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Mesenchymal stem cell-derived exosomes regulate the
polarization and inflammatory response of macrophages via miR-
21-5p to promote repair after myocardial reperfusion injury
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Background: Myocardial ischemia-reperfusion injury is a type of myocardial ischemia that has a significant
impact on patients’ health. We aimed to explore the protective effect of mesenchymal stem cell-derived
exosomes (MSC-EXOs) on myocardial ischemia-reperfusion injury and their specific mechanism.
Methods: The effects of MSC-EXOs on myocardial ischemia-reperfusion injury were recorded. An
enzyme-linked immunosorbent assay (ELISA) was used to determine the levels of IL-6 and IL-10 in mouse
myocardial tissue or culture supernatant. Co-cultured MSC-EXOs and RAW264.7 cells were used to study
the effect of MSC-EXOs on the polarization of macrophages at the cellular level. The ratio of M1 and M2
macrophages were detected by flow cytometry, and RT-qPCR detected the mRNA expression levels of
corresponding markers. After transfection with miR-21-5p inhibitors or mimics, flow cytometry and RT-
qPCR experiments were performed to explore the specific role of MSC-EXOs in macrophage polarization.
Results: After injection of MSC-EXOs, the mRNA expression of M1 macrophage markers iNOS, IL-18,
IL-6, and TNFa) in the myocardial tissue of model mice was significantly reduced (P<0.05), and the mRNA
expression of M2 macrophage markers was significantly increased (P<0.05). The injection also reduced the
inflammation response in the model mice (P<0.05). In the in vitro experiment, lipopolysaccharide (LPS)
induced the inflammatory microenvironment. After MSC-EXOs were fixed in the cytoplasm of RAW264.7
cells, the level of IL-6 in the culture supernatant decreased (P<0.05), and the level of IL-10 increased (P<0.05).
The addition of MSC-EXOs to LPS-induced RAW264.7 cells promoted their polarization toward the M2
phenotype and upregulated their marker expression levels (P<0.05). Following inhibition of miR-21-5p in
MSC cells, the EXOs were collected, and it was found that MSC-EXOs that inhibited the expression of
miR-21-5p promoted LPS-induced polarization of RAW264.7 cells to the M1 phenotype and upregulated
inflammation in the culture supernatant. Furthermore, transfection with miR-21-5p mimics promoted the
polarization of RAW264.7 cells to the M2 phenotype and reduced the level of inflammatory factors in the
culture supernatant.

Conclusions: MSC-EXOs promote the polarization of macrophages to the M2 phenotype via miR-21-5p,

thereby reducing inflammation and promoting heart repair.
Keywords: Mesenchymal stem cells (MSCs); exosomes; macrophages; polarization; miRNA
Submitted Jun 17, 2021. Accepted for publication Aug 05, 2021.

doi: 10.21037/atm-21-3557
View this article at: https://dx.doi.org/10.21037/atm-21-3557

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2021;9(16):1323 | https://dx.doi.org/10.21037/atm-21-3557


https://crossmark.crossref.org/dialog/?doi=10.21037/atm-21-3557

Page 2 of 11

Introduction

Acute myocardial infarction (AMI) is myocardial necrosis
caused by acute and persistent ischemia and hypoxia of
the coronary artery. It is one of the leading causes of death
and disability worldwide (1). Myocardial reperfusion can
be achieved within 1 hour after AMI and significantly
reduces myocardial injury and infarct size. However,
it can also cause further damage to the myocardial
tissue during reperfusion, which is called myocardial
ischemia-reperfusion injury (2). Myocardial ischemia-
reperfusion injury activates the inflammatory reaction of
myocardial tissue, and the severity and duration of this
inflammatory reaction are closely related to the degree
of myocardial injury, in which macrophages play an
essential role (3,4). Macrophages can polarize into classical
activated macrophages (M1 macrophages) or alternative
activated macrophages (M2 macrophages) in different
environments. M1 macrophages and M2 macrophages
have almost antagonist functions (5). M1 macrophages kill
microorganisms and tumor cells and secrete a large number
of pro-inflammatory factors, whereas M2 macrophages
secrete various anti-inflammatory factors and secrete
multiple growth factors, which play a crucial role in wound
healing and tissue repair (6).

