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Liver fibrosis is an outcome of chronic hepatic injury, which can eventually result in
cirrhosis, liver failure, and even liver cancer. The activation of hepatic stellate cell (HSC)
is a prominent driver of liver fibrosis. Recently, it has been found that the crosstalk
between HSCs and immune cells, including hepatic macrophages, plays an important
role in the initiation and development of liver fibrosis. As a vital vehicle of intercellular
communication, exosomes transfer specific cargos into HSCs from macrophages. Here,
we show that exosomes derived from lipopolysaccharide (LPS)-treated macrophages
has higher expression level of miR-500. And overexpression or inhibition of miR-500
in macrophage exosomes could promote or suppress HSC proliferation and activation.
Treatment of exosomes with miR-500 overexpression can accelerate liver fibrosis in
CCl4-induced liver fibrosis mouse model. miR-500 promotes HSC activation and liver
fibrosis via suppressing MFN2. Moreover, miR-500 in serum exosomes could be a
biomarker for liver fibrosis. Taken together, exosomal miR-500 derived from LPS-
activated macrophages promotes HSC proliferation and activation by targeting MFN2 in
liver fibrosis.

Keywords: liver fibrosis, hepatic stellate cell, macrophage, exosome, miRNA

INTRODUCTION

Liver fibrosis is a common pathological outcome of chronic hepatic disease (CHD), which can easily
develop into cirrhosis or hepatocellular carcinoma, furtherly leading into the death (Parsons et al.,
2007; Friedman, 2008; Hernandez-Gea and Friedman, 2011; Parola and Pinzani, 2019). The etiology
of liver fibrosis includes viral infection, alcohol abuse, metabolic and autoimmune disease, etc.
(Parsons et al., 2007; Friedman, 2008; Hernandez-Gea and Friedman, 2011). Despite the improved
understanding of pathogenesis of liver fibrosis during the past decades, the detailed mechanisms
are still needed to be clarified.

Liver fibrosis is characterized as accumulation of extracellular matrix (ECM) such as α-smooth
muscle actin (α-SMA) in the liver, consequently contributing to liver fibrosis and later cirrhosis
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(Bataller and Brenner, 2005). Hepatic stellate cell (HSC) is the
primary driver of liver fibrosis. Activated HSCs will develop
into fibrogenic myofibroblast−like cells (activated HSCs) that
secretes α−SMA, TIMP−1, and Collagen I (Yin et al., 2013;
Wallace et al., 2015). Besides HSCs, immune cells, such as T and
B lymphocytes, NK cells and macrophages, are also important
player in the process of liver fibrosis (Casini et al., 1985; Bhogal
and Bona, 2005; Ramachandran and Iredale, 2012; Glassner
et al., 2013; Liu et al., 2019). Among them, macrophages play
an essential role in the liver inflammation and the pathogenesis
of liver injury and repair (Heymann et al., 2009). Macrophages,
an important component in innate immune responses, are the
first line of host defense against external infection or internal
injury (Heymann et al., 2009; Ramachandran and Iredale, 2012;
Pradere et al., 2013; Li et al., 2016). A broad array of sensing
molecules is expressed on the membrane of macrophages,
allowing them to monitor the microenvironment and resist
against infection. Liver macrophages are composed of resident
hepatic macrophages, named as Kupffer cells, and recruited bone
marrow-derived macrophages (BMDMs), which migrate and
infiltrate into the liver under the pathologic conditions (Tacke
and Zimmermann, 2014). The cells are typically categorized
into proinflammatory or “M1” and anti-inflammatory or “M2”
phenotype. The proinflammatory macrophages are induced
mainly by IFN-γ and lipopolysaccharide (LPS), while the anti-
inflammatory macrophages are induced by Th2 cytokines such
as IL-4 (Lawrence and Natoli, 2011). Bacterial LPS, is a well-
known inducer of inflammation, has been demonstrated to be
involved with hepatic fibrogenesis (Fouts et al., 2012). It may
induce the macrophages to develop into M1 type, which produces
and releases some cytokines and chemicals, such as TGF-β1
(TGF-β) and IL-6, thereby contributing to HSC activation and
liver fibrosis (Fouts et al., 2012).

