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Exosomal microRNA-618 derived from mesenchymal stem cells attenuate the 
progression of hepatic fibrosis by targeting Smad4
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ABSTRACT
Hepatic fibrosis (HF) is a pathological phenomenon that occurs during the process of long-term 
damage and repair in the liver. This condition will lead to the development of cirrhosis and even 
liver cancer if untreated. Previous evidence has shown that exosomes derived from mesenchymal 
stem cells (MSCs), carrying microRNAs (miRs), can affect the pathogenesis of HF. Therefore, the 
present study aimed to identify novel exosomal miRs derived from MSCs that play a critical role in 
the progression of HF. Next, the expression data of differentially expressed miRs (DEMs) of 
patients with liver cirrhosis and healthy controls were obtained from the Gene Expression 
Omnibus dataset. DEMs were analyzed using Gene ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG). Moreover, to further confirm the function of exosomal miR-618 
derived from MSCs on the pathogenesis of HF in vivo, a mouse model of HF was established. The 
results of the present study suggested that a close associated existed between DEMs and HF. 
Based on the results of the bioinformatics analysis, miR-618 was one of the main downregulated 
miRs involved in cirrhosis. In addition, miR-618 could be transferred from MSCs to LX-2 cells via 
exosomes; exosomal miR-618 derived from MSCs inhibited the viability and migration of LX-2 cells 
that were treated with TGF-β. Furthermore, exosomal miR-618 derived from MSCs attenuated the 
progression of HF via targeting Smad4. These findings indicated that treatment of exosomal miR- 
618 derived from MSCs might serve as a new strategy for HF.

ARTICLE HISTORY
Received 14 October 2021 
Revised 22 December 2021 
Accepted 23 December 2021 

KEYWORDS
Hepatic fibrosis; cirrhosis; 
miR-618; Smad4; exosomes

Introduction

Hepatic fibrosis (HF) is a pathological phenom
enon produced in the process of long-term 
damage and repair in the liver [1,2]. During the 
formation of HF, hepatocytes are damaged by 
various factors, such as chronic liver disease, and 
excessive intake of alcohol, and secrete a variety of 
cytokines [3]. Subsequently, cytokines can stimu
late the transformation of hepatic stellate cells into 
fibroblasts, resulting in excessive accumulation of 
extracellular matrix (ECM) in the liver [3]. 
Moreover, excessive accumulation of ECM leads 
to the formation of fibrous scarring, known as HF 
[4]. Finally, HF can further develop into cirrhosis 
and liver cancer, which seriously affect the health 
and life of patients [1]. However, to date, the 
application of an effective treatment for HF has 
not been reported [5]. The main treatment strategy 
is to prevent liver damage and to arrest or even 
reverse the progression of HF to cirrhosis [6]. 

Therefore, it is imperative to explore new treat
ment strategies for HF.

MicroRNAs (miRs) are a class of non-coding 
small RNAs, which can regulate gene expression 
[7]. miRs play a variety of roles during the growth 
and development of hepatocytes [8–10]. For 
instance, miR-30a prevents the progression of HF 
by inhibiting cell autophagy in a mouse model of 
HF [11]. Besides, miR-200a could significantly 
inhibit the progression of HF [12]. Moreover, 
miR-378 promoted the progression of HF by upre
gulating the NF-κB pathway [13]. In the present 
study, a Gene Expression Omnibus (GEO) dataset 
was used to identify differentially expressed miRs 
(DEMs) by comparing the expression profile of 
miRs between patients with liver cirrhosis and 
healthy control subjects.

Mesenchymal stem cells (MSCs) are a type of 
pluripotent stem cells [14]. MSCs function by 
secreting a variety of cytokines that act on other 
cells [15]. Exosomes are small vesicles with 
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a diameter of 40–100 nm, which contain complex 
RNA, proteins and immunomodulatory factors 
[16]. Exosomes derived from MSCs can play tissue 
repair and immunomodulatory roles similar to 
those of MSCs [15–17]. In addition, they can deli
ver complex RNA molecules, proteins, or immu
nomodulatory factors, and play an important role 
in the development of different diseases [18]. For 
example, Chen et al indicated that exosomal miR- 
223 separated from MSCs could protect the liver 
against autoimmune hepatitis-caused injury [19]. 
In addition, it has been reported that exosomal 
miR-181-5p derived from MSCs can suppress the 
process of HF by activating autophagy [20]. The 
present study explored the key miRs, which play 
an anti-HF effect role firstly. We aimed to deliver 
these anti-HF miRs to the liver by exosomes and 
investigated their potential anti-HF effects.