The mesenchymal stem cell (MSC) is a multi-functional
stem cell, which has all the typical characteristics of stem
cells (7). Recent studies have found that MSCs play a
role in reducing myocardial infarction, improving cardiac
function, and regulating the inflammatory response (8,9).
As reported by Philipp ez al., MSCs regulate the level of
pro-inflammatory factors produced by macrophages in
vitro and in vive and induce macrophages to polarize to
the M2 phenotype (10). Other studies have reported that
exosomes (EXOs) mediate the protective effect of MSCs
on cardiomyocytes rather than by differentiating them into
cardiomyocytes (11). EXOs contain microRNAs (miRNAs)
and proteins, which are key components in MSCs (12).
Xiao et al. have shown that mesenchymal stem cell-derived
exosomes (MSC-EXOs) can induce an anti-inflammatory
environment in mice with myocardial ischemia-reperfusion
injury (13). However, the specific mechanism of MSC-
EXOs remains unclear, so this study aims to further
explore the protective effect of MSC-EXOs on myocardial
ischemia-reperfusion injury and their specific mode of
action. We present the following article in accordance with
the ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-3557).
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Methods
Materials

The C57BL/6 mouse MSC cell line (article no.
MUBMX-01001) was purchased from Suzhou Saiye
Biological Co., Ltd., and the RAW264.7 cell line (product
no. MZ-2039) was purchased from Ningbo Mingzhou
Biotechnology Co., Ltd. Nine 8-week-old male C57BL/6
mice were purchased from the Model Animal Research
Center of Nanjing University. Experiments were performed
under a project license (No.: SCXK 2016-0009) granted
by the Experimental Animals Ethics Committee of Renji
Hospital, in compliance with national and Renji Hospital
guidelines for the care and use of animals.

Fetal bovine serum, penicillin, streptomycin,
Dulbecco’s Modified Eagle Medium (DMEM), trypsin,
and phosphate buffer saline (PBS) were purchased
from China Semer Fisher Technology Co., Ltd. The
Lipofectamine 2000 transfection kit and TRIzol kit were
purchased from Invitrogen (Carlsbad, California, USA).
The exosome extraction kit was purchased from Shanghai
Beibo Biological Co., Ltd. Isoflurane was purchased from
China Hayward Life Technology Co., Ltd. The Prime
ScriptTM RT Master Mixture kit and SYBR Prime Script
RT-PCR kit were purchased from Takara, Japan. The
RIPA lysis buffer, BCA kit, and ECL luminescent reagent
box were purchased from Shanghai Ruji Biotechnology
Co., Ltd. The antibody against CD9, CD63, TSG101,
Alix, GAPDH, and polyclonal peroxidase-labeled Goat
anti-rabbit IgG was purchased from Abcam, UK. The
ELISA kits were purchased from R&O systems, USA.
The miR-21-5p inhibitor and miR-21-5p mimics
were designed and synthesized by Shandong Weizhen
Biotechnology Co., Ltd.

Cell culture and transfection

The MSC and RAW264.7 cells were cultured in DMEM
supplemented with 10% fetal bovine serum, 100 pg/mL
penicillin, and 100 pg/mL streptomycin. All cells were
cultured at 37 °C in a 5% CO, environment. The cells were
collected in the logarithmic growth phase. After trypsin
digestion, the cell density was adjusted to 1x10’ cells/mL.
Subsequently, 2 mL of cell suspension was added into
each well of the 6-well plate, and the culture was grown at
37 °Cina 5% CO, environment for 24 h. The miR-21-5p
inhibitor and miR-21-5p mimics were transfected into the
MSC and RAW264.7 cells according to the instructions
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in the Lipofectamine 2000 transfection kit. After 48 h of
transfection, RT-qPCR was performed to examine the
results of the transfection.

Isolation of MSC-EXOs

When the MSCs fused to 80%, they were cultured and
replaced with the medium without exosome serum. The
culture supernatant of the third generation MSCs was
collected and purified by a 0.22 pm filter and concentrated
according to the instructions of the exosome extraction
kit. After mixing, the supernatant was incubated overnight
at 4 °C. After centrifuging at 4 °C (10,000 xg) for 1 h
and removing the supernatant, the exosome pellet was
obtained.

