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BMSC-derived exosome-mediated miR-25-3p delivery
protects against myocardial ischemia/reperfusion injury
by constraining M1-like macrophage polarization
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Abstract. Myocardial ischemia/reperfusion injury (MIRI)
is a significant challenge in the management of myocardial
ischemic disease. Extensive evidence suggests that the macro-
phage-mediated inflammatory response may play a vital role
in MIRI. Mesenchymal stem cells and, in particular, exosomes
derived from these cells, may be key mediators of myocar-
dial injury and repair. However, whether exosomes protect
the heart by regulating the polarization of macrophages and
the exact mechanisms involved are poorly understood. The
present study aimed to determine whether exosomes secreted
by bone marrow mesenchymal stem cells (BMSC-Exo)
harboring miR-25-3p can alter the phenotype of macrophages
by affecting the JAK2/STAT3 signaling pathway, which
reduces the inflammatory response and protects against MIRI.
An in vivo MIRI model was established in rats by ligating
the anterior descending region of the left coronary artery for
30 min followed by reperfusion for 120 min, and BMSC-Exo
carrying miR-25-3p (BMSC-Ex0-25-3p) were administered
through tail vein injection. A hypoxia-reoxygenation model
of H9C2 cells was established, and the cells were cocultured
with BMSC-Exo0-25-3p in vitro. The results of the present
study demonstrated that BMSC-Exo or BMSC-Ex0-25-3p
could be taken up by cardiomyocytes in vivo and H9C2
cells in vitro. BMSC-Ex0-25-3p demonstrated powerful
cardioprotective effects by decreasing the cardiac infarct
size, reducing the incidence of malignant arrhythmias and
attenuating myocardial enzyme activity, as indicated by
lactate dehydrogenase and creatine kinase levels. It induced
MI-like macrophage polarization after myocardial isch-
emia/reperfusion (I/R), as evidenced by the increase in iNOS
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expression through immunofluorescence staining and upregu-
lation of proinflammatory cytokines through RT-qPCR, such
as interleukin-1f (IL-1p) and interleukin-6 (IL-6). As hypoth-
esized, BMSC-Exo0-25-3p inhibited M1-like macrophage
polarization and proinflammatory cytokine expression while
promoting M2-like macrophage polarization. Mechanistically,
the JAK2/STAT3 signaling pathway was activated after I/R
in vivo and in LPS-stimulated macrophages in vitro, and
BMSC-Ex0-25-3p pretreatment inhibited this activation. The
results of the present study indicate that the attenuation of
MIRI by BMSC-Ex0-25-3p may be related to JAK2/STAT3
signaling pathway inactivation and subsequent inhibition of
M1-like macrophage polarization.

Introduction

Acute myocardial infarction is a form of myocardial necrosis
resulting from acute and persistent ischemia and hypoxia in
the coronary artery and is a significant contributor to global
mortality and disability rates (1-3). Effective treatment
protocols involve restoring the blood supply to the ischemic
myocardium as soon as possible through thrombolysis and
percutaneous coronary intervention (4). However, reperfu-
sion can further damage the ischemic myocardium, referred
to as myocardial ischemia/reperfusion injury (MIRI) (5),
which can affect the prognosis of patients. Currently, the
main clinical treatment for myocardial ischemia is percu-
taneous artery intervention (PCI), however, this treatment
only provides short-term relief and also leads to myocardial
re-damage (6). Other current treatments, such as calcium
channel blockers or hypoxia preconditioning, are used for
MIRI but are not very effective, as multiple factors are
involved in the pathophysiological process of MIRI (7,8),
there is an urgent requirement to find more therapeutic
solutions for MIRI. MIRI encompasses a range of patho-
physiological mechanisms, including calcium and proton
overload, endoplasmic reticulum stress, excessive oxidative
stress, mitochondrial morphology and dysfunction, and
activation of apoptotic pathways, ultimately leading to an
inflammatory cascade within cardiac tissue (9). This inflam-
matory response is intricately linked to myocardial injury
and the formation of scar tissue. Consequently, mitigating the
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inflammatory response is considered important in prevention
and treatment strategies for MIRI (10).

Macrophages are a heterogeneous group of immune
cells important for regulating inflammation and immune
balance (11). Additionally, macrophages play an important
role in regulating cardiac inflammation (12). The wide range
of macrophage functions arises from their diversity and adapt-
ability; macrophages detect inflammation in the heart and
adjust their characteristics accordingly (13). Dependent on
the microenvironment, macrophages can polarize toward the
M1 or M2 phenotype. An imbalance of the M1/M2 macro-
phage phenotype is a known pathological marker of various
inflammatory diseases (14,15), including diabetic nephropathy
and atherosclerosis. Upregulated proinflammatory factor
and inflammatory mediator expression is observed with the
propensity macrophage M1 polarization, and preventing the
polarization of M1-type macrophages within a specific immune
environment is vital for regulating infections and maintaining
homeostasis (16). The balance between M1- and M2-like
macrophages is a potential target for treating MIRI (17).

Increasing evidence suggests that the Janus tyrosine kinase 2
(JAK2)/signal transducer and activator of the transcription 3
(STAT?3) pathway regulates inflammation-related disorders,
such as allergies and cardiovascular disease (18,19), and this
pathway may participate in MIRI (20). Phosphorylation of
JAK?2 activates STAT3, the principal effector in the initiation
and progression of cardiac injury (21). Following translocation
from the cytoplasm to the nucleus, phosphorylated STAT3
enhances the transcription of pro-inflammatory factors (22).
Activated JAK2/STATS3 signaling can promote the prolifera-
tion of RAW264.7 cells stimulated by LPS and increase the
secretion of inflammation-related factors (23). This evidence
suggests that inhibiting the JAK2/STAT3 signaling pathway
may promote the transformation of macrophages from the M1
to the M2 phenotype; thus, this pathway may play a key role in
the treatment of MIRI.

