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Abstract
Cholestasis leads to liver cell death, fibrosis, cirrhosis, and eventually liver failure. Despite limited
benefits, ursodeoxycholic acid (UDCA) is the only FDA approved treatment for cholestatic
disorders. Retinoic acid (RA) is a ligand for nuclear receptors, which modulate bile salt
homeostasis. RA also possesses immunomodulatory effects and is used to treat acute
promyelocytic leukemia, and inflammatory disorders such as psoriasis, acne, and rheumatoid
arthritis. To test whether supplementation of RA with UDCA is superior to UDCA alone for
treating cholestasis, male Sprague-Dawley rats underwent common bile duct ligation (BDL) for 14
days and were treated with PBS, UDCA, all-trans RA (atRA), or UDCA+atRA by gavage. UDCA
+atRA treatment substantially improved animal growth rate, significantly reduced liver fibrosis
and bile duct proliferation, and nearly eliminated liver necrosis after BDL. Reductions in bile salt
pool size and liver hydroxyproline content were also seen with atRA and atRA+UDCA treatment
when compared with PBS and UDCA. Further, atRA+UDCA significantly reduced liver mRNA
and/or protein expression of Tgf-β1, Col1A1, Mmp2, Ck19, α-Sma, Cyp7a1, Tnf-α and IL-β1.
The molecular mechanisms of this treatment were also assessed in human hepatocytes, hepatic
stellate cells and LX-2 cells. AtRA alone or in combination with UDCA greatly repressed
CYP7A1 expression in human hepatocytes, and significantly inhibited COL1A1, MMP2, and α-
SMA expression and/or activity in primary human hepatic stellate cells and LX-2 cells.
Furthermore, atRA reduced TGF-β1 induced Smad2 phosphorylation in LX-2 cells. Our findings
indicate that the addition of RA to UDCA reduces bile salt pool size and liver fibrosis, and might
be an effective supplemental therapy with UDCA for cholestatic diseases.
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Chronic cholestasis results in liver fibrosis, cirrhosis, and eventually liver failure and the
need for liver transplantation in disorders such as primary biliary cirrhosis (PBC) and
primary sclerosing cholangitis (PSC). Currently, ursodeoxycholic acid (UDCA) is the only
effective treatment for PBC, but is limited to early stages of the disease(1). In contrast,
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UDCA is of limited or no benefit for patients with PSC and may even be harmful when
given at high dose (25–30 mg/kg)(2). Although much has been learned in recent decades
about the molecular basis of cholestasis and the pathophysiology of hepatic fibrosis, new
therapeutic approaches have been limited(3). Alternative therapies have been tried but have
not been successful based on limited clinical trials, including combinations of UDCA with
immunomodulating drugs(4). Thus there is an urgent need to develop alternative beneficial
treatments for these chronic cholestatic diseases(5;6).

Retinoic acid (RA), a metabolite of vitamin A, is an agonist for the nuclear receptors RARs
and RXRs and is involved in many biological processes, including cell proliferation,
differentiation, and morphogenesis. RA also has immunomodulatory and anti-inflammatory
effects and inhibits the expression of pro-inflammatory cytokines including TNF-α, IL-1β,
and IL-6 in various cell types(7). RA is currently in therapeutic use as an FDA-approved
treatment for acute promyelocytic leukemia and inflammatory disorders such as psoriasis,
acne, and rheumatoid arthritis(8). In addition, RA is known to inhibit activation of isolated
rat hepatic stellate cells (HSC)(9–11). However, this observation has not been verified in
human HSCs. All-trans RA (atRA) has also been reported to have anti-fibrotic effects in bile
duct ligated (BDL) rats, but the molecular mechanisms remain to be elucidated(12).

