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ARTICLE INFO ABSTRACT
Keywords: Researchers have shown that bone mesenchymal stem cells (BMSCs) can alleviate the progression
BMSCs of liver cirrhosis; however, it is unclear how exactly BMSCs function to cure liver disease. In this

Liver cirrhosis
Fstll
Wnt/f-Catenin

study, we used bioinformatics methods to assess differentially expressed genes (DEGs) in liver
cirrhosis and found a significantly upregulated gene, Fstl1, in liver cirrhosis. In vivo and in vitro
experiments showed that compared with those in the disease model group, the mRNA, and
protein expression levels of Fstll were significantly reduced after BMSCs treatment, and the
p-Catenin protein level was also significantly reduced after BMSCs treatment. Subsequently, we
downregulated Fstll in activated hepatic stellate cells (HSCs) and found that Wnt and p-Catenin
protein expression levels also decreased. Finally, we found that in BMSCs-treated activated HSCs,
overexpression of Fstll reversed the inhibitory effect of BMSCs on the Wnt/p-Catenin signaling
pathway to a certain extent. In summary, our results show that BMSCs can inhibit Wnt/p-Catenin
signaling pathway activation by downregulating the protein expression level of Fstl1, thus alle-
viating cirrhosis. Therefore, targeted regulation of Fstll may provide a new therapeutic strategy
for the progression of liver cirrhosis.

1. Introduction

Cirrhosis is a chronic liver disease that represents the advanced stage of several liver diseases. In recent years, its morbidity and
mortality have gradually increased [1]. Cirrhosis is the 11th leading cause of mortality worldwide and claims the lives of approxi-
mately 1 million individuals annually [2]. In 2017, 1.32 million patients died of cirrhosis worldwide, accounting for 2.4 % of all-cause
deaths worldwide [3]. The main factors of cirrhosis include hepatitis B virus infection, alcohol consumption, hepatitis C virus infection,
nonalcoholic fatty liver disease, and autoimmune liver disease [4], which are characterized by chronic necrotizing inflammation and
fibrosis. Cirrhosis and its complica tions may progress to hepatocellular carcinoma[5]. At present, medical treatment for decom-
pensated cirrhosis is not effective, and orthotopic liver transplantation is the only effective treatment. However, due to high medical
costs, a shortage of donor liver sources, many postoperative complications, lifelong immune rejection, and other factors, the wide
application of orthotopic liver transplantation in clinical practice is greatly limited. At present, it is important to explore effective
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treatment methods to block the progression of cirrhosis or reduce the degree of cirrhosis[6-8].

Hepatic stellate cells (HSCs) serve a crucial role in the pathogenesis of cirrhosis. In the normal liver, quiescent HSCs account for
approximately 15 % of all resident liver cells. HSCs are located between sinusoidal endothelial cells and hepatocytes and are in the
subendothelial space of Disse. The physiological function of quiescent HSCs in the liver is mainly vitamin A metabolism and fat storage.
In response to pathogenic factors, HSCs differentiate from lipid-storing pericytes into myofibroblasts, resulting in a large amount of
type I collagen production, which causes extracellular matrix deposition and forms cirrhotic pseudo lobules [9]. In addition, the
TGF-B1/smad3 [10] and Wnt/p-Catenin signaling pathways [11] can enhance HSCs activation and promote cirrhosis.

As pluripotent stem cells, mesenchymal stem cells can differentiate into a variety of tissue cells and have received extensive
attention in a variety of refractory diseases [12]. Many basic and clinical studies have shown that mesenchymal stem cells have good
therapeutic effects on liver cirrhosis [13]. Mesenchymal stem cells (MSCs) have many advantages, such as wide availability, weak
surface antigenicity, weak immunogenicity, attraction to damage sites and of the ability to protect normal tissue [14]. Previous studies
have shown that MSCs secrete cytokines that can directly act on activated HSCs and inhibit HSCs activation and a-SMA expression.
Parekkadan [15] found that BMSCs-derived interleukin-10 and tumor necrosis factor-a (TNF-a) could inhibit HSCs proliferation and
collagen synthesis in cocultures of BMSCs and HSCs. Feng [16] believes that BMSCs treatment inhibits liver fibrosis by
down-regulating the Inc-BIHAA1/rno-miR-667-5p signaling pathway in HSCs. Chen’s [17] study found that BMSCs alleviate liver
fibrosis by regulating LMO7-AP1-TGFp signaling pathway. The mechanism by which BMSCs are involved in the treatment of cirrhosis
is still being explored. This experiment was performed to examine BMSCs-mediated inhibition of HSCs activation to study how BMSCs
are involved in the treatment of liver cirrhosis.

