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Abstract. – OBJECTIVE: To elucidate the reg-
ulatory effect of hypoxic preconditioning bone 
marrow mesenchymal stem cells (BMSCs)-exo-
somes on cardiomyocyte apoptosis in acute 
myocardial infarction (AMI) rats. 

MATERIALS AND METHODS: BMSCs-de-
rived exosomes were extracted by Exoquick 
method. Expressions of exosome surface mark-
ers were determined by Western blot. The AMI 
model in rats was established by LAD ligation. 
Rats were randomly assigned into sham group, 
AMI group, AMI+H-exo group and AMI+N-exo 
group. MicroRNA-24 expression in rat myo-
cardium was detected at different time points. 
Subsequently, hypoxic preconditioning or nor-
moxic preconditioning BMSCs-exosomes were 
intramyocardially injected into rats. Infarct size 
was calculated through TTC (triphenyltetrazoli-
um chloride) staining. Cardiomyocyte apoptosis 
was accessed with Terminal Deoxynucleotidyl 
Transferase dUTP Nick-end Labeling (TUNEL). 
Heart function of AMI rats was evaluated by 
echocardiography. Protein expressions of apop-
totic genes in rat myocardium were detected by 
Western blot. 

RESULTS: The mRNA level of microRNA-24 
was higher in H-exo group than N-exo group. In-
jection of hypoxic preconditioning BMSCs-exo-
somes markedly upregulated microRNA-24 lev-
el, reduced infarct size and improved cardiac 
function in AMI rats. Protein expressions of Bax, 
caspase-3 and cleaved-caspase-3 were down-
regulated by BMSCs-exosomes treatment. H9c2 
cells showed upregulated microRNA-24 lev-
el and decreased apoptotic rate after incuba-
tion with hypoxic preconditioning BMSCs-exo-
somes. The above cellular performances were 
partially reversed by transfection of microR-
NA-24 inhibitor. 

CONCLUSIONS: Hypoxic preconditioning BM-
SCs-exosomes inhibit cardiomyocyte apoptosis 
in AMI rats by upregulating microRNA-24.
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Introduction

Cardiovascular diseases are one of the major 
reasons for human death worldwide, especially 
in the elderly. World Health Organization (WHO) 
reported that despite of advanced medical tech-
nology, there were still 17.5 million people world-
wide dying of cardiovascular diseases in 2012, 
accounting for 31% of total deaths. Cardiovascu-
lar diseases have become much more serious than 
tumors that threaten human health1,2. Therefore, 
in-depth researches on the pathogenesis of car-
diovascular diseases are required for developing 
more effective preventive and therapeutic strate-
gies. In recent years, exosomes have been iden-
tified to be widely involved in the physiological 
and pathophysiological processes of the cardio-
vascular system. Exosomes exert a crucial role 
in the progression of heart diseases3,4. Exosomes 
are vesicles with 20-150 nm in diameter that are 
extracellularly secreted and widely present in hu-
man body fluids. They have a typical lipid bilayer 
structure5-8. Exosomes carry a variety of biologi-
cally active substances, such as proteins, DNAs, 
mRNAs, microRNAs, lncRNAs, circRNAs, pro-
teins, etc. Cell-cell information exchanges re-
lying on exosomes are particularly important in 
the disease occurrence and development5-8. It is 
currently believed that part of the miRNAs in the 
peripheral circulation exists as protein transport 
complexes, whereas others exist in a more stable 
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form as exosomes. It is even proposed that most 
of miRNAs exist in the form of exocrine protein 
complex9-11. The miRNA complexes in these as-
sembled exosomes present direct biological func-
tions in conjunction with mRNA12. At present, 
the pathological role of exosomes in the cardio-
vascular system has become more and more con-
cerned13. Studies have shown that exosomes are 
involved in the occurrence and development of 
cardiovascular diseases, such as cardiac hyper-
trophy, myocardial fibrosis, arrhythmia and myo-
cardial infarction14,15. A variety of stem cells are 
capable of secreting exosomes, including embry-
onic stem cells, induced pluripotent stem cells, 
cardiac progenitor cells/cardiac stem cells, and 
mesenchymal stem cells (MSCs). Among them, 
MSCs present great advantages to be the ideal 
seed cells for exosomes, including strong para-
crine effect, easy isolation and culture, high pro-
liferative rate, pronounced amplification capacity 
and long-term survival. Studies have shown that 
hypoxic preconditioning could promote the sur-
vival, proliferation and migration of stem cells, 
thereafter improving the transplantation effect of 
stem cells after myocardial infarction. Hypoxic 
preconditioning of bone marrow mesenchymal 
stem cells (BMSCs) presents significant prolifer-
ative and anti-apoptotic effects16,17. In the hypox-
ic-ischemic state, BMSCs would produce some 
genetic substances or proteins with anti-apoptosis 
effect, and secret out of the cell in the form of exo-
somes, finally achieving its anti-apoptotic effect18. 
Therefore, we speculated that BMSCs-exosomes 
could protect apoptosis of cardiac cells under hy-
poxic state. Previous researches have shown that 
microRNA-24 protects cardiomyocyte apoptosis 
by downregulating the expression of pro-apop-
totic protein Bim. Based on these findings, we 
extracted hypoxia-preconditioning BMSCs-exo-
somes, and established in vivo and in vitro acute 
myocardial infarction (AMI) models. We aim to 
elucidate the potential regulatory effect of hypox-
ic preconditioning BMSCs-exosomes on cardio-
myocyte apoptosis after AMI in rats.

