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Abstract
Background & Aims  Despite increasing knowledge regarding the cellular and molecular mechanisms of liver fibrogenesis, 
there is currently no approved drug for the treatment of liver fibrosis. Mesenchymal stem cells (MSCs) are multipotent 
progenitor cells representing an attractive therapeutic tool for tissue damage and inflammation. This study was designed to 
determine the protective effect and underlying mechanism of human umbilical cord-derived MSCs (UC-MSCs) on thioacet-
amide-induced liver fibrosis.
Methods  Liver fibrosis was induced in mice by intraperitoneal injection of thioacetamide (TAA). Some mice were then 
given injection of UC-MSCs or UC-MSCs-derived exosomes (UC-MSCs-Exo) via the tail vein. Liver tissues were collected 
for histologic analysis.
Results  We found that administration of UC-MSCs significantly reduced serum alanine aminotransferase and aspartate 
aminotransferase levels, and attenuated hepatic inflammation and fibrosis. Moreover, the therapeutic effect of UC-MSCs-
derived exosomes was similar to that of UC-MSCs. Intriguingly, UC-MSCs-Exo treatment downregulated the expression 
of smoothened (SMO), a fundamental component of Hedgehog signaling which plays a critical role in fibrogenesis, and 
subsequently inhibited the activation of hepatic stellate cells, a central driver of fibrosis in experimental and human liver 
injury. Furthermore, the anti-inflammatory and anti-fibrotic effects of UCMSCs- Exo was reversed by the SMO agonist 
SAG treatment in mice.
Conclusion  Our findings suggest that UC-MSCs-Exo exert therapeutic effects on liver fibrosis, at least in part, through 
inhibiting the Hedgehog/SMO signaling pathway.
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Introduction

Chronic stimulation of multiple factors causes liver fibro-
sis, the main risk factors identified at present include viral 
infection, alcoholism, obesity-related steatohepatitis and 
so on [1, 2]. Liver fibrosis is the formation of a fibrous 
scar, which develops in response to acute or chronic cell 
injury resulting in the deposition of extracellular matrix 
(ECM) proteins such as collagen and fibronectin [2–4]. 
It is well documented that activated HSCs were the main 
source of ECM, and that HSC activation represents a cen-
tral event during liver fibrogenesis [5, 6]. Further develop-
ment of liver fibrosis can lead to cirrhosis and even liver 
cancer, imposing a heavy health and economic burden on 
many countries [4, 7]. However, there is currently no effec-
tive drug to treat liver fibrosis. Therefore, it is urgent and 
important to explore the pathogenesis of liver fibrosis and 
to find alternative treatment strategies for chronic liver 
diseases including liver fibrosis.

Mesenchymal stem cells (MSCs) are multipotent stem 
cells with self-renewal abilities, high proliferation rate 
and multipotent differentiation capacity [8]. The main 
sources of MSCs are the bone marrow MSCs (BM-MSCs), 
adipose-derived MSCs (AD-MSCs), and umbilical cord 
MSCs (UC-MSCs) [9]. Among of these, UC-MSCs are 
distinguished due to their easy collection, low immuno-
genicity, high paracrine potential rapid proliferation speed 
and fewer ethical issues [10]. Multiple lines of evidence 
has demonstrated that MSCs exert considerable promise 
for use in tissue repair due to their multilineage differentia-
tion and immunomodulatory properties [11]. Our recent 
studies also indicated that MSCs alleviated ischemia/rep-
erfusion and acetaminophen-induced acute liver injury by 
modulating macrophage Hippo/β-catenin signaling and 
AMPK/SIRT1 pathway, respectively [12, 13]. Although 
much progress has been made in the use of MSCs to treat 
various diseases including liver fibrosis [14], a number of 
phase III clinical trials of MSC-based cell therapy were 
failed to meet the primary endpoints [15]. Thus, exploring 
the underlying mechanisms by which MSCs exert their 
therapeutic effects emerges as one of the key challenges 
of MSC therapy.