2. Materials and methods
2.1. Extraction and culture of BMSCs

After the mice were euthanized, they were immersed in 75 % ethanol, both tibias and femurs were removed under sterile con-
ditions, and both ends of the tibial and femoral epiphyses were removed. After the bone marrow cavity was washed with PBS, the cell
suspension was blown to make the cells flow out, which was repeated 3 times. The suspension of bone marrow cells was centrifuged at
1000 r/min for 5 min, the supernatant was removed, and the cell precipitate was resuspended, which was repeated 3 times. The cell
suspension was mixed with a low-glucose DMEM medium containing 10 % FBS (ScienCell, USA) and seeded in cell culture flasks. The
culture environment was a sterile environment at 37 °C with 5 % CO,. PO generation BMSCs were passaged at 1:2 after reaching 80 %
adherent growth.

2.2. Identification of BMSCs

P3 generation BMSCs were collected for flow cytometry. 1 x 10° BMSCs were incubated with antibodies against CD29 (FITC), CD90
(PE), CD31 (APC) and CD43 (PerCP) (BD Biosciences, USA) for 30 min at 4 °C in the dark and washed 3 times with PBS. The cells were
detected by a FACSCanto II flow cytometer (BD Biosciences, USA).

Osteogenic and adipogenic differentiation of P3 BMSCs was induced. After 14 days of osteogenic induction (Cyagen US Inc., USA),
alizarin red staining showed the formation of calcium nodules. After 14 days of adipogenic induction, lipid droplet formation was
detected by oil red O staining.

2.3. Animal model establishment

The liver cirrhosis model was established in 6-week-old BALB/c male mice. The grouping was as follows: normal mice were used as
the control group (Control); mice intraperitoneal injection with 20 % concentration of CCl4 (dissolved in olive oil) for 12 weeks were
used as the experimental group (CCly); and after 8 weeks of CCly injection, BMSCs were injected into the tail vein of mice for 4 weeks
for the treatment group (CCl4 +BMSCs). Eight weeks after the injection of CCly, the mice were injected with PBS through the tail vein
for 4 weeks as the treatment negative control group (CCl4 +PBS). The BMSCs were labelled with DiR fluorescent dye and transplanted
through the mouse tail vein.

2.4. Animal in vivo imaging

After the mice were euthanized, the fresh parenchymal organs, such as the liver, heart, spleen, lung, pancreas, and kidney, were
separated and a fluorescence imaging device was used to monitor the fluorescence intensities of the organs (IVIS, Night OWL II LB983,
Germany).

2.5. Cell culture and coculture

The mouse hepatic stellate cell line JS1 was purchased from Otwo Biotech (Shenzhen, China) and grown in high glucose DMEM
containing 10 % FBS (Corning, USA) in a 37 °C sterile environment with 5 % CO2. JS1 cells were activated by 50 ng/ml TGF-$1
(Peprotech, USA) for 48 h.

