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A B S T R A C T

Background: Significantly elevated serum and hepatic bile acid (BA) concentrations have been known to
occur in patients with liver fibrosis. However, the roles of different BA species in liver fibrogenesis are not
fully understood.
Methods: We quantitatively measured blood BA concentrations in nonalcoholic steatohepatitis (NASH)
patients with liver fibrosis and healthy controls. We characterized BA composition in three mouse models
induced by carbon tetrachloride (CCl4), streptozotocin-high fat diet (STZ-HFD), and long term HFD, respec-
tively. The molecular mechanisms underlying the fibrosis-promoting effects of BAs were investigated in cell
line models, a 3D co-culture system, and a Tgr5 (HSC-specific) KO mouse model.
Findings: We found that a group of conjugated 12a-hydroxylated (12a-OH) BAs, such as taurodeoxycholate
(TDCA) and glycodeoxycholate (GDCA), significantly increased in NASH patients and liver fibrosis mouse
models. 12a-OH BAs significantly increased HSC proliferation and protein expression of fibrosis-related
markers. Administration of TDCA and GDCA directly activated HSCs and promoted liver fibrogenesis in
mouse models. Blockade of BA binding to TGR5 or inhibition of ERK1/2 and p38 MAPK signaling both signifi-
cantly attenuated the BA-induced fibrogenesis. Liver fibrosis was attenuated in mice with Tgr5 depletion.
Interpretation: Increased hepatic concentrations of conjugated 12a-OH BAs significantly contributed to liver
fibrosis via TGR5 mediated p38MAPK and ERK1/2 signaling. Strategies to antagonize TGR5 or inhibit ERK1/2
and p38 MAPK signaling may effectively prevent or reverse liver fibrosis.
Fundings: This study was supported by the National Institutes of Health/National Cancer Institute Grant
1U01CA188387-01A1, the National Key Research and Development Program of China (2017YFC0906800);
the State Key Program of National Natural Science Foundation (81430062); the National Natural Science
Foundation of China (81974073, 81774196), China Postdoctoral Science Foundation funded project, China
(2016T90381), and E-institutes of Shanghai Municipal Education Commission, China (E03008).
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Research in context

Evidence before this study

BAs are synthesized in the liver via two different routes, the
classical or neutral pathway, producing BAs that had undergone
hydroxylation at the carbon 12 position (12a-OH BAs), and the
alternative (or acidic) pathway to produce non-12a-OH BAs.
Significantly elevated serum and hepatic BA concentrations
have been known to occur in patients with liver fibrosis. How-
ever, the roles of different BA species in liver fibrogenesis are
not fully understood.

Added value of this study

We found that the levels of BAs (especially 12a-OH BAs) were
significantly increased in human serum and mouse plasma, and
in mouse liver. Conjugated secondary 12a-OH BAs, TDCA and
GDCA, most effectively upregulated hepatic stellate cells (HSC)
proliferation and protein expression of fibrosis-related markers,
including a-SMA, TGF-ß, COL I, and PDGF via strong binding
affinity to TGR5, and sustained activation of downstream ERK1/
2 and p38 MAPK. Administration of TDCA and GDCA directly
activated HSCs and promoted liver fibrogenesis in a CCl4-
induced liver fibrosis C57BL/6J mouse model. Reduction of p38
MAPK and ERK 1/2 phosphorylation or inhibition of TGR5
expression can significantly reduce proliferation and activation
of HSC using a CCl4-induced liver fibrosis Rosa26-LSL-Cas9
knockin mouse model with depleted Tgr5 in HSCs.

Implications of all the available evidence

Increased hepatic concentrations of conjugated 12a-OH BAs
significantly contributed to liver fibrosis. Strategies to increase
the hepatic BA clearance or to block BA binding to TGR5 in
HSCs using TGR5 antagonists may be effective for liver fibrosis
prevention and treatment.
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Introduction

Liver fibrosis is caused by dysregulated wound healing from
chronic liver injuries. Approximately 15�20% of patients with fatty
liver progress to fibrosis and cirrhosis [1,2] and about 15�50% of non-
alcoholic steatohepatitis (NASH) patients develop severe fibrosis
[3,4]. In the liver, ongoing fibrogenesis ultimately leads to cirrhosis.
Recent studies showed that liver fibrosis could be reversed in a vari-
ety of liver diseases [5,6]. However, the vast majority of patients with
liver fibrosis do not achieve remission or regression after the cessa-
tion of the cause of liver injury, suggesting that some important fac-
tors that contribute to liver fibrogenesis have yet to be identified.

A common metabolic phenotype as characterized by significantly
increased serum and hepatic bile acids (BAs) has been widely
reported in patients with chronic liver disease [7]. BAs are synthe-
sized from cholesterol in the liver by several enzymes. There are two
major pathways, the classical (or neutral) pathway and the alterna-
tive (or acidic) pathway in BA synthesis [8]. Classical pathway is initi-
ated by CYP7A1, which is the rate-limiting enzyme, to convert
cholesterol to cholic acid (CA) and chenodeoxycholic acid (CDCA).
CYP8B1 enzyme is required for CA synthesis in classical pathway. The
alternative pathway is initiated by CYP27A1 and followed by CYP7B1
to generate CDCA [9]. The structural difference between CA and
CDCA is that CA and its derivatives has a 12a-OH that catalyzed by
CYP8B1, while CDCA and its derivatives were non-12a-OH BAs with-
out 12-hydroxylation. In general, BAs are synthesized in the liver via
two different routes, the classical or neutral pathway, producing BAs
that had undergone hydroxylation at the carbon 12 position (12a-OH
BAs, i.e., cholic acid (CA), deoxycholic acid (DCA), and their taurine-
and glycine-conjugated derivatives), and the alternative (or acidic)
pathway to produce non-12a-OH BAs (chenodeoxycholic acid
(CDCA), lithocholic acid (LCA), and ursodeoxycholic acid (UDCA), and
their taurine- and glycine-conjugated derivatives). As important sig-
naling molecules, BAs play a critical role in the regulation of hepatic
metabolic homeostasis by activating or inhibiting nuclear farnesoid X
receptor (FXR) and membrane G-protein-coupled receptor (TGR5)
[10,11]. TGR5 is expressed in Kuppfer cells as well as activated
hepatic stellate cells (HSCs) [12], and mediates BA-induced HSC acti-
vation [13].

Of the two pathways of hepatic BA synthesis, the alternative path-
way is increasingly recognized to play a key role in the regulation of
lipid, cholesterol, carbohydrate, and energy homeostasis [14]. Addi-
tionally, increased ratio of 12a-OH BAs resulting from dysregulation
of the alternative pathway leads to a loss in its ability to control lipid
homeostasis and inflammatory conditions [14,15]. Increased 12a-OH
BA levels have been identified in human diabetic patients [16] and
NASH patients [17]. Our recent studies also demonstrated that
increased 12a-OH BA levels were associated with unhealthy high
BMI status [18] and that the activation of the alternative BA synthetic
pathway effectively lowered blood and hepatic lipid levels in mouse
models [19]. In this work, we investigated the mechanistic role of
BAs in liver fibrogenesis in which 12a-OH BAs strongly bound to
TGR5 and sustained activation of downstream ERK1/2 and p38
MAPK, leading to significantly increased HSC proliferation and pro-
tein expression of fibrosis-related markers. Liver fibrosis can be
reversed by Tgr5 depletion or inhibition of ERK1/2 and p38 MAPK
signaling.

Materials and methods

Clinical studies

Liver fibrosis patients and healthy controls
Fasting serum samples were collected from NASH patients with

liver fibrosis (n = 99) recruited from Zhongshan Hospital, Fudan Uni-
versity and healthy controls (n = 99) recruited from Shuguang Hospi-
tal Affiliated to Shanghai University of Traditional Chinese Medicine,
Shanghai, China. Liver specimens were obtained from all patients to
confirm liver fibrosis.

