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Mesenchymal stem cell-derived exosomes
ameliorate cardiomyocyte apoptosis in
hypoxic conditions through microRNA144
by targeting the PTEN/AKT pathway
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Abstract

Background: A growing body of evidence suggests that stem cell-derived exosomal microRNAs (miRNAs) could be
a promising cardioprotective therapy in the context of hypoxic conditions. The present study aims to explore how
miRNA-144 (miR-144), a miRNA contained in bone marrow mesenchymal stem cell (MSC)-derived exosomes, exerts
a cardioprotective effect on cardiomyocyte apoptosis in the context of hypoxic conditions and identify the
underlying mechanisms.

Methods: MSCs were cultured using the whole bone marrow adherent method. MSC-derived exosomes were
isolated using the total exosome isolation reagent and confirmed by nanoparticle trafficking analysis as well as
western blotting using TSG101 and CD63 as markers. The hypoxic growth conditions for the H9C2 cells were
established using the AnaeroPack method. Treatment conditions tested included H9C2 cells pre-incubated with
exosomes, transfected with miR-144 mimics or inhibitor, or treated with the PTEN inhibitor SF1670, all under
hypoxic growth conditions. Cell apoptosis was determined by flow cytometry using 7-ADD and Annexin V
together. The expression levels of the miRNAs were detected by real-time PCR, and the expression levels of AKT/p-
AKT, Bcl-2, caspase-3, HIF-1α, PTEN, and Rac-1 were measured by both real-time PCR and western blotting.

Results: Exosomes were readily internalized by H9C2 cells after co-incubation for 12 h. Exosome-mediated
protection of H9C2 cells from apoptosis was accompanied by increasing levels of p-AKT. MiR-144 was found to be
highly enriched in MSC-derived exosomes. Transfection of cells with a miR-144 inhibitor weakened exosome-
mediated protection from apoptosis. Furthermore, treatment of cells grown in hypoxic conditions with miR-144
mimics resulted in decreased PTEN expression, increased p-AKT expression, and prevented H9C2 cell apoptosis,
whereas treatment with a miR-144 inhibitor resulted in increased PTEN expression, decreased p-AKT expression, and
enhanced H9C2 cell apoptosis in hypoxic conditions. We also validated that PTEN was a target of miR-144 by using
luciferase reporter assay. Additionally, cells treated with SF1670, a PTEN-specific inhibitor, resulted in increased p-
AKT expression and decreased H9C2 cell apoptosis.

Conclusions: These findings demonstrate that MSC-derived exosomes inhibit cell apoptotic injury in hypoxic
conditions by delivering miR-144 to cells, where it targets the PTEN/AKT pathway. MSC-derived exosomes could be
a promising therapeutic vehicle to facilitate delivery of miRNA therapies to ameliorate ischemic conditions.
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Background
Ischemic heart disease resulting in chronic heart failure
is a leading cause of mortality and morbidity worldwide.
Since Makino et al. induced cardiomyocytes (CMCs) by
treating bone marrow mesenchymal stem cells (MSCs)
with 5-azacytidine in vitro in 1999 [1], MSCs have
quickly become a widely used experimental model and
have been used in a number of clinical trials. MSC-
based therapy is emerging as a novel approach to repair
ischemic myocardial damage. Paracrine effects likely ac-
count for the majority of mechanisms by which MSCs
participate in ischemic cardiac repair [2–4].
Recent studies have shown that MSC-based treatment of

ischemia-induced cardiac damage can be mediated through
the secretion of exosomes [5–9]. MSC-secreted exosomes
have been reported to exert an anti-apoptotic effect on
CMCs both in vivo and in vitro [5–7, 10]. Exosomes exert
their therapeutic effect by transferring lipids, proteins, and a
variety of RNAs to recipient cardiac cells. RNAs transferred
in MSC exosomes are of great interest, given that there are
a variety of highly expressed microRNAs (miRNA, miR)
contained in MSC-derived exosomes that may act in a para-
crine manner to mediate cardiac repair [11–13].
Several studies have shown that in the context of hypoxic

conditions, ischemia decreases miR-144 levels, while in-
creasing miR-144 levels in the ischemic heart resulted in
cardioprotective benefits, with improved functional recov-
ery and remodeling of the heart [14–16]. MiR-144 is influ-
ential in the proliferation, differentiation, growth, and
death processes of cells, and the impact of miR-144 on
CMC apoptosis in hypoxic conditions has been elucidated
in these studies. MiR-144 has demonstrated the potential
to be utilized as a novel therapeutic approach for treating
ischemia-induced myocardial damage [17]. MSC-derived
exosomes can protect the heart from ischemia by increas-
ing the level of miR-21a-5p in recipient cardiac cells,
thereby downregulating expression of the pro-apoptotic
gene phosphatase and tensin homolog deleted on
chromosome 10 (PTEN) in the myocardium [7]. PTEN
has been confirmed as a direct target of miR-144 [18–20],
and miR-144 inhibited cell apoptosis through inhibition of
PTEN and subsequent activation of the phosphatidylinositol
3-kinase (PI3K)/protein kinase B (AKT) signaling path-
way [19].
However, a relationship between miR-144 regulation of

PTEN/AKT signaling and the anti-apoptotic effect of
MSC-derived exosomes on CMCs grown in hypoxic condi-
tions has yet to be established. Therefore, the present study
aimed to characterize whether miR-144 delivered to CMCs
in MSC-derived exosomes exerted anti-apoptotic effects on
CMCs in hypoxic growth conditions, and to explore
whether the PTEN/AKT signaling pathway or other
putative miR-144 targets play a role in regulating
CMC apoptosis in hypoxic conditions.

Methods
Isolation and culture of bone marrow MSCs
Bone marrow MSCs were isolated from 1-month-old
Sprague–Dawley rats as described previously [21].
Briefly, total bone marrow cells were flushed from fe-
murs and tibias using cell culture media under sterile
conditions. The cells were then seeded into 25-cm2 cul-
ture flasks (Corning) containing complete culture media
(GIBCO) supplemented with 10% fetal bovine serum
(FBS) (GIBCO), penicillin (100 IU/ml), and streptomycin
(100 μg/ml) (GIBCO). Cells were cultured at 37 °C in an
incubator with a humidified atmosphere containing 5%
carbon dioxide (Thermo). The media were replaced
every 48 h to remove nonadherent cells. When the adher-
ent cells reached 90% confluency, they were harvested
with 0.25% trypsin-ethylenediamine tetraacetic acid
(GIBCO) and passaged. MSCs were characterized at pas-
sage 3 via fluorescence-activated cell sorting, as reported
previously [22] and cells from the same batch were used
for the extraction of exosomes (described below).

