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ABSTRACT
Purpose To investigate protective effects of alisol B 23-
acetate (AB23A) against hepatotoxity and cholestasis induced
by 17α-ethinylestradiol (EE) in association with farnesoid X
receptor (FXR) activation in vivo and in vitro.
Methods The cholestatic liver injury model was established by
subcutaneous injections of EE in C57BL/6 mice. Serum bio-
markers, bile flow assay andH&E staining were used to identify
the amelioration of cholestasis after AB23A treatment. Mice
primary hepatocytes culture, gene silencing experiment, real-
time PCR and Western blot assay were used to elucidate the
mechanisms underlying AB23A hepatoprotection.
Results AB23A treatment protected against liver injury in-
duced by EE through increasing hepatic efflux and reducing
uptake of bile acid via an induction in efflux transporters (Bsep
and Mrp2) and an inhibition in hepatic uptake transporter
(Ntcp) expression. AB23A also reduced bile acid synthesis
through repressing Cyp7a1 and Cyp8b1, and increased bile
acid metabolism through an induction in gene expression of
Sult2a1. We further demonstrated that the changes in trans-
porters and enzymes, as well as ameliorative liver histology in
AB23A-treated mice were abrogated by FXR antagonist
guggulsterone in vivo and were abrogated after FXR was si-
lenced in vitro.
Conclusions AB23A produces protective effects against EE-
induced cholestasis, due to FXR-mediated gene regulation.
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ABBREVIATIONS
AB23A Alisol B 23-acetate
ALP Alkaline phosphatase
Bsep Bile salt export pump
CAR Constitutive androstane receptor
CDCA Chenodeoxycholic acid
Cyp7a1 Cholesterol 7α-hydroxylase
Cyp8b1 Sterol-12α-hydroxylase
EE 17α-ethinylestradiol
Fgf15 fibroblast growth factor 15
FXR Farnesoid X receptor
GS Guggulsterone
H&E Haematoxylin & eosin
Mrp2 Multidrug resistance-related protein 2
Ntcp Na+/taurocholate cotransporting polypeptide
PXR Pregnane X receptor
Shp Small heterodimer partner
Sult2a1 Hydroxysteroid sulfotransferase 2a1
Ugt1a1 UDP-glucuronosyltransferase 1a1

INTRODUCTION

Estrogen–induced cholestasis is one of the most common and
devastating manifestations in many conditions of susceptible
women, such as pregnancy, administration of oral contracep-
tives, or postmenopausal hormone replacement therapy (1–3).
Since therapeutic drug for treating estrogen–induced cholestasis
are limited, there is an urgentmedical need to develop drugs that
can protect against cholestatic liver injury. 17α-ethinylestradiol
(EE) is a hepatotoxicant widely used in rodents to examine mo-
lecular mechanisms involved in estrogen-induced cholestasis.
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Decreases in bile flow and bile acid synthesis induced by EE,
have been demonstrated to be related with the changes in trans-
porters and enzymes involved in bile acid homeostasis (4).
Therefore, appropriate regulation of hepatobiliary transporters
and enzymes has provided a novel strategy to treat cholestatic
disorders.

Bile acid homeostasis has been shown to be tightly regulated
by nuclear receptors and their target genes. FarnesoidX receptor
(FXR), a member of the nuclear receptor superfamily of intra-
cellular ligand-activated transcription factors, is highly expressed
in the liver, intestine, kidney and adrenals (5, 6). FXR has been
reported to play a critical role in bile acid homeostasis (7–9).
FXR activation transiently induces the expression of small het-
erodimer partner (Shp) and fibroblast growth factor 15 (Fgf15) in
mice, and elevated levels of Shp and Fgf15 in turn lead to tran-
scriptional repression of genes involved in bile acid synthesis (10,
11). In addition, FXR can down-regulate Na+/taurocholate
cotransporting polypeptide (Ntcp), which prevents bile acids up-
take into hepatocytes, and induce expression of bile salt export
pump (Bsep), which increases bile acid efflux from the liver into
bile. Therefore, FXR regulates synthesis and transport of bile
acid and protects against bile acid accumulation-induced hepatic
toxicity.