Logarithmic-grown JS1 cells were seeded in the lower chamber of a 6-well Transwell system and cultivated in high-glucose DMEM
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with 10 % FBS. BMSCs suspension was added to the upper chamber and cocultured with JS1 cells for 48 h.
2.6. Cell transfection

Fstl1-siRNA and NC (negative control) siRNA were constructed by Shanghai GenePharmaCo., Ltd. siRNA of Fstll sense sequence:
5'- GCAAUGACCUGUGAUGGAATT -3/, antisense sequence: 5— UUCCAUCACAGGUCAUUGCTT -3); NC for siRNA (sense sequence:
5'- UUCUCCGAACGUGUCACGUTT -3, antisense sequence: 5— ACGUGACACGUUCGGAGAATT -3"). Transfection of siRNA into JS1
cells was performed with X-treme (Roche, USA). Fstl1-pcDNA3.0 vector and pcDNA3.0 empty vector were constructed by Shanghai
Genechem Co., LTD. Transfection of pcDNA into JS1 cells was performed with Lipo2000 (Invitrogen, USA).

2.7. Immunofluorescence

The JS1 cells were fixed with 4 % paraformaldehyde, permeabilized with 0.1 % Triton X-100 for 15 min, and blocked with 3 % BSA
for 30 min. Anti-Fstl1 primary antibody (1:100) was added to the cell slides and incubated overnight at 4 °C. After washing with PBS,
the secondary antibody with an excitation wavelength of 594 nm was added dropwise and incubated in the dark for 4 h at 4 °C. After
washing with PBS, the anti-p-Catenin primary antibody (1: 50) was added and incubated overnight at 4 °C environment. After washing
with PBS, the secondary antibody with an excitation wavelength of 488 nm was added dropwise and incubated in the dark for 4 h at
4 °C. After washing with PBS, DAPI was added dropwise and incubated in the dark for 15 min, and then, the slides were sealed. After
that, images were taken by laser scanning confocal microscopy (Carl Zeiss Microscopy GmbH, Jena, Germany). The confocal cross-
section fluorescence intensity was analyzed by Origin 2017 and ImageJ software.

2.8. Immunohistochemistry

Paraffin sections of the liver tissue were prepared after fixation with 4 % paraformaldehyde for 12 h. The sections were placed in an
80 °C thermostat and heated overnight at a thickness of 3 pm. After that, xylene and alcohol were used for gradient dewaxing, 3 %
H»0, was used to inactivate endogenous peroxidase, and ethylenediamine tetra acetic (EDTA) was used for antigen retrieval. Then, the
sections were sealed with bovine serum albumin (BSA) to block nonspecific binding, and a primary antibody was added and incubated
with the sections at 4 °C overnight. The primary antibodies used were anti-Fstll antibody (1:400, Abcam), anti-a-SMA antibody
(1:500, Abcam), and anti-p-Catenin antibody (1:300, Abcam). On the second day, the sections were incubated with goat anti-rabbit
secondary antibody (Proteintech , USA) at 37 °C for 1 h without light. The sections were washed again with PBS, and the chromo-
genic substrate diaminobenzidine (DAB) (Zhongshan Golden Bridge Biotechnology, Beijing, China) was dropped on the sections.
Staining was terminated when the positive cells were deeply stained but the background was unstained or lightly stained, as deter-
mined by viewing under a microscope. The sections were redyed with hematoxylin, fully rinsed with water, dehydrated with gradient
alcohol and xylene, sealed with the appropriate resin, dried, and photographed under an optical microscope (Nikon Corp. Tokyo,
Japan). Semiquantitative analysis was performed with Image-Pro Plus 6.0 software.

2.9. Pathological staining

The liver tissue was fixed in 4 % paraformaldehyde, embedded in paraffin, and sliced. The slice thickness was 3 pm. After xylene
and gradient alcohol dewaxing, the sections were stained. H&E staining, Masson staining, and Sirius red staining were performed.
After the neutral gum seal was dried, the image was taken by a microscope.

2.10. Liver function

Fresh frozen liver tissues were homogenized with PBS at 4 °C according to the manufacturer’s protocol. Liver function was
evaluated by measuring the levels of alanine aminotransferase (ALT) (Nanjingjiancheng, China) and aspartate aminotransferase (AST).
The results were detected by a microplate reader at 510 nm wavelength.

2.11. Hydroxyproline assay

Fresh frozen liver tissues were homogenized with normal saline at 4 °C according to the manufacturer’s protocol. The hydroxy-
proline level of the liver reflects fibrosis. The results were detected by a microplate reader at 550 nm wavelength.