Mesenchymal stem cells (MSCs) are a unique type of
stromal cell with the potential to differentiate into multiple
cell types and the ability to regulate the phenotype and func-
tion of immune cells (24). The use of MSCs are considered a
potential new strategy for treating autoimmune and inflam-
matory diseases and have functional and structural benefits
in treating ischemic heart disease (25). The transplantation of
bone marrow MSCs (BMSCs) has been explored as a poten-
tial treatment for repairing ischemic heart injuries, whereby
BMSCs transplanted into the ischemic heart can differentiate
into endothelial, vascular smooth muscle and myocardial-like
cells (26). Nevertheless, the low cell survival rate and potential
biosafety issue reduce the effectiveness of cell therapy (27,28).

Exosomes, the smallest extracellular vesicles with a typical
diameter of 50-150 nm, are released by various cell types
and have multiple beneficial effects such as exerted obvious
cardioprotection by increasing cardiac function and limiting
pathological remodeling, including cardiac hypertrophy and
cardiac fibrosis (29). Using exosomes secreted by BMSCs
(BMSC-Exo) instead of BMSCs to treat MIRI is a poten-
tially beneficial cell-free treatment strategy (30). BMSC-Exo
accounts for a large portion of circulating microvesicles (31).
Although numerous studies have shown that BMSC-Exo can
alleviate MIRI (32,33), at present, the understanding of BMSCs

and BMSC-Exo is still in the infancy stage. For example,
the outcome in vivo is unknown, the long-term implantation
consequences are uncertain and the underlying mechanisms
require further exploration. Notably, exosome-mediated
cell-to-cell interactions involve various miRNAs that play
significant roles in inflammation, tissue repair and fibrogen-
esis (34). For example, miR-494 is cardioprotective in MIRI
by targeting apoptosis-related proteins (35), miR-148a allevi-
ates hepatic ischemia/reperfusion (I/R) injury by improving
liver function and suppressing hepatocellular apoptosis (36),
and overexpression of BMSC-Exo-125b can enhance the
viability of myocardial cells after MIRI and inhibit cell apop-
tosis (37). Moreover, extracellular vesicles derived from MSCs
can exert important protective effects on the heart by overex-
pressing miR-25-3p, promoting myocardial cell survival and
inhibiting inflammation in vivo and in vitro (38). However, few
studies have investigated the exact mechanism through which
BMSC-Ex0-25-3p protects against inflammation during MIRI.

In the present study the therapeutic potential of
BMSC-Ex0-25-3p against MIRI was explored and the under-
lying mechanism was investigated by establishing an in vivo
MIRI model and an in vitro hypoxia-reoxygenation (H/R)
cell model. The present study provides a potential therapeutic
approach for MIRI, with the aim to provide new therapeutic
drugs and approaches to improve the prognosis of patients
with coronary heart disease after thrombolysis or percuta-
neous coronary intervention.

Materials and methods

Experimental animals. A total of 40 Sprague-Dawley (SD)
male rats (age, 8-week-old; weight, 200+20 g) were obtained
from The Experimental Animal Center of Tongji Medical
College, Huazhong University of Science and Technology
(Wuhan, China; license no. SCXK 2019-0002). The animals
were housed in a controlled environment with a 12-h light/dark
cycle, at 22+2°C and 50+5% humidity, with free access to food
and water. All the experimental procedures were approved by
The Animal Care and Ethics Committee of Henan University
of Science and Technology (Luoyang, China; approval
no. 2021-0392).

Extraction of primary BMSCs. In the present study, 20 male
rats (age, 3-week-old; weight, 50+5 g) were obtained from
The Experimental Animal Center of Tongji Medical College,
Huazhong University of Science and Technology (Wuhan,
China; license no. SCXK 2018-0005). The animals were
housed in a controlled environment with a 12-h light/dark
cycle, at 22+2°C and 50+5% humidity, with free access to food
and water. The rats were euthanized by cervical dislocation
and immersed in 75% alcohol for 10 min. The front and back
legs were stripped, and the bone marrow cavity was cleaned
by adding serum-free culture solution via a syringe. The
cell suspension was passed through a 75-pum cell strainer to
eliminate any tissue, fat or debris. Subsequently, the mixture
was centrifuged at 300 x g for 5 min at room temperature,
and the resulting pellet was resuspended in ACK lysis buffer
(Beijing Solarbio Science & Technology Co., Ltd.) at room
temperature for 2 min. The cells were washed with minimum
essential medium o (MEM; Wuhan Pricella Biotechnology
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Co., Ltd.) supplemented with 10% fetal bovine serum (FBS;
Beijing Solarbio Science & Technology Co., Ltd.) and centri-
fuged at 300 x g for 5 min at room temperature. After which,
the cells were collected and cultured in MEM supplemented
with 10% FBS at 37°C with 5% CO,. After 48 h of culture, the
half-volume exchange method was used whereby half of the
original medium was replaced with an equal amount of fresh
medium. Subsequently, the medium was changed every 3 days
until the cells reached 90% confluence at 37°C, at which point
primary BMSCs could be obtained (39).

