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ARTICLE INFO ABSTRACT

Keywords: Background: Myocardial ischemia-reperfusion injury (MIRI) is a major obstacle in the treatment of ischemic
BMSC heart disease. Recent studies have shown that exosomes—small membrane vesicles secreted by most cell

Exosome types—could have a protective effect on the ischemic myocardium. In this study we explored the effect of
MiR-486-5p exosomes derived from bone-marrow stromal cells (BMSC-exo0) on cardiomyocyte apoptosis and MIRI.
izigt/o PSEK/ AKT Methods: Exosomes were purified from culture media using the ExoQuick kit and observed using transmission

electron microscopy. Cell viability was assessed by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) assay. Cell apoptosis was analyzed by flow cytometry using the Annexin-V/PI stain. The ex-
pression levels of microRNA (miRNA), messenger RNA (mRNA) and PTEN/PI3K/AKT-pathway-related proteins
were detected by qRT-PCR and western blot, respectively. Myocardial ischemia was simulated by incubating
H9C2 cells in a hypoxia/reoxygenation (H/R) conditioned rat MIRI model.

Results: BMSC-exo induced the proliferation of H9C2 cells and rescued H9C2 cells from apoptosis in the H/R
model, indicating that BMSC-exo has a protective effect on cardiomyocyte injury caused by H/R. Using trans-
genic HI9C2 cells, we found that miR-486-5p in BMSC-exo suppressed the H/R-triggered apoptosis of H9C2 cells.
In addition, BMSC-exo repressed the expression of PTEN in H9C2 cells via miR-486-5p, and subsequently ac-
tivated the PI3K/AKT pathway in vitro. Moreover, the myocardial injury caused by ischemia/reperfusion was
repaired by BMSC-exo which activates the PI3K/AKT pathway via miR-486-5p in vivo.

Conclusion: Our results suggested that exosomes from BMSCs have a protective effect on myocardium ischemic
injury. MiR-486-5p carried by BMSC-exo plays a pivotal role in the regulatory process by suppressing PTEN
expression, activating the PI3K/AKT signaling pathway, and subsequently inhibiting the apoptosis of injured
cardiomyocytes.

Myocardial ischemia-reperfusion injury

1. Introduction

Ischemic heart disease (IHD) is a serious threat to human health and
is one of the leading causes of mortality and disability worldwide. The
basic physiological process of IHD is myocardial ischemia. Current
treatments of IHD—including drugs, percutaneous coronary interven-
tion and coronary artery bypass grafting—work effectively to alleviate
the ischemia-induced myocardial injury and necrosis through recovery
of myocardium blood perfusion [1]. However, there is a good chance
that restoring blood reperfusion after myocardial ischemia could result

in further damage to myocardial cells; this is known as myocardial
ischemia-reperfusion injury (MIRI) [2,3]. Research has shown that
several processes could be involved in MIRI, including increased pro-
duction of oxygen free radicals, inflammation, calcium overload, and
the opening of mitochondrial permeability transition pores (MPTPs)
during the blood perfusion [4]. So far, there is no accessible clinical
treatment method which effectively avoids MIRI, which leads to severe
limitations of the therapeutic efficacy of current IHD treatments.

In a previous study, cardiomyocyte apoptosis was found to be a
typical phenomenon involved in the process of MIRI [5]. Moreover, the
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apoptosis of the injured cardiomyocytes is not only triggered by myo-
cardial ischemia, it is also induced by myocardial reperfusion which
recovers the blood supply [6,7]. Thus, the study of suppression of
cardiomyocyte apoptosis could be a valid approach to finding potential
treatments which could mitigate MIRI injury.

Exosomes are small (30-100 nm) membrane vesicles secreted by
most cell types [8]. Exosomes are generated from the inward budding of
multivesicular endosomes (MVE). When MVEs fuse with the cell
membrane, exosomes (containing proteins, mRNAs and miRNAs from
the cytoplasm) are released [9]. Binding with specific ligands, exosomes
recognize and enter target cells by endocytosis or by fusing with the
target cell membrane [10,11]. In this way, exosomes serve as mediators
of distant cell-to-cell signaling, and play regulatory roles in several
process such as immune regulation [12], apoptosis, tissue regeneration,
angiogenesis [13-15], and myocardial remodeling [16,17]. In addition,
exosomes from specific origins—such as cardiac progenitor cells [18],
induced pluripotent stem cells [19] and mesenchymal stem -cells
[17]—have been reported to have protective effects on MIRI. Never-
theless, the mechanism by which exosomes protect cardiomyocytes
from MIRI remains unclear.