Recently we reported that RA can repress CYP7A1 expression in HepG2 cells and in
primary human hepatocytes(13). CYP7A1 is the rate-limiting enzyme in converting
cholesterol into bile acids. We also observed that UDCA and atRA had synergistic effects in
promoter reporter assays in activating FXR and PXR. Therefore, we hypothesized that
supplementation of UDCA with RA might be superior to UDCA alone for therapy in
cholestatic disorders. In this report, we tested this hypothesis in vivo in a BDL rat model of
cholestasis and in vitro in primary human hepatocytes, HSCs, and LX-2 cells. Our findings
support the hypothesis and suggest that the addition of atRA to standard therapy with UDCA
might enhance the effectiveness of treatment for chronic cholestatic disorders likely by
reducing bile acid synthesis and pool size and blocking profibrotic TGF-β signaling
pathways.

Materials and Methods
Materials

Chemicals were purchased from Sigma (St. Louis, MO), except where otherwise specified.
Cell culture media DMEM and IMDM, fetal bovine serum (FBS), penicillin/streptomycin,
trypsin and phosphate buffered saline (PBS) were from Invitrogen (Carlsbad, CA). HMM
medium is from Lonza (Walkersville, MD). Matrigel was purchased from BD Sciences
(Bedford, MA). TGF-β1 (240-B) was purchased from R&D Systems (Minneapolis, MN).

Animal experiments
All animal experimental protocols were approved by the local Animal Care and Use
Committee, according to criteria outlined in the “Guide for the Care and Use of Laboratory
Animals” prepared by the National Academy of Sciences, as published by the National
Institutes of Health (NIH publication 86–23, revised 1985). Male Sprague-Dawley rats
(200–230 g) were obtained from Charles River (Wilmington, MA). For experiments with
BDL, rats were randomly divided into five groups, with each containing up to seven
animals. Each day, four animals underwent BDL together with a sham operated animal as a
healthy control. Twenty-four hours post-surgery, the four BDL animals were randomly
assigned to receive daily gavages consisting of either PBS (the treatment control and
solvent), 15mg/kg UDCA (suspended in PBS), 5mg/kg atRA, or UDCA (15mg/kg)
supplemented with atRA (5mg/kg), all for 14 days. The sham controls also received PBS by
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gavage. BDL rats also received 0.5 mg vitamin K qod by subcutaneous injection. Body
weight was measured daily. The animals were sacrificed in random order between 9:00 am –
11:00 am after an overnight fast. Samples of serum, bile (from bile duct cyst in BDL
animals), urine (from bladder), liver, kidney, and ileum (10 cm) were collected for further
analyses.

Serum biochemistry and liver histology
Serum total bilirubin, aminotransferase (ALT), and γ–glutamyl-transpeptidase (GGT) were
analyzed using kits from Thermo Fisher Scientific (Cincinnati, OH). Serum levels of total
cholesterol and HDL were determined by the Analytical Core, Mouse Metabolic
Phenotyping Center at Yale University. Bile salt (3α-hydroxy bile salt) concentrations in
serum, bile, urine and liver tissue were determined using a kit from Trinity BioTech
(Newark, NJ). The bile salt pool size was calculated by adding measurement of bile salt
content in bile, liver and serum (normalized to body weight) (assuming serum as 7.6% of the
body weight). Formalin fixed tissue was embedded in paraffin and sections were stained
with hematoxylin and eosin, and Sirius Red. Liver histology was blindly assessed for
inflammation, necrosis, bile duct proliferation and fibrosis on a 1–4+ scale. Liver
hydroxyproline content was measured as described(14).