Alisol B 23-acetate (AB23A), is a triterpenoid that exists
naturally in medicinal plants. Its chemical structure is shown
in Fig. 1. Many pharmacological studies have revealed that
AB23A has several pharmacological activities, such as anti-
hepatitis virus, anti-proliferative activity of cancer cell lines
and antibacterial effects (12–14). Recently, we have demon-
strated that AB23A has promotive effect on liver regeneration
and protective effect through FXR activation in mice (15, 16).
Therefore, an intriguing and important question arises wheth-
er AB23A has hepatoprotective effect on cholestatic liver in-
jury such as EE-induced hepatic toxicity and cholestasis.
Another further question is that whether FXR and its target
genes contribute to its hepatoprotection if AB23A possesses
protective effect against EE-induced cholestatic liver injury.

In the present study, we aimed to investigate the hepato-
protective effects of AB23A on EE-induced hepatotoxicity
and cholestasis in mice, and further to explore the potential
mechanisms in vivo and in vitro.

MATERIALS AND METHODS

Materials

AB23A (purity > 98%) was purchased fromChengduMust Bio-
technology Co., Ltd. (Chengdu, China). EE, chenodeoxycholic
acid (CDCA), pregnenolone 16α-carbonitrile (PCN), 1,4-Bis
[2-(3,5-dichloropyridyloxy)] benzene (TCPOBOP) and
guggulsterone (GS) were purchased from Sigma-Aldrich (St.

Louis, MO). All biochemical indicators kits and other chemicals
were commercially available.

Animals and Treatments

All animal maintenance and treatment protocols were in ac-
cordance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the National
Institutes of Health and were approved by the Institutional
Animal Care and Use Committee at Dalian Medical
University, Dalian, China. Male C57BL/6 mice (8–9 weeks)
were housed in laboratory animal facilities under a 12-h light/
dark cycle with access to standard chow and water ad libitum.
AB23A (7.5, 15 or 30 mg/kg) or vehicle (10% hydroxypropyl-
beta-cyclodextrin in 500 mM phosphate pH 7.0) alone was
treated to mice by oral gavage once daily for 7 days. Since the
3rd day, 4 h after AB23A or vehicle treatment, mice received
subcutaneous injections of EE (10 mg/kg) or vehicle (80% 1,
2-propanediol with 0.15% NaCl) once daily for 5 successive
days. GS was dissolved in 100 mM DMSO and diluted in
methylcellulose 1% as previously described (17). The mice
were injected intraperitoneally with 10 mg/kg of GS 4 h be-
fore vehicle or AB23A administration every time. GS admin-
istration time is 7 days, which is same to duration time of
AB23A administration. On the 7th day, 4 h after EE or vehi-
cle administration, mice were sacrificed. Blood, liver and in-
testine were collected.

Serum Biochemistry and Biliary Bile Acids Analysis

Serum alanine aminotransferase (ALT), aspartate amino-
transferase (AST), alkaline phosphatase (ALP), γ-
glutamyltranspeptidase (γ-GTP), total bilirubin and biliary
total bile acids were analyzed using commercial kits according
to the manufacturer’s protocols.

Fig. 1 The chemical structure of AB23A.
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Histopathology

Liver fragments were fixed in 10% neutral buffered formalin,
embedded in paraffin, sliced for 5 μm, stained with H&E
using standard protocols and examined microscopically for
structural changes.

Surgery for Bile Collection and Bile Flow
Measurements

On the 7th day, surgery for bile collection was per-
formed between 9:00 am and 11:00 am to minimize
influence of circadian variations. Animals were anesthe-
tized with a single dose of pentobarbital (50 mg/kg
body weight) and maintained under this condition
throughout the experiments. The gallbladder of mice
was cannulated with PE-10 polyethylene tubing
(Becton, DicKinson and Co., Franklin Lakes, NJ). The bile
was collected every 20min for 1 h when mice were kept under
anesthesia at 37°C. Bile volume was determined gravimetri-
cally with the density of 1.0 g/mL.