Materials and methods

Clinical sample collection

The serum samples of five patients with liver cir
rhosis and five healthy control subjects were col
lected from XinHua Hospital Affiliated to 
Shanghai Jiao Tong University School of 
Medicine. The study was proved by Ethics 
Committee of Xin Hua Hospital Affiliated to 
Shanghai Jiao Tong University School of 
Medicine. The written informed consents have 
been obtained from patients and healthy donators.

Differentially expressed miRs (DEMs) analysis 
and bioinformatics

The DEM expression data derived from a dataset 
including patients with liver cirrhosis (LC) and 
healthy controls (GSE156347) were downloaded 
from the GEO (https://www.ncbi.nlm.nih.gov/ 
geo/). We analyzed the DEMs between four 
patients with HBV-LC without bacterial infection 
and four healthy controls using with R language 
P < 0.05 (-log10 p-value >1.3) and (log2 Fold 
Change) >1.5 was applied for screening. Next, 
five databases (miRWalk, miRanda, miRDB, 
RNA22, Targetscan) were used to predict the tar
get genes of DEMs [21]. Then, Gene ontology 
(GO) and Kyoto Encyclopedia of Genes and 

Genomes (KEGG) enrichment analysis was con
ducted to analyze the potential functions and sig
nificant pathways of the protein targets of 
DEMs [22].

Cell culture

Bone MSCs and human hepatic stellate cell lines 
(LX-2) were purchased from Procell Life Science & 
Technology Co. Ltd. (Wuhan, Hubei, China). The 
cells were cultured in DMEM (Thermo Fisher 
Scientific, Inc. Waltham, MA, USA) medium sup
plemented with 10% fetal bovine serum (FBS) 
(Thermo Fisher Scientific, Inc.) and 1% penicillin 
and streptomycin (Thermo Fisher Scientific, Inc.) 
at 37°C in the presence of 5% CO2. To mimic HF 
in vitro, LX-2 cells were exposed to TGF-β (5 ng/ 
ml) for 24 h [23].

Cell transfection

MiR-618 agomir, miR-618 antagomir and miR- 
618 agomir negative control (NC, agomir-ctrl) 
were obtained from GenePharma (Shanghai, 
China). MiR-618 agomir or agomir-ctrl was trans
fected into MSCs using Lipofectamine® 2000 
(Thermo Fisher Scientific, Inc.) [24]. The 
sequences of miR-618 agomir, miR-618 antagomir 
(anti-miR-618) and negative control (NC) were 
listed as follow: miR-618 agomir: 5ʹ- 
AAACUCUACUUGUCCUUCUGAGU-3ʹ; miR- 
618 antagomir: 5ʹ-ACUCAGAAGGACAAGUA 
GAGUUU-3ʹ; NC: 5ʹ-CAAACTACGGAGTGG 
ACACTCCTCA-3ʹ.

Reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR)

Initially, TRIzol® reagent (ELK Biotechnology, 
Wuhan, Hubei, China) was used for the separation 
of total RNA from the serum samples of patients 
with liver cirrhosis and healthy control subjects. 
MSCs or exosomes were also used for RNA extrac
tion. Next, EntiLink™ 1st Strand cDNA Synthesis 
kit (EQ003; ELK Biotechnology) was used for 
miRNA reverse transcription. Meanwhile, 
EntiLink™ 1st Strand cDNA Synthesis kit (EQ002; 
ELK Biotechnology) was used for mRNA reverse 
transcription. Remarkably, the specific sequences 
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of primers for miRNA reverse transcription were 
shown in Table 1. In the meanwhile, oligo(dT) was 
used for mRNA reverse transcription. Then, 
EnTurbo™ SYBR Green PCR SuperMix (ELK 
Biotechnology) was used to perform qPCR. The 
2−ΔΔCq method was used for data comparison and 
analysis. U6 was employed as an endogenous con
trol for miRNA. β-actin was worked as an endo
genous control for Smad4 [25]. The sequences of 
the primers for real-time quantitative PCR used 
were shown in Table 2.