2.12. Real-time quantitative PCR

Total RNA from liver samples and JS1 cells were extracted by TRIzol reagent (TaKaRa, Japan) according to the manufacturer’s
instructions. cDNA was produced by reverse transcription using a Transcriptor First Strand cDNA Synthesis Kit (TaKaRa, Japan). The
template DNA was amplified by real-time quantitative PCR (qPCR) using the Fast Start Universal SYBR Green Master kit (TaKaRa,
Japan). The relative gene expression levels were normalized to GAPDH using the 2-AACT quantitation method. The q-PCR primers are
shown below: Fstll F: TAGGCGGCAGGCACATATCTAGG, R: GAGGCGGCGAGAGCATTTCAG; GAPDH F: CAA-
GAAGGTGGTGAAGCAGG, R: GGCCGG CCACCCTGTTGCTGTAGCC.
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2.13. Western blot analysis

Proteins of JS1 cells and liver tissues were extracted on ice. After addition of RIPA lysis protein, the supernatant was collected by
centrifugation. The supernatant was collected for concentration measurements and boiled for preservation or subsequent experiments.
The same amount of protein from each group was added to an SDS-PAGE gel and subjected to electrophoresis. The protein in the SDS-
PAGE gel was transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore, USA). Then, the membrane was blocked with 5 %
skim milk for 1 h at room temperature and incubated with primary antibodies (anti-Fstl1 antibody, 1:1000, Proteintech; anti-a-SMA,
1:4000, Abcam; anti-collagen 1, 1:1000, Santa Cruz Biotechnology; anti-f-Catenin, 1:1000, Abcam; anti-Wnt, 1:3000, Proteintech;
anti-GAPDH antibody, 1:10000, Proteintech) at 4 °C overnight. Thereafter, the membrane was further incubated with the corre-
sponding secondary antibody (1:10000, Proteintech) at 37 °C for 50 min. Enhanced chemiluminescence (ECL) solution was used to
visualize protein bands, and the relative protein level was calculated based on the housekeeping gene content with ImageJ.

2.14. Bioinformatics analysis

We first performed RNA-seq analysis on liver samples from control and cirrhotic mice. According to the screening threshold of p <
0.05 and a fold change>1.5, the volcanic and heatmaps generated by the R language software package ggpubr were used to display the
screened DEGs. Subsequently, for analysis of the function of DEGs in liver fibrosis, online annotation, visualization, and integrated
discovery databases were used by DAVID 6.8. When p was <0.05, the enrichment difference was considered significant. The analysis
results are displayed in the bubble diagram using the R language package ggplot. Finally, we highlighted the differential expression of
Fstll in liver samples of mice with and without liver fibrosis through the R language package ggpubr and expressed it in a box diagram.

2.15. Statistics
Each experiment was repeated at least 3 times. All data are expressed as X+SEM. GraphPad Prism 9.0 (GraphPad Prism Software,

San Diego, CA, USA) was used for statistical analysis. One-way analysis of variance (ANOVA) was used for the above data, and a two-
tailed Student’s t-test was used for comparisons between the two groups. P < 0.05 was considered statistically significant.
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Fig. 1. Extraction and identification of mouse BMSCs. A. Schematic diagram of the extraction of mouse BMSCs.

B and C. Cell morphology of BMSCs at PO and P3 generations.

D and E. Osteogenic and adipogenic capacity of BMSCs at P3 generation. Arrows indicate calcium nodules and lipid droplets.
F. Flow cytometry identification of BMSCs at P3 generation.

Scale bar: 50 pm.
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Fig. 2. BMSCs treatment alleviates the degree of cirrhosis in vitro and in vivo. A. Ex vivo organ imaging of mice after tail vein injection of BMSCs.
Mouse was divided into the following 4 groups: Control, CCly, CCl4; +BMSCs, CCl, +PBS.