Accumulating evidence has shown that the crosstalk between
macrophages and HSCs might have a direct influence on the
outcome of hepatic injury. In brief, Kupffer cells are activated
in CHD, and circulating macrophages are also recruited. The
two groups of cells can secrete pro-inflammatory cytokines and
chemokines, consequently resulting in the infiltration of other
immune cells into liver tissues as well as hepatocyte apoptosis
and HSC activation. Kupffer cells also can activate HSCs via
paracrine mechanisms, involving the production and secretion
of the profibrotic factors TGF-β and PDGF (Ramachandran
and Iredale, 2012; Li et al., 2016). Actually, other types of
communication pathway may also exist, which are needed
for further study.

In recent years, it has been found that exosome secretion is
one most common alternative communication pathway between
cells and it has been reported to be participated in many biological
and pathological processes (Thery et al., 2002; Johnstone,
2006; van Niel et al., 2006). Exosomes are small (30–150 nm)
extracellular membrane vesicles, which contain proteins and
nucleic acids including mRNAs, microRNAs (miRNAs), and
long non-coding RNAs (lncRNAs). They are released into
traverse intercellular spaces from donor cells, and then taken
up by recipient cells. Being a vehicle, exosomes play an
important role in cell communication. They can deliver proteins

and nucleic acids, including miRNAs, lncRNAs, and circular
RNA (circRNAs), consequently regulating intracellular signaling
pathways in recipient cells (Thery et al., 2002; Johnstone, 2006;
van Niel et al., 2006). miRNAs are a group of non-coding RNA,
which have been identified to be involved in many diseases,
via binding with 3′ UTR of their target genes and regulating
their expression (Bartel, 2004). miRNAs are also involved in
the progression of liver fibrosis. For instance, miR-34a-5p could
inhibit liver fibrosis development by affecting TGF-β/Smad3
pathway in HSCs (Feili et al., 2018); miR-98 inhibits HSC
activation, consequently attenuating the development of liver
fibrosis (Wang Q. et al., 2020); miR-29a and miR-652 prevent
liver fibrosis by suppressing CD4+ T cell differentiation (Xuan
et al., 2017); TGF-β can induce liver fibrosis by downregulation
of augmenter of liver regeneration in HSCs that is mediated by
miR-181a (Gupta et al., 2019). Recent studies have revealed that
exosomes-mediated shuttle of miRNAs is involved in the process
of liver fibrosis. For instance, exosomal miR-223 derived from
natural killer cells can inhibit HSC activation by suppressing
autophagy (Wang L. et al., 2020); exosomes derived from
miR-181-5p-modified adipose-derived mesenchymal stem cells
attenuated liver fibrosis by activating autophagy (Qu et al.,
2017); exosomal miR-214 from HSCs could regulate CCN2
expression in primary mouse hepatocytes (Chen et al., 2014);
furthermore, fibrogenic signaling is also suppressed in HSCs
through CCN2 regulating by exosomal miRNA-199a-5p (Chen
et al., 2016); in our previous study, we found that exosomes
derived from LPS-activated macrophages could be taken up by
neighbor HSCs, consequently transferring miR-103-3p to these
HSCs. miR-103-3p could promote HSC activation by suppressing
Krüppel-like factor 4 (KLF4) (Chen et al., 2020).

In this going on work, we aimed to explore the effects of
exosomal miR-500 derived from LPS-activated macrophages on
HSCs. We investigate the influence of exosomal miR-500 on
HSC proliferation and activation and the effect of miR-500 to
accelerate the accumulation of EMC in vitro and in vivo. We
also determined that the effect of miR-500 was associated with its
targeting gene MFN2, subsequently suppressing TGF−β/Smad
pathway. In addition, miR-500 in serum exosomes from patients
in S1–S4 stages was increased compared with that in S0 stage.
Therefore, circulating exosomes miR-500 could be function as a
potential biomarker for the diagnosis of advanced liver fibrosis.