Isolation and identification of exosomes

The supernatant of MSC cells was transferred into 
a 15 ml centrifuge tube. The cell supernatant was 
centrifuged at 2,000 x g and 4°C for 30 min. 
Subsequently, the centrifuged samples were fil
tered with a 0.22-μm membrane. Total Exosome 
Isolation reagent (Invitrogen, Thermo Fisher 
Scientific, Inc.; Carlsbad, CA, USA) was added to 
the supernatant sample. The samples were rotated 
and mixed evenly for 30 min, followed by centri
fugation at 10,000 x g and 25°C for 10 min. 
Finally, exosome sediments were collected. 
Bicinchoninic acid (BCA) was used to detect the 
concentration of exosomes derived from MSCs. 
Nanoparticle Tracking Analysis (NTA) was used 
to detect the size distribution of the exosomes. 
Transmission Electron Microscopy (TEM) was 
used to observe the morphology of exosomes 
accordingly [26].

Exosome labeling and uptake

MSC Exo (exosomes derived from MSCs) or 
MSCmiR−618 agomir Exo (exosomes derived from 

MSCs that were treated with miR-618 agomir) 
were labeled with PKH26. Subsequently, LX-2 
cells were incubated with PKH26-labeled exo
somes. The nuclei or the cytoskeletons were 
stained using DAPI or phalloidin dye, respectively 
[26]. Subsequently, fluorescence microscopy was 
applied to observe the stained images.

Western blot analysis

Total protein was harvested from exosomes or LX-2 
cells with RIPA lysis buffer (Aspen, Wuhan, Hubei, 
China). The BCA protein assay kit (Aspen) was used 
to measure the concentration levels of the proteins. 

Table 1. The specific sequences of primers for miRNA reverse transcription.
Name Primer sequences (5ʹ-3ʹ)
miR-4433-3p CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGATGTCCCA
miR-4649-5p CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTCTGAGA
miR-4651 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGCCCGACC
miR-4463 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGGCCCCAC
miR-4281 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCCCCCCTC
miR-618 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACTCAGAA
miR-1273 c CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGACAGGGT
miR-4491 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTTTGGTCA
miR-3926 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCTCTGCC
miR-4695-3p CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGAAGGAGG
U6 AACGCTTCACGAATTTGCGT

Table 2. The sequences of the primers for real-time quantita
tive PCR.

Name Primer sequences (5ʹ-3ʹ)
miR-4433-3p Forward GGACAGGAGTGGGGGTG

Reverse CTCAACTGGTGTCGTGGAGTC
miR-4649-5p Forward GCGAGGGGTGGGCTCT

Reverse CTCAACTGGTGTCGTGGAGTC
miR-4651 Forward TTCGGGGTGGGTGAGGTC

Reverse CTCAACTGGTGTCGTGGAGTC
miR-4463 Forward GGCCGAGACTGGGGTG

Reverse CTCAACTGGTGTCGTGGAGTC
miR-4281 Forward GGGGGTCCCGGGGAG

Reverse CTCAACTGGTGTCGTGGAGTC
miR-618 Forward CGGGAAACTCTACTTGTCCTTC

Reverse CTCAACTGGTGTCGTGGAGTC
miR-1273 c Forward GGGGCGACAAAACGAGAC

Reverse CTCAACTGGTGTCGTGGAGTC
miR-4491 Forward GGCAATGTGGACTGGTGTG

Reverse CTCAACTGGTGTCGTGGAGTC
miR-3926 Forward GTGGCCAAAAAGCAGGC

Reverse CTCAACTGGTGTCGTGGAGTC
miR-4695-3p Forward GGTGATCTCACCGCTGCC

Reverse CTCAACTGGTGTCGTGGAGTC
Smad4 Forward CCTCCCATTTCCAATCATCCT

Reverse CAGAAGGGTCCACGTATCCATC
U6 Forward CTCGCTTCGGCAGCACAT

Reverse AACGCTTCACGAATTTGCGT
β-actin Forward GTCCACCGCAAATGCTTCTA

Reverse TGCTGTCACCTTCACCGTTC
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Subsequently, the proteins were separated by SDS- 
PAGE (10%), transferred to PVDF membranes and 
immunoblotted with primary antibodies at 4°C 
overnight. The antibodies for CD81 (1:1,000; cat. 
no. ab109201), collagen I (1:1,000; cat. no. 
ab260043), α-SMA (1:1,000; cat. no. ab124964), 
Smad4 (1:1,000; cat. no. ab40759; Abcam, 
Cambridge, MA, USA), TSG101 (1:1,000; cat. 
no. 14,497-1-AP; Proteintech Group, Inc., Wuhan, 
Hubei, China), and β-actin (1:10,000; cat. no. 
TDY051; Beijing TDY Biotech Co., Ltd., Beijing, 
China) were used for detection of the corresponding 
proteins. Subsequently, the membranes were incu
bated with a corresponding secondary antibody 
(1:5,000; cat. no. AS1107; Aspen) at room tempera
ture for 1 h. Subsequently, enhanced chemilumines
cence was used to visualize the immunoreactive 
proteins [25].