Biopsy liver tissues from 15 NASH patients with higher 12a-OH
BA levels (> 5 mg/mL) and 15 age and sex matched NASH patients
with lower 12a-OH BA levels (< 1 mg/mL) were subject to immuno-
fluorescence staining. Normal liver tissues were obtained from 15
patients who had non-fibrotic and non-tumor diseases such as liver
hemangioma and hepatic calculi (The First Affiliated Hospital of Nanj-
ing Medical University, Nanjing, China).

The samples were provided in de-identified fashion and the lab
staffs were blinded to the clinical information. The study was
approved by the institutional human subjects review board of the
hospitals (approval no. 2012-206-22-01, B2013-132). All participants
signed informed consent for the study.

Serum sample collection and analysis
Overnight fasting blood samples were collected from all subjects

and centrifuged at 3000 £ g for 10 min at room temperature. The
resulting sera were aliquoted and stored at �80 °C until analysis.
Hematological (COULTER LH750 Hematology Analyzer, USA) or com-
mon biochemical tests (Beckman Coulter Synchron DXC800, USA)
were performed using standard methodologies. The coagulation
function was evaluated using an automatic coagulation analyzer
(STAGO Compact, Diagnostica Stago, France).
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Animal study

Experimental 1. Long term HFD-fed mice model. We fed C57BL/6J
male mice with HFD alone to observe the liver fibrogenesis. Two
groups of mice were included: (1) control, mice were fed chow diets
consisting of 10% fat, 71% carbohydrate, and 19% protein; (2) HFD,
mice were fed with diets consisting of 45% fat, 36% carbohydrate, and
19% protein. We sacrificed mice at week 82, we observed fibrosis for-
mation in HFD-fed mice. Blood serum and liver samples were col-
lected at week 82 for BA assessment. All samples were stored at -80°
C until analysis. The animal experiments were performed with
approval of the Institutional Animal Care and Use Committee from
Shanghai Jiao Tong University Affiliated Sixth People's Hospital.

Experimental 2. STZ-HFD-induced NASH-HCC C57BL/6J mouse model
New born male C57BL/6J mice (Vital River Laboratory Animal

Technology Co. Ltd., Beijing, China) were randomly divided into two
groups: (1) control mice were housed without any treatment and fed
normal chow (12% calorie from fat), and (2) NASH-HCC mice received
a single subcutaneous injection of 200 mg STZ (Sigma, MO, USA) 2
days after birth and were fed with HFD (60% calorie from fat) ad libi-
tum at 4 weeks of age for 8 weeks37. Body weight was measured
weekly. At week 12, 8 mice in each group were euthanized and their
livers were removed and stored at �80°C for analyses. Plasma and
liver samples were collected for biochemical, histological and BA
quantitation.

The animal experiments were performed with approval of the
Institutional Animal Care and Use Committee from Shanghai Univer-
sity of Traditional Chinese Medicine.

Experimental 3. Carbon tetrachloride (CCl4)-induced liver fibrosis C57BL/
6J mouse model

CCl4-induced liver fibrosis mouse model was also developed to
investigate the role of GDCA and TDCA in liver fibrogenesis. C57BL/6J
mice (8 weeks old) was divided into 4 groups (n = 8 in each group):
(1) corn oil group, ip with corn oil as vehicle; (2) CCl4 group, ip with
0.5 g/kg body weight CCl4 in corn oil (equivalent to 200 mL/mouse) 3
times a week for 5 weeks; (3) CCl4+TDCA+GDCA group, ip with 0.5 g/
kg body weight CCl4 in corn oil (equivalent to 200 mL/mouse) and
TDCA and GDCA (at the dose of 500 mg/kg, respectively) using a plas-
tic feeding tube 3 times a week for 5 weeks; (4) TDCA+GDCA group,
the mice were fed with TDCA and GDCA (at the dose of 500 mg/kg,
respectively) using a plastic feeding tube 3 times a week for 5 weeks.
Twenty-four hours after the last challenge, all mice were sacrificed.
All procedures were performed under sterile conditions.

The animal experiments were performed with approval of the
Institutional Animal Care and Use Committee from Shanghai Univer-
sity of Traditional Chinese Medicine.

Experimental 4. CCl4-induced liver fibrosis Rosa26-LSL-Cas9 knock in
mouse model

CCl4-induced liver fibrosis mouse model was also developed to
investigate the role of TGR5 in liver fibrogenesis. Rosa26-LSL-Cas9
knockin mice (CAS9 KI, 8 weeks old) purchased from Jackson lab
(https://www.jax.org/strain/024857) was divided into 4 groups (n = 8
in each group): (1) CAS9 KI+ corn oil group, ip with corn oil as vehi-
cle; (2) CAS9 KI+CCl4 group, ip with 0.5 g/kg body weight CCl4 in corn
oil (equivalent to 200 mL/mouse) 2 times a week for 5 weeks; (3)
CAS9 KI+ CCl4+Tgr5 sgRNA group, the mice were treated with 100 mL
adeno-associated virus (AAV) containing Gfap-Cre-U6-Tgr5 sgRNA
cassette (virus concentration: 5.5E+10/mL) via intrasplenic injection
once a week and ip with 0.5g/kg body weight CCl4 in corn oil (equiva-
lent to 200 mL/mouse) 2 times a week for 5 weeks. The AAV can
deplete Tgr5 expression specifically in HSCs due to the Gfap- pro-
moter-driving- Cre recombinase expression. Twenty-four hours after
the last challenge, all mice were sacrificed. All procedures were
performed under sterile conditions. Serum and liver samples were
collected for biochemical, histological and BA quantitation.

Animal welfare and the animal experimental protocols were
strictly consistent with the Guide for the Care and Use of Laboratory
Animals (U.S. National Research Council, 1996) and the related ethics
regulations of Nanjing University Medical School.

Liver biochemistry

Alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) levels were assessed using commercially available kits (Ke Hua,
Shanghai, China), according to manufacturer’s instructions.

HSCs isolation and culture

Primary mouse HSCs were isolated from livers of CAS9 KI mice
according to a modified method previously described [20]. The iso-
lated cells were plated on uncoated plastic 10 cm-diameter plate at a
density of 5 £ 106. After the first 24 h, nonadherent cells and debris
were removed. Cell viability was greater than 90%, as assessed by try-
pan blue exclusion. Purity was 90�95%, as assessed by a typical light
microscopic. Then, the cells were trypsinized and plated on a 6-well
plate at 5 £ 105 per well. Isolated HSCs were treated with 50 mL
adeno-associated virus (AAV) (virus concentration: 5.5E+8/mL) or
control for 24 h, and further treated with 12a-OH BA2 and vehicle
control (50mM) for 48 h.

Cell culture studies

2D. cell culture
Human hepatic stellate cell line LX-2 was purchased from EMD

Millipore and hepatocyte cell line L02 was purchased from the
Shanghai Institute of Cell Biology of the Chinese Academy of Science,
China. Both cell lines were maintained in Dulbecco’s modified Eagle’s
medium (Invitrogen) supplemented with 10% fetal bovine serum
(FBS, Gibco, USA). All cell lines tested negative for mycoplasma con-
tamination.

3D. co-culture system
A 3D culture system were setup by mixing HSCs (LX-2) with L02

at a ratio of 1:100 in a 3D Petri Dish� (Micro-Tissues) (RI, USA), which
was a scaffold-free culture system maximizing cell-to-cell interac-
tions.