Harvest and identification of MSC exosomes
MSC-derived exosomes were harvested from passage 3
MSCs grown to 80% confluency in 10-cm plates (Corn-
ing) using the total exosome isolation reagent (Life
Technology). The complete media were aspirated and
the cells were washed three times with phosphate-
buffered saline (PBS) (GIBCO). Serum-free media were
then added to the cells, and after 36 h, the media was
collected and centrifuged at 3000g at 4 °C for 30 min,
then transferred to new tubes and centrifuged at 16000g
at 4 °C for 20 min. The media were filtered using a 0.22-
μm filter (Millipore), before being carefully transferred
to an ultrafiltration device with 30-kDa cutoff (Millipore)
and centrifuged at 6000g at 4 °C for 15 min. The concen-
trate was obtained after the removal of cellular debris.
This procedure was repeated to collect enough concen-
trate for experiments. The concentrate was transferred
to a new tube, and the total exosome isolation reagent
was added at a ratio of 1: 2 to the concentrate. The tubes
were then vortexed to make a homogenous solution.
The homogenous solution was incubated overnight at
4 °C and then centrifuged at 4 °C at 10,000g for 1 h. The
supernatant was removed, and the pellets containing
exosomes were resuspended with 500 μl PBS and then
centrifuged at 4 °C at 10,000g for 5 min. After decanting
and aspirating residual liquid, exosomes were obtained
and stored at − 80 °C until use.
A 500 μl exosome solution in PBS was used for bovine

serum albumin (BSA) protein quantitation, western blot-
ting, nanoparticle trafficking analysis (NTA), and cell treat-
ment. NTA was used to identify exosomes. Analysis of the
absolute size distribution of exosomes was performed using
a NanoSight NS300 (Malvern). Briefly, approximately 2 μl
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exosome solution was diluted in 1ml of PBS and vortexed
to mix. The exosomes were completely resuspended using
an ultrasonicator, and then the exosome suspension was
extracted and injected into the NanoSight NS300 detector.
Control media and PBS alone were used as controls. Each
sample was analyzed in triplicate. The presence of exo-
somes was confirmed by western blotting using the exoso-
mal markers TSG101 and CD63.

H9C2 cell culture and treatment
H9C2 CMCs of rat cardiac origin were obtained from
Guangzhou Cellcook Biotech Co., Ltd., China. Cells were
cultured with high glucose Dulbecco’s modified Eagle’s
medium (GIBCO) supplemented with 10% FBS (GIBCO)
in a CO2 incubator kept at 37 °C with a humid atmos-
phere of 95% air, 5% CO2 (Thermo). When cells became
80% confluent, they were harvested and passaged using
trypsin-ethylenediamine tetraacetic acid (GIBCO). The
hypoxic cell growth conditions were established using
the AnaeroPack method as previously described in other
studies [23–25]. Briefly, H9C2 cells cultured in six-well
culture plates (Corning) were placed into a sealed air-
tight container. An AnaeroPack™ MicroAero (Mitsubishi
Gas Chemical, Tokyo, Japan) was placed inside the con-
tainer to generate a hypoxic atmosphere by absorbing
oxygen and producing carbon dioxide. Cells were incu-
bated in the hypoxic container for 48 h at 37 °C in a CO2

incubator (hypoxia treatment group). Increasing concen-
trations of exosomes were added to the culture media
(media lacking exosomes, 1, 5, 25, and 50 μg/ml); H9C2
cells were pre-incubated in the media containing MSC-
derived exosomes in normal growth conditions for 24 h
prior to exposure to hypoxic conditions. Cells that were
grown in normoxia in media containing 5 μg/ml of exo-
somes for 24 h and then switched to hypoxic conditions
for 48 h were defined as the hypoxia+exosome group.
H9C2 cells transfected with miR-144 mimics or miR-144
inhibitors and their corresponding scrambled controls
were also incubated in hypoxic conditions (hypoxia + miR-
144 mimics/inhibitor group, hypoxia + mimics/inhibitor
control group, respectively). Transfected cells were also
treated with exosomes for 24 h prior to incubation in hyp-
oxic conditions (hypoxia + exosomes + miR-144 mimics or
inhibitor). SF1670, a PTEN-specific inhibitor, was used in
combination with either added exosomes or transfection of
miR-144 mimic to treat cells incubated in hypoxic condi-
tions (hypoxia + exosome +SF1670 group, hypoxia + miR-
144 mimics +SF1670 group). Cells incubated in a humid
atmosphere of 95% air and 5% CO2 at 37 °C were defined
as the normoxia group.

Internalization of MSC-derived exosomes into H9C2 cells
The purified MSC-derived exosomes were labeled using
the Exo-GLOW™ Exosome Labeling Kit (SBI) according

to the manufacturer’s protocol. Briefly, the exosome pel-
let was resuspended in 450 μl PBS. Fifty microliters 10 ×
Exo-Green was added to the exosome resuspension in a
1.5-ml Eppendorf tube, making a 500-μl esosome sus-
pension. The exosome solution was mixed by inversion
and then incubated at 37 °C for 10 min. A total of 100 μl
of the ExoQuick-TC reagent was added to the labeled
exosome suspension and mixed by inverting six times.
The labeled exosome suspension was kept at 4 °C for 30
min and then spun down in a centrifuge at 14,000 rpm
for 3min. After removing the supernatant, the labeled
exosome pellet was resuspended in 100 μl PBS. A total
of 100 μl of labeled exosomes was added to approxi-
mately 1 × 105 cells per well in a six-well culture plate
(Corning) and incubated for 12 h, and visualized using
fluorescence microscopy. The cells that had been incu-
bated with labeled exosomes were further stained with
7-AAD (BD Biosciences) and phalloidin (BD Biosci-
ences), and cell images were acquired with a confocal
laser scanning microscope. The cells that had taken up
labeled exosomes were quantified from three independ-
ent visual fields per sample, and the mean number of
labeled exosomes from three experiments was used for
statistical analysis.

Transfection of H9C2 cells
For testing miR-144 gain-and-loss-of-function, H9C2
cells were transfected with miR-144 mimics or a miR-
144 inhibitor, as well as corresponding scrambled con-
trols. MiR-144 mimics and the miR-144 inhibitor, as
well as their corresponding scrambled controls (Gene-
Pharma, Shanghai, China) were transfected into H9C2
cells using Lipofectamine™ 2000 (GIBCO) based on the
manufacturer’s instructions. Cells were incubated in 24-
well plates (Corning) and subjected to transfection at
80% confluency. Opti-MEM reduced serum medium
(GIBCO) was used for transfection, and the media were
changed 4 h after transfection. Real-time polymerase
chain reaction (PCR) was performed to confirm the effi-
ciency of mimic and inhibitor transfection, respectively.
Rno-miR-144 mimics:
5′-UACAGUAUAGAUGAUGUACU-3′,
5′-UACAUCAUCUAUACUGUAUU-3′.
Mimic control:
5′-UUCUCCGAACGUGUCACGUTT-3′,
5′-ACGUGACACGUUCGGAGAATT-3′.
Rno-miR-144 inhibitor: 5′-AGUACAUCAUCUAUACUG

UA-3′.
Inhibitor control: 5′-CAGUACUUUUGUGUAGUACAA-3′.

Measurement of H9C2 cell apoptosis
Apoptosis of H9C2 cells was determined using flow
cytometry following experimental treatment. Cells were
treated with trypsin without ethylenediamine tetraacetic
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acid (GIBCO), collected, and washed twice with ice-cold
PBS. Cells were then resuspended in 1× binding buffer
at a concentration of 1 × 106 cells/ml. Five microliters
Annexin V (BD Biosciences) and 5 μl 7-AAD (BD Biosci-
ences) were added to 100 μl of the cell suspension in a
flow tube, mixed well, and incubated for 15 min at room
temperature in the dark. Four hundred microliters bind-
ing buffer was then added, the tubes were mixed well,
and the samples were then analyzed for apoptosis using
flow cytometry (BD Biosciences). Each experiment was
repeated three times for statistical analysis.