Extraction and identification of BMSC-Exo. The culture
supernatant of the BMSCs was collected when the
cell density reached 80-90%. The cell supernatant was
centrifuged at 2,000 x g at 4°C for 10 min to remove
the nonadherent cells. After which, the supernatant was
collected and centrifuged at 10,000 x g at 4°C for 30 min to
remove cell fragments. The supernatant was subsequently
centrifuged at 100,000 x g for 90 min at 4°C in an ultracen-
trifuge (Sorvall™ WX+; Thermo Fisher Scientific, Inc.).
The supernatant was carefully removed, and an appropriate
volume of PBS was added to resuspend the pellet containing
the BMSC-Exo0. The BMSC-Exo was filtered (0.22-pym) and
stored at -80°C for subsequent detection and use. A total
of 20 ul of the resuspended samples were added dropwise
to 200-mesh copper grids. Tissue sections (0.1-ym thick)
were incubated at room temperature for 10 min, fixed in
3% glutaraldehyde at 4°C for 2 h. After which, the grids
were negatively stained with 2% phosphotungstic acid
(Shanghai Macklin Biochemical Co., Ltd.) at room temper-
ature for 3 min, and the remaining liquid was removed
by filter paper. BMSC-Exo morphology was assessed via
transmission electron microscopy (TEM; JEM1400; JEOL,
Ltd.; Digital Micrograph 3.5, Gatan, Inc.) at an acceler-
ating voltage of 80 kV. BMSC-Exo nanoparticle tracking
analysis (NTA) was performed with a Zetasizer Nano
(Malvern Instruments, Ltd.), and BMSC-Exo biomarkers
were detected by western blotting.

Loading of BMSC-Exo with miR-25-3p by electroporation.
A total of 500 ul BMSC-Exo (250 M) and 100 ug of
miR-25-3p (Shanghai GenePharma Co., Ltd.) were gently
mixed in 400 pl cold electroporation buffer (MEM-a reduced
serum medium; 1.15 mM K3PO4 pH 7.2 and 25 mM KCl,
conductivity and osmolarity were 300 mOsm/kg, 10 ms/cm)
and incubated for 5 min at room temperature, as previously
described (40). Electroporation was performed in a 4-mm
cuvette using a 0.35-sec pulse repeated 20 times at 0.7 kV
and 50 pF (the electrode material was a conductive polymer
with a diameter range of 0.3 mm, the time interval between
each pulse was 20 sec and the repetition frequency was
300 Hz) by an electroporation instrument (SCIENTZ-2C;
Ningbo Scientz Biotechnology, Co., Ltd.) as previously
described (40). After which, the mixture was incubated
with MEM-a for 30 min at 4°C to recover the membrane
structure, and washed twice with ice-cold PBS buffer by
ultracentrifugation at 10° x g for 70 min at 4°C to remove
free miRNAs. The pellet was then resuspended in PBS and
stored at -80°C for subsequent use, and it was ensured that
reagents were used within 1 week.

MOLECULAR MEDICINE REPORTS 30: 142, 2024 3

Evaluating BMSC-Exo internalization in vivo and in vitro.
BMSC-Exo and DiR dye (Shanghai Aladdin Biochemical
Technology Co., Ltd.) were incubated at 37°C for 30 min and
then subjected to ultracentrifugation for 1 h at 100,000 x g at
room temperature to remove the remaining dye. Subsequently,
rats were injected with DiR-BMSC-Exo (1 ml; 100 ug/kg)
through the tail vein, and the BMSC-Exo organ distribution
was dynamically observed within 24 h using a small animal
imaging device (FUSION FX EDGE SPECTRA; Vilber
Lourmat) (41). Similarly, H9C2 cells (The Cell Bank of Type
Culture Collection of The Chinese Academy of Sciences)
were cocultured with Dil-labeled BMSC-Exo for 6 h at 37°C
and then fixed in 4% paraformaldehyde for 20 min at 25°C.
BMSC-Exo internalization by HIC2 cells was evaluated via
confocal microscopy (Nikon Corporation) (42).

Establishment of in vivo MIRI models and animal grouping.
As previously described (43), 40 rats were randomly divided
into 4 groups: i) Sham; ii) I/R + PBS; iii) I/R + BMSC-Exo;
and iv) I/R + BMSC-Ex0-25-3p (n=10/group). BMSC-Exo or
BMSC-Ex0-25-3p (100 ug/kg) were injected through the tail
vein 2 h before I/R surgery. The rats were deeply anesthetized
with pentobarbital sodium (50 mg/kg, i.p.) and fixed on the
operating table. Occasionally, 1/4 of the initial dose was
added when needed during the experiment by observing the
responses of that rats, such as muscle tension and response
to skin pinch. A ventilator was attached to keep the animal
mechanically ventilated. Electrocardiograms were recorded
continuously during the experiment using the HF-12 movable
functional experimental platform (Chengdu Taimeng Software
Co.,Ltd.). The chest cavity was opened at the fourth intercostal
space, exposing the heart. An in vivo MIRI model was estab-
lished in rats by ligating the anterior descending coronary
artery for 30 min followed by reperfusion for 120 min. In the
sham group, the left anterior descending of coronary artery
was threaded without ligation.

Triphenyl tetrazolium chloride (TTC) staining for myocardial
infarction size measurement. At the end of the experiment,
all rats were immediately euthanized by rapid injection of
pentobarbital sodium (150 mg/kg, i.p.). The hearts were imme-
diately removed and rinsed with saline to remove residual
blood, and the remaining saline was removed with filter paper.
The hearts were frozen at -80°C for 5 min, cut into small slices,
immersed in 1% TTC (BIOSS) for 20 min at 37°C and images
were captured. The area of the noninfarct (indicated in red)
and infarct (shown in white) regions were determined using
Image-Pro analysis software (version 6.0; Media Cybernetics,
Inc.). The infarct area was calculated using the following
formula: Myocardial infarct area (%)=myocardial infarct
area/total myocardial area x100%.

