel). Combi-

nation of TNFa and TGFb1 strongly repressed human
CYP7A1 reporter activity. IL-1b had the same effect as
TNFa (data not shown). Studies have shown that TNFa
activates cJun, which interacts with and inhibits Smad-
dependent gene expression (24). Fig. 5B shows that co-
transfection of cJun partially repressed Smad3 stimulation
of rat Cyp7a1 reporter activity. These results showed that
TNFa antagonized TGFb1 stimulatory effect on rat Cyp7a1
gene transcription, and this effect is at least in part medi-
ated by TNFa induction of c-Jun-Smad3 interaction.

Insulin blocks FoxO1 and Smad3 stimulation of
rat Cyp7a1

It has been reported for a long time that insulin inhibits
Cyp7a1 expression and bile acid synthesis in rat livers (27).

Fig. 5. TNFa antagonizes TGFb1 stimulation of rat Cyp7A1 reporter activity. A: Rat Cyp7A1 reporter con-
struct p344 (0.2 mg, left panel) or human CYP7A1 reporter construct ph-1887 (0.2 mg, right panel) was trans-
fected into HepG2 cells. Twenty-four h after transfection, cells were treated with 0.1 nM TGFb1 or 50 ng/ml
TNFa as indicated for 24 h and harvested for luciferase activity assays. * Statistically significant difference
(P , 0.05), TGFb1 and/or TNFa vs. untreated control. ** Statistically significant difference (P , 0.05),
TGFb 1 TNFa vs. TNFa. B: Rat Cyp7A1 reporter construct p-344 (0.2 mg) was cotransfected with 0.1 mg
c-Jun or Smad3 into HepG2 cells. Cells were harvested for reporter assays 48 h after transfection. Experi-
ments are performed in triplicates and results are expressed as mean6 SD. * Statistically significant difference
(P , 0.05), cJun and/or Smad3 vs. pcDNA3 empty plasmid. ** Statistically significant difference (P , 0.05),
Smad3 1 cJun vs. Smad3.
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However, the underlying mechanism of insulin inhibition
of Cyp7a1 activity is still not fully understood. Recent stud-
ies show that insulin signaling activates AKT/PKB, which
phosphorylates and inhibits FoxO1 activity (17). We there-
fore tested if insulin inhibition of FoxO1 activity could im-
pair FoxO1/Smad3/HNF4a synergistic stimulation of rat
Cyp7a1 and thus result in inhibition of rat Cyp7a1 gene
transcription. Reporter assays show that insulin treatment
(100 nM) or adenovirus-mediated gene transfer of a con-
stitutively active form of AKT1 inhibited basal rat Cyp7a1
reporter activity and prevented FoxO1 and Smad3 stimula-
tion of the rat Cyp7a1 reporter activity (Fig. 6A and 6B).

We then assayed Cyp7a1 mRNA expression levels in
STZ-induced diabetic rats. Cyp7a1 mRNA expression was
strongly induced in the livers of STZ-induced type-I dia-
betic rats. Daily administration of insulin to the diabetic
rats inhibited the Cyp7a1 mRNA expression in rat livers
(Fig. 7A). These results are consistent with study reported
25 years ago that bile acid synthesis and cholesterol 7a-
hydroxylase activity were induced in diabetic rats (27).
ChIP assays showed that FoxO1 binding to the Cyp7a1 pro-
moter was increased in livers of STZ-treated rats, while
insulin administration reduced FoxO1 binding to the con-
trol level (Fig. 7B). Smad3 or HNF4a binding to Cyp7a1
chromatin was not altered significantly in each group of
rats. These results suggest that insulin may inhibit the
Cyp7a1 gene in rat livers by inhibiting FoxO1 activity
and thus reduces its synergistic activation with Smad3 and
HNF4a on Cyp7a1 gene transcription.