A previous report has claimed that miRNAs in exosomes could serve
as key factors in the regulatory process of exosomes in the ischemic
myocardium [20]. A class of small endogenous RNAs, miRNAs are
important regulators in eukaryocytes by targeting mRNAs with com-
plementary sequences and inhibiting protein translation [21]. For the
exosomes derived from mesenchymal stem cells (MSC-exo), it was re-
ported that miR-146a in MSC-exo inhibited the apoptosis of cardio-
myocytes and protected the injured myocardium [22]. Furthermore,
Feng et al. reported that miR-22 in MSC-exo suppressed the raising of
methyl CpG binding protein-2 (Mecp2) expression and inhibited the
apoptosis of cardiomyocyte [23]. These studies showed the protective
effect of MSC-exo on MIRI, which was mediated by the miRNAs carried
within the exosomes. Bone-marrow-derived mesenchymal stem cells
(BMSCs) also showed a potential therapeutic effect on myocardium
ischemia. The transplantation of BMSCs could improve cardiac function
and the structural remodeling following myocardial infarction by pro-
moting the expression of functional miRNAs or inhibiting the expres-
sion of aberrant miRNAs in a paracrine manner [24]. Previous studies
showed that miR-486-5p—an miRNA targeting the PTEN and Akt
pathway—is enriched in exosomes from BMSCs (BMSC-exo) [25,26].
Recent evidence suggests that miR-486-5p has a protective effect on
cardiomyocytes and ischemia/reperfusion (I/R) injury. In cardiomyo-
cytes, miR-486-5p inhibits the apoptosis triggered by hydrogen per-
oxide [27] and alleviates the hypoxia-induced damage, including cell
viability, migration, invasion and apoptosis [28]. Moreover, miR-486-
5p carried by exosomes derived from human endothelial colony-
forming cells reduces kidney I/R injury [26]. The regulatory effect of
miR-486-5p from BMSC-exo on cardiomyocytes and MIRI remains un-
clear.

In this study, we focused on the effect of BMSC-exo on cardiomyo-
cyte apoptosis and MIRI. We found that exosomes from BMSCs have a
significant protective effect on cardiomyocyte apoptosis and MIRI, in
which miR-486-5p played an important role. MiR-486-5p from BMSC-
exo suppressed PTEN expression in cardiomyocytes, and then activated
the PI3K/Akt signaling pathway, inhibiting cardiomyocyte apoptosis
and ischemic injury of the myocardium.

2. Methods
2.1. Cell culture

Rat bone-marrow mesenchymal stem cells were isolated using
Sprague Dawley rats (specific-pathogen-free) (Vital River, Beijing,
China). All animal studies were approved by the local committee for
Animal Care and Ethics of The First Affiliated Hospital of Soochow
University. Rats were dipped in 75% ethanol for 5-10min after
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sacrifice. Hind limbs were clipped and peeled, then knee joints were
cut. The femur and tibia were severed from the hip and ankle, with
ligaments, and muscles and excess tissue were removed. Bones were
opened both ends to expose the marrow shaft. After the remove of fe-
moral epiphyses, the medulla was flushed with Dulbecco's modified
Eagle's medium (DMEM) (Gibco; Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS) (Hyclone; Logan, UT, USA) and 1%
penicillin—streptomycin (Gibco; Carlsbad, CA, USA) on ice. Impurities
were filtered out and cells were collected by centrifuge. Cells were re-
suspended, plated in dishes and cultured in 5% CO, at 37 °C. Non-ad-
herent cells were removed, and the culture medium was changed after
48 h. Cells were trypsinized using 0.25% trypsin and then subcultured
at a ratio of 1:3 when cells were confluent. BMSCs at P3 to P8 were used
in this study.

H9C2 cells (Cell Bank of Chinese Academy of Sciences; Beijing,
China) were cultured in DMEM supplemented with 10% FBS, 100 U/mL
penicillin and 100 pg/mL streptomycin at 37 °C with 5% CO,.

2.2. Exosome isolation and NanoSight tracking analysis

BMSCs were cultured in medium without serum for 48 h. Culture
medium was collected and further concentrated by centrifugation for
30 min at 2000 X g to remove cells and debris, followed by filtration
through a 0.22-um filter to thoroughly remove the large extracellular
vesicles. Exosomes were further purified using the Total Exosome
Isolation (from cell culture media) kit (Thermo, USA) following the
manufacturer's protocol. In brief, samples were mixed with 0.5 volumes
of the Total Exosome Isolation reagent by vortex and incubated over-
night at 4°C. Exosomes were then harvested by centrifugation for
60 min at 10,000 x g at 4 °C. The pellet was resuspended in 1 X phos-
phate-buffered saline (PBS). The particle size distribution and quanti-
fication of exosomes isolated were characterized by Nano S90
(Zetasizer Nano S90). The data were processed by Nano S90 analytical
software.