REAGENTS AND METHODS

Liver Tissues and Serum From Chronic
Hepatic Disease Patients
The liver tissue and serum samples were obtained from patients
with CHD. A total of 30 human liver tissues, including 6 fibrotic
stage S0 (non-fibrosis), 6 S1 (mild fibrosis), 6 S2 (moderate
fibrosis), 6 S3 (clear fibrosis), and 6 S4 (cirrhosis), were included
in this study. The fibrotic stage was determined in accordance
with the Scheuer’s classification. The written informed consent
have been provided, and the study was approved by the
Ethics Committee of the Second Xiangya Hospital of Central
South University.
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Cell Culture
The mouse macrophage cell line (RAW264.7) was cultured in
DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin–streptomycin. To activate RAW264.7,
the cells were stimulated with 100 ng/ml of LPS in the absence of
FBS and antibiotics for 12 h. And then, exosomes were extracted
from the supernatant. In addition, primary mouse HSCs were
isolated from healthy male C57BL/6 (C57/B6) mice (6–8 weeks),
as previously described by buoyant-density centrifugation. The
primary mouse HSCs were cultured with fresh DMEM, F12,
and 10% FBS medium. The cells were split 1:4 every 3 days
and can be used at passages 0–6 (P0–P6), when they are
considered as non-activated HSCs. HEK 293 cells were cultured
in DMEM with 10% FBS.

Cell Transfection
miR-500 mimic, miR-500 inhibitor, negative control (NC)
mimic, and NC inhibitor were purchased from GenePharma
(Shanghai, China). The MFN2 overexpression vector (pcDNA-
MFN2), and relative control vector were obtained from
Genecopoeia (Guangzhou, China). Cell transfection was
performed by using the Lipofectamine 3000 reagent in
accordance with the manufacturer’s protocal (Invitrogen).
The AVV package (AVV-control and AVV-MFN2) were
obtained from GenePharma.

Exosome Isolation and Quantification
Exosomes were isolated at 100,000 × g ultracentrifugation
of macrophage supernatant (following at least 1:4 dilution)
for at least 18 h in accordance with the 2018 MISEV
guideline. The morphological characteristics were identified
by transmission electron microscopy (TEM) as described
previously. Western blot analysis was applied for detecting the
protein levels of exosome markers, including CD9 and CD81
(Systemic Bioscience).

Cell Treatment
The HSCs was treated with 40 µg exosomes obtained from
LPS-activated macrophages or control cells for 48 h at 37◦C. After
that, HSCs were harvested for further studies.

qRT-PCR
The RNA was extracted by using TRIzol reagents (Thermo
Fisher), and reversely transcribed to cDNA by reverse reaction
kit following the manufacturer’s instruction (Promega).
The quantitative real-time PCR analysis was conducted by
using SYBR Green Master mix. GAPDH was determined
to be as an internal gene, and the relative mRNA level of
target gene was normalized to GAPDH by using 2−11CT

method. The MFN2 primer sequences for qPCR used in
the study were F: CATTGCTGACAGGATGCAGAAGG R:
TGCTGGAAGGTGGACAGT GAGG. The detection for
miRNAs was conducted by miRNA Detection kit (GenePharma).
The expression level of the miRNA was normalized to the relative
expression of U6.

Cell Proliferation and Cell Cycle Assay
To determine HSC proliferation, CCK-8 assays were applied
to determine the cell proliferation. CCK-8 The cells were
seeded into a 96-well plate, and then treated with exosomes
or transfected with miR-500 mimcs or inhibitor. Then, the
CCK-8 reagent was added per well and incubated for 1.5 h. We
performed this assay at 0, 24, 48, and 72 h. The cell cycle of HSCs
was analyzed using flow cytometry.

Luciferase Activity Assay
The 3′ UTR fragment of MFN2 (wild type, WT) that contains
the possible sites binding with miR-500 was synthesized and
cloned into the pMIR-REPORT vector to generate luciferase
reporter constructs. The mutant plasmid (MUT) was generated.
For detecting the luciferase activity, these WT or MUT plasmid
was transfected into HEK293 cells together with miR-500 mimic
by using lipofectamine 3000 transfection reagent. Meanwhile, the
pMIR-REPORT-β-gal vector was used as control. The relative
luciferase activity was determined by using a luciferase reporter
assay system (Promega).

Western Blot
The exosomes and treated cells were lysed, and then centrifuged
at 12,000 rpm for 15 min at 4◦C. The protein concentration
was detected by using a Pierce BCA Protein Assay kit (Thermo
Fisher). The protein was electrophoresed by SDS-PAGE and
then transferred to the PVDF membranes. The membranes were
incubated with the primary antibodies, including anti−MFN2,
α-SMA, TGF−β, Smad2/p−Smad2, and Smad3/p−Smad3 (Cell
Signaling Technology) at 4◦C overnight. Next, the blots were
incubated with secondary antibodies. GAPDH was used as a
loading control.