B. Masson and Sirius Red staining were applied to assess the degree of cirrhosis in each group

C. Assessment of liver fibrosis level in each group by measuring hydroxyproline. D and E. Assessment of liver function in each group by measuring
ALT and AST. JS1 was divided into 4 groups as follows: JS1, JS1+TGF-p1, JS14+TGF-p1+BMSCs, JS1+TGF-p1+PBS. F and G. Western Blot were
applied to detect the expression levels of Coll and a-SMA proteins in each group. Scale bar: 1000 pm ns P > 0.05, *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.
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Fig. 3. BMSCs treatment down-regulates Fstll expression during the progression of cirrhosis both in vivo and in vitro. A and B. Volcano and heat
maps of differentially expressed genes in normal and cirrhotic tissues. C. Fstl1 expression abundance in normal and cirrhotic tissues. Mouse was
divided into the following 4 groups: Control, CCl4, CCl4 +BMSCs, CCl4 +PBS. D and E. Inmunohistochemistry were applied to detect the positivity
of a-SMA and Fstll proteins in each group. F. qRT-PCR was applied to detect the mRNA level of Fstll in each group. JS1 was divided into the
following 4 groups: JS1, JS1+TGF-f1, JS1+TGF-p1+ BMSCs, JS1+TGF-f1+PBS. G and H. Western Blot was applied to detect the expression levels
of Fstll, Coll and a-SMA proteins in each group. I. qRT-PCR was applied to detect the mRNA level of Fstl1 in each group. Scale bar: 500 pm ns P >
0.05, *P < 0.05, **P < 0.01, ***P < 0.001.



H. Zhangdi et al. Heliyon 9 (2023) €21010
3. Results
3.1. Extraction and identification of mouse BMSCs

BMSCs were extracted and cultured from the bilateral femurs of mice (Fig. 1A). The newly extracted PO BMSCs were round and
suspended in the cell culture medium (Fig. 1B). The cells were purified to the P3 generation after adherent passage, and the cell
morphology was long and fusiform (Fig. 1C). The osteogenic (Fig. 1D) and adipogenicity (Fig. 1E) differentiation of P3 BMSCs was
induced. Calcium nodule formation and fat droplet formation confirmed that BMSCs had differentiation potential. Flow cytometry
results showed that stem cell surface-specific antigens CD90 and CD29 were positive, while hematopoietic stem cell surface-specific
antigens CD31 and CD43 were negative (Fig. 1F). The above results confirmed the successful extraction of BMSCs.

3.2. BMSCs treatment alleviates the degree of cirrhosis in vivo and HSCs activation in vitro

DiR-labelled BMSCs were injected into the tail vein of mice, and the fluorescence intensity of each parenchymal organ was detected
by a fluorescence imaging system. The results showed that the fluorescence signal was higher in the liver, spleen, and pancreas and
lower in the heart, lung, and kidney. The fluorescence intensity of the liver was the highest (Fig. 2A). Subsequently, the liver of each
group was stained pathologically. Masson staining and Sirius red staining showed that the livers of the CCl4 model group had cirrhosis-
related pseudo lobule formation and collagen deposition, forming a cirrhosis model. The CCl4 model mice intraperitoneally injected
with PBS also had pseudo lobule formation and collagen deposition. Compared with that in the cirrhosis group, the degree of cirrhosis
in the BMSCs treatment group was decreased (Fig. 2B). Determination of hydroxyproline content in the liver was performed. The
degree of liver cirrhosis was quantitatively shown. The hydroxyproline content in the BMSCs treatment group was significantly lower
than that in the PBS control treatment group (Fig. 2C). The liver function of mice was evaluated by ALT and AST assays. Compared with
that of the PBS control group, the liver function of the BMSCs treatment group was significantly alleviated (Fig. 2D-E). BMSCs play a
therapeutic role in alleviating the progression of cirrhosis. In vitro, TGF-p1 was used to induce the activation of the mouse hepatic
stellate cell line JS1. Compared with that of the activated JS1 cell control group, the surface marker protein a-SMA of activated JS1
cells and collagen 1 produced by activated cells were significantly reduced after BMSCs treatment (Fig. 2F-G).