2.3. Electron microscopy

Resuspended exosomes were dropped on the copper mesh-grids
coated with Formvar/carbon film and incubated for 1 min. Then excess
liquid was removed, and the grids were contrasted with 2% phospho-
tungstic acid (PTA). Grids containing exosomes were observed by
transmission electron microscopy (Jem 1400, Jeol, Japan) at 80 kV.

2.4. Western blot

Cells were harvested, washed with 1 x PBS and lysed with lysis
buffer (Sigma-Aldrich; St Louis, MO, USA). The cell lysate was col-
lected, and the protein concentration was determined using the bi-
cinchoninic acid protein assay (Vigorous). Proteins were resolved with
SDS-PAGE and transferred to nitrocellulose membranes. Membranes
were blocked in 2.5% skim milk for 1h, incubated overnight with the
primary antibody to CD9, CD63, ALIX, TSG101, Bax, c-caspase-3, Bcl-2,
PTEN, PI3K-p110a, p-AKT and AKT (Cell Signaling; Danvers, MA, USA,
1:1000 dilution) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Cell Signaling; Danvers, MA, USA, 1:4000 dilution) at 4 °C.
After washing three times with PBS, the membranes were incubated
with the second antibody (ZSGB-Bio; Beijing, China, 1:5000 dilution)
for 1 h. The bands of proteins were detected using a chemiluminescence
detection system (CWBIO; Beijing, China).

2.5. Cell viability assay

The cell viability was assessed using the 3-(4,5-dimethyl-2-thia-
zolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay. BMSCs were
plated into 96-well culture plates at an initial density of 600 cells per
well. After treatment, 20 uL. MTT reagent (5 mg/mL; Sigma-Aldrich; St
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Louis, MO, USA) was added to each well. After 4 h incubation at 37 °C,
the supernatant was removed, and the formazan crystals were dissolved
with 150 pL dimethylsulfoxide (DMSO, Sigma-Aldrich; St Louis, MO,
USA). The absorbance of each well was assessed at 490 nm using the
Microplate System. Experiments were conducted in triplicate.

2.6. H/R treatment of cardiomyocytes

To simulate an I/R injury model in vitro, H9C2 cells were induced
by H/R treatment. H9C2 cells were first cultured in DMEM medium
(glucose- and serum-free) and exposed to a humidified incubation
chamber flushed with 95% N, and 5% CO, for hypoxic incubation at
37 °C. After 16 h, the cells were transferred to a reoxygenation medium
(high-glucose DMEM medium containing 10% FBS) and cultured in 5%
CO,, at 37 °C for 3 h.

2.7. RNA isolation and quantitative real-time polymerase chain reaction
(qRT-PCR) assay

Total RNA and exosome RNA were isolated using TRIzol reagent
(Sigma-Aldrich; St Louis, MO, USA), and then reverse transcribed into
cDNA using TransScript reverse transcriptase (Transgene; Beijing,
China) with random primer or miRNA reverse transcription primer.
Primers of mRNA for qRT-PCR were designed using Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast). ~ qRT-PCR  was
performed at 95 °C for 2 min, followed by 40 cycles at 95 °C for 15s,
60 °C for 10 s and 68 °C for 25s. The relative expression levels of target
genes were determined using the formula 2~ A4S, Primers were or-
dered from Ribobio (Guangzhou, China). The primer sequences were as
follows. MiR-486-5p-F: 5-GCGTCCTGTACTGAGCTGC-3’, miR-486-5p-
R: 5"-CGGCCCAGTGTTCAGACTAC-3’; PTEN-F: 5-ATTCCCAGTCAGAG
GCGCTA-3’, PTEN-R: 5’-TCACCTTTAGCTGGCAGACC-3’; GAPDH-F:
5-ACAGCAACAGGGTGGTGGAC-3’, GAPDH-R: 5-TTTGAGGGTGCAGC
GAACTT-3’; U6-F: 5’-CTCGCTTCGGCAGCACA-3’, U6-R: 5-AACGCTTC
ACGAATTTGCGT-3". GAPDH and U6 were used as the internal controls
for mRNA and miRNA identification, respectively. Samples lacking
cDNA were used as negative controls.