Real-time PCR
Total RNA was isolated from cells or MSC-derived exo-
somes using Trizol (GIBCO Invitrogen) and the isolated
RNA was quantified by spectrophotometry. Equal
amounts of RNA were used for cDNA synthesis using
Moloney murine leukemia virus reverse transcriptase
(Promega) and the appropriate primers (Additional file 1:
Table S1). Real-time PCR was performed on an ABI
PRISM® 7500 Sequence Detection System using ChamQ
SYBR qPCR Master Mix (Vazyme) as described previ-
ously [21, 26]. The relative expression levels of the target
genes of interest were calculated using the 2−ΔΔCt method.
Fold changes in target gene expressions were calculated
after normalizing to U6 or GAPDH expression levels
using the 2−ΔΔCt method. Primers for U6 and GAPDH
were included in each miRNA and mRNA reaction, as an
internal control, respectively. Three repeated experiments
were performed for statistical analysis.
Rno-miR-144-3p-RT: GTCGTATCCAGTGCAGGG

TCCGAGGTATTCGCACTGGATACGACAGTACA.
Rno-miR-144-3p-F: GCGGGTACAGTATAGATGATG.
Universe-R: GTGCAGGGTCCGAGGT.

Western blotting
Western blotting was performed as described previously
[26]. Briefly, total proteins were extracted from H9C2
cells or MSC-derived exosomes using modified RIPA
buffer. Equivalent amounts of proteins were separated
on a 10% polyacrylamide gel, transferred to polyvinyli-
dene difluoride membranes, blocked with 5% BSA, and
then incubated with anti-TSG101 (Abcam, UK, 1:5000),
anti-CD63 (Abcam, UK, 1:1000), anti-PTEN (CST, USA,
1:1000), anti-Ras-related C3 botulinum toxin substrate 1
(Rac-1) (Abcam, UK, 1;200), anti-phosphorylated AKT
(p-AKT) (CST, USA, 1:1000), anti-AKT (CST, USA, 1:
1000), anti-B-cell lymphoma-2 (Bcl-2) (Abcam, UK, 1:
1000), anti-caspase-3 (CST, USA, 1:1000), anti-hypoxia
inducible factor-1α (HIF-1α) (Abcam, UK, 1:500), and
anti-GAPDH antibodies (Transgen Biotech, 1:3000) at
4 °C overnight. The membranes were washed, incubated
with horseradish peroxidase-conjugated secondary anti-
bodies, and visualized using the ECL chemiluminescence

system. Densitometry analysis was performed using the
Bio-Rad image detection system and Quantity One soft-
ware (Bio-Rad, CA, USA). After quantifying the band in-
tensities by densitometry, relative steady-state protein
levels were calculated after normalizing to GAPDH.
Each experiment was performed three times for statis-
tical analysis.

Transfection of cells with plasmids and luciferase reporter
assay
The PTEN wild-type and mutant 3′ untranslated region
(UTR) DNA sequences were amplified by PCR techniques
using primers as follows: wild-type forward, 5′-CTAGTT
GTTTAAACGAGCTCCCATGTTTAGTTTTAGAAAA-
3′, and reverse, 5′ -TTGCATGCCTGCAGGTCGACAT
ATATATTCTATATGAAAA-3′; mutant forward, 5′-
TTACGCAAAAATATGACATAATGTGTCCTGCATG
CAGGCG-3′, and reverse, 5-ATTATGTCATATTTTTGC
GTAACGAGGCACTTGTGGCAAC-3′. The wild-type or
mutant PTEN 3′UTR luciferase vectors were generated by
inserting the amplified DNA sequences into the pmirGLO
vector (General Biosystems, China).
H9C2 cells grown to 80% confluency in six-well plates

were transfected with pmirGLO vector and miR-144
mimics or scrambled control using the Lipofectamine®
2000 transfection reagent (Life Technologies). Briefly,
the media were aspirated and cells were washed twice
with PBS, then 1.5 ml basic media were added to the
cells in each well. Two micrograms plasmids containing
wild-type or mutant PTEN 3′UTR vector, along with
miR-144 mimics or scrambled control, were taken and
dissolved in 250 μl opti-MEM, mixed well and placed
stably. Five microliters Lipofectamine® 2000 transfection
reagent was taken to dissolve in 250 μl opti-MEM, mixed
gently, and placed stably at room temperature for 5 min.
These opti-MEM solutions were mixed well and then
placed stably at room temperature for 5 min. The mixed
solution containing the wild-type or mutant PTEN 3′
UTR plasmids and miR-144 mimics or scrambled con-
trol were dripped into the wells and mixed well, and
then the cells were incubated at 37 °C in a CO2 incuba-
tor. After 4 h, the transfected media were aspirated, and
2ml complete media were added to the cells to continue
culture.
For the luciferase reporter assay, the cells were har-

vested and lysed 48 h after the transfection, and the
luciferase assays were performed using the TransDetect
Double-Luciferase Reporter Assay Kit (TransGen, Beijing,
China) according to the manufacturer’s protocol. The
luciferase activity was measured using the ECL chemilu-
minescence system, and the relative luciferase activity
normalized to the corresponding Renilla luciferase ac-
tivity was obtained. Each experiment was repeated
three times for statistical analysis.
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Statistical analysis
All quantitative data are presented as mean ± SD. Data
were compared using an independent samples t-test.
Two-tailed P values < 0.05 were considered statistically
significant, and adjusted P values were used among the
subgroup comparison analyses. All statistical analyses
were performed using the software package SPSS 22.0
(IBM, USA) for Windows.

Results
Exosome isolation, identification, and internalization into
cells
To obtain MSC-derived exosomes, approximately 300ml
of MSC culture media was collected and precipitated.
Nanoparticle tracking analysis was used to measure the
concentration and size of the exosome particles. The
measured concentration of exosome particles was
7.726 × 108 particles/ml and the final concentration of
exosomes was determined to be 4.056 × 1011 particles/
ml; the diameters of the exosome particles were between
80 to 100 nm (Fig. 1A1, A2). Protein quantitation re-
vealed that the concentration of a PBS-exosome solution
was 2.551 μg/μl; thus, 1 μg of exosomes included 1.59 ×
108 exosome particles. The expression levels of the exo-
some markers TSG101 and CD 63 were measured using
western blotting. Both markers could be detected in
MSC-derived exosomes (Fig. 1B). Exosomes labeled with
specific fluorescent particles were detected within H9C2
cells, indicating that MSC-derived exosomes could enter
the recipient H9C2 CMCs (Fig. 1C). Furthermore, la-
beled exosomes, but not dye controls, were significantly
taken by H9C2 cells (Fig. 1D, E). These findings demon-
strated that MSC-derived exosomes could be success-
fully collected, identified, and internalized into recipient
H9C2 cells when co-cultured.

Establishment of hypoxic cell growth conditions and
expression of apoptosis-related protein
To test the effect of hypoxia on cell apoptosis, the Anae-
roPack™ MicroAero system was used to generate hypoxic
conditions for cell growth. The expression of both the
HIF-1α gene and protein confirmed that the system was
effective to create a hypoxic cell growth condition for
CMCs (Fig. 2A1–A3). Compared to cells grown in nor-
moxia, H9C2 cells incubated in hypoxic conditions
suffered increased apoptotic injury. The number of
apoptotic cells peaked after 48 h was selected as the time
point for analysis in subsequent experiments (Fig. 2B1,
B2). The expression levels of a variety of proteins associ-
ated with cell apoptosis, such as AKT/p-AKT, Bcl-2, and
caspase-3 were evaluated in our experiments (Fig. 2C1–
D5). Our findings revealed that induction of hypoxic
conditions gradually decreased the expression of p-AKT,
while there was no significant change in the expression

of both the total AKT gene and protein. When cells
were kept in hypoxic conditions, there were significant
differences in both the gene and protein expression
levels of Bcl-2 and caspase-3 at each time point tested,
when compared to cells grown in normoxia. These find-
ings confirm that the use of the AnaeroPack™ MicroAero
system was a reliable approach for establishing a hypoxic
cell growth condition for studying cell apoptosis. Changes
in the expression of p-AKT/AKT are further explored in
later experiments to determine whether the AKT/p-AKT
pathway is involved in regulating cell apoptosis in hypoxic
conditions created by this system.