Exosomes are shown to carry nucleic acids, proteins, 
lipids and metabolites to mediate near and long-distance 
intercellular communication in health and disease and 
affect various aspects of cell biology. Previous stud-
ies demonstrated the importance of the exosome-medi-
ated cellular communication in liver fibrosis [16–18]. 
Exosomes are simpler than their parent cells, therefore 
they are easier to produce and store [19]. Importantly, they 
have no risk of tumor formation and are less immunogenic 
[20]. Therefore, the use of exosomal cell-free therapy is a 

more promising than the direct use of MSCs in the treat-
ment of liver fibrosis. However, the efficacy and potential 
therapeutic mechanism of human UC-MSCs-Exo in the 
treatment of liver fibrosis has not been fully understood.

Emerging evidence has demonstrated the important role 
of Hedgehog pathway in the progression of liver fibrosis. 
Hedgehog signaling can be simplified into four fundamen-
tal components: (i) the ligand Hedgehog (Sonic hedgehog, 
Indian hedgehog, and Desert hedgehog), (ii) the cell surface 
receptor Patched (Ptc), (iii) the signal transducer Smooth-
ened (SMO), and (iv) the effector transcription factor Glio-
blastoma (Gli) family (Gli1, Gli2, and Gli3) [21]. Hedge-
hog signaling is initiated by the ligands which interact with 
Ptc expressed on target cells of Hedgehog signaling. This 
interaction de-represses the activity of SMO and permits 
the propagation of intracellular signals that culminate in the 
nuclear localization of Gli and consequently regulates the 
expression of Gli-target genes [22]. In healthy adult livers, 
Hedgehog pathway expression is relatively dormant with 
low production of ligands robust expression of Hedgehog 
inhibitors [2]. During fibrogenesis, Hedgehog signaling pro-
motes transdifferentiation of HSCs by activating Yes-asso-
ciated protein 1 (YAP) [23]. Blocking Hedgehog pathway 
and YAP activation prevented HSCs from transdifferentiat-
ing into activated HSCs [24]. However, it remains largely 
unknown as to whether UC-MSCs-Exo can inhibit fibrosis 
by targeting the Hedgehog signaling.

In the present study, using thioacetamide (TAA)-induced 
mouse liver fibrosis model and in vitro co-culture experi-
ments, we investigated the therapeutic effects and underly-
ing mechanism of UC-MSCs-Exo-based protection against 
hepatic fibrosis. Our findings suggest that UC-MSCs-Exo 
inhibits HSC activation and attenuates liver fibrosis through 
targeting the Hedgehog/SMO signaling.

Methods and materials

Mouse liver fibrosis model and treatment

The C57BL/6 mice (6–7 weeks old) purchased from Hubei 
Provincial Center for Disease Control and Prevention 
(Wuhan, China) were bred at a temperature of 30 ± 2 °C with 
a 12 h light/dark cycle. Animal welfare and experimental 
procedures were performed according to the guide for the 
Care and Use of Laboratory animals.

Mice were randomly divided into six groups: normal con-
trol (NC) group, saline + UC-MSCs-Exo group, saline + UC-
MSCs group, liver fibrosis + PBS group, liver fibrosis + UC-
MSCs-Exo group, and liver fibrosis + UC-MSCs group 
(n = 5/group). The fibrosis group mice were fasted for 12 h 
before modeling and were intraperitoneally injected with 
150 mg/kg of TAA for 3  times/week. Other mice were 
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treated with the same amount of normal saline. Four weeks 
after liver fibrosis induction, the saline + UC-MSCs-Exo 
group and the liver fibrosis + UC-MSCs-Exo group mice 
were intravenously injected with 75 μg/200 μL UC-MSCs-
Exo. For the saline + UC-MSCs group and the liver fibro-
sis + UC-MSCs group, 1.0 × 106/200 μL UC-MSCs were 
intravenously injected into mice. The liver fibrosis + PBS 
group mice were intravenously injected with 200 μL PBS. 
The NC group was untreated to serve as blank control. Some 
mice were injected with the SMO agonist SAG (20 mg/kg 
body weight, i.p., SML1314, Sigma Aldrich, USA) 24 h 
before UC-MSCs-Exo administration. Mice were sacrificed 
6 weeks after TAA injection.