2.8. Lentiviral construction and infection

Lentivirus vectors pHBLV (Genechem; Shanghai, China) were used
for the construction of miRNA overexpression/suppression vectors. The
pre-miRNA of miR-468-5p and anti-miR-486-5p were synthesized from
Genechem (Shanghai, China). The oligos were dissolved using an-
nealing buffer, denatured in a 98 °C water bath for 15 min, then cooled
to room temperature. The annealed fragments were subcloned into
lentivirus vectors and amplified. The packaging and production of
lentiviruses were performed according to the manufacturer's protocol.
The miRNA overexpression/suppression vectors and lentivirus pack-
aged plasmid were co-transfected into HEK293T cells using
Lipofectamine 3000 (Invitrogen, ThermoFisher; Shanghai, China).
HOC2 cells were cultured in six-well plates at a density of 1 x 10° per
well and infected at 37 °C. Fresh medium was added 12h after trans-
fection; 24h after infection, fresh medium supplemented with pur-
omycin was changed for further selection. Cells were harvested 10 days
after puromycin selection for identification and further study.

2.9. Luciferase reporter assay

The 3’-untranslated region (3’-UTR) of PTEN was amplified by high-
fidelity PCR and inserted into the psiCHECK-2 luciferase reporter vector
(Promega; Madison, Wisconsin, USA). H9C2 cells were plated in 24-
well plates 24 h before transfection. HOC2 cells were transfected with
200 ng of the 3’-UTR luciferase reporters vector (Ambion; Austin, TX,
USA) using lipofectamine 3000 reagent according to the manufacturer's
instructions. Medium was removed 6 h after transfection, and exosomes
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were added in fresh medium. Cells were lysed 24 h later, and the lu-
ciferase activity was assessed with a microplate system using luciferase
assay kits (Promega, Beijing, China). The expression of luciferase was
presented as the ratio of Renilla luciferase gene to firefly luciferase gene.

2.10. Myocardial I/R model

Sprague Dawley male rats were anesthetized by intraperitoneal in-
jection of sodium pentobarbital (50 mg/kg; Sigma-Aldrich; St Louis,
MO, USA). An incision was made in the left thorax, the heart was ex-
teriorized, and a slipknot (6-0 silk) was made around the left anterior
descending coronary artery (LAD). After 30 min, the slipknot was re-
moved, and reperfusion was allowed for 3h. At the beginning of the
reperfusion, rats were injected with 200 uL PBS containing 400 pg
exosomes/control (n = 7/group) via the tail vein. After 3h, the left
anterior descending coronary artery was re-ligated and 2 mL Evans blue
dye (1.0%) was infused into the carotid artery catheter to distinguish
ischemic zones from non-ischemic zones. The heart was then excised,
washed using physiological saline, and stored at —80 °C. All animal
experimental procedures were conducted following the Guide for the
Care and Use of Laboratory Animals.

2.11. 2,3,5-Triphenyltetrazolium chloride (TTC) stain

The evaluation of myocardial infarction was performed using 2%
2,3,5-triphenyltetrazolium chloride (TTC) stain. Frozen hearts were
sliced into sections 1 mm thick; the sections were stained with 2% (w/
v) TTC diluted in phosphate buffer (88 mM Na,HPO, and 1.8 mM
NaH,PO,) at 37 °C for 20 min in the dark. Then sections were fixed
using 10% formalin solution and photographed to calculate the myo-
cardial infarction area.

2.12. Cell apoptosis assay

Following treatment, the apoptosis rate of H9C2 cells was analyzed
by flow cytometry with the Annexin V-FITC apoptosis detection kit
(Sigma-Aldrich; St Louis, MO, USA), according to the manufacturer's
instructions. In brief, cells were trypsinized, washed with chilled PBS,
and resuspended in binding buffer; 5puL FITC-labeled Annexin V re-
agent were added to 190 uL cell suspension. After gentle mixing, 5 pL
propidium iodide (PI) solution was added to the cell suspension. The
cells were incubated in the dark for 15 min at room temperature and
then analyzed using flow cytometry (BD Biosciences).

2.13. Statistical analysis

Data are showed as means *+ SDs of at least three repeated ex-
periments. One-way ANOVA followed by the Tukey post-hoc test was
conducted across comparison among multiple comparisons, and un-
paired Student t-test was used for two-group comparisons; p < 0.05
was considered statistically significant. All statistical analyses were
conducted using GraphPad Prism 5.0 (GraphPad Software, Inc., La
Jolla, CA, USA).