Immunofluorescence staining. Left ventricular samples
were fixed in 4% paraformaldehyde at room temperature for
24 h and then embedded in paraffin for subsequent morpho-
logical analysis. Sections (4-5-um thick) were obtained from
paraffin-embedded samples, and then deparaffinized using
dimethylbenzene for 10 min, followed by rehydration in
descending alcohol series for 15 min at room temperature,
blocked with 3% BSA for 30 min at room temperature.
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Subsequently, the sections were incubated with an anti-CD163
antibody (1:200; CST Biological Reagents Co., Ltd.) and
anti-inducible nitric oxide synthase (iNOS) antibody (1:300;
CST Biological Reagents Co., Ltd.) at 4°C overnight. Following
three 10-min washes with PBS, the samples were incubated
with the fluorescent-labeled secondary antibodies (1:300; cat.
no. GB21303; Wuhan Servicebio Technology Co., Ltd.) in the
dark for 1 h at room temperature. After counter-staining with
1 ug/ml DAPI for 5 min at room temperature, the sections were
viewed under a fluorescence microscope (Nikon Corporation).

Establishment of the H/R model in HIC2 cells. The H/R model
was established as previously described (44). HOC2 cells
were subjected to H/R in vitro to establish the MIRI model.
Specifically, hypoxia was induced using a hypoxic incubator
containing 95% nitrogen (N,) and 5% carbon dioxide (CO,).
The culture medium (90% DMEM + 10% FBS) was replaced
with serum-free medium, specifically, 100% DMEM, and the
cells were incubated for 12 h in an incubator with 95% N, and
5% CO, at 37°C. After which, the serum-free medium was
replaced with a normal medium (90% DMEM + 10% FBS),
and the cells were incubated for 12 h under reoxygenation
conditions in an environment containing 95% air and 5%
CO, at 37°C (45). The grouping of the cell experiments was
similar to that of the animal experiments: i) Control; ii) H/R +
PBS; iii) H/R + BMSC-Exo; and iv) H/R + BMSC-Ex0-25-3p.
The control group was kept in a normal culture environment
without H/R treatment.

Culture of macrophages and preparation of conditioned
medium (CM). RAW 264.7 macrophages (The Cell Bank
of Type Culture Collection of The Chinese Academy of
Sciences) were used to obtain a CM for the in vitro experi-
ments. RAW 264.7 macrophages were cultured in Roswell
Park Memorial Institute 1640 medium (Beijing Solarbio
Science & Technology Co., Ltd.) supplemented with 10% FBS
at 37°C in a humidified atmosphere containing 5% CO,. After
seeding into 25 cm? dishes, the RAW 264.7 macrophages were
assigned to the control, LPS + PBS, LPS + BMSC-Exo and
LPS + BMSC-Ex0-25-3p groups. Macrophages in the control
group were left untreated. In the LPS + PBS treatment, 1 pg/ml
LPS (Beijing Solarbio Science & Technology Co., Ltd.) was
added for 6 h at 37°C to induce an inflammatory environment,
after which PBS was added for 48 h. In the LPS + BMSC-Exo
and LPS + BMSC-Exo0-25-3p treatments, 1 yg/ml LPS was
added for 6 h, after which BMSC-Exo (200 pl; 500 pg/ml)
or BMSC-Ex0-25-3p (200 ul; 500 ug/ml) were added for 48 h
at 37°C (46). Subsequently, the culture medium was collected
and passed through a 0.22-ym filter to obtain the CM. HOC2
cells were then cultured with the CM, washed twice with PBS
and collected for further molecular biological analyses. The
CM includes culture supernatants from the corresponding
treatments of the LPS + PBS group, the LPS + BMSC-Exo
group and the LPS + BMSC-Exo0-25-3p group, which were
used as the conditioned media termed CM1, CM2 and CM3,
respectively.

Treatment of H9C?2 cells with CM. H9C2 cells were treated
with CM obtained as aforementioned for 24 h at 37°C, after
which the H/R model was established as aforementioned

per the experimental requirements and different processing
methods. At the end of the cell treatment, the supernatant was
collected to analyze the creatine kinase (CK) and lactate dehy-
drogenase (LDH) enzyme activity, which reflect myocardial
cell damage.

Measurement of CK and LDH activity. Myocardial injury was
assessed by the activity of CK and LDH in blood samples and
the HOC2 cell culture supernatant. The blood samples and
supernatant were centrifuged at 1,716 x g at 4°C for 15 min,
and the activity of CK (Creatine Kinase Assay Kit; cat.
no. A032-1-1) and LDH (Lactate Dehydrogenase Assay Kit;
cat. no. A020-2-2) were measured following the manufacturer's
instructions (Nanjing Jiancheng Bioengineering Institute).

Reverse transcription quantitative-polymerase chain reac-
tion. Total RNA from the tissue and cells was isolated using
TRIzol® reagent (CoWin Biosciences) and reverse-transcribed
using a high-capacity complementary DNA RT kit (CoWin
Biosciences). The reaction mixture was incubated at 25°C
for 10 min, followed by 50°C for 15 min and then 85°C for
5 min. The sequence of collar primers for miR-25-3p reverse
transcription: 5'-GTCGTATCCAGTGCAGGGTCCGAG
GTATTCGCACTGGATACGACTCAGAC-3'. RT-qPCR was
conducted on a 7500 Sequence Detection System (Applied
Biosystems; Thermo Fisher Scientific, Inc.) using a SYBR
Green PCR Master Mix Kit (CoWin Biosciences) following
the manufacturer's instructions, and normalized to the internal
reference gene U6. The thermocycling conditions included:
Pre-denaturation at 95°C for 10 min; and annealing at 60°C for
1 min. The expression levels of inflammatory factors, including
interleukin-6 (IL-6), iNOS, interleukin-10 (IL-10) and argi-
nase-1 (Arg-1), were determined. The primer sequences are
shown in Tables SI and SII. Relative gene expression levels
were quantified using the 224 method and normalized to the
internal reference genes -actin.