Statistical analysis

All data were presented as mean ± SD by GraphPad Prism 
5 software (GraphPad Software Inc., California, USA) and 
analyzed by SPSS 19 statistical software (SPSS Inc., Chi-
cago, Illinois). Multiple group comparisons were performed 
using one-way analysis of variance (ANOVA). T test was 
used for two-group comparisons. p value < 0.05 was con-
sidered as statistically significant.

Additional methods

Further detailed methodology is described in the supple-
mental materials.

Results

Identification and characterization of UC‑MSCs 
and UC‑MSCs‑Exo

We first characterized UC-MSCs that were isolated from 
human umbilical cord tissues. Our data showed that the 
cultured UC-MSCs exhibited a spindle-shaped morphol-
ogy and plastic-adherent characteristic (Fig. 1A). Biological 
effectiveness experiments confirmed that UC-MSCs could 
be differentiated into adipogenic, osteogenic, and chondro-
genic phenotypes (Fig. 1B). Flow cytometry analysis con-
firmed that UC-MSCs were positive for CD90 (98.03%), 
CD105 (96.71%) and CD73 (99.91%), and negative for 
CD34 (0.07%), CD19 (0.07%), CD45 (0.07%) and HLA-
DR (0.07%) (Fig. 1C).

UC-MSCs-Exo were successfully isolated from UC-
MSCs using the differential centrifugation method. The rep-
resentative morphology of purified exosomes was observed 
by transmission electron microscopy. As shown in Fig. 1D, 
the exosomes exhibited a characteristic saucer-like shape. 
In addition, the exosome, was limited by a lipid bilayer, had 
an average diameter ranging from 30 to 150 nm (Fig. 1E). 

Western blotting confirmed that UC-MSCs-Exo expressed 
and enriched the known exosome markers Alix and CD9, 
and did not express Calnexin (Fig. 1F).

UC‑MSCs and UC‑MSCs‑Exo treatment reduces 
TAA‑induced hepatic inflammation and improves 
liver function in mice

The effectiveness of isolated UC-MSCs-Exo to alleviate 
TAA-induced liver fibrosis was assessed in a mouse model. 
H&E staining showed that inflammatory cell infiltration 
were distinctly increased in liver tissues of TAA-admin-
istered mice compared with control mice. The livers from 
UC-MSCs or UC-MSCs-Exo-treated mice obviously had 
less inflammatory cell infiltration than the livers from PBS-
treated controls (Fig. 2A). Biochemical analysis showed 
the restoration of liver function after UC-MSCs and UC-
MSCs-Exo treatment. The serum levels of ALT and AST 
were significantly reduced in the treated groups compared 
to the controls (Fig. 2B, C).

Next, we detected the expression of proinflammatory 
mediators in liver tissue by qRT-PCR. Compared to the PBS-
treated controls, UC-MSCs and UC-MSCs-Exo treatment 
reduced the mRNA levels of proinflammatory cytokines 
and chemokines including Tnf-α, Il-6, and Mcp-1 in livers 
tissues (Fig. 2D–F). Meanwhile, the expression of Adgre1 
in the UC-MSCs and UC-MSCs-Exo-treated livers were 
greatly reduced when compared to the controls (Fig. 2G). 
Therefore, both UC-MSCs and UC-MSCs-Exo treatment 
reveal the improvement of liver function and reduction of 
hepatic inflammation.