3. Results
3.1. Isolation and identification of exosomes from BMSCs

Exosomes were isolated from BMSC culture supernatant and ob-
served using transmission electron microscopy (TEM). The exosomes
purified from BMSC culture supernatant (BMSC-exo) were evenly
scattered across the view as rounded particles, which is characteristic
morphology for exosomes (Fig. 1A). The size distribution of exosomes
was analyzed by the Nano Measurer. The peak BMSC-exo diameter was
around 50 nm (Fig. 1B). To further ensure the quality of the exosomes
in our isolation, we used western blot to assess the presence of several
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Fig. 1. The identification of exosomes derived from bone-marrow stromal cells (BMSCs). (A) Representative image of exosomes isolated from BMSC culture su-
pernatant (BMSC-exo) using transmission electron microscopy. Scale bar: 50 nm. (B) The size distribution of exosomes was analyzed by the Nano Measurer. The
diameter of exosomes ranges mainly from 35 nm to 100 nm. (C) Western blot analysis of protein levels of CD9, CD63, Alix and Tsg101 in cell lysis and BMSC-exo.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as internal control.

common exosome/vesicle markers, including CD9, CD63, Alix and
Tsgl01 (Fig. 1C). CD9, CD63, ALIX and TSG101 are highly expressed in
isolated exosomes but lowly or rarely expressed in lysed cells. The
morphological observation and the assessment of representative mar-
kers of exosomes demonstrated that the isolated exosomes qualified for
further investigation.

3.2. BMSC-exo significantly inhibited cardiomyocyte apoptosis induced by
H/R

To investigate the effect of BMSC-exo on cardiac ischemic injury, we
treated cardiomyocytes with BMSC-exo and then assessed the apoptosis
status induced by H/R. H9C2 cells were cultured with media containing
BMSC-exo at different concentrations from 0 to 800 ug/mL. The pro-
liferation rates of H9C2 were then assessed after 48h. The MTT ex-
periment showed that treatment of BMSC-exo induced proliferation of
H9C2 cells in a dose-dependent manner. Furthermore, at concentrations
=400 pg/mL, BMSC-exo significantly enhanced the proliferation rate of
HIC2 cells (Fig. 2A). We then assessed the effect of BMSC-exo on the
apoptosis of cardiomyocytes triggered by H/R. After 16 h of hypoxia
and 3 h of reoxygenation, H9C2 cells were incubated in a medium with/
without BMSC-exo (400 ug/mL) for 24 h. Analysis by flow cytometry
showed that H/R induced cell apoptosis in H9C2 cells significantly
(from about 9% to 34%), while the treatment of BMSC-exo in the
process of reoxygenation repressed the apoptosis of H9C2 cells in H/R
conditions (from about 34% to 21%), showing that BMSC-exo partially
rescued cells from H/R injury (Fig. 2B, C). Furthermore, in the assess-
ment of expression levels of proteins related to cardiomyocyte
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apoptosis, it was shown that H/R treatment induced the expression of c-
caspase-3 and Bax but repressed the expression of Bcl-2. However, the
involvement of BMSC-exo reversed the variable expression of c-caspase-
3, Bax and Bcl-2 under H/R conditions (Fig. 2D). Thus, the data showed
that BMSC-exo partially rescued the apoptosis of H9C2 cells induced by
H/R conditions, indicating that BMSC-exo could have a protective ef-
fect against cardiomyocyte injury caused by H/R.

3.3. MiR-486-5p in BMSC-exo inhibited cardiomyocyte apoptosis induced
by H/R

First, we assessed the expression level of miR-486-5p in HI9C2 cells
in H/R conditions using qRT-PCR and observed significant down-reg-
ulation of miR-486-5p in H/R conditions (Fig. 3A). To further clarify
the effect of miR-486-5p in BMSC-exo on cardiomyocytes, we over-
expressed miR-486-5p and anti-miR-486-5p (the inhibitor of miR-486-
5p) in BMSC cells. The overexpression vectors of miR-486-5p and anti-
miR-486-5p were conducted into BMSC cells. Vectors of scrambled
miRNA (miR-NC and anti-miR-NC) were used as negative controls. The
exosomes were purified, and the expression level of miR-486-5p was
detected by qRT-PCR. The level of miR-486-5p in BMSC-exo was up-
regulated about 10-fold in the exosomes derived from miR-486-5p-
overexpressed BMSCs and was down-regulated about 50% in the exo-
somes derived from miR-486-5p-inhibited BMSCs (Fig. 3B). The effect
of miR-486-5p differentially expressed BMSC-exo (exo-miR-486-5p and
exo-anti-miR-486-5p) on the viability of H9C2 cells was further in-
vestigated. MTT assay showed that exo-miR-486-5p was better able to
induce the proliferation of H9C2 cells than BMSC-exo, while the exo-
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Fig. 2. Exosomes derived from bone-marrow stromal cells (BMSC-exo) suppressed the apoptosis of cardiomyocytes induced by hypoxia/reoxygenation (H/R). (A)
Plots of the proliferation rate of H9C2 cells treated with BMSC-exo at concentrations 0, 100, 200, 400 or 800 pg/mL. Cells were harvested after 48 h (n = 3). (B, C)
Representative images (B) and plots of flow cytometry analysis (C) of HOC2 cells' apoptosis rate with or without BMSC-exo treatment (400 pg/mL) in the H/R model.
HIC2 cells were hypoxic for 16 h, then reoxygenated for 3 h. Cells were harvested 24 h after reoxygenation (n = 3). (D) Western blot analysis of protein levels of Bcl-
2, Bax and c-caspase-3 in H9C2 cells treated with BMSC-exo in the H/R model. H9C2 cells were hypoxic for 16 h, then reoxygenated. Cells were harvested 24 h after
reoxygenation. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as internal control. *p < 0.05, **p < 0.01; n = 3.