CCl4−Induced Liver Fibrosis Mouse
Model
C57/B6 mice (male) were purchased from Vital River Laboratory.
The mice were administrated with CCl4 (5% CCl4 in olive
oil; Sigma-Aldrich) twice a week for 4 weeks. Control groups
were only treated with olive. Forty micrograms exosomes with
miR-500 overexpression or not were administered through
tail vein injection twice each week for 8 weeks. Furthermore,
in some experiments, 2.5 × 1011 vg/mouse AAV−Control
or AAV−MFN2 was also administrated through intravenous
injection twice a week after the first CCl4 administration. On
death, animals were euthanized by CO2 inhalation. And then
liver tissues and serum were collected for further studies. All
the animal experiments in this study were approved by the
Institutional Animal Care and Use Committee of the Second
Xiangya Hospital of Central South University.

Hematoxylin–Eosin, Masson, and Sirius
Red Staining
The liver sections were stained with hematoxylin–eosin (H&E),
Masson, or Sirius Red for histopathological examination. In
brief, liver tissues were fixed and embedded in paraffin.
The tissue section was deparaffinized and stained with H&E,
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Masson, or Sirius Red to evaluate the morphological changes
and liver fibrosis.

Serum Alanine Aminotransferase and
Aspartate Aminotransferase
Serum samples from mouse were collected and serum alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST) was assessed with a commercial kit (Rongsheng,
Shanghai, China).

Statistical Analysis
All statistical analyses were performed by SPSS 15.0. All the
data are expressed as mean ± SD. The results were analyzed
by ANOVA followed by the post hoc Dunnett’s test for multiple
comparisons. P < 0.05 was considered statistically significant.

RESULTS

Exosomal miR-500 Was Upregulated in
Liver Fibrosis
In our previous study, we identified a series of dysregulated
exosomal miRNAs in LPS-stimulated THP-1 macrophages and
found the effects of some exosomal miRNAs on HSC activation
in liver fibrosis. Herein, we aimed to confirm the functions of

exosomal miR-500 in the communication between macrophages
and HSCs. Firstly, we extracted exosomes from LPS-treated
RAW264.7 and control cells and then they were identified by
TEM (Figure 1A). The protein markers for exosomes, CD9 and
CD81, were also detected by western blot (Figure 1B). miR-
500 was significantly increased in exosomes that were derived
from LPS-treated macrophages compared with non-treated cells
(Figure 1C). miR-500 expression was significantly upregulated in
liver in CCl4-induced liver fibrosis mouse model (Figure 1D).
And the serum exosomal miR-500 was also increased in CCl4-
induced liver fibrosis (Figure 1E). These results showed a
changed level of exosomal miR-500 in liver fibrosis, which
indicated that exosomal miR-500 might be involved in the
process of liver fibrosis.

miR-500 and Exosomal miR-500 Had
Effect on Hepatic Stellate Cell
Proliferation and Activation
To define the functions of exosomal miR-500, we transfected
miR-500 mimic or inhibitor or relative control sequences into
the RAW264.7 cells, and then detected the change of exosomal
miR-500 from the cells. The results are shown in Figure 2A.
Next, we detected the effect of the exosomes with miR-500-
overexpression or inhibition on the ability of cell proliferation

FIGURE 1 | Exosomes derived from LPS-activated macrophages have higher expression level of miR-500. (A) Exosomes were isolated from LPS-pretreated
macrophages (LPS pre-exo) and non-pretreated macrophages (un-exo), and then visualized by TEM. The representative image is shown. (B) The protein level of
CD9 and CD81 in exosomes were detected by western blotting assays. (C) The expression levels of miR-500 in exosomes isolated from LPS pre-exo and un-exo
were detected by real time PCR. (D) The expression levels of miR-500 in CCl4-induced liver fibrosis mice were detected by real time PCR. (E) The expression levels
of miR-500 in serum exosomes isolated from CCl4-induced liver fibrosis mice and control mice were detected by real time PCR. These results are mean ± SD of
three independent experiments. *P < 0.05.
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FIGURE 2 | Exosomal miR-500 affects HSC proliferation and activation. (A) The expression levels of miR-500 in exosomes derived from macrophages transfected
with miR-500 mimic or inhibitor and relative controls. (B) HSCs were treated with exosomes with miR-500 overexpression or inhibition, and then cell proliferation was
determined by CCK-8 assays. (C) HSCs were treated with exosomes with miR-500 overexpression or inhibition, and the cell cycle was detected by using Flow
cytometry. (D) HSCs were treated with exosomes with miR-500 overexpression or inhibition, and then the expression levels of α-SMA and TGF-β were detected by
using qRT-PCR. (E) HSCs were treated with exosomes with miR-500 overexpression or inhibition, and then the expression levels of α-SMA and TGF-β were
detected by using western blot. (F) HSCs were treated with exosomes with miR-500 overexpression or inhibition, and then the concentrations of type I, III, and IV
collagen in the cell culture supernatant were tested by ELISA. The results are shown as mean ± SD of three independent experiments. *P < 0.05.