Cells isolation and maintenance
All cells were maintained at 37°C in a humidified atmosphere containing 5% CO2. Both
human hepatocytes and hepatic nonparenchymal cell fractions were obtained from the Liver
Tissue Procurement and Distribution System of the NIH (Dr. Stephen Strom, University of
Pittsburgh). Human hepatocytes were maintained as described(13). Human HSCs were
isolated from the nonparenchymal cell fraction using 11% Nycodenz gradient centrifugation
as previously described(15;16). Isolated HSCs were cultured in plastic plate/flasks with
IMDM medium supplemented with 20% FBS and 0.06 μM insulin, 0.1 mM nonessential
amino acids, 1 mM sodium pyruvate, and antibiotic/antifungi solution. When 100%
confluence was nearly reached, the primary cultures were always split at 1:3 for each
passage. Passage 1 cells were characterized by immunofluorescence staining using human
HSC specific markers, including α-SMA, Vimentin, COL I, and Vinculin(17). All the
experiments and phenotype tests were performed using cells from passages 1 to 5. Before
treatment, cells were serum starved for 24h in IMDM. LX-2 cells were a gift from Dr. Scott
Friedman (Mount Sinai Medical Center, New York) and maintained in DMEM containing
10% FBS, 1% penicillin/streptomycin. At 50–70% confluence, LX-2 cells were starved in
serum-free DMEM for 24h, prior to treatment with TGF-β1 and/or atRA in serum-free
DMEM.

Gelatin Zymography
MMP-2 and -9 gelatinase activity was detected as described(18). Briefly, media (30 μl) from
the same number of cells with different treatments were electrophoresed at 4 °C in 8% SDS–
PAGE containing 1 mg/ml of gelatin. After electrophoresis, the gel was washed, developed,
and stained with 0.5% Coomassie Blue R-250. After destaining with water, the gel was
scanned using Odyssey (Li-Cor) and the band intensity was quantified.

Immunofluorescence staining and confocal microscopy
Cells were fixed in 4% paraformaldehyde and permeabilized by methanol. After blocking,
the cells were incubated overnight with anti-Smad2 (1:400) (Cell Signaling Technology).
The secondary antibody was labeled with FITC. Nuclei were stained using Topro-3.
Fluorescent images were taken using a Zeiss LSM 510 confocal microscope.
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Quantitative real-time PCR and Western blot analysis
As described in(13), gene mRNA expression was detected using TaqMan real-time PCR in
an ABI7500 system and protein was analyzed by Western blotting. GAPDH gene was used
as reference to normalize data. The TaqMan primer/probe and antibodies are listed in Table
S2 and S3, respectively.

Statistical Analysis
Data are expressed as means ± standard deviation (SD). Differences between experimental
groups were assessed for significance using the two-tailed Student t-test. A p value of < 0.05
was considered to be statistically significant.

Results
UDCA supplemented with atRA improved growth rate, liver gross appearance and reduced
bile duct cyst size in BDL rats

The growth rates of 14 day BDL animals treated with PBS, UDCA or atRA (Group 2–4,
respectively) were significantly lower than the sham group (Group 1) as expected in animals
undergoing BDL. In contrast, the growth of animals treated with UDCA supplemented with
atRA (Group 5) although slightly less was not significantly different from the sham group
(Table 1A), suggesting that this treatment improved the overall condition of these cholestatic
animals. This beneficial effect was also noted in the gross appearance of the liver at sacrifice
where livers from animals in Group 2 had a rough cirrhotic appearance to their surface. In
contrast, Group 5's liver surface had a smooth and shiny appearance similar to Group 1
(Figure 1A). The appearance of the liver surface of Group 3 was similar to Group 2's, while
the surface of animals in Group 4 was closer to Group 5. In addition, the relative weight of
the livers of Group 5 was significantly smaller than Groups 2 and 3. Smaller livers were also
seen in Group 4 (Table 1A). Notably, the size of the bile duct cyst (volume of bile) from the
livers of Group 5 was significantly smaller than from Group 2 and 3 (Table 1A), suggesting
that less bile was produced in these animals. There were no significant changes in kidney
weight among the BDL groups. As expected, serum ALT and GGT levels were significantly
higher in BDL groups than in the sham controls. Interestingly, ALT levels were further
increased in Group 5, whereas lower GGT levels were seen in Group 4. There were no
significant differences in serum bile salt levels among the BDL animals although higher
serum bilirubin levels and lower serum cholesterol levels were detected in Group 5.