Cell culture treatments
Individual BAs were obtained from Sigma-Aldrich (St. Louis, MO,

USA), Steraloids Inc. (Newport, RI, USA) and TRC Chemicals (Toronto,
ON, Canada). Cells were treated with individual BAs at 25, 50, 75, and
100 mM for 24 hours. A combination of equal amounts of TCA and
GCA (50 mM each, termed as 12a-OH BA1), or a combination of equal
amount of TDCA and GDCA (50 mM each, termed as 12a-OH BA2) for
varied lengths of time as specified in the Results section. Cells treated
with DMSO were used as a vehicle control. SCH772984 (S7101, ERK1/
2 inhibitor), SP600125 (S1460, JNK inhibitor),SB239063 (S7741,
p38MAPK inhibitor), SQ22536 (s8283, inhibitor for adenylyl cyclase
(AC)) and KG-501 (s8409, inhibitor for CREB) were purchased from
Selleck Chemicals. TGR5 antagonist 5b-cholanic acid (C7628) was
purchased from Sigma-Aldrich. The siRNA targeting human TGR5 (sc-
61678-SH) and control shRNA plasmid (sc-108060) were purchased
from Stanta Cruz (Dallas, TX).

ELISA for cAMP measurement
The cell lines were plated into 24 well-plates with an initial cell

density of 2 £ 105 cells/well, and treated with BAs at 25 mM for 1 h.
The intracellular cAMP was extracted, and determined using a cAMP

https://www.jax.org/strain/024857
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Assay Kit according to the manufacturer’s instruction (ab138880,
Abcam).

Cell proliferation assays
Number of liver cells was determined using a WST-8-based Cell

Counting Kit 8 (CCK-8) (Dojin Laboratories, Kumamoto, Japan)
according to the manufacturer’s instructions. Briefly, the cells were
seeded at a density of 1£ 103 cells/well in 96-well plates. CCK-8 solu-
tion (10 mL) was added to each well containing 100 mL of the culture
medium, and the plate was incubated for 2 h at 37 8C. Viability of cells
were evaluated by measuring the absorbance at 450 nm using a
microplate reader (Molecular Devices, Menlo Park, CA).

RNA isolation and quantitative reverse transcription PCR (qRT-PCR)

Total RNA was isolated with Trizol (Thermo Fisher Scientific, CA)
according to the manufacturer’s instruction. cDNA was synthesized
from the total RNA using iScript Reverse Transcription Supermix for
RT-qPCR (Bio-Rad CA). Transcript levels were measured in duplicate
by qRT-PCR (LightCycler 480 II, Roche) using iTaqTM Universal SYBR�

Green Supermix (Bio-Rad CA). Expression levels were normalized to
house-keeping gene GAPDH. Primer sequences are listed in Table S6.

Western blot

The whole cell lysates were prepared as previously described [21].
Boiled samples containing equal amount of total protein were loaded
on 10% SDS-PAGE gels for electrophoresis separation, and transferred
onto PVDF membranes for antigen detection. The signal was visual-
ized using an ECL kit (Bio-rad, CA). Antibodies for p-ERK1/2 (4370),
p-p38 MAPK (4511), p-JNK (4668), ERK1/2 (4695), p38 MAPK (8690)
and JNK (9252) were purchased from Cell signaling Technology (Dan-
vers, MA); and antibodies for TGR5 (ab32027), a-SMA (ab7817), COL
I (ab21286), TGF-b (ab92486), b-actin (ab6276) were purchased
from Abcam (Cambridge, MA).

Sirius red, immunohistochemistry and immunofluorescence staining

Liver fibrosis status of the mice was evaluated using a Picro Sirius
Red Stain Kit (ab150681). Paraffin-embedded and formalin-fixed
mouse liver samples were used for immunohistochemistry staining
as previously described [22], and antibodies used in this procedure
including a-SMA (ab7817), TGF-b (ab92486), COL I (ab21286), and
PDGF (ab51869), were purchased from Abcam (Cambridge, MA). For
immunofluorescence analysis, tissue slides were stained with anti-
bodies including a-SMA (ab7817), TGF-b (ab92486), TGR5(ab32027),
p-ERK1/2 (4370) and p-p38 MAPK (4511) purchased from Abcam
(Cambridge, MA), followed by staining with Alexa Fluor 488-conju-
gated anti-mouse IgG (1:500, Ab150117), goat anti-rabbit IgG (H+L)
superclonal secondary antibody conjugated with Biotin (A27035),
and Streptavidin (PE-Cy5.5) (SA1018) (Thermo Fisher Scientific, CA).
Stain-positive cells were quantified using Image J software (NIH).

Binding affinity analysis

The BA-TGR5 binding affinity analysis was performed using the
Schrodinger Suite 2015-4 (Schr€odinger, LLC, NY). Homology model
was built based on crystal structure of the active state adenosine A2A

receptor (PDBID: 5G53) [23] using the Advanced Homology Modeling
tool (Prime, version 4.2, Schr€odinger, LLC, New York, NY, 2015). 2D to
3D structure conversion of ligand binding was performed using the
LigPrep software (LigPrep, version 3.6, Schr€odinger, LLC, New York,
NY, 2015). Molecular docking was analyzed using the Induced Fit
Docking tool (Induced Fit Docking protocol 2015-4, Glide version 6.4,
Prime version 3.7. 2015, Schr€odinger, LLC, New York, NY, 2015).
Quantification of BAs

Concentrations of BAs in serum/plasma and liver were measured
according to previously reported methods [24]. Briefly, extracts of
serum, plasma and liver along with BA reference standards were ana-
lyzed using a Waters ACQUITY ultra performance LC system coupled
with a Waters XEVO TQ-S mass spectrometer with an ESI source con-
trolled by MassLynx 4.1 software (Waters, Milford, MA). Chro-
matographic separations were performed using an ACQUITY BEH C18
column (1.7 mm, 100 mm £ 2.1 mm internal dimensions) (Waters,
Milford, MA). UPLC-MS raw data obtained with negative mode were
analyzed using the TargetLynx applications manager version 4.1
(Waters Corp., Milford, MA) to obtain calibration equations and the
quantitative concentration of each BA in the samples. The levels of
12a-OH BAs were the sum of the concentration of CA, DCA, TCA, GCA,
TDCA and GDCA in each samples, the levels of non-12a-OH BAs were
the sum of the concentration of CDCA, LCA, UDCA, TCDCA, GCDCA,
TLCA, GLCA, TUDCA and GUDCA in each sample. The levels of total
BAs were the sum of all the BAs quantified in the samples.

Metagenomic analysis

Total microbial genomic DNA samples were extracted using the
DNeasy PowerSoil Kit (QIAGEN, Inc., Netherlands), according to the
manufacturer’s instructions, and stored at -20 °C prior to further assess-
ment. The quantity and quality of extracted DNAs were measured using
a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and agarose gel electrophoresis, respectively. The
extracted microbial DNA was processed to construct metagenome shot-
gun sequencing libraries with insert sizes of 400 bp by using Illumina
TruSeq Nano DNA LT Library Preparation Kit. Each library was
sequenced by Illumina HiSeq X-ten platform (Illumina, USA) with
PE150 strategy at Personal Biotechnology Co., Ltd. (Shanghai, China).

Raw sequencing reads were processed to obtain quality-filtered
reads for further analysis. The sequencing adapters were removed from
sequencing reads using Cutadapt (v1.2.1). Low quality reads were
trimmed using a sliding-window algorithm. The sequencing reads were
aligned to the host genome using BWA (http://bio-bwa.sourceforge.net/)
to remove host contamination. The quality-filtered reads were de novo
assembled to construct the metagenome for each sample by IDBA-UD
(Iterative De Bruijn graph Assembler for sequencing data with highly
Uneven Depth). All coding regions (CDS) of metagenomic scaffolds longer
than 300 bp were predicted by MetaGeneMark. CDS sequences of all
samples were clustered by CD-HIT at 90% protein sequence identity, to
obtain non-redundant gene catalog. Gene abundance in each sample was
estimated by soap coverage based on the number of aligned reads. The
lowest common ancestor taxonomy of the non-redundant genes
was obtained by aligning them against the NCBI-NT database by BLASTN
(e value < 0.001). The functional profiles of the non-redundant genes
were obtained by annotated against the GO, KEGG, EggNOG and CAZy
databases, respectively, by using DIAMOND alignment algorithm.