Cell counting kit-8 (CCK-8) assay

LX-2 cells were seeded into 96-well plates and 
cultured overnight. The cells were incubated with 
10 μl CCK-8 solution (Dojindo, Kumamoto, 
Japan) for 2 h at 37°C. A microplate reader was 
used to measure the optical density at 450 nm [27].

Wound healing assay

The wound healing assay was performed to detect 
the wound healing activity of LX-2 cells. LX-2 cells 
were seeded into six-well plates. When LX-2 cells 
reached 100% fusion, scratches were made in each 
well with sterile 10 µl pipette tips. Subsequently, 
microscopy was used to obtain the relevant images 
following scratching [28].

Transwell migration assay

LX-2 cells were placed on the upper chamber 
(Corning, NY, USA) containing 200 μl serum- 
free DMEM. In addition, the lower chambers con
tained 600 μl DMEM supplemented with 10% FBS. 
Following 24 h of incubation at 37°C, the cells 
were stained with 0.1% crystal violet on the lower 
surface. Microscopy was performed to observe the 
stained LX-2 cells [29].

Dual-luciferase reporter assay

LX-2 cells were co-transfected with the pGL6- 
miR-based luciferase reporter plasmids 
(Beyotime, Beijing, China) containing wild-type 
(WT) or mutant (MT) 3ʹ-UTR of Smad4, together 
with miR-618 agomir or miR-618 agomir-control 
using Lipofectamine® 2000. The Dual Luciferase 
Reporter Assay System (Beyotime Institute of 
Biotechnology, Beijing, China) was used to detect 
luciferase activity in LX-2 cell lysates [30].

RNA pull-down assay

The RNA pull-down assay was performed using 
Pierce Magnetic RNA-Protein Pull-Down Kit 
(Thermo Fisher Scientific, Inc.). The RNA struc
ture buffer (Thermo Fisher Scientific, Inc.) 
induced the formation of secondary structures in 
biotin-labeled RNAs. Subsequently, streptavidin- 
conjugated magnetic beads were incubated with 
biotin-labeled RNAs and the lysates from LX-2 
cells were added to the complex and rotated for 
1 h. Subsequently, the mixture was separated to 
obtain biotin-labeled miR-618 probe-protein- 
streptavidin-conjugated magnetic beads. Finally, 
RNA was isolated from the magnetic beads and 
RT-qPCR was performed to measure the expres
sion levels of miR-618 [31].

In vivo model of HF

C57BL/6 J mice were provided by the Chinese 
Academy of Sciences (Shanghai, China). All ani
mal procedures were approved by the Ethics 
Committee of XinHua Hospital Affiliated to 
Shanghai Jiao Tong University School of 
Medicine. The National Institutes of Health 
Guide for the Care and Use of Laboratory 
Animals was strictly followed. Initially, CCl4 was 
dissolved in olive oil, at a ratio of 1:10. Moreover, 
C57BL/6 J mice were randomized into four groups 
as follows: Control, CCl4, CCl4 (4 weeks), CCl4 
(8 weeks), and CCl4 (8 weeks) + MSCmiR−618 agomir 

Exo. The mice were intraperitoneally injected with 
0.5 mg/kg CCl4 for a maximum period of 4 or 
8 weeks twice a week. The mice in the CCl4 
(8 weeks) + MSCmiR−618 agomir Exo group were 
injected with MSCmiR−618 agomir Exo (10 mg/kg) 
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at 2 days before the first CCl4 treatment via the tail 
vein. In addition, the animal’s activity, mental 
state, and diet were observed. Subsequently, the 
mice were sacrificed and liver tissues were col
lected at the end of the study [20,32].

Hematoxylin and eosin (H&E) staining

The liver tissues of the mice were separated and 
embedded in paraffin. Subsequently, the slices 
were stained with hematoxylin for 20 min followed 
by eosin staining for 10 sec. The stained tissues 
were observed using microscopy [12].

Masson staining

The liver tissues of the mice were separated and 
embedded in paraffin. Subsequently, the slices 
were nucleated with Regaud hematoxylin for 
10 min. The tissues were stained with Masson 
Ponceau S acidic solution for 10 min and differ
entiated with 1% phosphomolybdate aqueous solu
tion for 5 min. The stained tissues were observed 
using microscopy [12].