DISCUSSION

This study shows that Smad3 is a major activator of rat
Cyp7a1 gene transcription. Smad3 binds to a consensus

sequence (nt -23 to -11) in the core promoter and may
be essential for basal transcription of the rat Cyp7a1 gene.
Smad3 interacts with HNF4a and FoxO1, which bind to
the previously identified bile acid response element-II
(-146 to -132), and an upstream insulin response element
(-286 to -280), respectively (3). The observed strong syn-
ergy of Smad3, FoxO1, and HNF4a may explain much
higher Cyp7a1 activity and rate of bile acid synthesis in rats
than other species. The rat Cyp7a1 may be a new member
of the “FoxO-Smad synexpression group” recently identi-
fied (16). The synchronized regulation of rat Cyp7a1 gene
expression by insulin and TGFb1/Smad pathways may pro-
vide a balanced and rapid adaptive response to diverse cel-
lular signals in hepatocytes. The insulin and TGFb1/Smad
signaling pathways may antagonize each other to control
the rate of bile acid synthesis during liver regeneration,
proliferation, and injury. In the human CYP7A1 gene pro-
moter, Smad3 and FoxO1 sites are not conserved, and
Smad3 and FoxO1 interact with HNF4a as a corepressor
that inhibits human CYP7A1 and bile acid synthesis as a
protection against cholestatic liver injury (5, 23).

It is well established that FoxO1 activity is inhibited by
insulin signaling via a mechanism involving FoxO1 phos-
phorylation and nuclear exclusion (17). In this study we
found that insulin or a constitutively active form of Akt1
inhibited FoxO1 and Smad3 activation of rat Cyp7a1 pro-
moter activity. In addition, livers from STZ-induced type-I
diabetic rats showed enhanced FoxO1 binding to Cyp7a1
chromatin and elevated Cyp7a1 mRNA expression, which
were inhibited by insulin administration. These results are
consistent with previous reports that insulin inhibits cho-
lesterol 7a-hydroxylase activity and mRNA expression in
rats (27, 28). Proinflammatory cytokines inhibit CYP7A1
and bile acid synthesis. In this study we show that TNFa
signaling also antagonizes TGFb1 signaling to inhibit rat

Fig. 6. Insulin inhibits FoxO1 and Smad3 stimulation of rat Cyp7A1 gene expression. A: Rat Cyp7A1 re-
porter p344 (0.2 mg) was cotransfected with Smad3 and/or FoxO1 into HepG2 cells. Twenty-four h after
transfection, cells were either treated with insulin (100nM) for 24 h or harvested for luciferase activity assays.
* Statistically significant difference (P , 0.05), insulin-treated vs. vehicle control. B: Rat Cyp7a1 reporter
p344, Smad3, and FoxO1 were cotransfected as in A. Cells were infected with adenovirus (MOI 5 10) ex-
pressing either GFP or constitutively active Akt1 for 48 h. The inset figure indicates increased Akt1 expres-
sion by western blot analysis. Cells were harvested for reporter assays 48 h after transfection. Experiments
are performed in triplicates and results are expressed as mean 6 SD. * Statistically significant difference
(P , 0.05), AdAKT1-transfected vs. AdGFP control.
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Cyp7a1 gene transcription. Fig. 8 illustrates a model of sig-
naling crosstalks of the insulin/FoxO1, TGFb1/Smads and
TNFa/cJun pathways in coordinated regulation of bile
acid synthesis and fibrogenesis. During liver injury and
fibrogenesis, TGFb1 released from HSC activates Smad3,
which stimulates Cyp7a1 gene expression and bile acid
synthesis. Insulin signaling activates PI3K/PDK and AKT/
PKB, which inhibit FoxO1 and Smad3 interaction, thus
antagonizes TGFb1 signaling regulation of Cyp7a1 gene
expression. PI3K/PDK and AKT/PKB have been shown
to directly interact with and inactivate Smads (29–32). In
acute phase responses, rapid release of TNFa from Kupffer
cells may activate MAPK/JNK signaling to attenuate TGFb1
stimulation of Cyp7a1 gene expression in rats. The cross-
talks of these three cell signaling pathways may play critical
roles in regulation of bile acid synthesis in liver injury, fibro-
genesis, and liver regeneration.