and activation in HSCs. The results showed that the treatment of
exosomes with miR-500 overexpression was able to promote the
HSC proliferation, while the treatment of exosomes with miR-500
inhibition inhibited cell proliferation (Figure 2B). In addition,
the treatment of exosomes with miR-500 inhibition induced
G0–G1 cell cycle arrest; therefore, resulting in a significant
decrease of cell percentage in the S-phase and considerable
increase in G0/G1-phase. The treatment of exosomes with
miR-500 overexpression showed opposite effect (Figure 2C).
The treatment of exosomes with miR-500 overexpression also
upregulated the mRNA and protein levels of α-SMA and
TGF-β, while miR-500 inhibition could inhibit their levels
(Figures 2D,E). We also showed that type I, type III, and

type IV collagen were drastically increased in the culture
supernatant of HSCs with the treatment of exosomes with
miR-500 overexpression, while the group with the treatment
of exosomes with miR-500 inhibition exerted opposite result
(Figure 2F). These data indicated that exosomal miR-500 derived
from macrophages might accelerate liver fibrosis.

To determine the importance of exosomal miR-500 in
the crosstalk between LPS-stimulated macrophages and HSC,
we inhibited the expression of exosome miR-500 in LPS-
treated macrophages. As shown in Figure 3A, the treatment
of exosomes derived from LPS-treated macrophages could
promote HSC proliferation compared to non-treated cells,
whereas the transfection of miR-500 inhibitor could rescue the
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FIGURE 3 | miR-500 inhibition suppresses LPS pre-exo-induced HSC proliferation and activation. (A) HSCs were treated with exosomes derived from LPS-treated
macrophages with miR-500 inhibition or not, and then cell proliferation was detected by using CCK-8 assays. (B) HSCs were treated with exosomes derived from
LPS-treated macrophages with miR-500 inhibition or not, and the expression levels of α-SMA and TGF-β were detected by qRT-PCR. (C) HSCs were treated with
exosomes derived from LPS-treated macrophages with miR-500 inhibition or not, and the concentrations of type I, III, and IV collagen in the cell culture supernatant
were tested by ELISA. The results are mean ± SD of three independent experiments. *P < 0.05.

LPS-induced upregulation of miR-500 and reverse the effects
to a great extent. Meanwhile, the induction of α-SMA and
TGF-β expression upon the treatment of exosomes from LPS-
stimulated macrophages was partially suppressed by miR-500
inhibition (Figure 3B). Furthermore, type I, type III, and
type IV collagen from HSCs with the treatment of exosomes
from LPS-treated macrophages with miR-500 inhibition were
significantly decreased compared to those without miR-500
inhibition (Figure 3C). Thus, these data suggested that exosomal
miR-500 could promote HSC proliferation and activation, and
it may play a vital important role in the crosstalk between
macrophages and HSC.

Exosomal miR-500 Accelerated Liver
Fibrosis in vivo
To further evaluate the roles of exosomal miR-500 in liver fibrosis
in vivo, we used CCl4 to induce liver fibrosis mouse model, with
the treatment of exosomes with miR-500 overexpression or not
(Figure 4A). The treatment of 40 µg exosomes with miR-500
overexpression every week significantly accelerated liver injury
induced by CCl4 treatment, compared with the group without
miR-500 overexpression (Figure 4B). In addition, the H&E
and Masson staining also showed that miR-500 overexpression
accelerated liver fibrosis in live tissue slice (Figure 4C). The
expression of some key genes involved in liver fibrosis, including
α-SMA and TGF-β was found to be different in liver tissues from
different groups (Figure 4D). The results showed that exosomal
miR-500 accelerated liver fibrosis in vivo.