Mice Primary Hepatocytes Culture

Two-step collagenase digestion method was used to isolate
hepatocytes from C57BL/6 mice as described previously
(18). The isolated hepatocytes were cultured with the william’s
E medium containing 10% heat-inactivated fetal bovine se-
rum, 0.1 μM dexamethasone, 1× insulin-transferrin-
selenium-sodium pyruvate solution and 1× glutamine, and
incubated for 4 h. Then hepatocytes were incubated with
the fresh medium and were cultured for 10 h to a density of
6×105 cells per dish.

RNA Silencing Experiment

Twelve hours later, mice primary cultured hepatocytes were
transiently transfected 200 nM siRNA targeting at mouse
FXR (siGENOME SMARTpool, Dharmacon) or negative
control siRNA using lipofectamine™ 2000 (Invitrogen,
Carlsbad, USA) and 5 μM AB23A was added to the culture
medium for 48 h. After that, the cells were harvested for
quantitative real-time PCR.

Quantitative Real-Time PCR

Total RNAs from mouse hepatic, intestinal tissue or mice
primary hepatocytes were extracted by RNAiso Plus reagent
(TaKaRa Biotech, Dalian, China) according to the manufac-
turer’s instructions. Total RNAs (1 μg) was reverse-
transcribed to cDNA using PrimeScript RT reagent kit
(TaKaRa Biotech, Dalian, China). The levels of mRNA ex-
pression were quantified using SYBRGreen PCRMasterMix

and an ABI prim 7500 Sequence Detection System (Applied
Biosystems, USA). The quantity of mRNA was normalized
with an internal standard mouse β-actin. The sequence of
the primers in mice is shown in Table I.

Protein Isolation and Western Blot

Liver tissues were homogenized in protein lysis buffer contain-
ing 1 mM PMSF. Fifty μg of total protein were resolved with
8–12% SDS-PAGE and transferred onto PVDF membranes.
After blocking with 5% nonfat dry milk in Tris-buffered sa-
line, membranes were incubated overnight with primary an-
tibodies, including Bsep (H-180), Mrp2 (H-17) and Ntcp
(M-130) (Santa Cruz Biotechnology, Santa Cruz, CA).
Specific bands were detected by an enhanced chemilumines-
cence (ECL)method using Bio-SpectrumGel Imaging System
(UVP, USA).

Statistical Analysis

Data are expressed as means ± S.D. Statistical analysis
between two groups were performed by a Student's t
test and multiple comparisons were performed by a
one-way ANOVA. P<0.05 was considered statistically
significant.

RESULTS

AB23A Protects Against Hepatotoxicity
and Cholestasis Induced by EE

Serum ALP and total bile acids, the biochemical indicators of
hepatotoxicity and cholestasis, in mice orally administered
vehicle, 7.5, 15 or 30 mg/kg of AB23A respectively, indicated
significant difference. These two indicators were increased in
vehicle-treated EE mice and were significantly reduced by
AB23A treatment in a dose-dependent manner (Fig. 2a–b).
CDCA is a known FXR agonist used as a positive control
drug. Other biochemical indicators of liver function such as
serum ALT, AST, γ-GTP and total bilirubin were not signif-
icantly changed by EE (data not shown), which is consistent
with previous report (19). To further investigate the protective
effect of AB23A, the effect of different doses of AB23A on bile
flow and biliary bile acid output was determined. The bile
flow rate was decreased in mice with EE administration, how-
ever, the EE-suppressed bile flow was significantly ameliorat-
ed in AB23A-treated mice (Fig. 2c). Besides, AB23A orally
administration dose-dependently reversed the EE-induced
the decrease in biliary bile acid output (Fig. 2d). Since the best
protective effect was observed in the high-dose group,
30 mg/kg of AB23A was used for the subsequent studies.
The histological assessments further indicated hepatotoxicity

3690 Meng et al.



induced by EE. H&E stained liver sections showed a
large number of inflammatory cells infiltration in
vehicle-treated EE mice. In comparison, the scope of
inflammatory cells infiltration was reduced by AB23A
and CDCA treatment (Fig. 2e). Taken together, these
results suggested that AB23A can provide remarkable
protection against hepatotoxicity and cholestasis induced
by EE in mice.