Combination treatment with atRA and UDCA markedly reduced hepatic bile salt levels and
the bile salt pool size in BDL rats

While bile salt concentrations in liver tissues and urine were increased in all BDL groups,
the total amount of bile salts in the liver and bile cysts of Group 4 and 5 were lower. Further,
estimates of the total bile salt pool revealed significantly lower levels in Groups 4 and 5
when compared to Groups 2 and/or 3 (Table 1B).

Combination treatment with atRA + UDCA improved liver histology in BDL rats
BDL in rats is associated with significant increases in liver fibrosis and bile duct
proliferation as confirmed by H&E and Sirius Red staining of liver tissue when scored
without knowledge of treatment. However, Group 4 and 5 had significantly less liver
fibrosis and bile duct proliferation (Figure 1B, C). Blinded assessment also revealed
significantly lower scores for necrosis in Group 4 and 5 with the lowest scores in Group 5.
There was no significant histological difference in inflammation among the BDL groups
(Figure 1B, C).
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AtRA alone or in combination with UDCA reduced the expression of marker genes for liver
fibrosis, duct proliferation, and inflammation in BDL rats

Hydroxyproline analysis revealed significantly lower levels of this fibrosis marker in the
livers of Group 4 and 5 when compared to Group 2 and 3 (Figure 2A), in agreement with the
assessment of hepatic histology. Of particular note, hydroxyproline content in Group 5 was
reduced to levels similar to Group 1. This suggests that addition of atRA to UDCA therapy
greatly reduces the stimulus for fibrosis formation in this rat model of cholestasis.

This notion is supported by gene expression analyses. As illustrated in Figure 2B, mRNA
expression of Tgf-β1, Collagen1a1, matrix metalloproteinase-2 (Mmp-2) and Ck19 were
significantly reduced in the livers in Group 5 and/or 4. Western blot analysis revealed
significant reduction in α-Sma protein expression in the livers of Group 5 when compared to
other BDL groups (Figure 2C).

Although assessment of liver histology did not reveal differences in inflammation among
BDL groups, real-time PCR did detect significant reductions in the mRNA expression of
inflammatory cytokines (TNF-α and IL-1β), which were particularly noted in Group 5
animals (Figure 2D).

Combination treatment with atRA + UDCA significantly repressed Cyp7a1 expression in
BDL rat livers

To investigate the mechanism of the reduced bile acid pool size in UDCA and atRA treated
rats, we analyzed the expression of genes involved in bile acid synthesis and transport in the
liver, ileum and kidneys. Figure 3A demonstrates that hepatic Cyp7a1 mRNA expression
was significantly reduced in Group 5 (33% of the level of Group 2), whereas hepatic Shp
was increased ~ 3-fold in Group 5 despite reductions in Fxr (Nr1h4). Hepatic Fgf15 mRNA
expression was also increased in all BDL groups. These findings confirm the reciprocal
relationship between expression of Cyp7a1 and Shp/Fgf15(19), and may partially explain
the reduced bile acid pool size in Group 5 rats.

Assessment of the expression of bile acid transporters and other bile acid regulatory proteins
revealed no substantial differences in the mRNA and/or protein expression among BDL
groups, whereas increased hepatic Mrp3 but decreased Ntcp and Mrp2 expression were seen
in all BDL groups compared to sham control (Table S1 and data not shown).

There were no substantial changes in ileal Fxr or Ostα mRNA expression, although the ileal
Asbt (Slc10a2) mRNA levels in Group 5 were slightly but significantly lower than Group 2
(68.8% of the control) (Table S1). As bile acids were excluded from the intestine of BDL
rats, substantial reductions in ileal Fgf15 mRNA expression were detected in these animals
compared to sham controls, but there was no significant difference between Group 3 and 5.

In the kidney, BDL resulted in increased mRNA expression of Ostα, Ostβ and Mrp4 as
previously described(20), but the difference between Group 3 and 5 was not significant
(Table S1).