anti-miR-486-5p suppressed viability of H9C2 cells (Fig. 3C). In the
apoptosis assay, compared with BMSC-exo and exo-miR-NC (exosomes
from miR-NC-overexpressed BMSCs), exo-miR-486-5p significantly re-
pressed the apoptosis of HIC2 cells triggered by H/R, whereas exo-anti-
miR-486-5p treatment resulted in a significantly higher apoptosis rate
(Fig. 3D, E). The expression of Bcl-2 and Bax proteins were evaluated by
western blot. Exo-miR-486-5p inhibited the expression of Bax and
promoted the level of Bcl-2 in H/R-treated HO9C2 cells. For the exo-anti-
miR-486-5p, the regulatory effect on Bcl-2 and Bax was the opposite of
that of the overexpression group (Fig. 3F). As a result, the level of miR-
486-5p in BMSC-exo was positively correlated with the suppression
effect of BMSC-exo on H/R-triggered cell apoptosis of H9C2, suggesting
that miR-486-5p plays a pivotal role in the process of BMSC-exo in-
hibiting cardiomyocyte apoptosis triggered by H/R.

3.4. BMSC-exo could target PTEN and activate the PI3K/AKT signaling
pathway in cardiomyocytes via miR-486-5p

Previous studies have reported that PTEN could be a potential target
of miR-486-5p. However, the interaction between miR-486-5p and
PTEN remains unclear in H9C2 cells. To further investigate the me-
chanism of miR-486-5p regulating the apoptosis of H/R-treated cardi-
omyocytes, we constructed reporting vectors expressing luciferase fused
with the 3-UTR of the PTEN gene containing wild-type or mutated
target sequences of miR-486-5p to evaluate the recognition of PTEN 3’-
UTR by miR-486-5p. The complementary schema between the seed
region of miR-486-5p and 3’-UTR of PTEN are showed in Fig. 4A. Re-
porter plasmids were transfected into H9C2 cells; the cells were then
treated with BMSC-exo/exo-miR-486-5p/exo-anti-miR-486-5p/exo-NC
for 24 h. The dual-luciferase reporting system showed that BMSC-exo,
exo-NC and exo-miR-486-5p inhibited the activity of the luciferase-
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fused wild-type 3’-UTR region of PTEN. Besides, exo-miR-486-5p acted
as a better inhibitor of the reporter's activity compared with BMSC-exo
or BMSC-NC. On the other hand, compared with exo-NC, exo-anti-miR-
486-5p increased the luciferase activity (Fig. 4B). Exosomes from all
origins have no regulatory effect on luciferase fused with a mutated 3’-
UTR region of PTEN (Fig. 4B). In addition, using qRT-PCR assay, we
assessed the expression of PTEN in H9C2 cells treated with BMSC-exo/
exo-miR-486-5p/exo-anti-miR-486-5p/exo-NC and got consistent re-
sults with the dual-luciferase assay (Fig. 4C). Given that PTEN/PI3K/
AKT constitutes an important pathway that regulates cell apoptosis
[29], we also assessed the levels of PI3K and AKT in H/R-treated car-
diomyocytes. Compared with BMSC-exo, exo-miR-486-5p had a
stronger effect on reducing the protein level of PTEN and inducing the
protein levels of PI3K-p110a and p-AKT, while the exo-anti-miR-486-5p
showed the opposite effect on the protein levels of PTEN, PI3K-p110a
and p-AKT (Fig. 4D). To further clarify the involvement of the PTEN/
PI3K/AKT signaling pathway in the process of BMISC-exo's regulation in
cardiomyocytes, we co-treated H9C2 cells under H/R conditions with
exo-miR-486-5p and an inhibitor of PI3K, LY294002. We found that the
induction of PI3K and p-AKT triggered by exo-miR-486-5p was blocked
significantly (Fig. 4D). The results suggested that in cardiomyocytes
BMSC-exo repressed the expression of PTEN via miR-486-5p and sub-
sequently activated the PI3K/AKT signaling pathway.