Western blotting. Total proteins (from exosomes, hearts and
HOC?2 cells) were extracted using a lysis buffer (RIPA; Beijing
Solarbio Science & Technology Co.,Ltd.). The protein concen-
tration was measured using the BCA method, and the percentage
of separation gel was 10%. The 40 ug protein samples were
loaded onto SDS-PAGE gels, electrophoresis for 1.5 h at room
temperature, maintaining a constant voltage of 80 V (Bio-Rad
Laboratories, Inc.). After electrophoresis, the proteins were
transferred onto PVDF membranes (Millipore Sigma),
maintaining a constant current of 300 mA for 2 h at 4°C. The
samples were subsequently blocked for 1 h at room temperature
with 5% BSA in TBST (0.5% Tween) buffer. The membrane
was then incubated with primary antibodies overnight in
5% BSA (Merck KGaA) at 4°C. After being washed thrice
with TBS-T, the membrane was incubated with a secondary
antibody diluted at 1:5,000 for 1 h at room temperature. The
signal was detected using an enhanced chemiluminescence
detection system (Amersham; Cytiva). The primary antibodies
used were against CD9 (1:500; cat. no. WL01236, Wanleibio
Co., Ltd.), CD63 (1:1,000; cat. no. D111314-0100100; Sangon
Biotech Co., Ltd.), JAK2 (1:1,000; cat. no. 3203; Cell Signaling
Technology, Inc.), phosphorylated (p-)JJAK2 (1:1,000; cat.
no. 37745; Cell Signaling Technology, Inc.), STAT3 (1:2,000;
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cat. no. 9139; Cell Signaling Technology, Inc.), p-STAT3
(1:2,000; cat. no. 9145; Cell Signaling Technology, Inc.) and
GAPDH (1:5,000; cat. no. P07486; Sangon Biotech Co., Ltd.).
Imagel] software (version 6; National Institutes of Health) was
used to analyze the bands quantitatively.

Statistical analysis. The data are presented as the mean + SD
(whole animal experiments, n=8; molecular biology experi-
ment and the cell experiment; n=4). All the experimental data
were analyzed using one-way analysis of variance followed
by Tukey's multiple comparison test by GraphPad Prism 9.0
(Dotmatics). P<0.05 was considered to indicate a statistically
significant difference.

Results

BMSC-Exo identification. TEM, NTA and surface protein
marker analysis were used as the basic criteria for BMSC-Exo
identification (28). TEM revealed circular bilayer lipid vesicles
in BMSC-Exo (Fig. 1A). Western blotting demonstrated that
CD63 and CD9 were highly expressed in the isolated particles
and weakly or not expressed in the cells (Fig. 1B). NTA also
revealed that the BMSC-Exo diameter peaked at 130-150 nm
(Fig. 1C). These data revealed that the particles extracted from
the BMSCs were BMSC-Exo.

BMSC-Exo internalization into the heart in vivo.
MiR-25-3p plays an important protective role in myocar-
dial infarction (47,48). To determine the biological role and
mechanism of exogenous miR-25-3p, an exosome delivery
system was designed containing miR-25-3p via BMSC-Exo,
referred to as BMSC-Ex0-25-3p. The loading efficiency of
miR-25-3p in exosomes was evaluated via RT-qPCR and, as
shown in Fig. 1D, miR-25-3p expression increased signifi-
cantly in BMSC-Ex0-25-3p compared with BMSC-Exo or
BMSC-Exo loaded with a miR-25-3p random sequence as a
negative control. A rat model of MIRI was generated via treat-
ment with BMSC-Ex0-25-3p, and the results showed that the
expression of the miR-25-3p gene in the heart decreased in the
I/R model rats but increased significantly after the delivery of
BMSC-Ex0-25-3p (Fig. 1E). These results indicated that the
heart has a high affinity for BMSC-Ex0-25-3p, and cardiac
delivery of miR-25-3p was successful.

In vivo imaging was performed to observe the distribution
of BMSC-Ex0-25-3p in rats. Imaging within 12 h after intra-
venous injection showed that BMSC-Ex0-25-3p was ingested
by multiple organs, including the heart. Following these find-
ings, the heart was removed for imaging and the fluorescence
intensity was considerable (Fig. 1F). The results showed that
the heart had a high affinity for BMSC-Exo.

BMSC-Exo0-25-3p alleviated MIRI in vivo. To explore
whether BMSC-Ex0-25-3p has a protective effect on MIRI
in vivo, myocardial infarction size was detected by TTC
staining, and the incidence of malignant arrhythmia was
calculated via electrocardiogram. Moreover, myocardial
enzyme activity was measured as aforementioned. As shown
in Fig. 2, BMSC-Ex0-25-3p exerted cardioprotective effects
by decreasing the cardiac infarct size (Fig. 2A and B). The
incidence of malignant arrhythmias was significantly greater
in the I/R group than in the sham group and significantly
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lower in the BMSC-Ex0-25-3p treatment group (Fig. 2C).
Similarly, compared with those in the sham group, the LDH
and CK levels in the serum were significantly greater after I/R,
whereas BMSC-Exo0-25-3p treatment reversed these trends
(Fig. 2D and E).