UC‑MSCs and UC‑MSCs‑Exo treatment alleviates 
liver fibrosis

Histopathological examination using Sirius Red and Mas-
son’s trichrome staining confirmed the successful estab-
lishment of an animal model of liver fibrosis after TAA 
administration. However, the collagen deposition was sig-
nificantly reduced in UC-MSCs and UC-MSCs-Exo-treated 
mice compared to the controls (Fig. 3A, B). Moreover, 
α-SMA is a specific marker involved in the development 
of liver fibrosis and HSC activation [5], therefore we exam-
ined the expression level of α-SMA. Immunofluorescence 
staining showed that the expression of α-SMA was mark-
edly decreased after UC-MSCs and UC-MSCs-Exo treat-
ment (Fig. 3C). Meanwhile, we detected the mRNA levels 
of genes encoding fibrotic factors, including Acta2, collagen 
type1-α1 (Col1α1), collagen type III α1 (Col3α1) and tissue 
inhibitor of metalloproteinase-1 (Timp1) in liver tissue by 
qRT-PCR. These expressions were significantly reduced in 
UC-MSCs and UC-MSCs-Exo-treated livers (Fig. 3D–G). 
These results suggest that treatment with either UC-MSCs 
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or UC-MSCs-Exo distinctly alleviates TAA-induced liver 
fibrosis in mice.

UC‑MSCs and UC‑MSCs‑Exo treatment inhibits 
the expression of SMO in fibrotic livers

It has been reported that Hedgehog signaling plays an 
important role in liver diseases, including liver fibrosis [25]. 
Moreover, previous studies suggest that the Hedgehog/SMO 
pathway may act as a potential therapeutic target for liver 
fibrosis [23, 26]. We analyzed the GEO database (GEO: 
GSE173961) and found that the mRNA levels of SMO in 
the liver tissue of the TAA-induced mice liver fibrosis model 
was significantly higher than that in the control groups. 

However, SMO expression was markedly downregulated in 
the recovered livers (Fig. 4A). Therefore, we analyzed the 
correlation between SMO level and degree of TAA-induced 
liver fibrosis in mice. As expected, the mRNA level of SMO 
was positively correlated with the mRNA levels of Col1α1 
and Acta2 (Fig. 4B, C).

Next, we examined the protein levels of SMO in liver 
tissues by western blot. Obviously, the expression of SMO 
in the liver was increased after TAA administration. How-
ever, SMO expression was dramatically downregulated 
after UC-MSCs and UC-MSCs-Exo treatment (Fig. 4D). 
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Immunofluorescence staining of liver tissue further con-
firmed that the expression of SMO was significantly 

suppressed by UC-MSCs and UC-MSCs-Exo treatment 
(Fig. 4E). These results suggest that UC-MSCs and UC-
MSCs-Exo inhibit the expression of SMO, a key mediator 
of liver fibrogenesis.
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UC‑MSCs‑Exo inhibits HSC activation 
through suppressing the Hedgehog/SMO pathway in 
vitro

Next, we further explored the association between the anti-
fibrosis effect of UC-MSCs-Exo and the Hedgehog/SMO 
pathway. Western blot analysis revealed that the expression 
of α-SMA was obviously upregulated after TGF-β treat-
ment in LX2 cells.  However, UC-MSCs-Exo treatment 

significantly inhibited α-SMA expression (Fig. 5A). Mean-
while, we tested the effects of UC-MSCs-Exo on the Hedge-
hog/SMO pathway. The expression of SMO was decreased 
after UC-MSCs-Exo treatment (Fig. 5B). Gli1, which is the 
transcription factor for Hedgehog/SMO signaling pathway, 
was also significantly downregulated by UC-MSCs-Exo 
treatment (Fig. 5C). Consistent with these results, immuno-
fluorescence staining confirmed that UC-MSCs-Exo treat-
ment inhibited α-SMA, SMO and Gli1 expression in LX2 
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cells (Fig. 5D). In addition, the mRNA levels of Hedge-
hog target genes including Ptch1, Gli1 and Cyclin D1 were 
decreased by UC-MSCs-Exo treatment (Fig. 5E). To fur-
ther confirm that UC-MSCs-Exo inhibited HSC activation 
through suppressing the Hedgehog/SMO pathway, we pre-
treated LX2 cells with the SMO agonist SAG. As expected, 
UC-MSCs-Exo-mediated inhibition of HSC activation was 
reversed by SAG treatment (Fig. 5F).