Statistical analysis

The differences between groups in BA concentrations were ana-
lyzed using t-tests and the Holm-Sidak multiple comparisons correc-
tion in Graphpad Prism 6.0 (GraphPad Software, CA, USA). We
considered p < 0.05 as statistically significant.

Results

Liver fibrosis in NASH patients was associated with significantly
increased serum concentrations of 12a-OH BAs

We quantitatively profiled BAs in the sera of NASH patients
with fibrosis (n = 99) and matched healthy controls (n = 99). The

http://bio-bwa.sourceforge.net/
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demographic and clinical characteristics of the two groups are
detailed in Table S1. The BA concentrations were found signifi-
cantly higher in the sera of NASH patients with liver fibrosis than
in controls (Fig. 1A, Table S2). Notably, the concentration of 12a-
OH BAs was higher than non-12a-OH BAs in NASH patients
(Fig. 1B) as well as in HBV and HCV patients with fibrosis (Fig. S1)
and the average fold change (FC) (patients vs. controls) of 12a-OH
BAs was much greater than those of non-12a-OH BAs (Fig. 1C).
Moreover, patients with high 12a-OH BAs (>5 mg/mL, n = 15) in
serum also had greater a-smooth muscle actin (a-SMA, a fibrosis
marker) protein expression in the liver relative to those with low
12a-OH BAs (<1 mg/mL, n = 15) in serum (Fig. 1D). Masson tri-
chrome staining showed significant higher level of fibrosis score in
patients with high 12a-OH BAs than in those with low 12a-OH
BAs in serum (Fig. 1E).
Fig. 1. The BA concentrations were significantly higher in the sera of NASH patients with
trations (scaled to 0-1) in NASH patients and controls. Red and white represent high and l
non-12a-OH BAs, and total BAs that were higher in NASH patients with fibrosis than in the
with fibrosis vs. controls. (D) Immunofluorescence staining showed that a-SMA levels were
(> 5mg/mL, n = 15) than in those with lower serum 12a-OH BAs (< 1 mg/mL, n = 15). *p<0.0
of fibrosis score in patients with high 12a-OH BAs than in those with low 12a-OH BAs in seru
Liver fibrosis was associated with significantly increased hepatic 12a-
OH BA levels in three mouse models

First, liver fibrosis was developed in the mice fed with high fat
diet (HFD) for 82 weeks, as shown by histological changes in the
liver (H&E staining) (Fig. 2A). Compared with control mice, the
HFD-treated mice had greater fibrosis level (Sirius red staining,
a-SMA protein expression, and gene expression on a-SMA and col-
lagen I (COL I)) (Fig. 2A and Fig. S2). In addition, the liver-to-body
weight ratio of the HFD-treated mice was 1.61-fold higher
(p = 0.0000035) than that of the control mice (Fig. S3A); and com-
pared with the controls (Fig. S3B), serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels also increased
by FC = 2.26 (p = 0.0032) and FC= 1.74 (p = 0.00019), respectively,
in the fibrotic mice. Notably, similar to the BA profile in NASH
liver fibrosis (n = 99) than in the controls (n = 99). (A) Heatmap of serum BA concen-
ow BA concentration, respectively (see color scale). (B) Concentration of 12a-OH BAs,
controls. (C) Changes of 12a-OH BAs, non-12a-OH BAs, and total BAs in NASH patients
significantly higher in the liver of fibrosis patients who had higher serum 12a-OH BAs
5, compared to controls. (E) Masson trichrome staining showed significant higher level
m.



Fig. 2. Mice with liver fibrosis had higher concentrations of BAs in plasma and liver than control mice. (A) H&E, Sirius red staining and immunochemistry staining for a-SMA in
stained liver sections from control and long term HFD-treated mice at week 82. Original magnifications X 200. (B,C) BAs levels in both plasma and liver were markedly increased in
long term HFD-treated mice than in control mice. (D) H&E, Sirius red staining and immunochemistry staining for a-SMA in stained liver sections from control and STZ-HFD-treated
mice at week 12. Original magnifications X 200. (E,F) BAs levels in both plasma and liver were markedly increased in STZ-HFD-treated mice than in control mice. (G) H&E, Sirius red
staining and immunochemistry staining for a-SMA in stained liver sections from control and CCl4-treated mice. Original magnifications X 200. (H,I) BAs levels in both plasma and
liver were markedly increased in CCl4-treated mice than in control mice.
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patients, total BAs and 12a-OH BAs in liver and plasma were
markedly increased in HFD-fed mice with fibrosis as compared to
controls (Figs. 2B and 2C, Table S3).

Consistent with our previous publication [25], liver fibrosis was
developed in the streptozotocin (STZ)-HFD treated mice, as shown by
histological changes in the liver (H&E staining) (Fig. 2D). Compared
with control mice, the STZ-HFD-treated mice had greater fibrosis
level (Sirius red staining and a-SMA protein expression) in the liver
(Fig. 2D). In addition, the liver-to-body weight ratio of the STZ-HFD-
treated mice was 1.98-fold higher (p = 0.0007) than that of the con-
trol mice (Fig. S4A); and serum ALT and AST levels also increased by
FC = 2.5 (p = 0.016) and FC = 1.9 (p = 0.025), respectively, in the STZ-
HFD mice compared with the controls (Fig. S4B). The concentrations
of 12a-OH and non 12a-OH BAs in the plasma and liver were signifi-
cantly higher in the STZ-HFD-treated mice than in the controls
(Fig. 2E, Table S4). Consistent with the human data, 12a-OH BAs sig-
nificantly increased in both plasma and liver of the STZ-HFD mice
compared to the controls (Fig. 2F, Table S4).

In the third fibrosis mouse model induced by carbon tetrachloride
(CCl4)-treatment (Fig. 2G), we found that liver fibrosis was associated
with significantly increased total BAs and 12a-OH BAs in plasma and
liver (Fig. 2H, I, Table S5). In addition, the liver-to-body weight ratio
of the CCl4-treated mice was 1.98-fold higher (p = 0.00012) than that
of the control mice (Fig. S5A); and serum ALT and AST levels also



Fig. 3. (A) Function of secondary BA biosynthesis and bile salt hydrolase were significantly increased in mice with liver fibrosis. (B) Abundance of BA metabolism related microbiota
at the genus level in ileum of fibrosis mice. (C) Abundance of BA metabolism related microbiota at the species level in ileum of fibrosis mice. (D) Spearman correlation between BA
concentration and OTUs of BA metabolism-related microbes in mice with liver fibrosis. The color of each spot in the heatmap corresponds to the R value of the spearman correlation
analysis between microbial abundance and BAs concentration, and the spot with * in red color spot refers to the significant positive correlation with R>0.3 and P<0.05 while the
spot with * in blue color spot refers to the significant negative correlation with R<-0.3 and P<0.05.
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increased by FC = 1.97 (p = 0.0040) and FC = 1.60 (p = 0.0027), respec-
tively, in the CCl4-treated mice compared with the controls (Fig. S5B).

Gut microbiota was significantly altered and correlated with altered BAs
in mice with liver fibrosis

Our previous fecal microbiota analysis showed that the bacteria
involved in the BA deconjugation, dehydroxylation, and BA degrada-
tion, such as Clostridium and Bacteroides, was altered significantly in
mice with STZ-HFD treatment [25,26]. Gut microbiota analysis on
CCl4-treated mice also showed that gut microbiota alterations are
associated with the development of an inflammatory environment,
fibrosis progression and bacterial translocation [27]. Numbers of Clos-
tridium leptum group and Clostridium coccoides group were signifi-
cantly reduced in treated animals compared with control mice.