BMSC-Exo-25-3p constrains MI1-like macrophage polariza-
tion and inhibits the JAK2/STAT3 signaling pathway activation
in vivo. Activated macrophages can be divided into two main
subtypes: M1-like (classically activated macrophages) and
M2-like (alternatively activated macrophages) (49). First,
immunofluorescence staining was used to detect macrophage
subtypes using different macrophage markers of iNOS
(Ml1-like) and CD163 (M2-like). As shown in Fig. 3A and B,
BMSC-Ex0-25-3p constrained M1-like macrophage polar-
ization and promoted M2-like macrophage polarization.
MIl-like macrophages can secrete various proinflammatory
cytokines, chemokines and inflammatory mediators, such as
interleukin-1p (IL-1p) and interleukin-6 (IL-6) (50), while
M2-like macrophages can release anti-inflammatory factors,
such as IL-10 and Arg-1. Therefore, the level of inflammatory
factors can indirectly reflect differences in macrophage polar-
ization. RT-qPCR revealed that BMSC-Exo0-25-3p delivery
notably decreased the mRNA expression of IL-1f and IL-6 in
myocardial tissue (Fig. 3C and D). Moreover, BMSC-Ex0-25-3p
delivery increased the mRNA expression of IL-10 and Arg-1
in myocardial tissue (Fig. 3E and F). JAK2/STAT3 signaling
pathway activation is closely related to inflammation (51). It
was found that JAK2/STAT3 signaling pathway activation
increased after MIRI, and BMSC-Exo0-25-3p delivery reversed
this effect. The aforementioned results indicated that overex-
pression of miR-25-3p alleviates the I/R-induced inflammatory
response and inhibits the JAK2/STAT?3 signaling pathway
(Fig. 3G-I).

Uptake of BMSC-Exo0-25-3p by H9C?2 cells in vitro. HOC2
cells were cocultured with BMSC-Exo0-25-3p labeled with
Dil. Endocytotic BMSC-Exo generated from H9C2 cells
were observed via confocal microscopy (Fig. 4A). RT-qPCR
revealed that miR-25-3p expression decreased after H/R.
Intracellular miR-25-3p expression increased significantly in
the normal H9C2 cells and the HOC2 cells with H/R-induced
injury after BMSC-Exo delivery (Fig. 4B and C), indicating
that BMSC-Exo-25-3p was engulfed by H9C2 cells and
that BMSC-Exo successfully delivered miR-25-3p to HOC2
cells.

BMSC-Exo-25-3p alleviated H/R-induced H9C2 cell injury.
Given the in vivo results, enzymatic activity testing was
conducted on the culture medium of HIC2 cells. It was found
that, after H/R treatment, the enzymatic activity of CK and
LDH increased significantly compared with that in the control
group, whereas BMSC-Ex0-25-3p pretreatment reversed
these trends and reduced the levels of CK and LDH after H/R
(Fig. 4D and E). These results indicated that miR-25-3p deliv-
ered by BMSC-Exo has a direct protective effect on HOC2 cell
injury caused by H/R.

Consistent with the in vivo experiments, a trend toward
JAK?2/STAT3 signaling pathway activation after H/R treat-
ment was observed in H9C2 cells, while this trend was
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Figure 1. BMSC-Exo identification and internalization into the heart in vivo. (A) Representative images of BMSC-Exo by transmission electron microscope.
(B) BMSC-Exo was validated by assessing exosomal protein markers. (C) Diameter distribution of BMSC-Exo was analyzed by Zetasizer Nano. (D) Expression
of miR-25-3p in exosomes was assessed by RT-qPCR. (E) Expression of miR-25-3p in myocardial tissue was assessed by RT-qPCR. (F) Phagocytosis of
DiR-labeled BMSC-Exo was determined by small animal imaging technology. ‘P<0.05 vs. sham group, #P<0.01 vs. I/R + PBS group, “P<0.01 vs. BMSC-Exo
group or BMSC-Exo-NC group. All data were presented as mean + SD. Exo, exosome; NC, negative control; I/R, ischemia/reperfusion; BMSC, bone marrow
mesenchymal stem cells.

weakened after overexpression of miR-25-3p, suggesting  Uptake of BMSC-Exo0-25-3p by RAW 264.7 macrophages
that BMSC-Exo0-25-3p directly inhibited the JAK2/STAT3 in vitro. To confirm that BMSC-Ex0-25-3p has an indirect
signaling pathway in HOC2 cells (Fig. 4F-H). protective effect on heart injury, whether the protective effect
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Figure 3. BMSC-Ex0-25-3p inhibited I/R-induced inflammatory response in rats. Immunofluorescence staining of (A) iNOS and (B) CD163 of myocardial tissue
(scale bar, 50 ym). Gene expression of proinflammatory cytokines (C) IL-1f and (D) IL-6 in myocardial tissue. Gene expression of anti-inflammatory cyto-
kines (E) IL-10 and (F) Arg-1 in myocardial tissue. (G) Representative western blotting images of the JAK2/STAT?3 signaling pathway. Quantitative analysis of
(H) p-JAK2 and (I) p-STAT3. "P<0.01, "P<0.05 vs. Sham group. “P<0.01, “P<0.05 vs. I/R + PBS group. All data were presented as mean + SD. Exo, exosome;
I/R, ischemia/reperfusion; BMSC, bone marrow mesenchymal stem cells; IL, interleukin; Arg-1, Arginase-1; JAK2, Janus kinase 2; p-, phosphorylated;
STAT3, signal transducer and activator of transcription 3.
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Figure 4. BMSC-Exo0-25-3p alleviated H/R-induced injury in H9C2 cells. (A) Phagocytosis of Dil-labeled BMSC-Exo in HOC2 cells observed by a confocal
microscope (scale bar, 50 ym). (B) Expression of miR-25-3p in HOC2 cells after co-incubation assessed by RT-qPCR. (C) Expression of miR-25-3p in
H/R-induced injury in H9C2 cells. (D) LDH and (E) CK activity in cell culture supernatant. (F) Representative western blotting images of the JAK2/STAT3
signaling pathway. Quantity analysis of (G) p-JAK2 and (H) p-STAT3 in HIC2 cells. “P<0.01, "P<0.05 vs. control group. "P<0.01, "P<0.05 vs. H/R + PBS
group. VP<0.05 vs. H/R + BMSC-Exo group. ¥P<0.01 vs. PBS group, BMSC-Exo group or BMSC-Exo0-NC group. All data were presented as mean = SD. Exo,
exosome; BMSC, bone marrow mesenchymal stem cells; NC, negative control; H/R, hypoxia/reoxygenation; LDH, lactate dehydrogenase; CK, creatine kinase;
JAK?2, Janus kinase 2; p-, phosphorylated; STAT3, signal transducer and activator of transcription 3.

of BMSC-Ex0-25-3p on the heart was related to the regulation
of macrophage polarization was examined. BMSC-Exo0-25-3p
labeled with Dil was cocultured with RAW 264.7 macro-
phages, and endocytosis by RAW 264.7 macrophages was
observed via confocal microscopy (Fig. 5A).