Exosomes protect H9C2 cells from apoptosis and alter
expression of anti-apoptotic proteins in hypoxic
conditions
The present study demonstrated that exosomes released
by MSCs were able to enhance the viability of CMCs
grown in hypoxic conditions in vitro. Annexin V/7-ADD
flow cytometry analysis demonstrated that the amount
of apoptosis was markedly decreased compared to con-
trol after incubating the cells with exosomes at concen-
trations of either 5 μg/ml or 25 μg/ml of exosomes prior
to induction of hypoxia. However, exosomes added at a
low dose (1 μg/ml) did not exert a protective effect
against apoptosis in hypoxic conditions, and interest-
ingly, the highest dose of exosomes tested (50 μg/ml)
had a pro-apoptotic effect on cells with hypoxic expos-
ure (Fig. 3A1, A2). The increase in apoptosis induced by
hypoxic conditions could be attenuated by treating cells
with a 5 μg/ml dose of exosomes (Fig. 3B1–B3). Com-
pared to the normoxia control, cells incubated in hyp-
oxic conditions had decreased levels of p-AKT; treating
hypoxic cells with MSC-based exosomes was sufficient
to restore expression of p-AKT to a greater extent. No
significant changes in AKT expression were observed in
conditions of normoxia, hypoxia, or exosome treatment
in hypoxic conditions (Fig. 3C1–C3). Therefore, MSC-
derived exosomes protect H9C2 cells from apoptosis in
hypoxic conditions in a dose-dependent manner. These
studies indicate that p-AKT/AKT might be an important
regulatory pathway in cell apoptosis in the context of
hypoxia.

The role of miR-144 in regulating cell apoptosis and
expression of anti-apoptotic proteins
We found that miR-144 is expressed at a significantly
higher level in MSC-derived exosomes than in MSCs
themselves, suggesting that MSCs package the major-
ity of the miR-144 produced in exosomes (Fig. 4A).
H9C2 cells transfected with a miR-144 inhibitor showed
diminished protection from apoptosis in hypoxic condi-
tions when exosomes were pre-incubated with the cells
(Fig. 4B1–B3). Transfection of H9C2 cells with the miR-
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144 inhibitor also attenuated the induction of p-AKT ob-
served with exosome pre-incubation followed by incuba-
tion in hypoxic conditions (Fig. 4C1–C3).
Mimics and the inhibitor of miR-144 were transfected

into H9C2 cells to explore whether miR-144 alone was
sufficient to have an anti-apoptotic effect on hypoxic
cells. Transfection with the miR-144 inhibitor exerted a
pro-apoptotic effect on H9C2 cells in hypoxic conditions
(Fig. 5B1–B3), while miR-144 mimics protected cells
from apoptosis in hypoxic conditions (Fig. 6B1–B3). Fur-
thermore, these results indicated that transfection with

miR-144 mimics resulted in increased expression of p-
AKT in the context of hypoxia (Fig. 6C1–C3), whereas
transfection with the inhibitor resulted in decreased
expression of p-AKT (Fig. 5C1–C3). However, cells
transfected with either the miR-144 mimics or miR-144
inhibitor did not have altered AKT expression patterns
in hypoxic conditions. Thus, treatment of hypoxic
H9C2s with miR-144 alone recapitulated the anti-
apoptotic phenotype observed with addition of MSC-
derived exosomes to H9C2s, as well as the pattern of in-
creased p-AKT expression in the hypoxic conditions.

Fig. 1 Mesenchymal stem cell (MSC)-derived exosomes were identified and internalized by H9C2 cells. A1, A2 Analysis of the concentration and
diameters of MSC-derived exosomes using nanoparticle trafficking. B Western blot analysis of the exosome surface markers TSG101 and CD63
(MSC lysis was used as control). C H9C2 cells internalized labeled MSC-derived exosomes after a 12-h co-incubation; unlabeled exosomes were
used as control. D–E Labeled exosomes but not dye alone were readily taken up by H9C2 cells. Statistics calculated based on the results of three
repetitions of each experiment
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Potential mechanism for MSC-derived exosomal miR-144
mediated protection of cells from apoptosis in the
context of hypoxia
Since PTEN and Rac-1 are potential targets of miR-144
and known regulators of the p-AKT/AKT signaling
pathway, they were included for analysis in this study.
We found that expression of both PTEN and Rac-1 gene

were altered in hypoxic conditions, while the protein ex-
pression of PTEN but not Rac-1 was altered in hypoxic
conditions (Fig. 7A1–B3). Compared to the normoxia
control cells, the hypoxic cells had a decreased level of
PTEN expression, but pre-incubating the cells with exo-
somes partially restored PTEN expression in the hypoxia
treatment condition (Fig. 7C1–C3). However, the exosome-

Fig. 2 Hypoxia induced apoptosis and altered expression of apoptosis-related protein in H9C2 cells cultured for 0, 12, 24, 48, or 72 h under
hypoxic conditions. A1–A3 The expression of HIF-1α gene and protein was determined by real-time PCR and western blotting, respectively. B1,
B2 The level of apoptosis was determined by flow cytometry. C1–C3 Expression levels of AKT, Bcl-2, and caspase-3 genes were determined by
real-time PCR. D1–D5 Expression levels of AKT, p-AKT, Bcl-2, and caspase-3 were determined by western blotting. #P < 0.05, ##P < 0.01, and ###P <
0.001; 0-h timepoint was used as control. HIF-1α, hypoxia inducible factor-1α; p-AKT/AKT, phosphorylated protein kinase B; Bcl-2, B-cell
lymphoma-2. Statistics calculated based on the results of three repetitions of each experiment
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mediated increase in PTEN expression levels was attenuated
in cells transfected with miR-144 mimics (Fig. 8A1–A3).
Mimics or an inhibitor of miR-144 were transfected into
H9C2 cells to determine their effect on PTEN and Rac-1 ex-
pression; transfection with miR-144 mimics decreased the
expression of PTEN, whereas cells transfected with the in-
hibitor had increased PTEN expression (Fig. 8B1–C3). How-
ever, there was no significant change in the expression of
Rac-1 in the hypoxia treatment condition or with exosome
treatment, compared to the normoxia control (Fig. 7B1–

C3). Exosome-mediated Rac-1 expression level was not al-
tered in cells transfected with miR-144 mimics, and there
was no significant change in the expression of Rac-1 with
miR-144 mimics/inhibitor treatment when compared to the
hypoxic condition alone (Fig. 8A1–C3). We have also mea-
sured the mRNA expression level of PTEN in the context of
miR-144 mimics or inhibitor treatment and found that miR-
144 inhibitor increased the PTEN mRNA level while miR-
144 mimics decreased the PTEN mRNA level (Fig. 8D1,
D2). In order to provide more compelling evidence whether