Our previous study on the role of HFD-induced BA changes in
shaping the gut microbial composition in male C57BL/6 mice showed
that HFD changes the relative composition of gut microbiota by
increasing Firmicutes and decreasing Bacteroidetes at phylum levels
along with alterations of the microbes at species levels [28]. HFD also
remodeled the gut microbiota, characterized by increased Bacteroides
and Lactobacillus genus [29], which can generate bile salt hydrolase
(BSH). We here further conducted metagenomic analysis of micro-
biota in feces of long-term HFD treated mice with liver fibrosis. The
analysis of KEGG function showed that function of secondary BA bio-
synthesis and BSH were significantly increased in mice with liver
fibrosis (Fig. 3A). We also confirmed that the genus and species level
of Clostridium, Bacteroides, Lactococcus, Streptoccoccus, Escherichia,
Pseudomonas, and Fusobacterium were significantly increased (Fig. 3B
and 3C) and were significantly positively correlated with fecal BAs
including 12a-OH BAs (DCA, TDCA, GDCA, and TCA) and non-12a-OH
BAs (CDCA, UDCA, LCA, TCDCA, TUDCA, GCDCA, and GLCA) concentra-
tions in mice with liver fibrosis (Figs. 3D, S6). In detail, spearman cor-
relation analysis between the gut microbiota changes and BA
concentrations in feces in Fig. 3D showed that TDCA was significantly
positively correlated with Lactococcus (r = 0.87, p = 0.002),
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Streptococcus (r = 0.66, p = 0.044), Escherichia (r = 0.76, p = 0.012),
Pseudomonas (r = 0.67, p = 0.039), Clostridium (r = 0.89, p = 0.001),
Bacteroides (r = 0.89, p = 0.001), and Fusobacterium (r = 0.71,
p = 0.027). There was also a significant positive correlation between
GDCA was significantly positively correlated with Lactococcus
(r = 0.90, p = 0.0008), Streptococcus (r = 0.82, p = 0.006), Pseudomonas
(r = 0.72, p = 0.023), Clostridium (r = 0.67, p = 0.039). CDCA was signifi-
cantly positively correlated with Lactococcus (r = 0.72, p = 0.023),
Streptococcus (r = 0.82, p = 0.006), Escherichia (r = 0.66, p = 0.044),
Pseudomonas (r = 0.82, p = 0.006), Clostridium (r = 0.71, p = 0.027).
DCA was significantly positively correlated with Lactococcus (r = 0.70,
p = 0.031), Streptococcus (r = 0.83, p = 0.005), Pseudomonas (r = 0.92,
p = 0.0005), Clostridium (r = 072, p = 0.023). UDCA was significantly
positively correlated with Lactococcus (r = 0.81, p = 0.007), Streptococ-
cus (r = 0.92, p = 0.0005), Escherichia (r = 0.75, p = 0.017), Pseudomonas
(r = 0.83, p = 0.005), Clostridium (r = 0.70, p = 0.031). LCA was signifi-
cantly positively correlated with Pseudomonas (r = 0.73, p = 0.020).
TCA was significantly positively correlated with Fusobacterium
(r = 0.68, p = 0.035). TCDCA was significantly positively correlated
with Clostridium (r = 0.66, p = 0.044), and Fusobacterium (r = 0.78,
p = 0.011). TUDCA was significantly positively correlated with Clos-
tridium (r = 0.76, p = 0.015), Bacteroides (r = 0.67, p = 0.037), and Fuso-
bacterium (r = 0.76, p = 0.015). GCDCA was significantly positively
correlated with Lactococcus (r = 0.68, p = 0.035), Pseudomonas
(r = 0.92, p = 0.0005), and Clostridium (r = 0.73, p = 0.020). GLCA was
significantly positively correlated with Lactococcus (r=0.76, p=0.015),
Streptococcus (r=0.81, p=0.007), Escherichia (r=0.83, p=0.005), and
Pseudomonas (r=0.87, p=0.002).

12a-OH BAs, TDCA and GDCA, more effectively activated HSCs than
other individual BAs

We then systematically screened individual BAs in HSC LX-2 cells,
with the aim to determine the BA species that are most significantly
contributing to the activation of HSC. These BAs included 12a-OH
BAs (CA, TCA, GCA, DCA, TDCA, and GDCA), and non-12a-OH BAs
(CDCA, TCDCA, GCDCA, LCA, GLCA, TLCA, UDCA, TUDCA, GUDCA) that
were significantly increased in liver fibrosis patients and the three
mouse models. The cells were treated with each BA at 25, 50, 75, and
100 mM for 24 h. Gene expression of HSC activation markers, includ-
ing a-SMA, TGF-b, collagen I (COL I), and platelet-derived growth fac-
tor (PDGF) were measured using qRT-PCR after the treatments (Fig.
S7). At higher BA concentrations (75 and 100 mM), most of the tested
BAs upregulated the gene expression of a-SMA and TGF-b. However,
only conjugated secondary 12a-OH BAs (i.e., TDCA and GDCA) effec-
tively upregulated all of the HSC activation markers at both higher
and lower (25 and 50 mM) concentrations, suggesting the conjugated
secondary 12a-OH BAs are the predominant BA species that induce
HSC activation.

We further investigated the incubation time of BAs on HSC activa-
tion, but removed UDCA and its conjugates from the test due to their
protective effect on liver fibrosis. We also removed LCA, because of
its low concentrations detected in plasma and liver. This secondary
BA is mostly excreted into feces and only a small amount enters the
enterohepatic circulation [30]. We treated LX-2 cells with the
remaining BAs at 50 mM for 24, 48 and 72 h, and measured the gene
expression of HSC activation markers, including a-SMA, TGF-b, and
COL I using qRT-PCR (Fig. 4A). Overall, the highest expression levels
of these markers were found at 24 hours, and decreased as the incu-
bation time prolonged. Compared with non-12a-OH BAs, 12a-OH
BAs induced higher fold increase.

We also compared the cell number of LX-2 cells after a 5-day incu-
bation with 12a-OH and non-12a-OH BAs, at concentrations of 25,
50, 75 and 100 mM (Fig. S8). Again, TDCA and GDCA consistently
increased cell number by 1.4-2 folds compared to vehicle control at
all concentrations tested.
TDCA and GDCA showed the strongest effects in activating HSC and
promoting HSC proliferation

Based on the findings on human and animal studies and our find-
ings regarding HSC activation and proliferation by the individual BAs
presented above, two BA combinations were setup to investigate the
fibrogenic effects of altered BAs. We combined conjugated primary
12a-OH BAs (TCA and GCA), with equal amount of TCA (50 mM) and
GCA (50 mM), termed as 12a-OH BA1. We also combined conjugated
secondary 12a-OH BAs (TDCA and GDCA), with equal amount of
TDCA (50 mM) and GDCA (50 mM), termed as 12a-OH BA2. The con-
centration (50 mM) was determined based on the BA concentrations
found in the liver of liver fibrosis model mice. Immunofluorescent
staining showed 12a-OH BA2 more significantly upregulated the pro-
tein expression of fibrotic markers a-SMA and TGF-b in LX-2 cells
after a 48-h treatment than 12a-OH BA1 (Fig. 4B). These changes
were further confirmed by western blotting (Fig. 4C). After 5 days of
treatment, 12a-OH BA1 did not change the cell number of LX-2 cells,
but 12a-OH BA2 significantly increased cell number on day 5
(Fig. 4D).

We further investigated the effects of 12a-OH BA1 or 12a-OH BA2
on liver fibrogenesis using an in vitro 3D model. The 3D culture sys-
tem employed, contained human fetal hepatocyte L02 and LX-2 at a
ratio of 100:1, to mimic cell-cell interactions in the liver. The cells
were treated with 12a-OH BA1 and 12a-OH BA2 (each BA at 50 mM)
for 5 days. Immunofluorescent staining showed that a-SMA, TGF-b,
and COL I were highly expressed after 12a-OH BA2 treatment
(Fig. 4E, 4F). We also observed that 12a-OH BA2 had a stronger effect
on the expression of TGR5 than 12a-OH BA1 in the LX-2 HSC cell line
(Fig. 4E, 4F).