AB23A Alters Gene and Protein Expression of Hepatic
Transporters Involved in Bile Acid Transport

To elucidate the mechanism underlying alleviated EE-
induced hepatotoxicity and cholestasis in AB23A-treated
mice, we examined the expression of hepatic key genes which
are involved in bile acid homeostasis. Firstly, we determined
expression of the canalicular efflux transporter Bsep and mul-
tidrug resistance-related protein 2 (Mrp2), both of which are
responsible for transporting hepatic bile acid into bile and
constitute the limiting step of bile acid efflux. Bsep and
Mrp2 expression levels were reduced by 59 and 27% respec-
tively by EE. The decreases in expression of Bsep and Mrp2
lead to the decreases in bile flow and biliary bile acid output in
mice after EE administration. AB23A treatment increased
Bsep and Mrp2 gene expression, which resulted in ameliorat-
ed cholestasis (Fig. 3a–b). Next we determined the expression
of basolateral uptake transporter Ntcp which is involved in
bile acid uptake into hepatocytes in mice. Fig. 3c illustrated
that EE markedly decreased the expression of Ntcp and
AB23A treatment further enhanced the down-regulation of
Ntcp. To confirm the quantitative real-time PCR results re-
garding changes in transporter gene, we further determined
the protein levels using Western blotting analysis. As shown in
Fig. 3d, AB23A treatment caused increases in Bsep,Mrp2 and
a decrease in Ntcp protein levels. Together, the above results

suggested that hepatoprotection of AB23A against EE was
due to up-regulation of Bsep, Mrp2 and down-regulation of
Ntcp, resulting in an increase in efflux and a decrease in influx
of bile acid in liver.

AB23A Decreases Expression of Bile Acid Synthetic
Enzymes

Besides the above transporters, bile acid synthetic enzymes are
also involved in bile acid homeostasis. To further elucidate the
mechanism of hepatoprotective effect of AB23A, we determined
expression levels of enzymes in bile acid synthesis. A decrease in
the gene expression of cholesterol 7α-hydroxylase (Cyp7a1), the
rate-limiting enzyme in bile acid synthesis, was observed in
vehicle-treated EE mice. Sterol-12α-hydroxylase (Cyp8b1), an-
other bile acid synthetic enzyme, was also decreased by EE
(Fig. 4a). The alterations in bile acid synthetic enzymes may be
adaptive regulation to limit hepatotoxicity induced by EE.
Cyp7a1 and Cyp8b1 gene expression were further reduced by
AB23A treatment. We further determined the expression of he-
patic Shp and intestinal Fgf15, which are essential for regulating
bile acid biosynthesis by repressing Cyp7a1 and Cyp8b1. Shp
and Fgf15 expression were increased by EE and was further
induced by AB23A treatment (Fig. 4b). Taken together, these
results indicated that AB23A through Shp and Fgf15 induction
repressed Cyp7a1 and Cyp8b1 expression, resulting in a de-
crease in bile acid synthesis.

AB23A Increases Expression of Enzyme Involved in Bile
Acid Metabolism

Detoxification of bile acid in mice was mainly mediated
through phase I enzymes such as Cyp3a11 and Cyp2b10,
and phase II enzymes such as hydroxysteroid sulfotransferase
2a1 (Sult2a1) and UDP-glucuronosyltransferase 1a1

Table I The Primer Sequences Used for Real-Time PCR Assay in Mice

Gene GenBank accession Forward primer (5’-3’) Reverse primer (5’-3’)