Detection of important indicators of liver lesions

The levels of alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) were detected 
using the corresponding kits (Alanine aminotrans
ferase and Aspartate aminotransferase Assay Kits) 
according to the manufacturer’s instructions [33]. 
The ALT Assay Kit and the AST Assay Kit were 
provided by Nanjing Jiancheng Bioengineering 
Institute (Nanjing, Jiangsu, China).

Immunohistochemical staining

The liver tissues of the mice were fixed in 4% 
paraformaldehyde, embedded in paraffin, and cut 
into 5 μm-thick slices. Subsequently, the tissues 
were soaked in xylene three times for 10 min 
each. The tissues were gradually soaked in 
100%, 95%, 85%, and 70% ethanol for 5 min 
and incubated with primary antibodies against α- 
SMA and Smad4 (anti-α-SMA and anti-Smad4) 
at 4°C overnight. The following day, the samples 
were incubated with HRP-labeled secondary anti
bodies at 37°C for 30 min. Subsequently, 3,3ʹ- 

diaminobenzidine was added to the slices for 
color development. Finally, the stained tissues 
were observed using fluorescence microscopy 
[20]. The primary and secondary antibodies 
were obtained from Abcam.

Statistical analysis

The data were analyzed using GraphPad Prism 
version 7.0 (GraphPad Software, La Jolla, CA, 
USA) and expressed as mean ± SD. The differ
ences were compared using ANOVA and Tukey’s 
tests. P < 0.05 was considered to indicate a statisti
cally significant difference [30].

Results

Identification of DEM expression between patient 
with liver cirrhosis and healthy control

It has been reported that miRs play a crucial role 
during the growth of hepatocytes [8–10]. To 
explore the potential of miRs to affect the devel
opment of cirrhosis in the tissues, R language 
was used to screen for DEMs from the GEO 
dataset using the accession number GSE156347. 
Following analysis of the DEM expression 
between patients with liver cirrhosis and healthy 
subjects, DEMs (upregulated and downregulated 
miRs) were identified in the GSE156347 dataset 
(Figure 1(a)). In addition, Volcano plot was used 
to display these DEMs (Figure 1(b)). The top five 
unregulated miRs were hsa-miR-4433-3p, hsa- 
miR-4649-5p, hsa-miR-4651, hsa-miR-4463 and 
hsa-miR-4281; the top five downregulated miRs 
were hsa-miR-618, hsa-miR-1273 c, hsa-miR 
-4491, hsa-miR-3926 and hsa-miR-4695-3p.

Moreover, the result of RT-qPCR confirmed 
that the expressions of miR-4433-3p, miR-4649- 
5p, miR-4463 and miR-4281 in patient with liver 
cirrhosis were notably higher than those in healthy 
control (Figure 1(c)). Meanwhile, the levels of 
miR-618, miR-1273 c, miR-4491 and miR-4695- 
3p in patient with liver cirrhosis were remarkably 
lower than those noted in healthy control 
(Figure 1(c)). Besides, the expression of miR- 
4651 and miR-3926 in patient with liver cirrhosis 
were not significantly different from those in 
healthy control (Figure 1(c)). The data suggested 
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Figure 1. Identification of DEMs expression between liver cirrhosis tissues and healthy controls. (a) Heat map of DEMs in GSE156347 
dataset. (b) Volcano plot of DEMs inGSE156347. The red spots represented upregulated miRNAs. The blue spots represented 
downregulated miRNAs. (c) RT-qPCR was performed to detect the expressions of miR-4433-3p, miR-4649-5p, miR-4651, miR-4463, 
miR-4281, miR-618, miR-1273 c, miR-4491, miR-3926 and miR-4695-3p in the serum samples of patients with liver cirrhosis and 
healthy control subjects. **P < 0.01 compared with control group, n = 3.

Figure 2. GO enrichment and KEGG pathway analyses. (a) GO enrichment analysis was used to analyze the functional information 
associated with DEMs. (b) KEGG pathway analysis was used to analyze the functional information associated with DEMs.
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the identification of DEM expression between 
patient with liver cirrhosis and healthy control.