Construction of the myocardial ischemia-reperfusion
injury model in mice

Six C57BL/6 mice were anesthetized with isoflurane and
ventilated by a rodent ventilator. The thoracic cavity was
opened around the fourth rib space, and the left anterior
descending coronary artery was ligated. After 45 min, the
ligation was stopped for reperfusion to construct the animal
model of myocardial ischemia-reperfusion injury. The mice
were randomly allocated to two groups, an MSC-EXO
group and a PBS group. Mice in the MSC-EXO group (n=3)
were injected with 25 pL PBS and 50 pg MSC-EXO into
three myocardial tissue regions. Mice in the PBS group (n=3)
were injected with 25 pL of PBS into three myocardial
tissue regions. A further three C57BL/6 mice were allocated
as the control group and underwent thoracic surgery
after anesthesia, but the left anterior descending coronary
artery of this group was not ligated. All mice were kept in
a laboratory with a suitable temperature and humidity and
had free access to food and water under a 12-h dark/light
phase condition.

Measurement of the left ventricular ejection fraction (EF)
and left ventricular fractional shortening (FS) in mice

The mice were anesthetized with isoflurane and fixed on
the thermostatic plate of the super high-frequency system.
An ultrasonic diagnostic instrument for small animals was
used with a central frequency of 30 MHz for ultrasonic
examination. The EF and FS of mice were measured by

Vevo software developed by VisualSonics in Toronto,
Canada.
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Real-time fluorescent quantitative PCR (RT-gPCR)
detection of the levels of miRNA and macrophage
polarization marker mRNA

Total RNA was extracted from the tissues or cells according
to the TRIzol kit instructions and then reverse transcribed
into cDNA using the Prime Script'™ RT Master Mixture
kit. The SYBR Prime Script RT-PCR kit was used to detect
the miRNA and mRNA expressions in the tissues and
cells. The thermal cycle conditions were as follows: pre-
denaturation at 95 °C for 60 s, denaturation at 95 °C for 15 s,
annealing at 60 °C for 40 s, extension at 72 °C for 15 s, for a
total of 40 cycles. The 27%*“" calculation was used to detect
the expression levels of miR-21-5p and its related mRINA
with internal reference to U6 or GAPDH. The primer
sequence is shown in Table 1.

Detection of exosome marker expressions by western
blotting

RIPA lysis buffer was used to extract the total protein from
the cells, and a BCA kit was used to determine the protein
concentration. The protein was separated by 10% SDS-
PAGE and then transferred to a PVDF membrane. The
protein was blocked with 5% skimmed milk powder at room
temperature for 2 h and incubated with anti-CD9 (1:1,000),
anti-CD63 (1:1,000), anti-TSG101 (1:1,000), anti-Alix
(1:1,000), and anti-GAPDH (1:2,000) at 4 °C overnight.
After washing three times with PBS, the membrane was
incubated with a polyclonal peroxidase-labeled second
antibody (Goat anti-rabbit IgG with a concentration of
1:4,000) at room temperature for 2 h. Images were obtained
with the ECL kit, and Image] software was used for the
quantitative analysis.

ELISA measurement of IL-6 and IL-10 levels

The cell culture medium and treated tissue samples were
collected and centrifuged (1,000 xg) for 5 min. After the
centrifugation, the cell-free supernatant was obtained.
The solution was blocked by PBS for 1 h and was added
to 100 pL of supernatant followed by 2 h of incubation at
room temperature. Subsequently, 100 pL. anti-mouse IgG
antibody was added and incubated at room temperature for
a further 2 h. Next, 100 pL of TMB substrate was added,
and the reaction was terminated after 30 min of dark color
development at room temperature. The enzyme reader
determined the OD value of the sample at 450 nm, and the
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Table 1 Prime sequence

Gene Sequence (5'-3")
miR-21-5p  F: GGGGTAGCTTATCAGACTGATG
R: TGTCGTGGAGCGGCAATTG
ue F: CGCTTCGGCACATATACTA
R: CGCTTCACGAATTTGCGTGTCA
iNOS F: CCAAGAACGTGTTCACCATG
R: GATGTCCAGGAAGTAGGTGAGG
IL-1B F: CTCCATGAGCTTTGTACAAGG
R: TGCTGATGTACCAGTTGGGG
IL-6 F: GACTGATGTTGTTGACAGCCACTGC
R: AGCCACTCCTTCTGTGACTCTAACT
TNFa F: CATGATCCGAGATGTGGAACTGGC
R: CTGG6CTCAGCCACTCCAGC
Arg1 F: GGGAAGACACCAGAAGAAGTAA
R: GTGGGTTAAGGTAGTCAATAGG
IL-10 F: TGCCAAGCCTTGTCAGAAATGATCAAG
R: GTATCCAGAGGGTCTTCAGCTTCTCTC
CD206 F: GCAAAGGACAAGAAAGAAGACC
R: TTTCTCCCTTGGGTAGGTGC
TGFB F: AACTACTGCTTCAGCTCCAC
R: GTAACACGATGGCGAGTGCG
GAPDH F: TGGCAAAGTGGAGATTGTTGCC
R: AAGATGGTGATGGGCTTCCCG

sample concentration was calculated.