Ntcp U95132.1 GCATGATGCCACTCCTCTTATAC TACATAGTGTGGCCTTTTGGACT

Bsep NM_021022.3 AGCAGGCTCAGCTGCATGAC AATGGCCCGAGCAATAGCAA

Mrp2 NM_013806.2 AACTGCCTCTTCAGAATCTTA GCCAGCCACGGAACCAGCTGCT

Cyp7a1 NM_007824.2 CAAGAACCTGTACATGAGGGAC CACTTCTTCAGAGGCTGCTTTC

Cyp8b1 NM_010012.3 CCCCTATCTCTCAGTACACATGG GACCATAAGGAGGACAAAGGTCT

Shp NM_011850.2 GTCTTTCTGGAGCCTTGAGCTG GTAGAGGCCATGAGGAGGATTC

Fgf15 NM_008003.2 GAGGACCAAAACGAACGAAATT ACGTCCTTGATGGCAATCG

Cyp3a11 NM_007818.3 CCACCAGTAGCACACTTTCC TTCCATCTCCATCACAGTATCA

Cyp2b10 NM_009999.4 CAATGGGGAACGTTGGAAGA TGATGCACTGGAAGAGGAAC

Sult2a1 NM_001111296.2 GGAAGGACCACGACTCATAAC GATTCTTCACAAGGTTTGTGTTACC

Ugt1a1 NM_201645.2 TCTGAGCCCTGCATCTATCTG CCCCAGAGGCGTTGACATA

β-actin NM_007393.3 TATTGGCAACGAGCGGTTC ATGCCACAGGATTCCATACCC
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(Ugt1a1). PCN and TCPOBOP, a PXR or CAR agonist
respectively, are used as positive control drugs. Sult2a1 has
been shown to be a downstream target gene of FXR. As illus-
trated in Fig. 5, EE induced the mRNA expression of
Cyp3a11 and Sult2a1 by 37 and 42% respectively, whereas
the mRNA levels of Cyp2b10 and Ugt1a1 were not changed.
In comparison, the Cyp3a11, Cyp2b10 and Ugt1a1 mRNA
levels were not altered, while Sult2a1 was increased in
AB23A-treated EE mice. These findings suggested that
AB23A can promote bile acid metabolism through inducing
Sult2a1 expression.

The Regulation of Gene Involved in Bile Acid
Homeostasis is Abrogated by FXR Antagonist GS

Since Bsep, Mrp2, Ntcp and genes including Cyp7a1,
Cyp8b1 involved in bile acid synthesis are downstream target
genes of FXR, as well as AB23A has been shown to be an
exogenous activator of FXR (15, 16), we hypothesized that
AB23A may activate FXR to regulate gene expression in bile
acid homeostasis. To verify this hypothesis, we blocked FXR
by use of the FXR antagonist guggulsterone (GS) in mice. GS
decreased the gene expression of Bsep and Shp, which are the

Fig. 2 Hepatoprotection of AB23A against EE-induced hepatotoxity and cholestasis. Serums ALP (a) and total bile acids (b) levels elevated by EE were
significantly reduced by treatment with different doses of AB23A. The bile flow rate (c) was decreased in mice over 60 min by EE, and was significantly
ameliorated in AB23A-treated mice. Besides, EE decreased biliary bile acid output (d) and AB23A orally administration significantly reversed the EE-induced
the decrease in biliary bile acid output. (e) The images of representative H&E stained liver sections (100×magnification) were shown. Areas of inflammatory cells
infiltration were marked by arrows. Data are the mean ± S.D. (n=10). *p<0.05 versus Vehicle + Vehicle; #p<0.05 versus Vehicle + EE.
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classical FXR direct target genes, in AB23A-treated EE mice
(Fig. 6a). Under these conditions, the increase in Mrp2
mRNA and the decreases in Ntcp, Cyp7a1 and Cyp8b1 gene
were abrogated by GS administration (Fig. 6a–b). And GS
also reduced the hepatoprotective effect of AB23A (Fig. 6c).
Taken together, these results clearly demonstrated that
AB23A protected against EE-induced liver injury through ac-
tivating FXR in mice.