Fig. 3 Mesenchymal stem cell-derived exosomes affected H9C2 cell apoptosis and p-AKT/AKT expression levels when cultured in hypoxic
conditions. A1, A2 Increasing concentrations of exosomes had an effect on the amount of H9C2 cell apoptosis in hypoxic growth conditions.
B1–B3 Flow cytometry analysis showed that exosomes protected H9C2 cells from apoptosis in hypoxic growth conditions. C1–C3 Exosomes
regulated the expression levels of p-AKT and AKT in hypoxic growth conditions. ###P < 0.001 vs. normoxia; ##P < 0.01 vs. normoxia; ***P < 0.001 vs.
hypoxia; **P < 0.01 vs. hypoxia. Exo, exosomes; p-AKT/AKT, phosphorylated protein kinase B. Statistics calculated based on the results of three
repetitions of each experiment
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Fig. 4 MiR-144 modulates the effect of MSC-derived exosomes on H9C2 cell apoptosis and p-AKT/AKT expression levels. A The expression of
miR-144 was significantly higher in MSC-derived exosomes than in MSCs. ###P < 0.001 vs. MSCs. B1–B3 Transfection of H9C2 cells with a miR-144
inhibitor partially inhibited the protective effect of MSC-derived exosomes on cell apoptosis in the context of hypoxia. ###P < 0.001 vs. hypoxia;
***P < 0.001 vs. hypoxia+Exo. C1–C3 Transfection of H9C2 cells with a miR-144 inhibitor modulated the effect of MSC-derived exosomes on
changes in p-AKT/AKT expression levels in hypoxic conditions. ###P < 0.001 vs. hypoxia; ***P < 0.001 vs. hypoxia+Exo. MSCs, mesenchymal stem
cells; Exo, exosomes; p-AKT/AKT, phosphorylated protein kinase B. Statistics calculated based on the results of three repetitions of
each experiment
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miR-144 directly targets the 3′ UTR of PTEN, a luciferase
reporter assay was performed to further validate that PTEN
is a target of miR-144 (Fig. 8E1, E2). The luciferase activity
was significantly inhibited in cells co-transfected with miR-
144 and the wild-type PTEN 3′UTR, whereas no effect was
observed in cells co-transfected with miR-144 and the
mutant PTEN 3′UTR.These findings further confirm that
miR-144 accounts for the anti-apoptotic function of MSC-
derived exosomes in the context of hypoxia, at least in part
by targeting PTEN expression, but not Rac-1.

SF1670, a PTEN-specific inhibitor, was used to eluci-
date the role of PTEN in regulating cell apoptosis in
hypoxic conditions (Fig. 9). Our results revealed that
addition of SF1670 to hypoxic H9C2 cells decreased the
expression of p-AKT in a dose-dependent manner
(Fig. 9A1, A2). When hypoxic H9C2 cells were co-
treated with MSC-derived exosomes and SF1670, the
number of apoptotic cells was significantly decreased
relative to addition of only MSC-derived exosomes. This
suggests that the inhibition of PTEN in hypoxic

Fig. 5 A transfected miR-144 inhibitor alters H9C2 cell apoptosis and changes p-AKT/AKT expression levels in hypoxic conditions. A Validation of
transfected miR-144 inhibitor along with the inhibitor control by real-time PCR. ###P < 0.001 vs. inhibitor control. B1–B3 H9C2 cells transfected
with the miR-144 inhibitor had increased apoptosis in the induction of hypoxia. ###P < 0.001 vs. normoxia; ##P < 0.01 vs. normoxia; ***P < 0.001 vs.
hypoxia+ inhibitor control. C1–C3 H9C2 cells transfected with the miR-144 inhibitor had altered p-AKT/AKT expression levels in hypoxic
conditions. ###P < 0.001 vs. normoxia; ***P < 0.001 vs. hypoxia+ inhibitor control. P-AKT/AKT, phosphorylated protein kinase B. Statistics calculated
based on the results of three repetitions of each experiment
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conditions promotes cell survival. Furthermore, addition
of SF1670 in combination with miR-144 mimics to hyp-
oxic H9C2s promoted cell survival to a greater extent
than miR-144 mimics alone; this finding indicates that
MSC-derived exosomes exert their anti-apoptotic effect
at least in part through miR-144 targeting of PTEN
(Fig. 9B1–B4). Taken together, these findings show that
treating hypoxic H9C2 cells with miR-144 delivered to
cells in MSC-derived exosomes promotes cell viability
through targeting the PTEN/p-AKT signaling pathway.

Discussion
Paracrine effects seem to be the predominant mechan-
ism by which MSCs promote CMC viability in hypoxic
conditions. Exosomes derived from MSCs have promis-
ing potential to be utilized as a novel therapy for ische-
mic heart disease that might overcome the risks and
obstacles typically associated with traditional stem cell
therapies. Several studies have demonstrated that MSC-
derived exosomes exert cardioprotective effects in vitro
and are able to help preserve cardiac function and

Fig. 6 The transfected miR-144 mimics affect H9C2 cell apoptosis and p-AKT/AKT expression levels in the context of hypoxia. A
Identification of transfected miR-144 mimics and mimics control. ###P < 0.001 vs. mimics control. B1–B3 H9C2 cells transfected with miR-
144 mimics had decreased cell apoptosis in hypoxic conditions. ###P < 0.001 vs. normoxia; **P < 0.01 vs. hypoxia+ mimics control. C1–C3
H9C2 cells transfected with miR-144 mimics had altered p-AKT/AKT expression levels in hypoxic conditions. ###P < 0.001 vs. normoxia;
##P < 0.01 vs. normoxia; ***P < 0.001 vs. hypoxia+ mimics control. P-AKT/AKT, phosphorylated protein kinase B. Statistics calculated based on
the results of three repetitions of each experiment
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geometry by reducing infarct size and improving cardiac
remodeling after myocardial ischemic injury [27–30].
Consistent with other findings [31–33], exosomes obtained
using the reliable exosome isolation kits and confirmed by
both NTA and western blotting were efficiently taken up
by H9C2 cells in our study. We also found that exosomes
released by MSCs enhanced the viability of hypoxic CMCs.
However, the appropriate therapeutic concentration of
exosomes bears careful consideration, as we found that
exosomes exert pro-survival effects in a concentration-
dependent manner.
MSC-derived exosomes have been reported to play an

important anti-apoptotic role in CMCs both in vivo and

in vitro [5–7, 10]. The therapeutic effects of exosomes
are mainly mediated by transferring growth factors and
various miRNAs to recipient cardiac cells. Our previous
findings [3, 4] and other studies [11] demonstrate that
highly expressed miRNAs may at least partially account
for the protective effects of MSC-derived exosomes on
cells in the context of hypoxia. Gain- and loss-of-
function studies have revealed that there are signature
expression patterns of miRNAs that correlate with repair
mechanisms involved in MSC-based therapies in the
ischemic myocardium [3, 4, 11]. A growing body of
evidence has demonstrated that increasing miR-144
levels in the ischemic myocardium, either by intravenous