BMSC-Exo0-25-3p constrains MI-like macrophage
polarization. After RAW 264.7 macrophages were stimulated
with LPS, RT-qPCR was used to measure the gene expression
of Ml-characterizing cytokines, including IL-6 and iNOS,

and M2-characterizing cytokines, including IL-10 and Arg-1.
The results showed that the levels of IL-6 and iNOS in the
LPS treatment group were significantly increased. However,
pretreatment with BMSC-Exo0-25-3p reversed these effects,
reducing the expression of IL-6 and iNOS (Fig. 5B and C)
and increasing the expression of IL-10 and Arg-1 signifi-
cantly in RAW 264.7 macrophages after LPS stimulation
(Fig. 5D and E). These results suggested that BMSC-Exo0-25-3p
inhibits M1-like macrophage polarization and accelerates
M2-like polarization.
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Figure 5. BMSC-Ex0-25-3p constrained M1-like macrophage polarization in RAW 264.7 cells. (A) Phagocytosis of Dil-labeled BMSC-Exo in RAW 264.7 cells
observed by confocal microscope, bar=10 ym. Gene expression of proinflammatory cytokines (B) IL-6 and (C) iNOS in LPS-stimulated RAW 264.7 cells.
Gene expression of anti-inflammatory cytokines (D) IL-10 and (E) Arg-1 in LPS-stimulated RAW 264.7 cells. "P<0.05 vs. control group. “P<0.01, “P<0.05 vs.
LPS + PBS group. VP<0.05 vs. LPS + BMSC-Exo group. All data were presented as mean = SD. Exo, exosome; BMSC, bone marrow mesenchymal stem cells;
LPS, lipopolysaccharide; IL, interleukin; iNOS, inducible nitric oxide synthase; Arg-1, Arginase-1.

Mechanistically, western blotting was performedtomeasure  macrophage polarization in several pathological processes
the expression levels of proteins related to the JAK2/STAT3  including regulation of the immune response and involvement
signaling pathway, given its involvement in regulating in disease recovery in the late inflammatory phase (52). The
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results showed that the JAK2/STAT?3 signaling pathway was
activated in LPS-stimulated RAW 264.7 macrophages, as
shown by the significant increase in the phosphorylation of
JAK2 and STAT3. However, BMSC-Ex0-25-3p inhibited the
activation of this signaling pathway and significantly reduced
the phosphorylation of JAK2 and STAT3 (Fig. 6A-C).

LPS-stimulated RAW 264.7 macrophage coculture with
H/R-induced H9C2 cells. HIC2 cells were treated with CM
obtained from LPS-stimulated RAW 264.7 macrophages as
aforementioned to explore the role of the macrophage pheno-
type in H/R-induced H9C2 cell injury, and H9C2 cell culture
supernatant was collected to analyze the enzymatic activity
of LDH and CK. Compared with the PBS group, CM derived
from BMSC-Ex0-25-3p pre-intervention of RAW 264.7
macrophages significantly decreased the activities of LDH and
CK in H/R-induced H9C2 cells (Fig. 6D and E).

Discussion

MIRI occurs after the ischemic myocardium restoring blood
supply, and morbidity rates associated with MIRI have steadily
increased since 2004 (53). Previous studies have shown that
BMSCs promote wound healing and tissue repair by regu-
lating the immune response and inhibiting inflammation and
apoptosis (54,55). Several recent studies have indicated that
BMSC-Exo could alleviate MIRI by inhibiting the expres-
sion of inflammatory factors or inflammatory mediators in
the earlier inflammatory phase or the healing phase (56,57).
miRNAs are considered important components of exosomes
and largely determine their effects on receptor cells (58).
Extensive research has confirmed that exosomes play a crucial
role in intercellular communication by transporting miRNAs
and proteins and have been found to reduce I/R-induced
damage (53,59,60). Studies have reported that miR-25-3p in
BMSC-Exo ameliorates liver I/R injury through PTEN (61,62).
Exosomal miR-25-3p derived from MSCs has been shown
to alleviate myocardial infarction by targeting proapoptotic
proteins and enhancer of zeste homolog 2 (48). Although
previous studies have shown that delivering miR-25-3p
through stem cell extracellular vesicles can improve cardiac
function and inhibit MIRI, the specific mechanism remains to
be determined.

The present study explored the mechanism of miR-25-3p
overexpression in BMSC-Exo in MIRI. An in vivo MIRI model
in rats was estabilshed by ligating the anterior descending left
coronary artery and an in vitro H/R model in HOC2 cells.
BMSC-Exo carrying miR-25-3p protected against MIRI, as
demonstrated by the finding that BMSC-Exo0-25-3p reduced
the incidence of arrhythmia and the myocardial infarction area
in rats. Cardiac enzymes such as LDH and CK are released
after myocardial injury (63) and are often used as markers of
myocardial damage. Furthermore, the present study revealed
a significant decrease in cardiac enzymatic activity following
the overexpression of miR-25-3p.