The Regulation of FXR Target Gene Expression
by AB23A is Abrogated by FXR Gene Silencing In Vitro

In in vivo experiments, the effects of AB23A on the expression
of FXR target genes had been measured; however, the chang-
es may not be enough to represent the effect of AB23A on
FXR activation. Thus, the effect of AB23A on FXR activation
was subsequently examined using mice primary cultured he-
patocytes by FXR gene silencing experiment in vitro. As shown
in Fig. 7a, the FXR expression was decreased after specific
siRNA targeting FXR mRNA transfection, which was en-
sured byWestern blot analysis. In vitro evidences demonstrated
that the changes in Bsep, Mrp2 and Cyp7a1 induced by
AB23A were abrogated by FXR silencing (Fig. 7b). These
results further demonstrated the involvement of FXR activa-
tion in the hepatoprotective effect of AB23A.

DISCUSSION

Cholestasis results in systemic and hepatic retention of poten-
tially toxic bile acid that causes liver injury, ultimately leading
to biliary fibrosis and cirrhosis (20, 21). Estrogens are well
known to cause cholestasis in susceptible women during preg-
nancy, administration of oral contraceptives and postmeno-
pausal replacement therapy (22, 23). In the present study, we
demonstrated that AB23A had at least three roles in protec-
tion against EE-induced cholestatic liver injury. The first role
is to increase hepatic efflux and decrease uptake of bile acid
through an induction in efflux transporters (Bsep and Mrp2)
and an inhibition in hepatic uptake transporter (Ntcp) expres-
sion. The second role is to reduce hepatic bile acid synthesis
through repressing bile acid synthetic enzymes Cyp7a1 and
Cyp8b1. The third role is to increase bile acid metabolism
through an induction in gene expression of Sult2a1. We also
clarified that the hepatoprotective effect of AB23A against

�Fig. 3 AB23A alters gene and protein expression of hepatic transporters
involved in bile acid transport in EE-induced cholestatic mice. Quantitative
real-time PCR analysis was performed to measure the gene expression of
(a) Bsep, (b) Mrp2 and (c) Ntcp. (d) Western blot analysis was used to
measure Bsep, Mrp2 and Ntcp protein expression. Specific band intensity
was quantified, normalized to β-actin. Data are the mean ± S.D. (n=10).
*p<0.05 versus Vehicle + Vehicle; #p<0.05 versus Vehicle + EE.
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EE-induced cholestatic liver injury was due to FXR-mediated
regulation of above genes.

EE is widely used to cause experimental cholestasis in ro-
dents to examine molecular mechanisms involved in estrogen-
induced cholestasis. The present study clearly demonstrated
that AB23A had the potential to protect against EE-induced
cholestatic liver injury in a dose-dependent manner, as evi-
denced by the ameliorative liver histology and the significant
decreases in serum ALP and total bile acids, as well as the
increases in bile flow and biliary bile acid output (Fig. 2).
Particularly worth mentioning is that EE-induced cholestatic
liver injury has been shown to be related with the decreases in

bile acid efflux in hepatocytes which leads to decreases in bile
flow and biliary bile acid output (4, 24). Therefore, in the
present study, we focused on the effects of AB23A on bile acid
transport, as well as bile acid synthesis and metabolism (or
detoxification).

A variety of transporters and enzymes have been demon-
strated to play crucial roles in hepatic bile acid homeostasis
(25–27). The ATP-binding cassette (ABC) transporters includ-
ing Bsep and Mrp2 are responsible for transporting bile acid
and other organ anions including bilirubin across the canalic-
ular membrane of hepatocytes into bile in mice (28, 29). And

Fig. 4 Effects of AB23A on gene expression of hepatic enzymes involved in
bile acid synthesis in cholestatic mice induced by EE. The gene expression
levels of bile acid synthetic enzymes Cyp7a1, Cyp8b1 (a) and their upstream
genes Shp, Fgf15 (b) were shown. Data are the mean ± S.D. (n=10).
*p<0.05 versus Vehicle + Vehicle; #p<0.05 versus Vehicle + EE.