Fig. 7 Expression levels of PTEN and Rac-1 in hypoxic conditions and modulated by exosomes. A1, A2 Expression levels of PTEN and Rac-1 after
growth in hypoxic conditions for 0, 24, 48, or 72 h, determined from by real-time PCR. ###P < 0.001, #P < 0.05; 0-h timepoint was used as control.
B1–B3 Expression levels of PTEN and Rac-1 after growth in hypoxic conditions for 0, 24, 48, or 72 h, determined by western blotting. ###P < 0.001,
##P < 0.01, #P < 0.05; 0-h timepoint was used as control. C1–C3 Exosomes regulated expression of PTEN and Rac-1 in the context of hypoxia.
###P < 0.001 vs. normoxia; **P < 0.01 vs. hypoxia. Exo, exosomes; PTEN, phosphatase and tensin homolog deleted on chromosome 10; Rac-1, Ras-
related C3 botulinum toxin substrate 1. Statistics calculated based on the results of three repetitions of each experiment
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Fig. 8 Western blot and real-time PCR analysis of expression levels of potential targets of miR-144. A1–A3 Transfection of H9C2 cells with miR-
144 mimics altered the effect of exosomes on expression of PTEN and Rac-1 in the context of hypoxia. ###P < 0.001 vs. hypoxia; ***P < 0.001 vs.
hypoxia+Exo. B1–B3 Transfection of H9C2 cells with miR-144 mimics altered expression levels of PTEN and Rac-1 in hypoxic conditions. ###P <
0.001 vs. normoxia; #P = 0.018 vs. normoxia; **P < 0.01 vs. hypoxia+ mimics control. C1–C3 Transfection of H9C2 cells with the miR-144 inhibitor
altered expression levels of PTEN and Rac-1 in the induction hypoxia. #P = 0.038 vs. normoxia; ##P < 0.01 vs. normoxia; **P < 0.01 vs. hypoxia+
inhibitor control. D1 Transfection of H9C2 cells with the miR-144 inhibitor had increased expression level of PTEN mRNA in hypoxic conditions.
D2 Transfection of H9C2 cells with miR-144 mimics had decreased expression level of PTEN mRNA in hypoxic conditions. E1 The putative target
sequence of PTEN 3′ UTR for miR-144-3p was from the TargetScan prediction software. E2 Activities of the luciferase in wild-type or mutant PTEN
3′ UTR reporter plasmids were detected by luciferase reporter assay after the transfection of cells with miR-144-3p or control. Exo, exosomes;
PTEN, phosphatase and tensin homolog deleted on chromosome 10; Rac-1, Ras-related C3 botulinum toxin substrate 1, UTR, untranslated region.
Statistics calculated based on the results of three repetitions of each experiment

Wen et al. Stem Cell Research & Therapy           (2020) 11:36 Page 13 of 17



administration or overexpression, could have cardiopro-
tective effects with improved ventricular function and re-
modeling [14–16]. In contrast, knockdown of endogenous
miR-144 resulted in loss of viability in the same condi-
tions, suggesting miR-144 is required for cardioprotection
from ischemic stimulation [15, 16, 34]. However, little is
known regarding the relationship between miR-144 and
the effects of MSC-derived exosomes on cells in hypoxic
growth conditions. We observed that miR-144 was highly
abundant in MSC-derived exosomes in the present study.
Consistent with other findings that miR-144 has anti-
apoptotic effects on CMCs in hypoxic conditions both

in vitro and in vivo [17, 35], we have demonstrated that
miR-144 contained in MSC-derived exosomes protects
CMCs from hypoxic injury by reducing cellapoptosis.
MiR-144 mimics and a miR-144 inhibitor were used to
further understand the anti-apoptotic functions of miR-
144 in the present study. Based on our findings in this
study and evidence from other work, miR-144 has promis-
ing potential as a therapy for the treatment of ischemic
heart disease.
Our findings have revealed that apoptosis is an adverse

modulator involved in cardiac repair post-infarction, and
several miRNAs exert anti-apoptotic effects by targeting

Fig. 9 PTEN-specific inhibitor SF1670 increased p-AKT expression levels and modulated H9C2 cell apoptosis in the context of hypoxia. A1, A2
Western blot analysis of p-AKT expression levels under hypoxic growth conditions with addition of varied concentrations of SF1670. B1–B4
SF1670 treatment further decreased H9C2 cell apoptosis compared to exosomes or miR-144 mimic treatment in hypoxic conditions. ###P < 0.001
vs. hypoxia; **P < 0.01 vs. hypoxia+miR-144 mimics; *P < 0.05 vs. hypoxia+Exo. PTEN, phosphatase and tensin homolog deleted on chromosome
10; p-AKT, phosphorylated protein kinase B; Exo, exosomes. Statistics calculated based on the results of three repetitions of each experiment
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PTEN [2–4, 26]. MiRNAs contained in MSC-derived
exosomes could functionally inhibit PTEN expression,
thereby activating PI3K/AKT signaling with subsequent
inhibition of apoptotic injury and death in hypoxic CMCs
[36, 37]. To date, many studies [18–20, 38] have con-
firmed PTEN as a miR-144 target. Bioinformatics analysis
using TargetScan and miRTarBase has also confirmed that
PTEN is a good candidate miR-144 target. PTEN is a
phosphatase that negatively regulates the PI3K/AKT path-
way. Several studies have confirmed that miR-144 pro-
motes cell proliferation and viability through targeting the
PTEN/AKT pathway [18, 38]. We found in this study that
although miR-144 was highly abundant in MSC-derived
exosomes, the expression of PTEN increased in hypoxic
H9C2 cells pre-treated with exosomes. This suggests that
exosomes containing other miRNAs or growth factors
that may enhance the expression of PTEN could diminish
the anti-apoptotic effect of MSC-derived exosomes. Add-
itionally, miR-144 mimics induced a marked decrease in
the expression of PTEN, resulting in elevated levels of p-
AKT, while transfection of miR-144 inhibitor increased
the expression of PTEN, which in turn diminished p-AKT
levels. Furthermore, we performed a luciferase reporter
assay to further validate whether miR-144 directly targeted
the 3′ UTR of PTEN and found PTEN as a direct target of
miR-144. The pharmacological inhibition of PTEN can
further protect H9C2 cells from apoptosis in the context
of hypoxia when used in combination with MSC-derived
exosomes or miR-144 mimics. Other studies have also
indicated that miRNAs can protect against hypoxia-
induced cell apoptosis by inhibiting PTEN and target-
ing the AKT signaling pathway [39, 40]. These findings
further support the conclusion that MSC-derived exo-
somes exert anti-apoptotic effects on hypoxic CMCs by
delivering miR-144 to cells where it targets the PTEN/
AKT pathway (Additional file 2: Figure S1). Notably,
the expression of Rac-1 was not changed in hypoxic con-
dition and was not altered by MSC-derived exosomes as
well as miR-144 mimics or the miR-144 inhibitor.

Conclusions
In summary, MSC-derived exosomes exert an anti-
apoptotic effect on cells in hypoxic conditions, at least in
part through miR-144-mediated regulation of the PTEN/
AKT signaling pathway. Exosomes from MSCs have car-
dioprotective function, independent of stem cell differ-
entiation or stemness, making MSC-derived exosomes a
promising potential to be used in cell-free cardiotherapy
for ischemic heart disease. The activity of the miR-144/
PTEN/AKT pathway in hypoxic conditions was tested at
only one time point after treatment with MSC-derived
exosomes, which is an important limitation of the
present study. Second, findings from the hypoxic model
in our current study cannot be simply extrapolated to

other hypoxic conditions, and human cardiac CMCs
isolated from the ventricles of the adult heart but not
H9C2 cell line, as well as a bench-top hypoxia worksta-
tion and incubator rather than the AnaeroPack™ Micro-
Aero system, should be preferably used for myocardial
research in hypoxic conditions in the future. In addition,
the proposed underlying mechanisms of this study have
not been extensively tested using in vivo models, which
is a major limitation of the present study. We are plan-
ning in vivo experiments to study the mechanism of
miR-144-mediated cardioprotection in the future. While
there are several hundred miRNAs known to be expressed
in MSCs, and some roles for these miRNAs in MSCs have
been elucidated, the specific expression patterns and func-
tionality of many miRNAs in MSC-derived exosomes
remain unknown. Furthermore, it is still unclear which exo-
somal miRNAs are the best modulators for use in develop-
ing MSC-based therapies. Addressing these unknowns will
help pave the way for utilization of exosomes as a non-
invasive stem cell therapeutic vehicle to deliver miRNAs
therapies to alleviate ischemic myocardial damage.
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AKT, resulting in increased cell apoptosis. MicroRNA-144 included in MSC-
derived exosomes exerts anti-apoptotic effects by targeting and silencing
PTEN to protect cells from hypoxia-induced apoptosis. Alternatively,
pharmacologic inhibition of PTEN with SF1670 can also be used to
achieve anti-apoptotic effects in hypoxic growth conditions.