Localization of exosomes in macropbages by

immunofluorescence assay

The slides were washed three times with PBS, then
fixed with 4% paraformaldehyde for 15 min. The slides
were rewashed a further three times with PBS and then
penetrated with 0.5% Triton X-100 at room temperature
for 20 min. After washing, the goat serum was dripped
onto the slide and blocked at room temperature for 30 min.
After adding Dil-labeled MSC-EXOs, the cells were
blocked overnight at 4 °C. DAPI was added and incubated
in the dark for 5 min then washed three times with PBS.
Then the sealing solution with a fluorescence quenching
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agent was used to seal the film. The film was observed and
photographed under a fluorescence microscope.

Flow cytometry detection of the proportion of macrophages
with M1 and M2 phenotypes

RAW?264.7 cells were collected into 96-well plates and
adjusted to 5x10°/well. They were resuspended in 100 pL of
PBS, followed by the addition of mouse CD26 antibody and
mouse iNOS antibody and incubated at room temperature
in the dark for 30 min. The cells were then washed three
times with PBS and resuspended in 200 pL of PBS. The
proportion of macrophages was detected and analyzed by
Flow]Jo software developed by Stanford University.

Statistical analysis

SPSS 20.0 software developed by SPSS Company (Chicago,
Illinois, USA) was used for the statistical analysis. All
experiments were repeated five times, and the measurement
data were based on the mean * standard deviation (x +
). T-tests were used to compare the data between two
groups, and one-way ANOVA was used to compare the
data between three groups. P<0.05 indicated a statistically
significant difference.

Results

MSC-EXOs attenuated myocardial injury and
inflammation in model mice

Western blotting was used to detect the exosome markers
isolated from the culture supernatant of MSCs. The
results showed that CD63, CD9, TSG101, and Alix were
expressed in the exosomes, as shown in Figure 14. MSC-
EXOs or PBS buffer were injected into the myocardial
region of the model mice. The results indicated that,
3 days after surgery, the EF and FS scores of the model
mice injected with MSC-EXOs were significantly higher
than those of the model mice injected with PBS (P<0.05).
The myocardial tissue remained protected two weeks
after surgery (P<0.01) (Figure 1B,1C). Comparison of
the infarction of the myocardial tissue of the model mice
3 days after surgery showed that the injection of MSC-
EXOs into myocardial tissue significantly reduced the
infarct size in the model mice (P<0.01) (Figure 1D). In
addition, compared with the control group, the expression
levels of IL-6 and IL-10 in the serum and myocardial
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Figure 1 MSC-EXOs can reduce myocardial injury and inflammation in mice. (A) The expression levels of protein markers of MSC-EXOs;
(B,C) EF and FS scores of mice at different times after surgery; (D) the ratio of the myocardial infarct area 3 days after surgery. (E,F) IL-6

and IL-10 levels in the serum or heart tissues of mice at different times after surgery. *P<0.05, **P<0.01 vs. pre-operation group; "P<0.05 vs.

PBS group; *P<0.01 vs. PBS group; °®P-0.01 vs. Control group

tissues of the model mice were significantly increased
(P<0.05). Compared with the model mice injected with
PBS buffer, the level of IL-6 in the serum and tissue of the
model mice injected with MSC-EXOs was significantly
decreased (P<0.05), and the level of IL-10 was significantly
increased (P<0.01), as shown in Figure 1E,IF.

MSC-EXOs promoted macrophage polarization to the M2

phenotype in model mice

Macrophages can switch between M1 and M2 phenotypes
when subjected to external stimulation. RT-qPCR results
indicated the mRINA levels of the M1 macrophage markers

© Annals of Translational Medicine. All rights reserved.

(iINOS, IL-1B, IL-6, and TNFa) in the myocardial tissue
were significantly reduced (P<0.05) 3 days after injection
with MSC-EXO:s. In contrast, the mRNA expression levels
of M2 macrophage markers (Argl, IL-10, CD206, and
TGEFB) were significantly increased (P<0.05) compared with
mice injected with PBS (Figure 2).