Next, we studied liver fibrosis related signaling pathways that are
downstream of TGR5. We treated LX-2 cells with 12a-OH BA1 and
12a-OH BA2 (same concentrations as above) for 24 hours, and ana-
lyzed protein expression of total and phosphorylated ERK1/2 and
p38 MAPK using western blot analysis. The phosphorylation of ERK1/
2 and p38 MAPK was not perceivably changed by 12a-OH BA1; how-
ever, 12a-OH BA2 treatment markedly increased both ERK1/2 and p-
38 MAPK phosphorylation (Fig. 4G). No apparent difference in JNK
activation (p-JNK) between 12a-OH BA1 treated and 12a-OH BA2
treated groups (Fig. 4G).

TDCA and GDCA were predicted to have the highest affinity to TGR5
among all BAs tested

Both FXR and TGR5 play important roles in liver fibrogenesis.
Because FXR has extremely low expression in HSCs, it may not play a
major role in HSC activation [31]. We hypothesized that 12a-OH BA2
have greater affinities to TGR5 than 12a-OH BA1 do, and therefore
they were stronger LX-2 activators than 12a-OH BA1 were. To test
this hypothesis, we performed a TGR5-BA affinity analysis using the
Schrodinger Suite 2015-4. Results showed that BAs contacted Y89 in
TGR5 from two sides (bottom and right), which explains how BAs,
with a bendable shape, specifically interact with TGR5. As shown in
Fig. S9A, five hydrogen bonds were formed between TDCA and TGR5,
i.e., 3-hydroxyl to N93 and Y240, 12-hydroxyl to Y89, amide to S156,
and sulfate to Q77, which explains why TDCA induced the strongest
LX-2 activation among all the BAs tested. Figs. S8B and S8C further
shows that compared with other BAs, TDCA and GDCA had lower
binding free energy and lower median effective concentrations
(EC50), and therefore had stronger binding affinity to TGR5.

Conjugated 12a-OH BAs promote liver fibrosis by activating TGR5/ERK1/
2 and TGR5/p38 MAPK signaling pathways in HSCs

To further identify the signaling pathways involved in 12a-OH
BA2-induced liver fibrosis, we treated LX-2 cells with 12a-OH BA1



Fig. 4. Effects of conjugated primary 12a-OH BAs (12a-OH BA1) and conjugated secondary 12a-OH BAs (12a-OH BA2) on human hepatic stellate cells (HSC) LX-2. (A) Heat-
map of gene expression level of a-SMA, TGF-b and COL I in LX-2 cells treated with different BAs (50mM) for 24-72 hours. Relative gene expression was measured using quantitative
real-time PCR (qRT-PCR), with GAPDH as housekeep gene. (B) Immunofluorescence staining for a-SMA and TGF-b in LX-2 cells treated with 50mM 12a-OH BA1 or 12a-OH BA2 for
48 hours. The Mean Florescence Intensities (MFI) of five random microscopic views of each condition were quantified using Image J software. (C) Western-blot analysis of the pro-
tein expression level of a-SMA, TGF-b and COL I in LX-2 cells treated with 50mM 12a-OH BA1 or 12a-OH BA2 for 48 hours. (D) Growth curves of LX-2 cells treated with vehicle con-
trol, 12a-OH BA1 or 12a-OH BA2 analyzed with a WST-8-based Cell Counting Kit. (E) Immunofluorescence staining of 3D cultured micro-tissues containing L02 and LX-2 (L02: LX-2
= 100:1) treated with 50 mM 12a-OH BA1, or 12a-OH BA2. (F) The Mean Florescence Intensities (MFI) of five random microscopic views of each condition were quantified using
Image J software and presented for a-SMA, COL I, TGF-b, and TGR5 expression in a-SMA positive cells. (G) Phosphorylation of ERK1/2, p38MAPK, and JNK in LX-2 cells. Mean § SD.
* p<0.05 and ** p<0.01.
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and 12a-OH BA2 for 5 min, 30 min, 2 h, 24 h, 48 h and 72 h, and ana-
lyzed phosphorylation of ERK1/2 and p38 MAPK using western blot
analysis. Fig. 5A shows that for both treatments, the highest levels of
ERK1/2 and p38/MAPK phosphorylation occurred at 5 min, and grad-
ually decreased thereafter. The protein expression of the fibrotic
marker a-SMA remained roughly equal from 5 min to 72 h within
each type of treatment. Compared to 12a-OH BA1, 12a-OH BA2
resulted in stronger and longer-lasting phosphorylation of ERK1/2
and p38 MAPK, and higher levels of a-SMA protein expression at all
times.

We postulated from the studies above that 12a-OH BA2 could
promote HSCs proliferation and activation probably through TGR5
and its downstream signaling pathways such as ERK1/2 and p38
MAPK. To verify this hypothesis, we knocked down TGR5 expression
in LX-2 cells using shRNA (Fig. S10A), and then analyzed LX-2 cell
proliferation treated with 12a-OH BA1 and 12a-OH BA2. Knocking
down TGR5 alone did not change cell number during the 5 days, but
both 12a-OH BA1 and 12a-OH BA2 treatments significantly
decreased cell number (Fig. S10B), through activating caspase 3-dep-
dent apoptosis (Fig. S10C). Therefore, TGR5 is essential for the resis-
tance to BA-induced apoptosis in HSCs. This finding is consistent
with a previous report that TGR5 rendered anti-apoptosis ability in
hepatocytes during liver injury [32].

To explore the 12a-OH BA2/TGR5 downstream signaling in LX2,
first, we measured the intracellular cAMP level and we found that
12a-OH BA2 can boost cAMP significantly than 12a-OH BA1 (Fig.
S11A). Next, we used a TGR5 antagonist 5b-cholanic acid [33,34] to
investigate whether the liver fibrogenic promoting effects of 12a-OH
BA2 are TGR5 dependent. We found that 5b-cholanic acid inhibited
12a-OH BA2-induced ERK1/2 and p38 MAPK phosphorylation, and
a-SMA and COL-I upregulation (Fig. 5B and 5C). 5b-cholanic acid also
significantly inhibited the pro-proliferative effect of 12a-OH BA2 on
LX-2 cells (Fig. 5D).

To confirm that 12a-OH BA2 can activate HSC with significantly
increased expression of a-SMA, COL I and TGR5 via activating ERK1/2
and p38 MAPK, we used the inhibitors of ERK1/2 (SCH772984), p38
MAPK (SB239063) or both of ERK1/2 inhibitor and p38 MAPK inhibi-
tor, and JNK inhibitor (SP600125) to treat the BA activated HSCs.
Fig. 5E shows that both SCH772984 and SB239063 inhibited the pro-
proliferative effect of 12a-OH BA2, especially when the two inhibi-
tors were combined; but SP600125 showed no effect on cell prolifer-
ation during 12a-OH BA2 treatment. Western blot (Fig. 5F) shows