Abbreviations
AKT: Protein kinase B; Bcl-2: B-cell lymphoma-2; BSA: Bovine serum albumin;
CMCs: Cardiomyocytes; FBS: Fetal bovine serum; HIF-1α: Hypoxia inducible
factor-1α; MSCs: Mesenchymal stem cells; NTA: Nanoparticle trafficking
analysis; p-AKT: Phosphorylated protein kinase B; PBS: Phosphate-buffered
saline; PI3K: Phosphatidylinositol 3-kinase; PTEN: Phosphatase and tensin
homolog deleted on chromosome 10; Rac-1: Ras-related C3 botulinum toxin
substrate 1; UTR: Untranslated region

Acknowledgements
Authors thank BingQuan Lai ph.D (Forevergen Biosciences, Guangzhou,
China) for his help in our study.

Authors’ contributions
ZZW performed most experiment examinations, collection of data, data
analysis, and manuscript writing as well as manuscript revision. ZM, XLZ, and
TW took part in some experiments, collection of data, and data analysis and
interpretation and helped to draft and revised the manuscript. YXC carried
out data analysis and interpretation and revised the manuscript critically for
important content. DFG and JFW participated in the conception and design,
data analysis and interpretation, and financial support. All authors read and
approved the manuscript.

Funding
This work was supported by the National Natural Science Foundation of
China (81870170, 81570213), Guangdong Natural Science Fund

Wen et al. Stem Cell Research & Therapy           (2020) 11:36 Page 15 of 17

https://doi.org/10.1186/s13287-020-1563-8


(2014A030310459), and Guangdong Natural Science Fund (20-
18A030313531).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article.

Ethics approval and consent to participate
All animals were obtained from the Laboratory Animal Center of Sun Yat-sen
University (Guangzhou, China). Animal experiments has been reviewed and
approved by the Institutional Animal Care and Use Committee (IACUC-DB-
16-070), Sun Yat-Sen University.

Consent for publication
Our manuscript does not contain any individual person’s data, thus written
informed consent for the publication from the person is “Not applicable”.
The authors have approved the content and agree to submit it for
publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Cardiology, Sun Yat-sen Memorial Hospital, Sun Yat-sen
University, 107 Yangjiang West Road, Guangzhou 510120, China. 2Guandong
Province Key Laboratory of Arrhythmia and Electrophysiology, Guangzhou,
China. 3RNA Biomedical Institute, Sun Yat-Sen Memorial Hospital, Sun
Yat-Sen University, Guangzhou, China. 4Breast Tumor Center, Sun Yat-Sen
Memorial Hospital, Sun Yat-Sen University, Guangzhou, China.

Received: 10 July 2019 Revised: 17 December 2019
Accepted: 13 January 2020

References
1. Makino S, Fukuda K, Miyoshi S, Konishi F, Kodama H, Pan J, et al.

Cardiomyocytes can be generated from marrow stromal cells in vitro. J Clin
Invest. 1999;103(5):697–705.

2. Wen Z, Zheng S, Zhou C, Wang J, Wang T. Repair mechanisms of bone
marrow mesenchymal stem cells in myocardial infarction. J Cell Mol Med.
2011;15(5):1032–43.

3. Wen Z, Zheng S, Zhou C, Yuan W, Wang J, Wang T. Bone marrow
mesenchymal stem cells for post-myocardial infarction cardiac repair:
microRNAs as novel regulators. J Cell Mol Med. 2012;16(4):657–71.

4. Wen Z, Mai Z, Zhang H, Chen Y, Geng D, Zhou S, et al. Local activation of
cardiac stem cells for post-myocardial infarction cardiac repair. J Cell Mol
Med. 2012;16(11):2549–63.

5. Gong XH, Liu H, Wang SJ, Liang SW, Wang GG. Exosomes derived from
SDF1-overexpressing mesenchymal stem cells inhibit ischemic myocardial
cell apoptosis and promote cardiac endothelial microvascular regeneration
in mice with myocardial infarction. J Cell Physiol. 2019;234(8):13878–93.

6. Huang L, Ma W, Ma Y, Feng D, Chen H, Cai B. Exosomes in mesenchymal
stem cells, a new therapeutic strategy for cardiovascular diseases? Int J Biol
Sci. 2015;11(2):238–45.

7. Luther KM, Haar L, McGuinness M, Wang Y, Lynch Iv TL, Phan A, et al.
Exosomal miR-21a-5p mediates cardioprotection by mesenchymal stem
cells. J Mol Cell Cardiol. 2018;119:125–37.

8. Ju C, Shen Y, Ma G, Liu Y, Cai J, Kim IM, et al. Transplantation of cardiac
mesenchymal stem cell-derived exosomes promotes repair in ischemic
myocardium. J Cardiovasc Transl Res. 2018;11(5):420–8.

9. Xu R, Zhang F, Chai R, Zhou W, Hu M, Liu B, et al. Exosomes derived from
pro-inflammatory bone marrow-derived mesenchymal stem cells reduce
inflammation and myocardial injury via mediating macrophage polarization.
J Cell Mol Med. 2019; https://doi.org/10.1111/jcmm.14635.

10. Liu H, Sun X, Gong X, Wang G. Human umbilical cord mesenchymal stem
cells derived exosomes exert antiapoptosis effect via activating PI3K/Akt/
mTOR pathway on H9C2 cells. J Cell Biochem. 2019;120(9):14455–64.

11. Collino F, Deregibus MC, Bruno S, Sterpone L, Aghemo G, Viltono L, et al.
Microvesicles derived from adult human bone marrow and tissue specific
mesenchymal stem cells shuttle selected pattern of miRNAs. PLoS One.
2010;5(7):e11803.

12. Qiu G, Zheng G, Ge M, Wang J, Huang R, Shu Q, et al. Mesenchymal stem
cell-derived extracellular vesicles affect disease outcomes via transfer of
microRNAs. Stem Cell Res Ther. 2018;9(1):320.

13. Zhu LP, Tian T, Wang JY, He JN, Chen T, Pan M, et al. Hypoxia-elicited
mesenchymal stem cell-derived exosomes facilitates cardiac repair through
miR-125b-mediated prevention of cell death in myocardial infarction.
Theranostics. 2018;8(22):6163–77.

14. Li J, Rohailla S, Gelber N, Rutka J, Sabah N, Gladstone RA, et al. MicroRNA-
144 is a circulating effector of remote ischemic preconditioning. Basic Res
Cardiol. 2014;109(5):423.

15. Zhang X, Wang X, Zhu H, Zhu C, Wang Y, Pu WT, et al. Synergistic effects of
the GATA-4-mediated miR-144/451 cluster in protection against simulated
ischemia/reperfusion-induced cardiomyocyte death. J Mol Cell Cardiol. 2010;
49(5):841–50.

16. Li J, Cai SX, He Q, Zhang H, Friedberg D, Wang F, et al. Intravenous miR-144
reduces left ventricular remodeling after myocardial infarction. Basic Res
Cardiol. 2018;113(5):36.