After the onset of I/R, various injury-related factors are
released to induce an inflammatory cascade in the heart.
The inflammatory response involves the infiltration of
inflammatory cells, including lymphocytes, neutrophils and
macrophages, leading to the accumulation of proinflammatory

cytokines and, ultimately, severe cardiac dysfunction (64).
Inflammatory cell infiltration and the accumulation of proin-
flammatory cytokines can not only clear cell debris but also
cause further damage and stress in surviving myocardial
cells (65,66). Inflammatory monocytes enter the damaged
surrounding area and transform into macrophages, which
are the core mediators of cardiac inflammation and regulate
tissue damage and repair (67). M1-like macrophages infiltrate
damaged heart tissue, triggering the release of proinflamma-
tory cytokines and local inflammatory responses. In contrast,
M2-like macrophages have anti-inflammatory properties and
are involved in tissue regeneration and remodeling (68,69),
promoting wound healing and scar formation (49). In addition,
promoting M2-type macrophage polarization has been shown
to prevent I/R damage (49,70). BMSC-Exo plays an immuno-
protective role in inflammatory reactions (71). The present
study showed that the mRNA expression levels of IL-1 3 and
IL-6 increased after MIRI in vivo, and BMSC-Exo0-25-3p
reversed this effect. This finding suggested that BMSC-Exo,
especially BMSC-Exo0-25-3p, restricts M1-like macrophage
polarization and promotes the polarization of M2-like macro-
phages after MIRI in vivo. The results were consistent with
those reported in the literature (65).

Since the JAK/STAT signaling pathway is widely involved
in the regulation of inflammation and immune responses,
which play an important role in the progression of I/R (72),
inhibiting JAK/STAT signaling pathway activation might alle-
viate inflammatory response and tissue damage in I/R (73,74).
The results of the present study showed that BMSC-Exo0-25-3p
could decrease phosphorylated JAK2 and STAT3 in myocar-
dial tissue, suggesting that BMSC-Exo0-25-3p inhibited
JAK?2/STAT3 signaling pathway activation.

To verify that BMSC-Ex0-25-3p regulates the polarization of
macrophages concerning the JAK2/STAT?3 signaling pathway,
RAW264.7 macrophages were cultured in vitro and cocultured
with HOC2 cells. After LPS stimulation, the mRNA expression
levels of iNOS and IL-6 increased, suggesting that LPS induced
MIl-like macrophage polarization. BMSC-Exo, particularly
BMSC-Ex0-25-3p, reversed this effect, restricting M1-like macro-
phage polarization and promoting the polarization of M2-like
macrophages after LPS stimulation. Similarly, the phosphoryla-
tion levels of the JAK?2 and STATS3 proteins increased after LPS
stimulation, while BMSC-Exo, particularly BMSC-Exo0-25-3p,
effectively reduced the phosphorylation of JAK2 and STAT3.
Moreover, HOC2 cells were treated with CM obtained from
LPS-stimulated RAW 264.7 macrophages to explore the role of
the macrophage phenotype in H/R-induced H9C2 cell injury.
The results showed that CM derived from BMSC-Exo0-25-3p
preintervention in RAW 264.7 macrophages significantly
decreased the activities of LDH and CK in H/R-induced HOC2
cells. The present study demonstrated that BMSC-Exo, especially
BMSC-Ex0-25-3p, inhibited JAK2/STAT3 signaling pathway
activation and induced the transformation of macrophages
from the M1 to the M2 phenotype, reducing the inflammatory
response and protecting against MIRI.

In addition to the indirect protective effects of
BMSC-25-3p, whether BMSC-Exo0-25-3p has a direct effect
on H/R-induced H9C?2 cells was investigated. Consistent with
the literature, BMSC-Ex0-25-3p uptake resulted in a signifi-
cant increase in miR-25-3p in H9C2 cells and protected HOC2
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cells from H/R-induced injury. Notably, it was also observed
that BMSC-Exo0-25-3p had a certain regulatory effect on the
JAK?2/STATS3 signaling pathway in HOC2 cells, which requires
further investigation.

The present study has some limitations. First, the current
understanding of macrophage polarization behavior is limited,
and extensive research is required to fully comprehend the
complexity of this process. Second, although BMSC-Ex0-25-3p
can regulate the polarization of macrophages through the
JAK?2/STATS3 signaling pathway, the direct mechanism of
action of miRNA-25-3p remains to be further studied. Third,
since promoting the polarization of M2-type macrophages is
crucial for the cardioprotective effect of BMSC-Ex0-25-3p, it is
necessary to investigate how polarized macrophages protect the
heart. Finally, although TTC-staining of myocardial tissue was
performed to reflect myocardial injury, the present study was
unable to assess the effects of miR-25-3p on heart injury in situ.

As a key medium of intercellular communication, and as a
potential drug delivery system, exosomes will play an impor-
tant therapeutic role in the future, especially in the area of
heart repair, however at present, the clinical transformation of
exosomes faces numerous problems and challenges. Currently,
no exosome therapy has been approved for marketing, and
methods of isolating exosomes with high purity, large quanti-
ties and a stable quality remain to be solved in the future.

In conclusion, in the present study, the protective mecha-
nism of BMSC-Exo in MIRI was investigated. The results
revealed that BMSC-Exo delivery of miR-25-3p caused a shift
in the macrophage phenotype from the proinflammatory/M1 to
the anti-inflammatory/M2 phenotype, reducing the inflamma-
tory response and protecting against MIRI. The polarization
of macrophages may be related to the JAK2/STAT3 signaling
pathway. These findings provided a theoretical foundation for
the use of BMSC-Exo as carriers of therapeutic drugs or genes
in MIRI medical therapeutics, which may affect the prognosis
of patients with coronary heart disease after thrombolysis or
percutaneous coronary intervention.
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