3.5. BMSC-exo protected cardiomyocytes from I/R injury via miR-486-5p/
PTEN/PI3K/AKT pathway in vivo

To further confirm the results from the cell experiments in vitro, we
modeled myocardial ischemia reperfusion in rats by ligating the left
anterior descending branch of the coronary artery; the effect of BMSC-
exo and miR-486-5p on I/R-injured myocardium was verified.
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model (n = 3). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as internal control. *p < 0.05, **p < 0.01, ***p < 0.001.

Exosomes from different origins were injected via the tail vein with the
reperfusion, and the myocardial infarction was stained using TTC.
Results showed that the injection of BMSC-exo and exo-miR-486-5p
with the reperfusion decreased the area of myocardial infarction.
Furthermore, the overexpression of miR-486-5p enhanced the protec-
tive effect of BMSC-exo. However, exo-anti-miR-486-5p treatment re-
sulted in a larger area of myocardial infarction compared with BMSC-
exo treatment (Fig. 5A). In addition, BMSC-exo activated the PI3K/AKT
pathway and induced cell apoptosis in I/R. Western blot showed that in
the I/R process BMSC-exo treatment significantly suppressed the ex-
pression of PTEN, Bax and c-caspase-3 while inducing the expression of
PI3K-p110a, p-AKT, and Bcl-2. Compared with BMSC-exo treatment,
the overexpression of miR-486-5p enhanced the regulatory effect of
BMSC-exo on each factor related with the PTEN/PI3K/AKT pathway
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and cell apoptosis, while the inhibition of miR-486-5p suppressed the
effect (Fig. 5B-H). The data suggested that BMSC-exo reduced MIRI in
vivo via miR-486-5p, which suppressed PTEN, activated the PI3K/AKT
pathway, and inhibited the apoptosis of cardiomyocytes.

4. Discussion

Myocardial ischemia is the underlying mechanism of ischemic heart
disease, which is a leading cause of mortality in the world. As a main
form of myocardial injury, cardiomyocyte apoptosis in myocardial
ischemia has been extensively investigated [30-33]. It is important to
find treatments which effectively suppress cardiomyocyte apoptosis and
protect the myocardium from ischemic injury or MIRIL Several studies
have reported that exosomes from different origins could regulate the
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process of MIRI via different mechanisms, especially for exosomes de-
rived from MSCs [17,34,35]. In this study we found that BMSC-exo
significantly protects cardiomyocytes from apoptosis and MIRI. More-
over, miR-486-5p from BMSC-exo inhibited PTEN expression in cardi-
omyocytes, activated the PI3K/Akt signaling pathway, subsequently
inhibiting cardiomyocyte apoptosis and ischemic injury to the myo-
cardium.

BMSC-exo has been reported to have a protective effect in several
diseases, including acute tubular injury [36], Escherichia coli endotoxin-
induced acute lung injury [37], and hypoxia-induced pulmonary hy-
pertension [38]. In the current study we demonstrated that BMSC-exo
induced the proliferation of rat cardiomyocytes, which is consistent
with the findings of a previous study that BMSC-exo significantly pro-
moted the survival rate, enhanced capillary density, inhibited cardiac
fibrosis, and restored long-term cardiac function [20]. Conventional
treatments for ischemic heart disease—including medicinal treatment
and surgery—are based on restoring blood reperfusion and inevitably
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result in MIRI. The newly introduced stem-cell therapy for ischemic
heart disease is also facing major obstacles to long-term stem-cell and
graft survival [39]. As a novel potential therapy for ischemic heart
disease, BMSC-exo showed advantages in suppressing cell apoptosis,
protecting cardiomyocytes from irreversible MIRI, and evading the re-
jection and instability of exogenous stem cells.