Fig. 5. TGR5 antagonist and inhibitors for ERK1/2 and p38MAPK abolished 12a-OH BA2-induced LX-2 activation. (A) Phosphorylation of ERK1/2 and p38MAPK detected by
western blot in LX-2 cells treated with 12a-OH BA1 or 12a-OH BA2 (50 mM) for 5 min to 72 hours. (B) TGR5 antagonist 5b-cholanic acid (50 mM) inhibited 12a-OH BA2-induced
overexpression of a-SMA and COL-1 proteins in LX-2 cells, as detected by western blot. (C) 5b-cholanic acid inhibited 12a-OH BA2-induced phosphorylation of ERK1/2 and p38/
MAPK in LX-2 cells, as detected by western blot. (D,E) The pro-proliferative effect of 12a-OH BA2 in LX-2 cells was abolished by 5b-cholanic acid (D), ERK1/2 inhibitor SCH772984
(100 mM), and p38 MAPK inhibitor SB239063 (50 mM) but not by JNK inhibitor SP600125 (50 mM) (E). Cell numbers were quantified using a CCK-8 kit. (F) SCH772984 and
SB239063, but not SP600125 inhibited 12a-OH BA2-induced overexpression of a-SMA, COL-I, and TGR5 in LX-2 cells, as detected using western blot. (G) SCH772984 and SB239063,
but not SP600125 inhibited 12a-OH BA2-induced overexpression of a-SMA and TGF-b in the L02 and LX-2 composed 3D micro-tissues. The protein expression was detected using
immunofluorescence staining. The data are presented as Mean § SD. * p<0.05 and ** p<0.01. Treatments lasted for 48 hours if not stated otherwise.
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that both SCH772984 and SB239063 inhibited 12a-OH BA2-induced
upregulation of TGR5, a-SMA, and COL I protein expression, espe-
cially when the two inhibitors were combined; however, SP600125
had no effect on the expression of these proteins. This result was fur-
ther confirmed in LX-2 cells that were co-cultured with L02 cells in
the aforementioned 3D system (Fig. 5G). Therefore, we can conclude
here that the fibrosis promoting effect of 12a-OH BA2 are TGR5/
ERK1/2 and TGR5/p38MAPK dependent.

It is interesting that we found 12a-OH BA2 can increase the pro-
tein expression of TGR5 in a dose dependent manner (Fig. 5F). We
wondered that whether 12a-OH BA2 can promote the transcription
of Gpbar1, gene symbol for TGR5, and we further confirmed the pro-
motion effect by using real-time PCR in LX2 cell. Meanwhile, to fur-
ther explore the mechanism, different inhibitors targeting adenylyl
cyclase (AC) (SQ22536), CREB (KG-501), p38MAPK (SGH772984) and
p-ERK1/2 (SB239063) were used. We found that all inhibitors can sig-
nificantly attenuate 12a-OH BA2 induced Gpbar1 transcription espe-
cially when AC and CREB activation were inhibited (Fig. S11B). We
can conclude that the transcription of Gpbar1 can be triggered by
12a-OH BA2 through the downstream signaling pathways.
Expression of TGR5, p-p38 MAPK, and p-ERK1/2 was significantly
increased in STZ-HFD-treated mice and liver fibrosis patients

As shown in Fig. 2D and Fig. 6A, trichrome staining showed signif-
icantly increased fibrotic area in the liver in STZ-HFD treated mice.
Immunohistochemical staining showed that significantly increased
protein expression of a-SMA, TGF-b, COL I and PDGF in the liver
(Fig. 6A). Immunofluorescence staining also showed markedly ele-
vated protein expression of TGR5, TGF-b, and phosphorylation of
ERK1/2 and p38 MAPK in the liver of the STZ-HFD-treated mice
(Fig. 6B). In addition, immunofluorescence staining of normal human
liver tissues (n = 20) and patients with liver fibrosis (n = 20) further
confirmed that the activity and expression of TGR5, p-p38 MAPK and
p-ERK1/2 were significantly increased in liver fibrosis patients
(Fig. 6C).

TDCA and GDCA promoted liver fibrosis in CCl4-induced liver fibrosis
C57BL/6J mice

Results obtained from in vitro studies indicated that TDCA and
GDCA effectively activated HSCs and promote liver fibrosis. We thus



Fig. 6. Expression of TGR5, p-p38 MAPK and p-ERK1/2 was significantly increased in STZ-HFD-treated mice and liver fibrosis patients. (A) Liver fibrosis detected by Masson Tri-
chrome staining, and protein expression of a-SMA, TGF-b, COL-1, and PDGF in the mouse liver detected by immunohistochemistry staining. (B) Protein expression of TGR5, TGF-b,
and phosphorylation of p-ERK1/2 and p-p38 MAPK, as detected by immunofluorescence staining. The MFI of 15 random microscopic views of each condition were quantified using
the Image J software. (C) Immunofluorescence staining for ERK1/2 and p38MAPK phosphorylation and TGR5 expression in a-SMA-positive cells in the liver of patients with liver
fibrosis and controls. The MFI of 15 random visions of each sample were quantified using Image J software. Mean§SD. a p<0.05 compared to normal, b p<0.05 compared to STZ-
HFD. * p<0.05 and ** p<0.01 vs. normal. Mouse study, n=8 per group; human study, n=15 per group.
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used the CCl4-induced liver fibrosis mouse model to investigate the
role of TDCA and GDCA in liver fibrogenesis. The mice were treated
with CCl4, or TDCA + GDCA, or TDCA+GDCA +CCl4, or treated with
corn oil as control. After 5-week treatment, liver to body weight ratio
and serum levels of ALT and AST in the serum and liver were signifi-
cantly increased in CCl4 model mice, TDCA + GDCA treated mice and
further increased in TDCA + GDCA + CCl4 treated mice (Fig. 7A).

Immunohistochemical staining showed that Tgr5 expression was
the strongest in a-SMA positive cells in TDCA + GDCA + CCl4 treated
mice. The activation of ERK1/2 and p38 MAPK was increased signifi-
cantly in CCl4 and TDCA+GDCA treated mice and further increased in
TDCA+GDCA + CCl4 treated mice (Fig. 7B). Immunohistochemical
staining also showed that TDCA and GDCA treatment significantly
increased protein expression of a-SMA, TGF-b, and COL I in the liver
of the treated mice (Fig. 7C). Masson trichrome staining showed sig-
nificant increased collagen level in TDCA and GDCA, or CCl4 treated
mice. We found even more significant increase of collagen level in
the liver of TDCA+GDCA + CCl4 treated mice (Fig. 7C).

Depletion of Tgr5 in HSCs significantly decreased liver fibrosis

Since results obtained from in vivo and in vitro studies indicated
that TGR5 was essential in HSCs activation and NASH-associated liver
fibrosis, we therefore investigated the role of TGR5 in liver fibrogene-
sis. We isolated HSCs from CAS9 KI mice (HSCsCAS9 KI) and then
treated with Tgr5 sgRNA adeno-associated virus (AAV) (HSCsCAS9 KI

+Tgr5sgRNA). We found that the expression of Tgr5 in HSCs can be effec-
tively depleted due to the expression of CAS9 (Fig. S12). We then
treated the HSCsCAS9 KI and HSCsCAS9 KI+Tgr5sgRNA with 12a-OH BA2
and observed significantly decreased proliferation as well as
decreased expression of a-SMA, COL I, TGF-b in HSCsCAS9 KI+Tgr5sgRNA

compared to HSCsCAS9 KI (Fig. 8A, B).
We further used the CCl4-induced liver fibrosis mice model to

investigate the role of HSCs-Tgr5 signaling in liver fibrosis. The CAS9
KI mice were treated with CCl4 (CAS9 KI+ CCl4), or treated with AAV
virus containing Gfap-Cre-U6-Tgr5 sgRNA cassette (CAS9 KI+
CCl4+Tgr5 sgRNA) via intrasplenic injection plus CCl4, or treated with
corn oil as control. Masson trichrome and a-SMA staining showed
significant decreased collagen level and a-SMA positive cells (acti-
vated HSCs) in the liver of CAS9 KI+ CCl4+Tgr5 sgRNA mice (Fig. 8C)
after a 5-week treatment. Tgr5 expression in a-SMA positive cells
was strongest in CAS9 KI+ CCl4 mice, and the expression of Tgr5 in
a-SMA positive cells was almost totally depleted due to the specific
expression of CAS9 induced by Gfap promoter (Fig. 8D and S8). The
activation of ERK1/2 and p38 MAPK signaling was decreased signifi-
cantly in CAS9 KI+ CCl4+Tgr5 sgRNA group (Fig. 8D).