MSC-EXOs promoted the conversion of macrophages to
the M2 phenotype

Lipopolysaccharide (LPS) was added to the culture
medium and co-cultured with RAW264.7 cells to induce
the inflammatory microenvironment. The ELISA results
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Figure 2 MSC-EXOs promote the polarization of macrophages to the M2 phenotype in mice. The expression of M1 or M2 macrophage

markers in the myocardium of mice 3 days after surgery. *P<0.05, **P<0.01 vs. PBS group.

showed that LPS induction significantly increased the
levels of IL-6 and IL-10 in the culture supernatant
(P<0.05). After adding MSC-EXOs, it significantly
reduced the level of IL-6 in the medium and increased
the level of IL-10 (P<0.05), as shown in Figure 34. MSC-
EXOs were co-cultured with RAW264.7 cells, and Dil-
labeled MSC-EXOs were evenly distributed in the
cytoplasm of RAW264.7 cells, as shown in Figure 3B. The
results of flow cytometry experiments showed that after
adding MSC-EXOs, the proportion of M2 macrophages
was significantly increased (P<0.01), and the proportion
of M1 macrophages was significantly reduced (P<0.01),
as shown in Figure 3C. The M1 and M2 macrophage
markers were detected by RT-qPCR. After adding MSC-
EXOs, the mRNA levels of the M1 macrophage markers
(INOS, IL-1B, IL-6, and TNFo) were significantly
suppressed (P<0.01), whereas the mRINA levels of the M2
macrophage markers (Argl, IL-10, CD206, and TGFp)
were significantly increased (P<0.05) (Figure 3D).

miR-21-5p inhibited the polarization of macrophages to
the M1 phenotype

RT-qPCR results showed that the injection of MSC-EXOs
into the myocardial tissue of model mice significantly
upregulated the expression of miR-21-5p in the myocardial
tissue (P<0.01). Similarly, adding MSC-EXOs to the culture
medium also significantly upregulated the expression level
of miR-21-5p in RAW264.7 cells (P<0.01) (Figure 4A).
An miR-21-5p inhibitor was transfected into MSCs to

© Annals of Translational Medicine. All rights reserved.

clarify the role of miR-21-5p. RT-qPCR results showed
that EXOs in the MSCs transfected with the miR-21-5p
inhibitor had a significantly reduced expression of miR-21-
5p (P<0.01), as shown in Figure 4B. MSC-EXOs inhibiting
miR-21-5p were used to treat LPS-induced RAW264.7
cells for 48 h. The results of flow cytometry and RT-qPCR
experiments indicated that MSC-EXOs inhibiting miR-21-
S5p significantly reduced the conversion of macrophages to
the M2 phenotype and upregulated M1 macrophage marker
expressions in RAW264.7 cells (P<0.05) (Figure 4C,4D). At
the same time, adding MSC-EXOs that inhibited miR-21-
5p caused upregulation of the level of IL-6 in the medium
supernatant (P<0.01) and downregulation of the level of IL-
10 (P<0.01), as shown in Figure 4E. To further verify the
role of miR-21-5p in macrophage transformation to the M2
phenotype, miR-21-5p mimics were directly transfected
into RAW264.7 cells. RT-qPCR results showed that the
level of miR-21-5p in the RAW264.7 cells was significantly
increased after transfection with miR-21-5p mimics
(P<0.01), as shown in Figure 4F. The effect of miR-21-5p
on the polarization of the RAW264.7 cells was detected by
flow cytometry. The results showed that overexpression
of miR-21-5p significantly increased the proportion of
M2 macrophages. In contrast, the mRNA levels of the M1
macrophage markers in the RAW264.7 cells iNOS, IL-1p,
IL-6, and TNFa) were significantly reduced (P<0.01). The
mRNA levels of the M2 macrophage markers (Argl, IL-10,
CD206, and TGFp were significantly increased (P<0.05)
(Figure 4G,4H). At the same time, overexpression of miR-
21-5p significantly reduced the level of IL-6 in the culture
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Figure 3 MSC-EXOs promote the transformation of macrophages into the M2 phenotype. (A) Levels of IL-6 and IL-10 in the culture
medium supernatant; (B) localization of MSC-EXOs by immunofluorescence staining method in RAW264.7 cells (magnification, 100x); (C)
the proportion of M1 to M2 macrophages in RAW264.7 cells in each group; (D) the expression levels of M1 or M2 macrophage markers in
RAW264.7 cells in each group. *P<0.05, **P<0.01 vs. NC group; "P<0.05, *P<0.01 vs. LPS group.

supernatant of the RAW264.7 cells and increased 1L-10
(P<0.01), as shown in Figure 41.