To further explore the mechanism by which BMSC-exo protects
cardiomyocytes from ischemic injury, we investigated the involvement
of miRNAs in this process. MiRNAs are generally carried by exosomes
and can be released into recipient cells as key regulators. It has been
reported that exosomal transferred miRNAs play important roles in the
protective effect of exosomes from various sources on cardiac injury.
Xiao et al. found that mouse MSCs reduced the autophagic flux in in-
farcted hearts via miR-125b [40]. Wang et al. reported that iPS-exo
inhibited myocardial apoptosis, and the inhibition could be related to
the transfer of miR-21 and miR-210 from exosomes to cardiomyocytes
[19]. In the current study, we focused on miR-486-5p, the third-ranking
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abundant miRNA in BMSC-exo [25], and found that the expression level
of miR-486-5p in BMSC-exo was positively correlated with the protec-
tive effect of BMSC-exo on both H/R injury to cardiomyocytes and I/R
injury to myocardium, suggested that BMSC-exo inhibit the apoptosis of
cardiomyocytes under hypoxic conditions by releasing miR-486-5p. The
anti-apoptosis activity of miR-486-5p is also supported by previous
studies; miR-486-5p from exosomes derived from human endothelial
colony-forming cells suppressed cell apoptosis in FVB mice with kidney
ischemia/reperfusion injury [26]. MiR-486 was also reported to reg-
ulate p53-related DNA damage and the expression of cleaved caspase-3
[41,42]. Furthermore, miR-486 was shown to regulate cardiomyocyte
apoptosis via a p53-mediated BCL-2-associated mitochondrial apoptotic
pathway [27].

MiR-486 has been proved to be involved in the apoptosis process
modulated by PTEN, PIM-1 and other effectors [43,44]. In addition,
PTEN has been reported as a target for miR-486-5p [26]. The sup-
pression of PTEN expression, which protects cardiomyocytes from
apoptosis, can be induced by H/R or I/R injury [45,46]. However,
PTEN targeting activity of miR-486-5p in cardiomyocytes, especially in
H9C2 cells, remains unclear. In this study we evaluated the involve-
ment of PTEN in the protective process of BMSC-exo at the level of both
RNA and protein. Using a luciferase reporter assay, we demonstrated
the capability of miR-486-5p from BMSC-exo to recognize the 3’-UTR of
PTEN and to inhibit PTEN expression. Meanwhile, compared with
BMSC-exo, treatment of exo-anti-miR-486-5p showed an inverse effect
on PTEN level. Thus, it is suggested that miR-486-5p inhibited PTEN by
sequence-specific target recognition, then suppressed the apoptosis of
cardiomyocyte subsequently. BMSC-exo released miR-486-5p, which
then protected the myocardium from ischemic injury by targeting PTEN
and subsequently activating the PI3K/AKT pathway. Beyond that, we
need to consider that PTEN is not the only direct target of miR-486-5p
in vivo. In a study of chronic kidney disease, FOXO1 has been implicated
in miR-486/PTEN/Akt signaling as the target of miR-486-5p [47]. In
skeletal muscle, miR-486-5p benefited the dystrophic skeletal muscle
via targeting DOCK3 and subsequently inducing phosphorylated AKT
level [48]. Thus, future studies should consider more potential direct
targets for miR-486-5p and other miRNAs in the overall protective ef-
fect of BMSC-exo on cardiomyocytes.

In the current study we also demonstrated that miR-486-5p from
BMSC-exo inhibited PTEN and activated the PI3K/AKT signaling
pathway both in vitro and in vivo, and we further investigated the sig-
nificant inhibitory effect on MIRI. PI3K/AKT, an extensively studied
pathway, regulates the signaling of multiple biological processes such
as metabolism, apoptosis, cell proliferation and cell growth [33]. In
addition, PI3K/Akt was reported to inhibit the apoptosis of cardio-
myocytes directly/indirectly [49,50]. PTEN has been reported to reg-
ulate cell survival through the PI3K/Akt signaling pathway [51]. The
activation of Akt phosphorylation and the PI3K/Akt pathway also ap-
peared to be a downstream event related to PTEN inhibition [48].

To summarize: in the current study we found that BMSC-exo in-
hibited cardiomyocyte apoptosis induced by H/R, protecting cardio-
myocytes from ischemic injury both in vitro and in vivo. In further ex-
ploration of the mechanism, we found that BMSC-exo down-regulated
the PTEN level, activated the PI3K/AKT signaling pathway, and then
protected injured cardiomyocytes via miR-486-5p. The exploration of
the active component and functional mechanism of BMSC-exo is of
much significance to developing a new biotherapy of myocardial
ischemia based on exosomes. This study preliminarily clarified the
mechanism of BMSC-exo protecting ischemic myocardium, offering a
new approach to alleviating myocardium ischemic injury.
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