Materials and Methods 

Extraction of BMSCs-Exosomes
Exosomes were extracted using Exoquick 

method. BMSCs supernatant was diluted in Ex-
oquick-TC at a ratio of 5:1. After gentle mixture, 
it was maintained at 4°C overnight. On the next 
day, the mixture was centrifuged at 1500 g/min 

for 5 min. After the centrifugation, we got the 
exosomes at the bottom.

Experimental Animals
Healthy male Sprague-Dawley (SD) rats weigh-

ing 200-250 g with 8-10 weeks old were randomly 
assigned into sham group, AMI group, AMI+H-
exo group (hypoxic preconditioning BMSCs-exo-
somes) and AMI+N-exo group (normoxic pre-
conditioning BMSCs-exosomes). Each group had 
6 rats. This study was approved by the Animal 
Ethics Committee of Qingdao University Animal 
Center (Qingdao, China).

Cell Culture 
H9c2 cells were cultured in Roswell Park Me-

morial Institute-1640 (RPMI-1640) (Thermo Fish-
er Scientific, Waltham, MA, USA) containing 10% 
fetal bovine serum (FBS; Hyclone, South-Logan, 
UT, USA), 100 IU/mL penicillin and 100 μg/mL 
streptomycin (Invitrogen, Carlsbad, CA, USA). 
Cells were maintained in a 37°C, 5% CO2 incubator 
and culture medium was routinely replaced. Cell 
passage was performed until 80% of confluence. 

Hypoxic Preconditioning
For establishing the hypoxic preconditioning, 

H9c2 cells with good condition were cultured in a 
hypoxic box filled with 1% O2, 5% CO2, and 94% 
N2 at 37°C for 6 h, 12 h, and 24 h, respectively.

CCK-8 Assay for Determining the Opti-
mal Treatment Dose and Time of H2O2

Third to fifth generation of H9c2 cells were har-
vested for seeding in a 96-well plate with 5000 cells 
per well. Each group had 5 replicate wells. Cells 
were treated with different doses of H2O2 (0, 25, 50, 
100, 200 μmol/L) for 1 h and 2 h, respectively. 10 
μL of cell counting kit-8 (CCK-8) solution (Dojin-
do, Kumamoto, Japan) were added and incubated 
for 2 hours. The absorbance (A) value of each well 
was measured at 450 nm using an enzyme-linked 
immunosorbent detector. The experiment was in-
dependently repeated for three times.

Establishment of AMI Model in Rats
Rats were intraperitoneally injected with 10% 

chloral hydrate (0.3 mL/kg) for anesthesia. A tra-
cheal cannula was inserted for connecting with 
an animal breathing apparatus (tidal volume of 
7 mL per time and respiratory frequency of 90/
min). Subsequently, thoracotomy was performed 
to expose the heart. Rat pericardium was cut open 
after heart exposure. The needle was inserted in 
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3 mm below the left atrial appendage, and insert-
ed out at the edge of the pulmonary artery. The 
proximal left anterior descending coronary artery 
(LAD) was ligated with a 5/0 silk to induce myo-
cardial ischemia as previously described19. Pale 
myocardium under the ligation site, weakened 
ventricular wall movement and continuous eleva-
tion of ST segment altogether indicated the suc-
cessful establishment of AMI model. The ligation 
time was recorded. After confirming the success 
of AMI procedures, incision was sutured layer by 
layer. Rats in sham group received the same pro-
cedures except for LAD ligation. 