AtRA +/− UDCA inhibits CYP7A1 expression in human hepatocytes
To verify whether UDCA and atRA can synergistically inhibit bile acid synthesis in human
cells, we treated human hepatocytes with atRA and/or UDCA. Compared to the solvent
control, 50 μM UDCA, 1 and 5 μM atRA, reduced CYP7A1 mRNA expression levels to
about 40%, 2%, and <2%, respectively (Figure 3B). Combination of UDCA and atRA (1 or
5 μM) further decreased the levels to <1% of the control. Increased SHP and FGF19
expressions were also seen with these treatments, whereas FXR, BSEP, MRP4, and
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CYP3A4 mRNA were unchanged. This result demonstrates that atRA with or without
UDCA can repress the expression of CYP7A1 in human hepatocytes.

AtRA reduced Col1A1 and MMP2 expression in primary human HSCs and LX-2 cells
independent of UDCA

As atRA alone or in combination with UDCA reduced markers of hepatic fibrosis in BDL
rats, we next examined if this therapy would have similar anti-fibrotic effects in a human
HSC line, LX-2 cells. Fig 4A demonstrates that 24 hrs treatment with 5 μM atRA
significantly repressed TGF-β1 activation of COL1A1 mRNA expression by nearly 50%,
while a modest reduction in MMP2 mRNA expression was also detected. In contrast, UDCA
(50 μM) alone had no significant effect on the expression of these two genes (data not
shown). The combination of atRA with UDCA yielded essentially the same results as atRA
treatment alone (data not shown). Pro-collagen α1(I) and α-SMA protein expression by
Western blot was also reduced in these cells after atRA treatment (Figure 4B). In addition 5
μM atRA significantly reduced MMP2 enzymatic activity after TGF-β1 stimulation, as
assayed by zymography using LX-2 culture medium. In contrast, MMP9 was not changed
by these treatments (Figure 4C).

The anti-fibrotic effect of atRA was further verified in primary human HSCs. Figure 4D
demonstrated that 5 μM atRA alone or in combination with 50 μM UDCA significantly
repressed COL1A1 mRNA expression by more than 50% in these cells, where a reduction in
MMP2 expression was also seen. As in LX-2 cells, 50 μM UDCA alone did not show any
effect in these primary human HSCs either. However, in contrast to LX-2 cells, addition of 2
ng/ml TGF-β1 to the medium of these activated primary human HSCs did not further
stimulate COL1A1 expression (data not shown). Of note, COL1A1 mRNA expression
increased by > 650-fold when comparing cultures from day 1 to day 10 after isolation.
Together, these results indicate that atRA exerts its anti-fibrotic effects in the liver by
repressing COL1A1, α-SMA and MMP2 expression.

AtRA reduced Smad2 phosphorylation in TGF-β1 stimulated LX-2 cells
Phosphorylated Smad2 plays an important role in the activation of TGF-β1 induced
COL1A1 expression(21;22). To assess if RA repression of COL1A1 expression is mediated
through this pathway, we detected the levels of expression and/or phosphorylation of several
proteins involved in the TGF-β1 - Smad2 signaling cascade. Figure 5A demonstrates that
atRA (5μM) markedly reduced TGF-β1 induction of Smad2 phosphorylation in LX-2 cells,
under conditions where the total amount of Smad2 was not changed. AtRA also decreased
the expression of Smad4 in these cells (Fig. 5A), whereas Smad6, Smad7, and TGIF protein
expression was either not changed or was undetectable (data not shown).
Immunofluorescent labeling also demonstrated that the nuclear localization of Smad2
(presumably the activated phosphorylated form) was greatly diminished after treatment with
5 μM atRA (Figure 5B). These results suggest that atRA's inhibitory effect on COL1A1
expression is mediated by blocking TGF-β1-stimulated Smad2 phosphorylation.