3.3. BMSCs treatment down-regulates Fstll expression during the progression of cirrhosis both in vivo and in vitro

Based on the analysis of our previous experimental results [18], taking the adjusted p value less than 0.05 and the logFC value
greater than 0.5 as the standard, we found a total of 2115 DEGs, of which 2225 were upregulated and 110 were downregulated. The
heatmap (Fig. 3A) and volcano map (Fig. 3B) showed the distribution of overall DEGs. Subsequently, we analyzed the expression
differences of Fstl1 between different samples (Fig. 3C). We found that the expression of Fstl1 was significantly upregulated in cirrhotic
tissues.
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Mice were divided into four groups: control, CCl4, CCl4; +BMSCs, and CCly +PBS. Through immunohistochemical analysis, we
found that the protein expression of a-SMA and Fstl1 was upregulated in the livers of mice with CCly -induced liver cirrhosis compared
with normal livers. While both a-SMA and Fstll expression in the CCly group was downregulated compared with that in the CCl4
+BMSCs group, we found that BMSCs treatment can partially reverse this phenomenon (Fig. 3D and E). We also verified the mRNA
expression level of Fstll (Fig. 3F), and the results showed that the mRNA expression level of Fstl1 was consistent with the change in its
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protein expression level. Subsequently, we verified the protein expression levels and the mRNA expression level in vitro. The Western
blot results showed that compared with that of the control group, after TGF-p1 treatment, the expression of a-SMA and Fstll was
upregulated. After BMSCs treatment, the expression of a-SMA and Fstl1 was downregulated (Fig. 3G and H). In addition, the expression
of Fstll was consistent with the change in its protein expression level (Fig. 3I).

3.4. BMSCs treatment inhibits the Wnt/f-Catenin signaling pathway during cirrhosis progression in vivo and in vitro

To explore the downstream mechanism of BMSCs in alleviating liver cirrhosis, we divided mice into the following four groups:
control, CCl4, CCl4; +BMSCs, and CCls +PBS. Through immunohistochemical analysis, we found that the protein expression of
B-Catenin was upregulated in CCly -induced cirrhotic mice compared with control mice, while after BMSCs treatment, p-Catenin
expression decreased (Fig. 4A and B). We believe that BMSCs treatment could partially reverse this phenomenon. This result was also
verified in vitro experiments. Through Western blot experiments, we found that the protein expression of -Catenin and Wnt was
upregulated in TGF-pl-activated JS1 cells compared with the controls, and BMSCs treatment partially reversed this phenomenon
(Fig. 4C and D). This finding suggests that BMSCs may alleviate the degree of cirrhosis through the Wnt/p-Catenin signaling pathway.

3.5. Silencing of Fstll inhibits the activation of Wnt/p-Catenin signaling pathway

To clarify the regulatory relationship between Fstll and the Wnt/p-Catenin signaling pathway in cirrhosis, we first transfected si-
NC and si-Fstl1 into activated JS1 cells, and qRT-PCR (Fig. 5A) and Western blotting (Fig. 5B) verified the silencing efficiency of Fstl1.
Subsequently, Western blot analysis showed that si-Fstl1 activated JS1 cells and downregulated the protein expression of the Wnt/
B-Catenin pathway (Fig. 5C and D). We believe that silencing Fstll can reduce the protein expression levels of Wnt/f-Catenin.
Moreover, silencing Fstl1 reduced the protein expression levels of a-SMA and Col1l (Fig. 5E and F). We also verified this conclusion by
immunofluorescence experiments. si-Fstll promoted the transfer of p-Catenin from the nucleus to the cytoplasm and inhibited the
Wnt/p-Catenin signaling pathway (Fig. 5G-I). This finding indicates that Fstl1 can regulate the Wnt/f-Catenin signaling pathway in
TGF-pl-activated JS1 cells.