Discussion

After myocardial ischemia-reperfusion injury, necrotic
cardiomyocytes release various cytokines to induce an
inflammatory response (14). In the early stage of myocardial
ischemia, the inflammatory reaction removes necrotic
myocardial cells and debris. However, in this process, the
infiltration of inflammatory cells and the inflammatory
factors produced by them can also cause further damage to
normal myocardial cells (14). The ultimate goal of clinical

© Annals of Translational Medicine. All rights reserved.

treatment of AMI is to reduce myocardial injury and restore
the cardiac function of patients to the best possible level.
However, some drugs found to be effective for myocardial
ischemia-reperfusion in animal experiments have not
achieved an ideal therapeutic effect in clinical trials (1).
Therefore, it is necessary to explore new therapeutic ideas
for the clinical treatment of AMI.

Mesenchymal stem cells have multidirectional
differentiation potential, differentiate into functional
cardiomyocyte-like cells in the microenvironment of
myocardial tissue, and form connections with host cells
to promote the repair of myocardial tissue. At the same
time, mesenchymal stem cells can differentiate into
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Shen and He. MSC-EXOs promote heart repair

Page 8 of 11
A . c
_% 60 animal -% 50 RAW264.7 5000 . 300
8 55+ 8 45 " -1
£ 50+ - g ég __ 4000 -
o 45 1 © 30 2 £ 200
£ 40 2 25 E 3000 5
S 8% et & 0
5 47 5 4 «§ 2000 2
& 3] & 3 4 5, 100
< 2 s 1000 =
& 27 a2 _
'né: 0 T T T DE: 0 T T T 0 T T 0 T T
- + -| inhibitor miR-21-5p inhibitor miR-21-5p
sham PBS  MSC-EXO NC LPS LPS +MSC-EXO NC inhibi R-21-5 NC inhibi iR-21-5
B C MSC-EXO  inhibitor MSC-EXO MSC-EXO  inhibitor MSC-EXO
c NC inhibitor miR-21-5p
S 1.5 o MSC-ECO 10 inhibitor MSC-ECO
2
© Fon 3 Tho To 50 25
g 8 s ee S
8 1.0 I Sl 104 K40 = X20 1
2 © 230 815
5 1024 10° g g
= - Q3 [ Qs Qs = =
& 0.5 o &7a% £1% 5.7% 31.6% <20 g1o T
— 10" 10' N Y
h | 510 g s
o
LIV A, W T it P R I T ° : - ’ ' :
MSG-EXO inhibitorMSC‘-)EXO 1010 10 10 10 10 10 10 10 10 NC inhibitor miR-21-5p NC inhibitor ~ miR-21-5p
D iNOS MSC-EXO  inhibitor MSC-EXO MSC-EXO  inhibitor MSC-EXO
c c < -
25 3 49 10 § 254 R
g e@e @ g aa g
g4 £ 34 0 o 87 g 204
b 4 3 3
[ (]
g3 2 2 6 © 154
kS T 2 2 2
s, ° S a4 S 1.0 —
< < =z =
£ 4 £ 11 Z 24 Z 054
E l;;| 3 E T
8o . o . . ¢ ol—L——1 : £ 00 . .
Zz NC inhibitor miR-21-5p = NC inhibitor miR-21-5p = NC inhibitor miR-21-5p g NC inhibitor miR-21-5p
MSC-EXO  inhibitor MSC-EXO MSC-EXO  inhibitor MSC-EXO MSC-EXO  inhibitor MSC-EXO MSC-EXO  inhibitor MSC-EXO
c
5 S c
S1.5 ? 151 2 1.5+ REE
4 o g 2
o a 2 o
g 3 & 3
0 1.0 2 1.0 §1.0- — $ 1.0 — R
> = =
& H g £ :
© = o 3
< 05 2 054 L < 0.54 % 0.5
Z o Z S
DE: ae E £ QE:
500 . —1 g 00 : . 200 . 00 . .
< NC inhibitor miR-21-5p o NC inhibitor miR-21-5p = NC inhibitor miR-21-5p 9 NC inhibitor miR-21-5p
MSC-EXO  inhibitor MSC-EXO MSC-EXO  inhibitor MSC-EXO MSC-EXO  inhibitor MSC-EXO MSC-EXO  inhibitor MSC-EXO
S miR-NG miR-21-5p mimics
g oo 2 e © %
I s - < 1 S 2
e ° Slio+ 104 30 g0 =i
2 a 3 815
B4 o " Z 20 4
] 10°3 o o % 10
a Q3 Q3 Q4 o o
& o e T S0 8
b 10' 5 10'5 o " o5
% o [ . ] . : 0 r — 0 T T
miR-NC miR-21-5p mimics 10“100 b T 10 o ‘Omb 10 T 100 ot miR-NC  miR-21-5p mimics miR-NC miR-21-5p mimics
H iNOS
5 5 5 5
2157 3157 £1.59 7157
o o 8 |4
g g S g
® 1.0 o 1.0 ® 1.0 © 1.0 —_
= 2 2 2
= ©
% ‘@" % ° a
< 051 < 05 £ 057 < 0.5
£ g = z . £
s €
§ 0.0 T — ?0.0 T T €00 T T £ 00 T T
= miR-NC miR-21-5p mimics = miR-NC miR-21-5p mimics - miR-NC miR-21-5p mimics F miR-NC  miR-21-5p mimics
<
c 5 c c
204 2 67 s 2107 - 3207 .
g g g’_ I g
£1.54 s H g 8] 515
o Q o '+
2 24 2 6 2
£ 104 —_ s £ % 1.04 e
5 1.0 3 g o g0
< Z 27 < <
& 051 £ £ o Z 0.5
€ - E E
- | = | — =
0.0 T T So T T T o T T %00 T T
< miR-NC  miR-21-5p mimics o miR-NC  miR-21-5p mimics = miR-NC  miR-21-5p mimics = miR-NC  miR-21-5p mimics