Intramyocardial Injection of Exosomes 
in Rats

The anterior wall of the heart was exposed by 
cutting open the rat pericardium. Exosomes were 
injected into MI margin area at the left ventric-
ular anterior wall below the ligation site using a 
novopen. Rat chest was sutured layer by layer af-
ter discharging the air in the cavity. 

Determination of Infarct Size
Rat heart was sliced into 2-mm sections par-

allel to atrioventricular groove and incubated in 
TTC (triphenyltetrazolium chloride) for 30 min. 
After phosphate-buffered saline (PBS) wash for 
three times, sections were fixed in 10% parafor-
maldehyde and captured under a microscope. 
Ischemic risk zone (including the infarct zone 
and the infarct border zone) was not stained blue, 
whereas infarct border zone was stained red with 
TTC. Infarct area was pale. Infarct size was cal-
culated using the Osiris/Image ProPlus (Silver 
Springs, MD, USA) as the ratio of infarct size and 
ischemic risk zone size. 

Echocardiography
Transthoracic echocardiography was per-

formed according to the classical method as pre-
viously reported20,21. Left ventricular ejection 
fraction (EF%) was calculated by measuring the 
left ventricular end-systolic volume and left ven-
tricular end-diastolic volume using a modified 
Simpson’s method. Left ventricular fractional 
shortening (FS) was recorded as well. 

Terminal Deoxynucleotidyl Transferase 
dUTP Nick-end Labeling (TUNEL)

Cardiomyocyte apoptosis in heart tissue was 
detected by TUNEL assay according to the in-
structions of ApopTag Plus Peroxidase In Situ 
Apoptosis Detection Kit (Millipore, Billerica, 

MA, USA). 4-µm paraffin section were counter-
stained with hematoxylin. Five randomly selected 
fields in each sample were observed for counting 
TUNEL-positive cells (green) and 4’,6-diamidi-
no-2-phenylindole (DAPI)-stained nucleus (blue) 
(magnification 200×). 

Quantitative Real-Time Polymerase Chain 
Reaction (qRT-PCR)

Myocardial tissues or cells were treated with 
TRIzol (Invitrogen, Carlsbad, CA, USA), and total 
RNA was extracted using an RNA extraction kit 
(TaKaRa, Otsu, Shiga, Japan). After reverse tran-
scription of RNA into complementary deoxyribose 
nucleic acid (cDNA), polymerase chain reaction 
was performed to amplify the target gene. Prim-
er sequences used in this study were as follows: 
CD31, F: 5’-CACGATGCACCTGTACGATCTC-3’, 
R: 5’-CTTTCAACACGCAGGACGA-3’; mi-
croRNA-24, F: 5’-GCATAAAGACATACTC-
CATG-3’, R: 5’-ATAACACGCAG GACACG-3’; 
NKX2.5, F: 5’-AGTTACGGATTTGGACAA-3’, 
R: 5’-CGATTAACGGGACAGTTCT-3’; α-SMA, 
F: 5’-ACAGAGGGAAGGTTCCCCAG A-3’, R: 
5’-CCTTGGCTGGTAGGAGACGT-3’; U6: F: 
5’-GCTTCGGCAGCACATATACTAAAAT-3’, R: 
5’-CGCTTCAGAATTTGCGTGTCAT-3’; GAP-
DH: F: 5’-CGCTCTCTGCTCCTCCTGTTC-3’, R: 
5’-ATCCGTTGACTCCGACCTTCAC-3’. 

Western Blot
Protein samples were separated by 10% poly-

acrylamide gel electrophoresis. After transferring 
to PVDF (polyvinylidene difluoride) membrane 
(Millipore, Billerica, MA, USA), the protein-con-
tained membrane was blocked with 5% skim 
milk for 2 h. Corresponding primary antibody 
was added and incubated with membranes at 4°C 
overnight, followed by incubation of secondary an-
tibody for another 1 h. ECL (enhanced chemilu-
minescence) agent was used to develop the protein 
imprint (Thermo Fisher Scientific, Waltham, MA, 
USA). β-actin was used as an internal control.