GO enrichment and KEGG pathway analyses

To analyze the functional information associated 
with DEMs, GO and KEGG enrichment analyses 
were performed. As shown in Figure 2(a), DEMs 
were mainly involved in ‘neurotransmitter trans
port’ and ‘striated muscle tissue development’ 
(Figure 2(a)). In addition, KEGG analysis results 
revealed that the target proteins of DEMs were 
mainly involved in the ‘pathways associated in 
cancer’, ‘Ras signaling pathway’, ‘MAPK signaling 
pathway’ and ‘PI3K-Akt signaling pathway’ 
(Figure 2(b)).

MiR-618 is transferred from MSCs to LX-2 cells 
via exosomes

We next explored the key miRNA involve in the 
progression of HF. Based on the results of the 
bioinformatics analysis and RT-qPCR, miR-618 
was identified as one of the significantly down
regulated miRs in cirrhosis. In addition, it has 

been reported that miR-618 plays an important 
role in the pathogenesis and progression of hepa
topathy [34]. Therefore, the current study focused 
on investigating the function of miR-618 in liver 
fibrosis. To confirm the expression levels of miR- 
618 in cirrhotic tissues, RT-qPCR analysis was 
performed. As indicated in Figure 3(a), the expres
sion levels of miR-618 in patient with cirrhotic 
were significantly lower than those noted in 
healthy control tissues. Moreover, by performing 
literature search, it was deduced that exosomal 
miRs derived from MSCs could suppress the pro
cess of HF [20]. Subsequently, the present study 
investigated whether miR-618 could be transferred 
from MSCs to LX-2 cells via exosomes. RT-qPCR 
analysis indicated that miR-618 agomir caused 
a significant upregulation in the levels of miR- 
618 in MSCs, compared with those of the control 
group (Figure 3(b)). Subsequently, exosomes were 
derived from MSCs (MSC Exo) or MSCs that were 
treated with miR-618 agomir (MSCmiR−618 agomir 

Exo). NTA results indicated that the diameters of 
these vesicles ranged from 50–150 nm (Figure 3 
(c)), and that the exosomal specific surface bio
markers CD81 and TSG101 were also detected 
(Figure 3(d)). Moreover, the results of TEM 

Figure 3. MiR-618 could be transferred from MSCs to LX-2 cells via exosomes. (a) RT-qPCR was performed to detect the expression of 
miR-618 from the serum samples of patients with liver cirrhosis and healthy control subjects. (b) RT-qPCR was performed to detect 
the expression of miR-618 in MSCs. (c) NTA was performed to detect the diameters of these vesicles. (d) Western blot assay was 
performed to detect the expression of exosomal markers CD81 and TSG101. (e) TEM was performed to observe the morphology of 
exosomes. (f) PKH26-labeled exosomes that were derived from MSCs could be internalized by LX-2 cells. These results were observed 
using a fluorescence microscope. Blue color: LX-2 cell nucleus; green color: LX-2 cells; red color: exosome. (g) RT-qPCR was 
performed to detect the expression of miR-618 in LX-2 cells. **P < 0.01 compared with control group, n = 3.
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analysis indicated that these vesicles were cup- 
shaped and round (Figure 3(e)). In conclusion, 
these results confirmed that the vesicles derived 
from MSCs were exosomes.

Subsequently, to assess whether exosomes 
derived from MSCs could be internalized by LX- 
2 cells, the latter cells were incubated with exo
somes that were labeled with the PKH26 dye. The 
results revealed that this dye could be observed in 
LX-2 cells, suggesting that MSC-derived exosomes 
could be absorbed by these cells (figure 3(f)). The 
levels of miR-618 in LX-2 cells that were treated 
with MSCmiR−618 agomir Exo were significantly 
higher than those noted in LX-2 cells that were 
treated with MSC Exo (Figure 3(g)). In addition, 
miR-618 agomir-treated MSCs had been co- 
cultured with LX-2 cells and the outcome sug
gested MSC-derived exosomes could be absorbed 

by cells as well (figure 3(f)). Taken together, these 
data indicated that miR-618 could be transferred 
from MSCs to LX-2 cells via exosomes.