© Annals of Translational Medicine. All rights reserved.

Ann Transl Med 2021;9(16):1323 | https://dx.doi.org/10.21037/atm-21-3557



Annals of Translational Medicine, Vol 9, No 16 August 2021

I 4000

3000

&

pg/mg)

2000

6

IL.

1000

T T
miR-NC miR-21-5p mimics

Page 9 of 11

800 aa

@
=}
=}

kS
o
=

IL-10 (pg/mg)

N
=}
=}

T T
miR-NC miR-21-5p mimics

Figure 4 miR-21-5p is a key regulator of the inhibition of macrophage polarization to the M1-type phenotype. (A) The expression levels of
miR-21-5p in C57BL/6 mice and RAW264.7 cells; (B,F) The expression levels of miR-21-5p in MSC-EXOs and RAW264.7 cells; (C,G) the
proportion of M1 to M2 macrophages in RAW264.7 cells in each group; (D,H) the expression levels of M1 or M2 macrophage markers in
RAW264.7 cells in each group; (E,I) the levels of IL-6 and IL-10 in the culture medium supernatant. **P<0.01 vs. PBS group; "P<0.01 vs.
LPS group; °P<0.05, ®®P<0.01 vs. NC inhibitor MSC-EXO group; “P<0.05, ““P<0.01 vs. NC inhibitor MSC-EXO group.

vascular endothelial cells and vascular smooth muscle
cells in the ischemic myocardial blood vessels, which can
effectively promote cardiovascular formation, improve
the blood supply of local myocardial tissues, and save
dying myocardial cells. Mesenchymal stem cells can also
secrete a variety of cytokines, promote the proliferation
and differentiation of cardiomyocytes, and are beneficial to
the regeneration of cardiomyocytes and blood vessels. In
the past decade, it has been found that MSCs can interact
with various cells in the immune system, which provides
the possibility for treatment of a variety of immune-related
diseases (15). Some animal model studies have shown that
MSCs can promote repair in myocardial injury (8). At
present, it is generally believed that the interaction between
MSCs and the inflammatory microenvironment depends on
EXOs to a great extent (16). EXOs are tiny vesicles secreted
by various cells, improving heart function and reducing
ventricular remodeling by inhibiting apoptosis, reducing
oxidative stress, and stimulating angiogenesis (11). In this
study, we found that direct injection of MSC-EXOs into
the myocardial tissue of mice with myocardial ischemia-
reperfusion injury significantly improved the EF and FS
scores and reduced the infarct size. MSC-EXOs showed
continued protection of the myocardial tissue two weeks
after injection. After injection of MSC-EXOs, the level
of IL-6 in the serum and myocardial tissue of model mice
decreased, while the level of IL.-10 increased. In addition,
injection of MSC-EXOs significantly reduced the level of
M1 macrophage markers in the myocardial tissue of mice
and increased the level of M2 macrophage markers. These
results suggest that injection of MSC-EXOs can promote
the recovery of cardiac function and reduce inflammatory
reaction in the early and recovery stages of myocardial
ischemia-reperfusion injury. This protective effect may be
achieved by reducing the proportion of M1 macrophages.