Exosomal miR-500 Affected Hepatic
Stellate Cell Proliferation and Activation
and Accelerated Liver Fibrosis by
Targeting MFN2
MFN2 has been demonstrated to be involved in many cellular
processes including cell growth, apoptosis, autophagy, and ER

stress. Of interest, by using TargetScan, MFN2 was predicted to
be a putative target of miR-500 (Figure 5A). Relative luciferase
activity of HEK293 cells co-transfected with WT or MUT MFN2
3′ UTR with miR-500 mimic or not showed that miR-500 mimic
decreased MFN2 translation, whereas the luciferase activity of
the cells transfected with Mut MFN2 3′ UTR was not affected
by miR-500 mimic (Figure 5A). Then, we transfected miR-500
mimic or inhibitor into RAW264.7 cells, and determine the
effects of miR-500 mimic or inhibitor on MFN2 expression.
As shown in Figure 5B, the transfection of miR-500 mimic
or inhibitor could upregulate or downregulate the expression
of miR-500 in RAW264.7 cells. Furthermore, the mRNA and
protein levels of MFN2 were significantly decreased in HSCs
with miR-500 overexpression in comparison with control cells
(Figures 5C,D and Supplementary Figure 1). In addition,
miR-500 also resulted in changed levels of downstream targets
of MFN2. The overexpression of miR-500 could promote the
protein expression of TGF−β, and phosphorylated levels of
Smad2/Smad3, while miR-500 inhibition had opposite effects
(Figure 5E and Supplementary Figure 2).

We then determined whether miR-500-mediated MFN2 is
involved in HSC activation. miR-500 mimic was transfected
into HSCs with MFN2 overexpressing vector or control vector.
We found that miR-500 mimic could significantly facilitate
the HSC proliferation and activation, whereas the promotion
was counteracted by the transfection of MFN2 overexpressing
vector (Figures 6A–C). We also detected the interaction effects
of exosomal miR-500 and MFN2 in liver fibrosis mouse
model. The healthy C57/B6 mice were randomly divided into
four groups, including control group, CCl4+exo-NC mimic
+AVV-control group, CCl4+exo-miR-500 mimic+AVV-control
group, and CCl4+exo-miR-500+AVV-MFN2 group by tail
injection. The results showed that the treatment of exosomes
with miR-500 overexpression markedly increased the levels
of ALT and AST, and the expression levels of α-SMA and
TGF-β, while overexpression of MFN2 could inhibit the effect
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FIGURE 4 | Exosomal miR-500 accelerates liver fibrosis in vivo. (A) The strategy for CCl4–induced liver fibrosis in vivo. (B) ALT and AST levels in mouse serum
isolated from Control, CCl4+exo-NC mimic and CCl4+exo-miR-500 mimic groups were determined. Mean ± SD. n = 8. (C) H&E and Masson staining of mouse liver
from Control, CCl4+exo-NC mimic and CCl4+exo-miR-500 mimic groups (magnification 100×). (D) The mRNA levels of α-SMA and TGF-β in liver tissues of different
groups were assessed by qRT–PCR. *P < 0.05.

(Figures 6D,E). Furthermore, the H&E and Sirius Red staining
also showed that exosomes with miR-500 overexpression could
accelerate liver fibrosis, while MFN2 could partially inhibit
it (Figure 6F).

These data suggested that MFN2 is a target of miR-500, and
miR-500 could regulate MFN2 expression, therefore affecting the
phosphorylated levels of Smad2/Smad3 and the protein levels
of TGF-β. And miR-500 could accelerate liver fibrosis through
MFN2 both in vitro and in vivo.

The Expression Levels of miR-500 in
Circulating Exosomes From Chronic
Hepatic Disease Patients
Next, circulating exosomes from 30 patients with CHD, fibrotic
stage S0 (n = 6), S1 (n = 6), S2 (n = 6), S3 (n = 6), and S4 (n = 6)
were isolated, and the levels of exosomal miR-500 were detected.
As shown in Figure 7A, patients at the stage of S1–S4 have

higher levels of exosomal miR-500 compared with patients at S0.
Furthermore, serum exosomal miR-500 was higher in patients at
S4 stage compared with those in early stages. We also determined
the expression levels of MFN2 in liver tissues. The expression
of MFN2 was decreased in the S1–S4 group (Figure 7B), and
MFN2 expression level was gradually becoming lower in the
development of liver fibrosis. Next, we explored the association
of MFN2 expression in liver with exosomal miR-500. The data
indicated that the mRNA expression of MFN2 in liver tissues
was negatively correlated with serum exosomal miR-500 in CHD
patients (Figure 7C).