3.6. BMSCs treatment alleviates cirrhosis through Fstl1 inhibition of Wnt/$-Catenin signaling pathway

We further verified the relationship between Fstl1 and the Wnt/p-Catenin signaling pathway in the mechanism underlying BMSCs-
mediated treatment of cirrhosis. We divided JS1 cells into the following four groups: TGF-p1, TGF-$1+BMSCs, TGF-1+BMSCs + OE-
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Fig. 6. BMSCs treatment alleviates cirrhosis through Fstll inhibition of Wnt/p-Catenin signaling pathway. JS1 was divided into the following 4
groups: JS1, JS1+TGF-p1, JS1+TGF-B1+ BMSCs, JS1+TGF-p1+PBS. A. qRT-PCR was applied to detect the mRNA expression levels of Fstll in each
group. B. Western Blot was applied to detect the protein expression level of Fstll in each group. C and D. Western Blot was applied to detect the
expression levels of Wnt and p-Catenin proteins in each group. E and F. Western Blot was applied to detect the expression level of Coll and a-SMA
protein in each group. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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Fstl1, and TGF-14+BMSCs + OE-NC. First, we transfected OE-NC and OE-Fstl1 into JS1 cells and used qRT-PCR (Fig. 6A) and Western
blotting (Fig. 6B) to verify the overexpression efficiency of Fstl1. Subsequently, Western blot analysis showed that overexpression of
Fstll in activated JS1 cells reversed the inhibitory effect of BMSCs treatment on the expression levels of the p-Catenin and Wnt proteins
(Fig. 6C and D). We also found that overexpression of Fstll could reverse the inhibitory effect of BMSCs treatment on the expression
levels of the a-SMA and Col1 proteins (Fig. 6E and F). These data indicate that BMSCs can alleviate cirrhosis through the Fstl1-Wnt/
p-Catenin signaling pathway.

4. Discussion

Liver cirrhosis is a chronic disease. Many liver diseases progress to cirrhosis without timely and effective treatment [19]. At present,
there is still no clear method to cure liver cirrhosis. Recent studies have reported that stem cell therapy can alleviate the progression of
cirrhosis [20]. In this study, we explored the molecular mechanism of bone marrow mesenchymal stem cells in the treatment of liver
cirrhosis (Fig. 7).

Previous studies have found that pluripotent stem cells, such as bone marrow mesenchymal stem cells [21,22], adipose mesen-
chymal stem cells [23], and hair follicle stem [24], can alleviate the progression of cirrhosis. In this study, we selected the most
accessible and effective cells, BMSCs, for the treatment of liver cirrhosis and studied their mechanism. In vivo experiments showed that
transplanted BMSCs were recruited to the inflamed liver by DiR fluorescence labelling of BMSCs. By comparing liver function and
hydroxyproline expression in the livers of mice in the cirrhosis group and the BMSCs treatment group, we found that BMSCs could
alleviate the progression of cirrhosis and thus play a therapeutic role. In vitro experiments, we selected the important hepatic stellate
cells that lead to the appearance of pseudo lobules in cirrhosis [25]. TGF-Blinduced activation of the mouse hepatic stellate cell line
JS1 [10]. By comparing the activated JS1 cells with the activated JS1 cells after BMSCs treatment, we found that the production of
collagen 1 protein decreased, and the surface marker a-SMA protein representing the activation of JS1 cells decreased. BMSCs reduce
collagen production by inhibiting the activation of hepatic stellate cells, thereby alleviating cirrhosis in vivo.