Fig. 5 Effects of AB23A on gene expression of hepatic enzymes involved in
bile acid metabolism in cholestatic mice induced by EE. Quantitative real-time
PCR analysis was performed to measure the gene expression of metabolic
enzymes including phase I enzymes Cyp3a11 and Cyp2b10 (a), and phase II
enzymes Sult2a1 and Ugt1a1 (b). Data are the mean ± S.D. (n=10).
*p<0.05 versus Vehicle + Vehicle; #p<0.05 versus Vehicle + EE.
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this process constitutes the rate-limiting step in hepatic bile
acid excretion. In the current study, EE reduced Bsep and

Mrp2 expression, resulting in the decreases in bile flow and
biliary bile acid output. In addition, hepatic uptake of bile
acids takes place at the basolateral membrane of hepatocytes
and is mediated through Ntcp in mice (30). Ntcp mediates
Na+-dependent uptake of all physiological bile acid in their
conjugated form. In this study, Ntcp were greatly inhibited by
EE to defense against excessive bile acids entering hepato-
cytes. Through activating FXR, AB23A increased expression
of bile acid export transporter Bsep which is a FXR direct
downstream gene andMrp2, another FXR downstream gene,
and decreased hepatic uptake transporter Ntcp expression
(Fig. 3). Besides transporters, bile acid synthetic enzymes in-
cluding Cyp7a1, Cyp8b1 and bile acid metabolizing enzymes
including Cyp3a11, Cyp2b10, Sult2a1 and Ugt1a1 also play
important roles in bile acid homeostasis. AB23A treatment

Fig. 6 Effects of AB23A on the regulation of genes involved in bile acid homeo-
stasis is abrogated by FXR antagonist GS. (a) The hepatic expression of Bsep, Shp
andMrp2 in mice with vehicle, AB23A, FXR antagonist GS or GS+AB23A. The
changes in expression of (b) Ntcp, Cyp7a1 and Cyp8b1 in AB23A-treated mice
were abrogated by GS. Data are the mean ± S.D. (n=5). *p<0.05 versus EE
only;#p<0.05 versus EE+AB23A. (c) The images of representativeH&E stained
liver sections (100 ×magnification) after GS administration were shown. Areas of
inflammatory cells infiltration were marked by arrows.

Fig. 7 In vitro evidences on FXR activation by AB23A. (a) FXR silencing
efficiency was measured by Western blot. (b) FXR silencing abrogated the
regulation of Bsep, Mrp2 and Cyp7a1 by AB23A in mice primary hepatocytes.
Quantitative real-time PCR analysis was performed to measure the gene
expression. Data are expressed as mean ± S.D. (n=5). *p<0.05 versus
DMSO alone; #p<0.05 versus AB23A alone.
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reduced FXR downstream target genes Cyp7a1 and Cyp8b1
expression via FXR-Shp and FXR-Fgf15 axis, leading to sup-
pressing bile acid synthesis. AB23A treatment further in-
creased Sult2a1 gene expression, while had no effects on gene
expression of Cyp3a11, Cyp2b10 and Ugt1a1 (Fig. 4 and 5).
In our previous study, AB23A treatment was found to reduce
Ntcp, Cyp7a1 and Cyp8b1 expression, while increasing Bsep
and Mrp2 expression in alpha-naphthylisothiocyanate
(ANIT)-induced hepatotoxity model (16). The effects of
AB23A on the expression of genes involved in bile acid ho-
meostasis in EE-induced cholestatic liver injury are similar to
the effects of AB23A in ANIT-induced hepatotoxity and cho-
lestasis in mice. This may be due to the fact that the effects of
AB23A on the regulation of gene expression are related with
FXR activation.