Discussion
In this report, we assessed the therapeutic effects of combining atRA with UDCA in vivo in
a BDL cholestatic rat model and in-vitro in human hepatic cells. We demonstrate that
supplementation of atRA (5mg/kg) with UDCA (15mg/kg) has achieved superior effects to
UDCA or atRA treatment alone in BDL rats by 1) improving animal growth and liver
histology, including reducing bile duct proliferation, necrosis, and fibrosis (Table 1A, Figure
1); 2) reducing liver hydroxyproline content and other inflammatory and fibrotic markers
(Figure 2); 3) reducing bile salt pool size (Table 1B). Furthermore, the mechanisms of the
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combination treatment were verified in human hepatic cells, including hepatocytes, HSC and
LX-2 cells (Figure 3 & 4).

Chronic cholestasis leads to liver necrosis, fibrosis and cirrhosis partially due to
accumulation of toxic bile acids in the liver(23). UDCA therapy is based on its properties as
a non-toxic hydrophilic bile acid that reduces the hydrophobicity of the bile acid pool,
thereby reducing bile salt toxicity(24). In addition, UDCA may act as a transcription factor
modulator, for PXR and Nrf2 which regulate the expression of genes involved in bile salt
detoxification and redox signaling(25;26). Furthermore, UDCA is known to have anti-
apoptotic effects in various cell systems(27;28). However, UDCA does not seem to be an
effective modulator of HSC activation, cell proliferation, or immune system pathways.
Recent studies even suggest that UDCA may be harmful in obstructive cholestasis by
increasing biliary pressure and liver necrosis as shown in mouse models of BDL and when
administered in high doses to patients with PSC(2;29). In contrast, RA is not only an
activator for nuclear receptors that play a role in maintaining bile salt homeostasis(13;30),
but also an immunomodulator whose anti-inflammatory properties are used to treat certain
autoimmune diseases(7;8). Because these two compounds have such complimentary
properties, we hypothesized that addition of RA to UDCA treatment might improve hepatic
function in cholestatic liver diseases to a greater extent than UDCA treatment alone. As seen
in this report, this hypothesis is supported by our experimental results.

First, atRA alone or in combination with UDCA greatly repressed CYP7A1/Cyp7a1
expression in BDL rats and human hepatocytes, whereas UDCA alone did not (Figure 3).
The reduction of CYP7A1/Cyp7a1 expression may decrease bile acid synthesis and explain
reduced bile salt pool size in animals with combination treatment, which should be
beneficial in cholestasis. Secondly, the combination treatment significantly decreased the
hepatic expression levels of inflammatory cytokines Tnf-α and IL-1β in BDL rats (Figure 2).
These observations are consistent with previous reports, where RA's anti-inflammatory
effects have been investigated in nonhepatic cells(7). Most importantly, the combination
treatment achieved superior effects to UDCA or atRA alone in reducing necrosis, bile duct
proliferation and fibrosis in the livers of BDL rats (Figure 1). These findings are further
supported by biochemical and gene expression analyses, as markers such as hydroxyproline
content, expression of Mmp2, α-Sma, and Ck19 in the livers of the combination treatment
were significantly decreased when compared to UDCA or atRA treatment alone (Figure 2).
Of note, atRA treatment alone also showed some beneficial effects as reported in other liver
injury models(31). However, to our knowledge, RA has never been tested in patients with
liver fibrosis. To determine whether human cells would show the same response to RA, we
treated human primary HSC and LX-2 cells with atRA and/or UDCA. Once again, UDCA
(50 μM) alone did not have beneficial effects and did not alter the expression of COL1A1,
MMP2, and α-SMA in contrast to 5 μM atRA alone or in combination with UDCA, findings
consistent with the results in the animal studies. Together, these results provide an
explanation of atRA's beneficial effects in human liver cells as well as in the rat model of
cholestasis.