In this study, we analyzed the sequencing results of cirrhotic mice [18] and found that the expression of Fstll was increased in
cirrhotic mice compared with healthy mice, which was consistent with the report that Fstll played a role in fibrotic diseases.
Experimental studies have confirmed that the expression of Fstl1 is increased in myocardial infarction [26], pulmonary fibrosis [27],
chronic nephritis renal fibrosis [28] and liver fibrosis [29]. Since cirrhosis is the end stage of liver fibrosis, the increase of Fstll in
cirrhosis tissues in this study has research value. In addition, we verified that after BMSCs treatment in mice and in vitro, the expression
of Fstll was lower than that in the disease group, which indicated that BMSCs treatment of liver cirrhosis was achieved by reducing
Fstll. To this end, we verified this hypothesis in vitro in JS1 cells. While BMSCs activated JS1 cells, overexpression of Fstll increased
the activation of JS1 cells, which partially reversed the therapeutic effect of BMSCs, confirming our hypothesis that BMSCs alleviated
hepatic stellate cell activation and cirrhotic progression by reducing Fstll expression.
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Fig. 7. Schematic representation of the mechanism of BMSCs in the treatment of cirrhosis.
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Many studies have shown that the Wnt/p-Catenin pathway is involved in the development of fibrosis [30] and the occurrence of
hepatocellular carcinoma [31,32]. When the Wnt/f-Catenin signaling pathway is activated, p-Catenin in the cytoplasm is dephos-
phorylated and translocated to the nucleus and binds to T cell factor (TCF)/Lymphoid enhancer-binding factor (LEF) to stimulate Wnt
transcriptional target genes, including the expression of fibrosis-related genes, such as fibronectin and Matrix Metallo Proteinases-7
(MMP-7), to promote fibrosis. As the end stage of liver fibrosis, cirrhosis is also involved in the Wnt/p-Catenin pathway. It has
been reported that rat BMSCs alleviate liver fibrosis by inhibiting the Wnt/p-Catenin pathway [33]. In this study, we used allogeneic
mouse BMSCs to treat liver cirrhosis in mice and verified the downregulation of Wnt/p-Catenin protein expression after BMSCs
treatment in vivo and in vitro, thus confirming that BMSCs can alleviate the progression of liver cirrhosis through the Wnt/p-Catenin
pathway.

Our experiments confirmed that BMSCs can alleviate liver cirrhosis by downregulating Fstl1 expression, so we hypothesized that
there is an interaction between Fstll and the Wnt/f-Catenin pathway. It has been confirmed that in renal fibrosis in chronic kidney
disease, Fstll increases renal fibrosis and activates the Wnt/p-Catenin signaling pathway, while downregulation of Fstl1 inhibits the
Wnt/p-Catenin signaling pathway; thus, Fstll is considered a new extracellular enhancer of the Wnt/p-Catenin pathway [34].
Therefore, in liver cirrhosis, we detected the protein expression of Wnt/p-Catenin by downregulating Fstl1 in JS1 cells in vitro. After
downregulation of Fstll, the protein expression of the Wnt/p-Catenin pathway decreased. Moreover, in activated JS1 cells after Fstl1
downregulation, nuclear p-Catenin expression decreased, and nuclear translocation occurred, indicating that the Wnt/f-Catenin
pathway was inhibited after the downregulation of Fstll. After verifying that Fstll regulates the Wnt/p-Catenin pathway, our study
further confirmed the relationship between BMSCs and Fstll and Wnt/p-Catenin. In activated JS1 cells, the Wnt/p-Catenin pathway
was inhibited after BMSCs treatment. However, overexpression of Fstll during BMSCs treatment alleviated the inhibition of the
Wnt/p-Catenin pathway to a certain extent, thus partially reversing the therapeutic effect of BMSCs on activated JS1 cells.

Although we lack high-throughput screening procedures to support the scientific hypothesis underpinning the Fstl1/Wnt/p-Catenin
pathway, we experimentally verified the reasonability of this hypothesis in liver cirrhosis. Potentially, the therapeutic effectiveness of
BMSCs transplantation in clinical practice to treatment liver cirrhosis could be strengthened by adjustment of Fstl1/Wnt/p-Catenin
pathway, which could promote transplanted BMSCs trans-differentiation to hepatocyte. Since there are risk factors for the development
of HCC in liver cirrhosis, the role of Fstl1/Wnt/p-Catenin pathway in clinical liver cirrhosis needs to be further studied.

5. Conclusions

Overall, in this study, we demonstrated that BMSCs alleviated HSCs activation and liver cirrhosis by downregulating Fstl1, and
Fstll could affect on Wnt/f-Catenin pathway. This study provides experimental data and theoretical support for further exploring the
therapeutic mechanism of BMSCs in clinical application.
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