17. E L, Jiang H, Lu Z. MicroRNA-144 attenuates cardiac ischemia/reperfusion
injury by targeting FOXO1. Exp Ther Med. 2019;17(3):2152–60.

18. Xiao J, Tao T, Yin Y, Zhao L, Yang L, Hu L. miR-144 may regulate the
proliferation, migration and invasion of trophoblastic cells through targeting
PTEN in preeclampsia. Biomed Pharmacother. 2017;94:341–53.

19. Song L, Chen L, Luan Q, Kong Q. miR-144-3p facilitates nasopharyngeal
carcinoma via crosstalk with PTEN. J Cell Physiol. 2019;234(10):17912–24.

20. Murphy CP, Li X, Maurer V, Oberhauser M, Gstir R, Wearick-Silva LE, et al.
MicroRNA-mediated rescue of fear extinction memory by miR-144-3p in
extinction-impaired mice. Biol Psychiatry. 2017;81(12):979–89.

21. Xing Y, Hou J, Guo T, Zheng S, Zhou C, Huang H, et al. MicroRNA-378
promotes mesenchymal stem cell survival and vascularization under
hypoxic-ischemic conditions in vitro. Stem Cell Res Ther. 2014;5(6):130.

22. Wang T, Tang W, Sun S, Ristagno G, Huang Z, Weil MH. Intravenous infusion
of bone marrow mesenchymal stem cells improves myocardial function in a
rat model of myocardial ischemia. Crit Care Med. 2007;35(11):2587–93.

23. Kaibori M, Inoue T, Tu W, Oda M, Kwon AH, Kamiyama Y, et al. FK506, but
not cyclosporin a, prevents mitochondrial dysfunction during hypoxia in rat
hepatocytes. Life Sci. 2001;69(1):17–26.

24. Li T, Tian H, Li J, Zuo A, Chen J, Xu D, et al. Overexpression of lncRNA
Gm2691 attenuates apoptosis and inflammatory response after myocardial
infarction through PI3K/Akt signaling pathway. IUBMB Life. 2019;71(10):
1561–70.

25. Takahashi K, Sakamoto K, Kimura J. Hypoxic stress induces transient receptor
potential melastatin 2 (TRPM2) channel expression in adult rat cardiac
fibroblasts. J Pharmacol Sci. 2012;118(2):186–97.

26. Wen Z, Mai Z, Chen Y, Wang J, Geng D. Angiotensin II receptor blocker
reverses heart failure by attenuating local oxidative stress and preserving
resident stem cells in rats with myocardial infarction. Am J Transl Res. 2018;
10(8):2387–401.

27. Arslan F, Lai RC, Smeets MB, Akeroyd L, Choo A, Aguor EN, et al.
Mesenchymal stem cell-derived exosomes increase ATP levels, decrease
oxidative stress and activate PI3K/Akt pathway to enhance myocardial
viability and prevent adverse remodeling after myocardial ischemia/
reperfusion injury. Stem Cell Res. 2013;10(3):301–12.

28. Bian S, Zhang L, Duan L, Wang X, Min Y, Yu H. Extracellular vesicles derived
from human bone marrow mesenchymal stem cells promote angiogenesis
in a rat myocardial infarction model. J Mol Med (Berl). 2014;92(4):387–97.

29. Kang K, Ma R, Cai W, Huang W, Paul C, Liang J, et al. Exosomes secreted
from CXCR4 overexpressing mesenchymal stem cells promote
cardioprotection via Akt signaling pathway following myocardial infarction.
Stem Cells Int. 2015;2015:659890.

30. Lai RC, Arslan F, Lee MM, Sze NS, Choo A, Chen TS, et al. Exosome secreted
by MSC reduces myocardial ischemia/reperfusion injury. Stem Cell Res.
2010;4(3):214–22.

31. Chen L, Wang Y, Pan Y, Zhang L, Shen C, Qin G, et al. Cardiac progenitor-
derived exosomes protect ischemic myocardium from acute ischemia/
reperfusion injury. Biochem Biophys Res Commun. 2013;431(3):566–71.

32. Lai RC, Tan SS, Teh BJ, Sze SK, Arslan F, de Kleijn DP, et al. Proteolytic potential
of the MSC exosome proteome: implications for an exosome-mediated
delivery of therapeutic proteasome. Int J Proteomics. 2012;2012:971907.

33. Li S, Jiang J, Yang Z, Li Z, Ma X, Li X. Cardiac progenitor cell-derived
exosomes promote H9C2 cell growth via Akt/mTOR activation. Int J Mol
Med. 2018;42(3):1517–25.

Wen et al. Stem Cell Research & Therapy           (2020) 11:36 Page 16 of 17

https://doi.org/10.1111/jcmm.14635


34. Wang X, Zhu H, Zhang X, Liu Y, Chen J, Medvedovic M, et al. Loss of the
miR-144/451 cluster impairs ischaemic preconditioning-mediated
cardioprotection by targeting Rac-1. Cardiovasc Res. 2012;94(2):379–90.

35. Gong X, Zhu Y, Chang H, Li Y, Ma F. Long noncoding RNA MALAT1
promotes cardiomyocyte apoptosis after myocardial infarction via targeting
miR-144-3p. Biosci Rep. 2019;39(8):BSR20191103.

36. Sun XH, Wang X, Zhang Y, Hui J. Exosomes of bone-marrow stromal cells
inhibit cardiomyocyte apoptosis under ischemic and hypoxic conditions via
miR-486-5p targeting the PTEN/PI3K/AKT signaling pathway. Thromb Res.
2019;177:23–32.

37. Shi B, Wang Y, Zhao R, Long X, Deng W, Wang Z. Bone marrow
mesenchymal stem cell-derived exosomal miR-21 protects C-kit+ cardiac
stem cells from oxidative injury through the PTEN/PI3K/Akt axis. PLoS One.
2018;13(2):e0191616.

38. Jiang X, Shan A, Su Y, Cheng Y, Gu W, Wang W, et al. miR-144/451 promote
cell proliferation via targeting PTEN/AKT pathway in Insulinomas.
Endocrinology. 2015;156(7):2429–39.

39. Liu WG, Han LL, Xiang R. Protection of miR-19b in hypoxia/reoxygenation-
induced injury by targeting PTEN. J Cell Physiol. 2019; https://doi.org/10.
1002/jcp.28286.

40. Zhang X, Xiao C, Liu H. Ganoderic acid a protects rat H9c2 cardiomyocytes
from hypoxia-induced injury via up-regulating miR-182-5p. Cell Physiol
Biochem. 2018;50(6):2086–96.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Wen et al. Stem Cell Research & Therapy           (2020) 11:36 Page 17 of 17

https://doi.org/10.1002/jcp.28286
https://doi.org/10.1002/jcp.28286

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Isolation and culture of bone marrow MSCs
	Harvest and identification of MSC exosomes
	H9C2 cell culture and treatment
	Internalization of MSC-derived exosomes into H9C2 cells
	Transfection of H9C2 cells
	Measurement of H9C2 cell apoptosis
	Real-time PCR
	Western blotting
	Transfection of cells with plasmids and luciferase reporter assay
	Statistical analysis

	Results
	Exosome isolation, identification, and internalization into cells
	Establishment of hypoxic cell growth conditions and expression of apoptosis-related protein
	Exosomes protect H9C2 cells from apoptosis and alter expression of anti-apoptotic proteins in hypoxic conditions
	The role of miR-144 in regulating cell apoptosis and expression of anti-apoptotic proteins
	Potential mechanism for MSC-derived exosomal miR-144 mediated protection of cells from apoptosis in the context of hypoxia

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