Additional findings into the mechanism of this antifibrotic effect suggest that atRA
suppresses COL1A1 expression via the TGF-β1/Smad signaling pathways. HSCs are the
major target of TGF-β1, which help stimulate the transdifferentiation of HSC into fibrogenic
myofibroblasts(32). TGF-β1 production, as well as IL-6 are up-regulated in myofibroblasts
and proliferating bile duct epithelia after BDL and further contribute to the fibrogenic
process in an autocrine/paracrine manner(33). Down stream signaling in HSC involves
signaling transcription factors Smads 2, 3, and 4. Based on cell culture studies, TGF-β is
thought to mediate activation of Smad2 initially and Smad3 later through phosphorylation
and followed by nuclear translocation of these two proteins(34). Here using LX-2 cells, we
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find that atRA reduced Smad2 phosphorylation in a dose-dependent manner, where Smad4
protein expression was also decreased while other proteins potentially involved in Smad
signaling did not significantly change, including TGIF, Smad6 and Smad7 in LX-2 cells.
These findings are consistent with a significant anti-fibrotic effect of atRA mediated through
inhibition of the TGF-β1/Smad pathway. It remains to be determined how atRA represses
Smad2 phosphorylation.

In summary, we have demonstrated that supplementation of atRA with UDCA improves the
therapeutic response and is superior to UDCA treatment alone in a rat model of cholestasis
and in vitro in human hepatic cells. These findings suggest that addition of atRA to current
therapeutic regimens (UDCA) might be beneficial in patients with chronic cholestatic
disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
AtRA supplementation with UDCA markedly improved the liver gross appearance and
histology in BDL rats. A, gross liver appearance; B, H & E stained liver histology; and C,
Scores of double-blind assessment of liver histology regarding fibrosis (also confirmed by
Sirius Red staining), bile duct proliferation, necrosis, and inflammation. p < 0.05, n=5–7, *
to sham, † to BDL-PBS, # to BDL-UDCA, and & to BDL-atRA. Both = BDL-
UDCA&atRA.
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Figure 2.
Biochemical and gene expression analyses. Combination of atRA and UDCA significantly
reduced the expression of marker genes for liver fibrosis, bile duct proliferation and
inflammation. A, liver hydroxyproline levels; B, liver mRNA expression of TGF-β1,
collagen 1a1 (Col1a1), matrix metalloproteinase-2 (Mmp-2), cytokeratin 19 (Ck19); C, liver
alpha-smooth muscle actin (α-Sma) protein expression detected by Western blot where data
is normalized to house-keeper gene Sh-ptp1; D, liver TNF-α and IL-1β mRNA expression. p
< 0.05, n=5–7, * to sham, † to BDL-PBS, # to BDL-UDCA, and & to BDL-atRA. Both =
BDL-UDCA&atRA.
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Figure 3.
AtRA supplementation with UDCA synergistically repressed Cyp7a1 mRNA expression in
vivo in BDL rat livers (A) and great repression of CYP7A1 expression in vitro in human
hepatocytes by atRA +/− UDCA (B), where increased mRNA expression of SHP/Shp and
FGF19/Fgf15 were also detected. For A, p < 0.05, n=5–7, * to sham, † to BDL-PBS, # to
BDL-UDCA, and & to BDL-atRA. Both = BDL-UDCA&atRA.
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Figure 4.
AtRA alone or in combination with UDCA significantly reduced the expression of fibrotic
marker genes in human hepatic stellate cell line LX-2 cells and primary human hepatic
stellate cells. A, mRNA expression of collagen 1A1 (COL1A1) and matrix
metalloproteinase-2 (MMP-2) in LX-2 cells; B, Western blot analysis of pro-collagen α1
and alpha-smooth muscle actin (α-SMA) expression in LX-2 cells; C, gelatin zymography
assay detected reduced MMP-2 expression/activity in the culture medium of atRA treated
LX-2 cells; D, atRA decreased mRNA expression of COL1A1 and MMP-2 in human
hepatic stellate cells. p<0.05, n=3–4, * to medium control, † to 2 ng/ml TGF-β1 treatment
control.
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Figure 5.
AtRA significantly reduced TGF-β1 stimulated Smad2 phosphorylation and Smad4 protein
expression (A) and Smad2 nuclear translocation (B) in LX-2 cells. p<0.05, n=3–4, † to 2 ng/
ml TGF-β1 treatment control.
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