Exosomal miR-618 derived from MSCs inhibits 
the viability and migration of LX-2 cells treated 
with TGF-β

To mimic the progression of HF in vitro, LX-2 cells 
were treated with 5 ng/ml TGF-β. The ability of 
exosomal miR-618 to affect the viability of LX-2 
cells was investigated using the CCK-8 assay. The 
results indicated that TGF-β significantly promoted 
the viability of LX-2 cells; however, this phenom
enon was reversed in the MSCmiR−618 agomir Exo 
group (Figure 4(a)). In contrast, MSCanti-miR−618 

Exo notably enhanced the effect of TGF-β on the 
proliferation of LX-2 cells (Figure 4(a)). In addition, 

Figure 4. Exosomal miR-618 derived from MSCs could inhibit the viability and migration of LX-2 cells that were treated with TGF-β. 
(a) CCK-8 assay was performed to detect the viability of LX-2 cells. (b) Wound healing assay was performed to detect the migration 
ability of LX-2 cells. (c) Transwell assay was performed to detect the migration ability of LX-2 cells. (d, e) Western blot assay was 
performed to detect the expression of Collagen I and α-SMA in LX-2 cells. **P < 0.01 compared with control group; #P < 0.01, 
##P < 0.01, compared with TGF-β group, n = 3.
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the results of the wound healing and transwell assays 
indicated that TGF-β notably promoted the migra
tory ability of LX-2 cells compared with that of the 
control group; however, the effects of TGF-β were 
reversed following treatment of the cells with 
MSCmiR−618 agomir Exo (Figure 4(b) and (c)). 
Meanwhile, MSCanti-miR−618 Exo enhanced the effect 
of TGF-β on cell migration (Figure 4(b) and (c)). As 
expected, TGF-β caused a notable upregulation in 
the expression levels of collagen I and α⁃SMA in LX- 
2 cells compared with those noted in the control 
group, while this increase was inhibited by MSCmiR 

−618 agomir Exo (Figure 4(d) and (e)). These data 
suggested that exosomal miR-618 derived from 

MSCs inhibited the viability and migration of LX-2 
cells pre-treated with TGF-β.

Smad4 is targeted and negatively regulated by 
miR-618

In order to predict the alternative binding targets 
of miR-618, Targetscan, and miRWalk online 
databases were used. Database analysis suggested 
that Smad4 may be one of the potential targets of 
miR-618 (Figure 5(a)). In addition, Smad4 was 
closely associated with the progression of HF 
[35,36]. Therefore, Smad4 was selected for 

Figure 5. Smad4 is targeted and negatively regulated by miR-618. (a) Sequence alignment of miR-618 with the binding sites within 
the WT or MT regions of Smad4. (b) Dual-luciferase reporter assay was used to confirm the binding of miR-618 and Smad4 in LX-2 
cells.(c) RNA pull-down assay exhibited the interaction of miR-618 and Smad4 in LX-2 cells. (d) RT-qPCR was performed to detect the 
expression of Smad4 in LX-2 cells. (e) Western blot assay was performed to detect the expression of Smad4 in LX-2 cells. **P < 0.01 
compared with control group; ##P < 0.01, compared with TGF-β group, n = 3.
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investigation in the subsequent experiments. Dual- 
luciferase reporter assay indicated that the lucifer
ase activity of LX-2 cells transfected with Smad4 
WT was notably decreased by miR-618 agomir, 
while the luciferase activity of cells transfected 
with Smad4 MT was not affected (Figure 5(b)). 
Moreover, the results of the RNA pull-down 
assay suggested that miR-618 was directly binding 
to the mRNA of Smad4, which confirmed the 
interaction of miR-618 and Smad4 in LX-2 cells 
(Figure 5(c)).

The data indicated that TGF-β significantly 
increased the expression levels of Smad4 in LX-2 
cells, compared with those of the control group. In 
contrast to these findings, MSCmiR−618 agomir Exo 
markedly inhibited the expression levels of Smad4 
in LX-2 cells that were treated with TGF-β 

(Figure 5(d) and (e)). In summary, Smad4 was 
targeted and negatively regulated by miR-618.

Exosomal miR-618 derived from MSCs attenuates 
the progression of HF by targeting Smad4

Finally, to further confirm the function of 
MSCmiR−618 agomir Exo during the pathogenesis 
of HF, an in vivo mouse model of HF was 
established. To observe the pathogenesis of HF 
in vivo, H&E and Masson staining were per
formed. As indicated in Figure 6(a), CCl4 nota
bly induced the formation of fibrosis in mouse 
tissues in a time-dependent manner, while 
MSCmiR−618 agomir Exo treatment significantly 
alleviated the progression of HF. In addition, 
CCl4 significantly increased the areas of liver 