Currently, the mechanism of CYP7A1 regulation during
obstructive cholestasis is still not fully understood. Previous
studies have shown that Cyp7a1 gene expression is para-
doxically increased in long-term BDL rat and mouse mod-
els (6–8). A recent study reported that Cyp7a1 mRNA
expression dramatically decreased 2 days after bile duct
ligation in mice (33). Another study reports rapid repres-
sion of Cyp7a1 expression after partial hepatectomy and
return to normal levels 7 days after partial hepatectomy
in mice (34). The early repression of CYP7A1 gene expres-
sion could be due to rapid induction of TNFa as an acute
response to liver injury. In chronic liver injury, both hepa-
tocytes and nonparenchymal cells secrete various growth
factors that mediate hepatocyte proliferation, regenera-
tion, and fibrogenesis. Some of these factors such as
TGFb1 may positively regulate Cyp7a1 expression to in-
crease bile acid synthesis, which activates FXR to stimulate
liver regeneration (34). FXR induces a negative nuclear re-
ceptor, small heterodimer partner to inhibit Cyp7a1 expres-
sion in the liver (35). Recent studies suggest that bile acids
activate intestinal FXR to induce fibroblast growth factor
15, which is transported to the liver to inhibit Cyp7a1 ex-
pression (8). This recent finding confirmed a hypothesis
that bile acids induced an intestinal factor that inhibited
hepatic bile acid synthesis, which was based on the observa-
tion that hepatic Cyp7a1 gene expression was repressed by
intraduodenal, but not intravenous or portal infusion of
bile acids in rats (36). Thus, reduced fibroblast growth factor
15 signaling in hepatocytes due to blockage of enterohepatic
circulation may also contribute to positive regulation of
Cyp7a1 in rodent models of obstructive cholestasis. It
has been reported that bile acid synthesis is reduced but
CYP7A1 mRNA and enzyme activity are not decreased in
a study of a small number of human patients with obstruc-
tive cholestasis (37). Cholestasis in human patients could
be caused by many different pathological conditions such
as bile duct stones, tumors, drugs, genetic diseases, etc.
These pathological conditions may alter CYP7A1 expres-
sion and bile acid synthesis by different mechanisms.
Further studies of cholestatic patients of liver injury are
needed to understand the complex interaction of proin-
flammatory cytokines, growth factors, and nuclear receptors
in regulation of CYP7A1 and bile acid synthesis in humans.

Fig. 7. FoxO1 mediates insulin inhibition of Cyp7a1 in
rat livers. A: Real-time PCR assays of Cyp7a1 mRNA ex-
pression in the livers of rats of control, streptozotocin
(STZ), or STZ plus insulin group. Results are expressed
as mean 6 SEM. Studentʼs t-test was used to compare
two groups. A P value, 0.05 was considered to be signifi-
cant. * Statistically significant difference (P , 0.05, n 5
5), STZ-treated vs. vehicle control; ** statistically signifi-
cant difference (P , 0.05, n 5 5), STZ 1 insulin vs.
STZ. B: Rat liver nuclei were used in chromatin immuno-
precipitation (ChIP) assay. ChIP assays were performed
as described in Materials and Methods. Ten percent
lysate was used as “input”. Nonimmuno IgG was used
as background control. PCR amplified DNA fragments
were analyzed on agarose gel.

Fig. 8. A model of insulin/FoxO1, TGFb1/Smad, and TNFa/cJun
signaling pathway crosstalk in coordinated regulation of bile acid
synthesis in the cholestatic liver injury, fibrogenesis, and regeneration.
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In summary, this study identified a distinct regulatory
mechanism of rat Cyp7a1 by Smad3 and FoxO1, which
may be implicated in the regulation of bile acid synthesis
in diabetes and liver fibrosis. This study also suggests that
proinflammatory cytokines released from Kupffer cells and
TGFb1 released from HSC cells also crosstalks to regulate
bile acid synthesis, fibrogenesis, and liver regeneration to
maintain hepatic bile acid homeostasis.

T. Li is a recipient of the American Heart Association postdoc-
toral fellowship from the Great River Affiliate of AHA.
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