DISCUSSION

Liver fibrosis is a highly debilitating pathology caused by
continuous wound healing during chronic liver injury. HSCs act
as a prominent player in the process of liver fibrosis because of
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FIGURE 5 | MFN2 is a target of miR-500. (A) Schema showing the binding sites of MFN2 3′ UTR with miR-500 (left) and luciferase reporter assays of HEK293 cells
with transfection of pMIR-REPORT-WT/MUT MFN2 along with miR-500 mimic or NC mimic as indicated (right). (B) The expression level of miR-500 was detected in
HSCs transfected with miR-500 mimic or inhibitor and relative controls. (C) The mRNA expression of MFN2 in HSCs transfected with miR-500 mimic or inhibitor
were assessed by qRT-PCR. (D) The protein expression of MFN2 in HSCs with miR-500 overexpression or inhibition were determined by western blot. GAPDH was
used as loading control. (E) The protein levels of TGF–β, p–Smad2/Smad2, and p–Smad3/Smad3, in HSCs with miR-500 overexpression or inhibition were
assessed by western blot. *P < 0.05.

its ability to produce fibrogenic proteins, α-SMA and CoL1A1
(Parsons et al., 2007; Friedman, 2008; Hernandez-Gea and
Friedman, 2011; Parola and Pinzani, 2019).

Furthermore, it has been reported that the crosstalk between
HSCs and immune cells in the local microenvironment also
plays a crucial role in liver fibrosis. Of note, exosomes are
recently reported as an important vesicle between cells, such

as HSCs, damaged liver cells, liver macrophages and other
immune cells. For example, exosomal miR-223 derived from
NK cells could inhibit HSC activation by inhibiting autophagy
(Wang L. et al., 2020); exosomal miR-199a-5p could suppress
activated the HSC phenotype by targeting CCN2 (Chen et al.,
2016); exosomes derived from miR-181-5p-modified adipose-
derived mesenchymal stem cells prevent HSC activation via
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FIGURE 6 | MFN2 reverses the effect of exosomal miR-500 on liver fibrosis in vitro and in vivo. (A) HSCs with transfection of pcDNA-MFN2 or not were treated with
exosomes derived from LPS-treated macrophages with or without miR-500 overexpression, and then cell proliferation was determined using CCK-8 assays.
(B) HSCs with transfection of pcDNA-MFN2 or not were treated with exosomes derived from LPS-treated macrophages with or without miR-500 overexpression,
and the expression of α-SMA and TGF-β was detected by using qRT-PCR. (C) HSCs with transfection of pcDNA-MFN2 or not were treated with exosomes derived
from LPS-treated macrophages with or without miR-500 overexpression, and the concentrations of type I, III, and IV collagen in cell culture supernatants were
measured by ELISA. (D) ALT and AST levels in mouse serum from Control, CCl4+ exo-NC mimic+ AVV-Control, CCl4+exo-miR-500 mimic+ AVV-control, and
CCl4+exo-miR-500 mimic+ AVV-MFN2 groups were determined. Mean ± SD. n = 8. (E) The expression of α-SMA and TGF-β in mouse liver from Control, CCl4+
exo-NC mimic+ AVV-Control, CCl4+exo-miR-500 mimic+ AVV-control, and CCl4+exo-miR-500 mimic+ AVV-MFN2 groups were determined by qRT-PCR. (F) H&E
and Sirius Red staining of mouse liver from Control, CCl4+ exo-NC mimic+ AVV-Control, CCl4+exo-miR-500 mimic+ AVV-control, and CCl4+exo-miR-500 mimic+
AVV-MFN2 groups (magnification 100×). *P < 0.05.

targeting STAT3 and Bcl2 (Qu et al., 2017); in addition,
exosomal miR-214 from HSCs could be shuttled into both
HSC and hepatic cells (Chen et al., 2014). Our previous

study also showed that exosomal miR-103-3p derived from
LPS-activated THP-1 macrophage is also participated in the HSC
proliferation and activation (Chen et al., 2020). In this study,
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FIGURE 7 | miR-500 in serum exosomes might be a potential biomarker for the development of liver fibrosis. (A) Relative expression of miR-500 in serum exosomes
isolated from CHD patients including S0 (n = 6), S1 (n = 6), S2 (n = 6), S3 (n = 6), and S4 (n = 6). (B) The expression levels of MFN2 in liver tissues of CHD patients in
different stages of liver fibrosis were detected by qRT-PCR. (C) Correlation analysis of exosomal miR-500 in serum and MFN2 in human liver tissues. Data are
represented as mean ± SD of three replicates. *P < 0.05.