© Annals of Translational Medicine. All rights reserved.

Macrophages are the primary mediators of inflammation
after myocardial ischemia-reperfusion injury. Many studies
have shown that macrophages play an essential role in
myocardial repair after myocardial ischemia-reperfusion
injury (4,17,18). Currently, it is generally believed that
EXOs secreted by MSCs realize the interaction between
MSCs and macrophages. This study found that MSC-EXOs
were evenly distributed in the cytoplasm of macrophages
after co-culture with macrophages. An increasing number
of studies have shown that MSCs can induce macrophages
to switch to the M2 phenotype to reduce the inflammatory
response (19,20). In this study, LPS was added to the
medium of RAW264.7 cells to simulate the inflammatory
microenvironment. It was found that MSC-EXOs
significantly reduced IL-6 levels in the medium supernatant
and significantly increased the level of IL-10. In addition,
MSC-EXOs successtully transformed the polarization state
of RAW264.7 macrophages from the M1 phenotype to the
M2 phenotype in vitro. These results suggest that MSC-
EXOs can promote macrophage polarization to the M2
phenotype in vitro and reduce the inflammatory response.
miRNA is a crucial component of EXOs and determines
the effect of EXOs on receptor cells. Some miRNAs found
in MSC-EXOs play key roles in immune regulation, such
as miR-125a (21), miR-146a (16), miR-181b (22), miR-
223 (23), and miR-21-5p (24). In previous experiments,
we found that the expression level of miR-21-5p in MSC-
EXOs was higher than that in macrophage-derived
exosomes. In this study, we found that MSC-EXOs
significantly increased the level of miR-21-5p in myocardial
tissue and LPS-induced RAW264.7 cells of model mice,
suggesting that miR-21-5p may be involved in the process
of macrophage polarization to the M2 phenotype and
in alleviating the inflammatory response. MiR-21-5p,
located on chromosome 17q23.1, is an anti-apoptotic gene.
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Previous studies have shown that miR-21-5p can protect
cells from oxidative stress-induced cell death by mediating
MSC-EXOs (25). Li et al. showed that MSC-EXOs could
effectively reduce lung ischemia-reperfusion injury in
mice via miR-21-5p (26). The present study found that
overexpression of miR-21-5p attenuated the LPS-induced
inflammatory response of RAW264.7 cells and promoted
the M2 phenotype transformation of RAW264.7 cells. In
addition, the inhibition of miR-21-5p expression in MSC-
EXOs weakened the immunomodulatory effect of MSC-
EXOs on macrophages. That is, miR-21-5p participated
in the inflammatory response and MSC-EXOs mediated
macrophage polarization. Although this study confirmed
that MSC-EXOs participate in the immune process of
macrophages via miR-21-5p, its specific mechanism is still
unclear. Previous studies have found that toll-like receptor
4 (TLR4) is the downstream target gene of mir-21-5p.
Yang et al. showed that TLR4 promoted the expression of
inflammatory factors in various cardiovascular diseases (27).
Similarly, Hua et al. showed that TLR4 also regulated
the activation of the PI3K/Akt signaling pathway (28). In
addition, studies have shown that the PI3K/Akt signaling
pathway is critical in the transformation of macrophages
into the M2 phenotype (29). Therefore, we have reason
to believe that the miR-21-5p/TLR4/PI3K/Akt signaling
pathway may be an important pathway involved in the
immune process of macrophages, but whether this pathway
really plays a role still needs to be further explored.

Although there is strong evidence that miR-21-
5p plays a crucial role in promoting cardiac repair and
alleviating inflammatory response, the contribution of
other active substances in MSC-EXOs in this process
cannot be excluded. In conclusion, this study confirmed
that MSC-EXOs induced macrophages to polarize to the
M2 phenotype via miR-21-5p to reduce the inflammatory
response and promote cardiac repair, providing theoretical
support for MSC-EXOs as a potential therapeutic approach
for myocardial ischemia-reperfusion injury.
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