The therapeutic effect of UC‑MSCs‑Exo was reversed 
by SAG treatment in vivo

To further confirm that UC-MSCs-Exo alleviated liver fibrosis 
through targeting the Hedgehog/SMO signaling, TAA-induced 
fibrotic mice were injected with the SMO agonist SAG before 
UC-MSCs-Exo administration. H&E staining and biochemical 
analysis of serum ALT/AST levels showed that liver damage 
was increased in SAG + UC-MSCs-Exo-treated mice com-
pared with UC-MSCs-Exo-treated mice (Fig. 6A, B), which 

was accompanied by increased expressions of proinflamma-
tory mediators including Tnf-α, Il-6, Mcp-1, and Adgre1 after 
SAG treatment (Fig. 6C). In addition, Sirius Red and Masson’s 
trichrome staining revealed that SAG treatment reversed the 
anti-fibrotic effect of UC-MSCs-Exo in TAA-induced fibrotic 
mice (Fig. 6D). Meanwhile, we detected the expressions of 
genes encoding fibrotic factors, including Acta2, Col1α1, 
Col3α1 and Timp1 in liver tissue. As expected, these mRNA 
levels were significantly upregulated in SAG + UC-MSCs-
Exo-treated mice compared with UC-MSCs-Exo-treated mice 
(Fig. 6E). These results suggest that UC-MSCs-Exo attenu-
ates hepatic fibrosis through targeting the Hedgehog/SMO 
signaling.
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Discussion

In this study, we investigated the therapeutic effects and 
potential mechanisms of UC-MSCs and UC-MSCs-Exo 
treatment in alleviating TAA-induced liver fibrosis. Our 
findings indicated that administration of UC-MSCs signifi-
cantly improved liver function, reduced liver inflammation 
and attenuated hepatic fibrosis, and that the therapeutic 
effect of UC-MSCs-Exo was similar to that of UC-MSCs. 
Importantly, we demonstrated that UC-MSCs-Exo reduced 

HSC activation by inhibiting the Hedgehog/SMO pathway. 
Furthermore, the anti-inflammatory and anti-fibrotic effects 
of UC-MSCs-Exo was reversed by the SMO agonist SAG 
treatment in vivo. Our data highlight the importance of the 
Hedgehog/SMO signaling as a key anti-liver fibrosis target, 
and shed new light on the application of UC-MSCs-based 
cell-free therapeutic strategies for liver fibrosis.

The classical Hedgehog signaling is a conserved, highly 
complex pathway with important and diverse roles through-
out animal development and adult tissue homeostasis [27]. 
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Hedgehog signaling has been shown to modulate wound-
healing responses in many adult tissues, including the liver 
[28]. It has been reported that Hedgehog is involved in the 

development of liver cirrhosis through metabolic reprogram-
ming of HSCs [29], and conditionally ablation in Hedge-
hog/SMO signaling suppressed the myofibroblastic HSC 
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Fig. 6   The therapeutic effect of UC-MSCs-Exo was reversed by SAG 
treatment in  vivo. Mice were injected with the SMO agonist SAG 
(20 mg/kg body weight, i.p.) 24 h before UC-MSCs-Exo administra-
tion. A Representative H&E-stained liver sections. Scale bar, 100 µm. 
B Serum ALT/AST levels were analyzed. C qRT-PCR-assisted detec-
tion of Tnf-α, Il-6, Mcp-1 and Adgre1 in liver tissues (n = 5 samples/

group). D Representative pictures of Sirius red staining and Masson 
staining in liver sections. Scale bar, 100  µm. E qRT-PCR-assisted 
detection of Acta2, Col1α1, Col3α1 and Timp1 in liver tissues (n = 5 
samples/group). Data are presented as the mean ± SD. *p < 0.05, 
**p < 0.01
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phenotype [23]. Although some data showed that canonical 
Hedgehog inhibitor failed to alleviate pulmonary fibrosis, 
renal fibrosis, or myelofibrosis, the direct inhibition of Gli 
proteins can improve fibrosis [30]. Additionally, previous 
studies reported that cyclopamine, a Hedgehog signaling 
pathway inhibitor that inhibits SMO activity by altering 
the spatial structure of SMO, could dramatically decrease 
mitochondrial respiration and cell growth of myofibroblastic 
HSCs, thereby improving rat liver fibrosis [23]. In keeping 
with these studies, our results revealed that the expression 
of SMO was remarkedly upregulated in fibrotic livers, and 
was significantly positively correlated with the severity of 
liver fibrosis. Collectively, these findings suggest that the 
Hedgehog/SMO signaling might be an important target for 
treating liver fibrosis. Indeed, our in vivo and in vitro data 
demonstrated that UC-MSCs-Exo reduced HSC activation 
and hepatic fibrosis through suppressing the Hedgehog/SMO 
signaling.