Discussion

In 1996, CA, CDCA, LCA, and UDCA were shown to induce protein
kinase C (PKC)-dependent MAPK phosphorylation in rat HSCs at
physiologically relevant concentrations [35]. In 2005, CA, GCDCA, and
TUDCA were shown to induce rat HSC proliferation via EGFR [36]. In
2010, reports also showed that TDCA treatment could stimulate cell
proliferation depends on upregulation of NOX5-S through activation
of the TGR5 [37]. In 2018, secondary unconjugated BAs such as DCA
was reported to be able to induce the activation of human HSCs [38].
A recent study on the investigation of primary BAs, CDCA (non 12a-
OH BAs) and CA (12a-OH BAs) showed that both CDCA and CA can
promote the activation and proliferation of HSCs [39,40]. In reference
to these studies, our study made the following progress: (1) We sys-
tematically screened multiple BA species, including the 12a-OH BAs
(CA, DCA, and their taurine- and glycine-conjugated derivatives), and
non-12a-OH (CDCA, LCA, and UDCA, and their taurine- and glycine-
conjugated derivatives). All BAs were tested for their HSC activating
ability based on their regulatory effects on gene expression of HSC
activation markers. We found that conjugated secondary 12a-OH
BAs, TDCA and GDCA, most effectively upregulated all the markers



Fig. 7. TDCA and GDCA significantly promote liver fibrosis in CCl4-induced liver fibrosis C57BL/6J model mice. (A) Bar plots of liver to body weight ratio, serum levels of ALT and
AST. (B) Tgr5 expression, activation of ERK1/2 and p38MAPK in a-SMA positive cells in mice liver as determined by IHC staining (£ 200). (C) Protein expression of a-SMA, TGF-b,
and COL-1 in the liver detected by immunohistochemistry staining. The collagen level in mice liver as determined by Masson Trichrome staining (£ 100).
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Fig. 8. Depletion of Tgr5 in HSCs significantly decreased liver fibrosis in a CCl4-induced liver fibrosis model mouse. (A) Proliferation of primary HSCs cells as evaluated using a
CCK-8 kit. (B) The protein expression of a-SMA, Collagen I and Tgf-b in HSCsCAS9 KI and HSCsCAS9 KI+Tgr5sgRNA treated with 50 mM 12a-OH BA2 and vehicle control, a, p<0.01, two-
way ANOVA. (C) The collagen level and a-SMA in mice liver as determined by Masson Trichrome and IF staining (£ 100). (D) Tgr5 expression, activation of p-Erk1/2 and p-
p38Mapk in a-SMA positive cells in mice liver as determined by IF staining (£ 300). *, compared to CAS9 KI Corn Oil, by Student’s t-test; #, compared to CAS9 KI+ CCl4, by Student’s
t-test.
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tested at a concentration as low as 25 mM. This finding was further
confirmed at multiple time points, and corroborated by cell number
increases after a 5-day incubation; (2) Our computational modeling
predicted binding affinity data, and confirmed the role of TDCA and
GDCA in liver fibrogenesis using a CCl4-induced liver fibrosis C57BL/
6J mouse model. We demonstrated the critical role of TGR5 in HSC
activation using 5b-cholanic acid (a TGR5 inhibitor), and confirmed
the finding using a CCl4-induced liver fibrosis Rosa26-LSL-Cas9
knockin mouse model with depleted Tgr5 in HSCs. Recent publica-
tions suggest that TGR5 is likely located upstream of previously
reported signaling molecules involved in HSC activation, such as PKC
[41], EGFR [42], and NOX5-S [37]. As a membrane receptor, TGR5
activation does not require cellular uptake of BAs, which is in line
with the observation that BAs did not enter HSCs [36]; (3) This study
adopted a systems approach, and examined the combined effects of
multiple BAs, for longer periods of time, and also used a 3D co-culture
system to more closely mimic the in vivo condition. These differences
in experimental condition may also explain why we found BAs
increased the expression of COL I and TGF-b in HSCs, differing from a
previous report [36].

Our results showed that 12a-OH BAs, in particular, TDCA and
GDCA, more effectively activated HSCs than the rest of BAs. In line
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with our results, secondary BAs (DCA and LCA) were found to more
effectively activate TGR5 than primary BAs (CA and CDCA) [43].
Therefore, the gut microbe-dependent production of DCA, and its
enterohepatic circulation and conjugation in the liver, are of pro-
found significance in liver fibrogenesis. We previously reported that
STZ-HFD treatment in mice induced significant alteration of gut
microbiota [26], and substantially increased levels of hydrophobic
BAs, including DCA, TDCA, TLCA, TCA, and TCDCA, in liver and plasma
[25]. In turn, dysregulated intestinal BAs may cause increased absorp-
tion of bacterial lipopolysaccharides, and thereby promote systemic
inflammation and further stimulate HSC proliferation [44]. In addi-
tion to TGR5-mediated signal transduction, DCA also promoted obe-
sity-associated HCC development in mice via inducing a senescence-
associated secretory phenotype in HSCs [45], and TLCA impaired BA
flow in rat liver, leading to cholestasis [46]. The intracellular nuclear
receptor FXR and the transmembrane G protein-coupled receptor
TGR5 respond to BAs by activating transcriptional networks and/or
signaling cascades. FXR is the primary hepatic BA sensor [47] and
studied most extensively for its regulation of numerous genes
involved in BA homeostasis [48,49]. In addition to its role in regulat-
ing BA synthesis, excretion, and transport [48,49], emerging evidence
showed that FXR might also play a pivotal role in liver fibrosis via
regulating HSCs activity [31,50]. FXR has been reported to be
expressed in HSCs and exposure of HSCs to FXR ligands down-regu-
lated a1(I) collagen mRNA expression and collagen synthesis [50].
TGR5 activation alone has been reported to induce the expression of
interleukin 1b (IL-1b) and tumor necrosis factor-a (TNF-a) in murine
macrophage cell line RAW264.7 or murine Kupffer cells, which was
correlated with the suppression of cholesterol 7a-hydroxylase
(Cyp7a1) expression in murine hepatocytes [51]. TGR5 is also
expressed in HSCs when they are activated [12], and without TGR5,
HSCs showed no significant differentiation after BA treatment [13].
These results suggest that the induction of FXR and TGR5 by BAs may
differ between 12a-OH BAs and non-12a-OH BAs, and the activation
of HSC by BAs may depend on the balance of their effects on FXR and
TGR5.

Our study confirmed that TDCA and GDCA administration pro-
moted liver fibrosis and that depletion of Tgr5 in HSCs in mice miti-
gated liver fibrosis in a CCl4-induced liver fibrosis model mouse. The
proliferation and activation of HSCs were significantly reduced and
the activation of ERK1/2 and p38 MAPK signaling was also decreased
significantly due to Tgr5 depletion. The inhibition of BA-induced HSC
activation by antagonizing TGR5 signal transduction may lead to
effective prevention or remission of liver fibrosis.

In summary, this study demonstrated that liver fibrosis was asso-
ciated with elevated BAs (especially conjugated 12a-OH BAs) in the
circulation of both humans and mice. Pathologically high levels of
12a-OH BAs induced HSC activation, and this effect was more pro-
nounced with conjugated secondary 12a-OH BAs (i.e., TDCA and
GDCA). TGR5, ERK1/2, and p38 MAPK were essential signaling media-
tors of the BA-induced HSC activation. Reduction of p38 MAPK and
ERK 1/2 phosphorylation or inhibition of TGR5 expression can signifi-
cantly reduce proliferation and activation of HSC. This study suggests
that antagonizing TGR5 or inhibiting ERK1/2 and p38 MAPK signaling
may effectively prevent or reverse liver fibrosis.
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