FXR has been proved to be one of the most important
upstream nuclear receptors. It has been demonstrated that
Bsep and Shp are direct target genes of FXR and could be
induced by FXR in rodent livers (31, 32). Shp has been proved
to be the upstream gene of Ntcp, Cyp7a1 and Cyp8b1, and
FXR through inducing Shp, suppresses expression of Ntcp,
Cyp7a1 and Cyp8b1 (33). Fgf15 is an intestinal hormone that
travels to liver where it interacts with its receptor fibroblast
growth factor receptor 4 (Fgfr4) to suppress bile acid synthesis.
Fgf15 is also a FXR target gene and FXR through inducing
Fgf15, suppresses expression of Cyp7a1 and Cyp8b1. Most
importantly, EE was proved to orchestrate adaptive response
by activating FXR, indicating that as the key regulatory tran-
scription factor for bile acid, FXR may become the focus of
targeted therapies in cholestasis (34). We have shown that
AB23A is an exogenous activator of FXR in the previous
studies (15, 16). In the present study, we used FXR antagonist
GS in mice to verify that AB23A activate FXR to regulate
expression level of genes in bile acid homeostasis. The changes
in hepatic gene expression of transporters and enzymes, as
well as ameliorative liver histology in AB23A-treated mice
were abrogated byGS (Fig. 6). To further demonstrate wheth-
er FXR activation is involved in the hepatoprotective effect of
AB23A, FXR gene silencing experiment was performed using
mice primary cultured hepatocytes in vitro. In vitro evidences
demonstrated that the significant regulation of Bsep, Mrp2
and Cyp7a1 by AB23A were abrogated by FXR silencing
(Fig. 7). The ovariectomy has some disadvantageous ef-
fects on somatic function including metabolic distur-
bance in bone, glucose and lipid, etc. Also, ovariectomy
can lead to disorders in immune system and the de-
crease in bone mineral density. The metabolic disorders
may influence the expression of transporters and en-
zymes involved in bile acid homeostasis. In addition, endoge-
nous estrogens have been shown to affect the expression of
transporters and enzymes in vivo. There is no effect of estrogens
in male mice. Therefore, we chose male mice as the investi-
gated subject in the present study.

The FXR-target gene expression levels were elevated by
AB23A treatment in hepatocytes (Fig. 7), but not in vivo (Figs. 3
and 4). This may be due to the fact that the effect of AB23A on
expression levels of FXR-target genes in vivo is influenced by a
variety of factors in the body, such as first-pass effect. When
AB23A with oral gavage firstly pass the intestine and liver,
some portion of AB23A was metabolized by the intestinal or
hepatic enzymes, leading to the decreased AB23A entering
into the blood circulation. Therefore, the effect of AB23A
on regulation of FXR-target gene expression was reduced
in vivo. However, the effect of AB23A inmice primary cultured
hepatocytes is not influenced by other organs in the body.
Therefore, AB23A treatment can affect the FXR-target gene
expression levels in mice primary cultured hepatocytes, but
not in vivo.

In addition to FXR, pregnane X receptor (PXR) and consti-
tutive androstane receptor (CAR) which are two other nuclear
receptors, have been shown to also play important roles in reg-
ulating transporters and enzymes of bile acid (35). However,
AB23A had no effects on gene expression of Cyp3a11 which is
a PXR target gene, and Cyp2b10 which is a CAR target gene in
mice, suggesting that the hepatoprotection of AB23A is not
through PXR and CAR activation.

To preferably observe the hepatoprotective effect of
AB23A, we selected three doses (7.5, 15 and 30 mg/kg) by
repeated administration for 7 consecutive days before mice
sacrifice. The dose of 30 mg/kg is the optimal dose of
AB23A that can play roles in protecting against EE-induced
liver injury in mice. This result may support the potential
therapeutic use of AB23A. And 10 mg/kg of GS is the mini-
mal dose we observed which can efficiently hold AB23A back
from FXR activation in mice.

Despite a large number of basic studies searching for
novel therapeutic agents to protect against cholestastic
liver injury, few options are currently available for clin-
ical use. Our study suggests the possibility that AB23A
may be an effective pharmacological strategy to protect
against cholestasis and improve the prognosis of many patients
after cholestasis.

CONCLUSION

AB23A protects against EE-induced cholestatic liver injury via
activating FXR signaling pathway, resulting in increases in bile
flow through increasing hepatic efflux and metabolism of bile
acids, and decreasing hepatic uptake and synthesis of bile acid.
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