MSCs contribute to tissue repair due to their immu-
nomodulatory and regenerative potential [11]. MSCs 
are commonly used in clinical trials [9] owing to the fact 
that they are easy to collect, exhibit stronger proliferation 
capacity in vitro, and rarely raise ethical concerns [10, 31]. 
Accumulating evidence demonstrates that most of the ben-
eficial effects mediated by MSCs can be attributed to the 
function of their exosomes [32–36]. Previous studies have 
demonstrated that MSC-Exo could prevent CCl4-induced 
acute liver injury by inhibiting hepatocellular siderosis 
[36]. In this study, our data demonstrated that UC-MSCs-
Exo treatment can effectively alleviate TAA-induced HSC 
activation and liver fibrosis in mice. It is consistent with a 
previous report that BM-MSCs-Exo treatment ameliorated 
CCl4-induced liver fibrosis via inhibition of HSC activation 
[37]. In addition, inflammation is one of the important fac-
tors leading to fibrosis [38]. Consistently, our results indi-
cated that UC-MSCs-Exo could obviously reduce hepatic 
inflammation. Interestingly, to some extent, UC-MSCs-Exo 
exerts the better therapeutic effect than their parent cells. It is 
consistent with the previous report that the therapeutic effect 
of BM-MSCs-Exo against liver damage was greater than that 
of BM-MSCs [37]. It has been reported that exosomes have 
similar functions to their parent cells. Moreover, exosomes 
may offer several advantages over their parent cells [39, 40]: 
(1) exosomes are smaller in nanoscale size and less complex 
than their parent cells; (2) exosomes are less immunogenic 
than their parent cells; (3) exosomes are safer cell-free rea-
gents than their parent cells. Based on these findings, we 
speculate that UC-MSCs-Exo may serve as a more promis-
ing therapeutic strategy for liver fibrosis.

Although the present study demonstrated that UC-
MSCs-Exo alleviated TAA-induced liver fibrosis through 
inhibition of the Hedgehog/SMO signaling, the exact 

mechanism by which UC-MSCs-Exo regulates the Hedge-
hog/SMO signaling remains to be determined. Further 
studies are required to identify the crucial components 
(eg, protein and no-coding RNA) of UC-MSCs-Exo which 
are involved in regulating Hedgehog/SMO signaling. In 
addition, future studies are required to compare the differ-
ence of therapeutic effects by UC-MSCs-Exo in mice with 
good and poor outcomes, and address whether the poor 
treatment outcomes are associated with the dysregulation 
of Hedgehog/SMO signaling. This will further confirm 
that UC-MSCs-Exo do indeed exert their function through 
the Hedgehog/SMO signaling. Since cell-free-based thera-
pies avoid the potential tumorigenicity, immunogenicity, 
emboli formation, undesired differentiation, and infec-
tion transmission of cell transplantation [40], our study 
demonstrates the translational potential of MSCs-based 
cell-free therapy for liver fibrosis. It should be noted that 
the variability in isolation, characterization, and adminis-
tration protocols for UC-MSCs and their exosomes across 
different studies poses a challenge to the reproducibility 
and comparability of results [41]. Therefore, standardiza-
tion of these protocols is necessary to facilitate accurate 
interpretation and validation of findings in the future.

In conclusion, the present study demonstrated that UC-
MSCs-Exo reduced hepatic inflammation, inhibited HSC 
activation, and attenuated liver fibrosis, at least in part, 
through targeting the Hedgehog/SMO signaling. This 
study extends our current understanding of the mecha-
nisms of MSCs-mediated anti-liver fibrosis, and would 
pave the way for the use of cell-free therapy for liver 
fibrosis.
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