FIGURE 8 | The role of exosomal miR-500 in the communication between macrophages and HSCs. In LPS-treated macrophages, miR-500 was highly expressed
and then included into the multivesicular endosomes, which were secreted into intercellular space. After these exosomes being uptaken by recipient cells, the
miR-500 in exosomes would inhibit the expression MFN2 by binding with its 3′ UTR, consequently promoting the proliferation and activation of HSC via TGF-β/Smad
signaling pathway and accelerating liver fibrosis.

we showed that miR-500 was highly expressed in exosomes
derived from LPS-treated macrophages and overexpression of
miR-500 in macrophage exosomes significantly promoted HSC
proliferation and activation, as proved by increased cell growth
rate and production of α-SMA and TGF-β in HSCs, whereas
exosomes derived from macrophages with miR-500 inhibition
had opposite effects. Meanwhile, we also observed that the
treatment of exosomes with miR-500 overexpression could
accelerate the CCl4-induced liver fibrosis in vivo. Thus, these
results revealed that exosomal miR-500 could promote the
development of liver fibrosis.

miR-500 has high sequence identity among zebrafish, mice,
and humans, indicating its evolutionarily conserved functions.
miR-500 has been identified to be implicated in the tumorigenesis
of multiple cancers. miR-500 could promote cell growth via
targeting LRP1B in prostate cancer (Zhang et al., 2019). miR-
500 promotes non-small cell lung cancer proliferation, migration,
and invasion by targeting ING1 (Jiang et al., 2018). miR-500
has also been reported as a potential diagnostic biomarker
for hepatocellular carcinoma (Yamamoto et al., 2009). miR-500
has also been found to be upregulated in cirrhotic livers
(Vuppalanchi et al., 2013). However, its functions and the
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relative mechanisms in liver fibrosis have not been clarified
yet. Herein, we demonstrated that miR-500 suppresses MFN2
expression in mouse HSCs via its direct targeting of MFN2
3′ UTR and that miR-500 could also affect the targets of
MFN2 downstream, TGF−β/Smad signaling pathway. MFN2
belongs to the mitochondrial fusion protein (Mitofusin, MFN)
family, which are required for mitochondrial outer membrane
fusion (Rojo et al., 2002). MFN2 plays a vital important
role in many cellular processes including cell proliferation,
apoptosis, autophagy, and ER stress (Chen et al., 2012; Filadi
et al., 2018). Zhu et al. (2020) previously demonstrated that
MFN2 could promote HSC apoptosis and ameliorate liver
fibrosis by regulating TGF−β/Smad signaling. Herein, our study
emphasized the importance of MFN2 in liver fibrosis, since that
MFN2 could strongly reverse the effect of exosomal miR-500 on
liver fibrosis both in vitro and in vivo. Based on the study, our
hypothesis was provided that exosomes containing upregulated
miR-500 was secreted from LPS-activated macrophages and
then was uptaken by HSCs, subsequently suppressing MFN2
in HSCs and leading to HSC activation and the development
of liver fibrosis.

In addition, we determined the levels of serum exosomal miR-
500 and the expression of MFN2 in liver fibrosis tissues. The
results showed that miR-500 in serum exosomes from patients in
S1–S4 stages was increased compared with those in S0 stage. And
a significant difference between early and advanced stage liver
fibrosis group was also observed. Therefore, circulating exosomes
miR-500 could be function as a biomarker for the diagnosis of
advanced liver fibrosis. Furthermore, the expression of MFN2
in liver tissues was lower in the S1–S4 group when compared
with the S0 group. And the MFN2 expression in liver tissues was
gradually becoming lower and lower during the process of liver
fibrosis. And the mRNA expression levels of MFN2 in liver tissues
were negatively correlated with serum exosomal miR-500 in CHD
patients. These data suggested exosomal miR-500 and MFN2 as a
putative biomarker for liver fibrosis.

In conclusion, our study demonstrated that exosomal miR-
500 derived from LPS-activated macrophages promoted HSC
activation by suppressing TGF−β/Smad via targeting MFN2
(Figure 8). Exosomal miR-500 might be a potential biomarker
for clinical diagnosis and a putative therapeutic strategy
against liver fibrosis.
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