Figure 6. ExosomalmiR-618 derived from MSCs attenuates the progression of HF by targeting Smad4. (a) HE staining was conducted 
to observe the tissues morphology of mouse. (b) Masson staining was conducted to observe the areas of liver fibrosis in mouse 
tissues (arrow points to fibrosis area). (c) The levels of ALT and AST were detected by Alanine aminotransferase Assay Kit and 
Aspartate aminotransferase Assay Kit. (d, e) IHC staining was conducted to detect the expressions of α-SMA and Smad4 in mouse 
tissues. (f, g) Western blot assay was performed to detect the expressions of α-SMA, Smad4, p-Akt and p-ERK in mouse liver tissues. 
**P < 0.01 compared with control group; ##P < 0.01, compared with TGF-β group, n = 3.
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fibrosis in mouse tissues, while this increase was 
reversed by MSCmiR−618 agomir Exo (Figure 6(b)). 
Moreover, CCl4 caused a marked upregulation of 
the expression levels of ALT and AST; however, 
these effects were significantly inhibited by treat
ment with MSCmiR−618 agomir Exo (Figure 6(c)). 
Meanwhile, CCl4 notably increased the expres
sion levels of α-SMA and Smad4 in mouse liver 
tissues, while this increase was significantly 
reversed following treatment with MSCmiR−618 

agomir Exo (Figure 6(d,e) and (f)). Furthermore, 
in order to verify results 1 and 2, relevant mole
cular biology experiments were performed. As 
indicated in Figure 6(g), CCl4 significantly 
increased the expressions of p-Akt and p-ERK 
in mouse liver tissues; however, these increases 
were notably reversed by MSCmiR−618 agomir Exo. 
Collectively, the data indicated that exosomal 
miR-618 derived from MSCs could attenuate 
the development of HF by targeting Smad4.

Discussion

In the last decades, the identification of miRs 
carried by exosomes that have been derived 
from MSCs has become a popular research 
topic. miRs carried by exosomes derived from 
MSCs play an important role in the develop
ment of hepatocytes through various mechan
isms [37,38]. For example, exosomal miRNA- 
23b derived from bone MSC is able to inhibit 
the inflammation of lipopolysaccharide (LPS)- 
induced BV2 inflammatory cells [39]. Besides, 
exosomal miR-122 originating from adipose tis
sue-derived mesenchymal stem cells (AMSCs) 
can significantly promote the induction of 
apoptosis of hepatocellular carcinoma cells 
[37]. In an analogous way, exosomal miR-199a 
derived from AMSCs can significantly increase 
the sensitivity of hepatocellular carcinoma cells 
to chemotherapeutic agents (doxorubicin) by 
inducing apoptosis [38]. In the present study, 
the results demonstrated that exosomal miR- 
618 derived from MSCs was able to inhibit the 
viability and migration of LX-2 cells that were 
treated with TGF-β. Our findings are consistent 
with previously reported results. All these 
results suggested that exosomal miR derived 

from MSCs could be a promising treatment 
for liver diseases.

In addition, it has been shown that miR-618 
plays an important role in the development of 
liver-related diseases [34]. In the present study, 
exosomal miR-618 derived from MSCs could 
attenuate the progression of HF by targeting 
Smad4. Initially, the exosomes were derived from 
MSCs and the expression levels of miR-618 were 
investigated in association with the pathogenesis of 
HF. The data indicated that miR-618 may be 
regarded as a potential therapeutic target.

TGF-β is one of the most important cytokines 
leading to the formation and progression of HF 
[40–42]. For example, miR-122 can inhibit TGF- 
β1-induced EMT processes in LX-2 cells by down
regulating the TGF-β1/Smad signaling pathway 
[41]. Beside, down-regulation of miR-486-5p alle
viates oxidative stress injury in hepatocytes by 
inhibiting the TGF-β/Smad pathway [43]. In addi
tion, overexpression of miR-210 can increase 
apoptosis of primary hepatocytes induced by 
hypoxia/reoxygenation (HR) by negatively regulat
ing Smad4 [42]. In the current study, exosomal 
miR-618 derived from MSCs attenuated the pro
gression of HF by negatively targeting Smad4, 
which was consistent with the aforementioned 
studies.

The current study exhibits certain limitations. For 
example, miR-618 plays an important role in the 
course of HF, while other related miRs require further 
investigation in future studies. In addition, the poten
tial of exosomal miR-618 derived from MSCs to reg
ulate other related signaling pathways in the 
development of HF requires further investigation.

Conclusion

In conclusion, exosomal miR-618 derived from 
MSCs attenuated the progression of HF by nega
tively targeting Smad4. The current study indi
cated that treatment of exosomal miR-618 
derived from MSCs might serve as a new strategy 
for HF.
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