Statistical Analysis
Statistical Product and Service Solutions 

(SPSS) 22.0 statistical software (IBM, Armonk, 
NY, USA) was used for data processing and anal-
ysis. GraphPad Prism 5 (La Jolla, CA, USA) was 
used for figure editing. Data were expressed as 
mean±SD. The t-test was used to compare the 
mean values of two independent samples. Cate-
gorical data were compared with x2-test. p<0.05 
was considered statistically significant.
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Results 

Extraction and Identification of Hypoxic 
Preconditioning BMSCs-Exosomes 

Treatment with 100 μmol/L H2O2 for 2 h 
resulted in a significant increase in BMSCs 
activity compared with the 0 μmol/L group 
(normal group) (Figure 1A). Subsequently, we 
detected the expressions of endothelial cell 
marker CD31, cardiomyocyte marker NKX2.5 
and myocyte marker α-SMA in BMSCs. QRT-
PCR data showed no significant differences in 
expressions of CD31, NKX2.5 and α-SMA be-
fore and after H2O2 treatment (Figure 1B). BM-
SCs-exosomes extracted by Exoquick method 
exhibited strong positive expressions of CD63, 
CD9 and ALIX compared with those in cell de-
bris (Figure 1C). Subsequently, microRNA-24 
was found to be highly expressed in AMI+H-
exo group than AMI+N-exo group (p<0.05, 
Figure 1D). It is indicated that hypoxic precon-

ditioning BMSCs-exosomes could upregulate 
microRNA-24 expression.

Hypoxic Preconditioning BMSCs-Exosomes 
Reduced Infarcted Area and 
Improved Myocardial Function 

MicroRNA-24 expression in infarcted area 
and non-infarcted area was compared. QRT-PCR 
data demonstrated a gradual decrease in mi-
croRNA-24 expression in infarcted area at 1 h, 
6 h, and 48 h after the coronary artery ligation 
(Figure 2A). Compared with AMI+N-exo group, 
AMI+H-exo group showed higher expression of 
microRNA-24 in myocardium (Figure 2B). Fur-
thermore, TTC staining indicated smaller infarct 
size in rats of AMI+H-exo group than AMI+N-
exo group (Figure 2C). At postoperative day 28, 
left heart function markedly declined in AMI 
group, AMI+N-exo group and AMI+H-exo group 
than sham group, manifesting as higher EF (%) 
and FS (%) in AMI+H-exo group compared with 

Figure 1. Extraction and identification of hypoxic preconditioning BMSCs-exosomes. A, CCK-8 assay showed OD value of 
BMSCs treated with different concentrations of H2O2 for 1 and 2 hours, respectively. B, The mRNA levels of BMSCs-relative 
differentiation markers after H2O2 treatment. C, Western blot analyses of exosome markers CD63, CD9 and ALIX. D, Relative 
expression of microRNA-24 in exosomes. *p<0.05. 
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AMI group and AMI+N-exo group presented 
(Figure 2D and 2E). 

Hypoxic Preconditioning BMSCs-Exosomes 
Inhibited Cardiomyocyte Apoptosis 
After AMI 

TUNEL staining indicated lower apoptotic 
rate in AMI+H-exo group than AMI group and 
AMI+N-exo group, indicating that hypoxic pre-
conditioning BMSCs-exosomes alleviated car-
diomyocyte apoptosis in early-stage infarction 
(p<0.05, Figure 3A). AMI+H-exo group showed 
lower expressions of Bax, caspase-3 and cleaved-
caspase-3 than AMI group and AMI+N-exo group 
as Western blot results indicated. No significant 
differences in expressions of Bax, caspase-3 and 
cleaved-caspase-3 were observed between AMI 
group and AMI+N-exo group (p>0.05, Figure 3B-
3E). Our results showed that hypoxic precondi-

tioning BMSCs-exosomes inhibited expressions 
of pro-apoptotic proteins. 

Hypoxic Preconditioning BMSCs-Exosomes
Inhibited Apoptosis of H9c2 Cells by 
Upregulating MicroRNA-24

We established an in vitro AMI model by uti-
lizing H9c2 cells. After anoxic treatment in H9c2 
cells for 6 h, 12 h and 24 h, respectively, microR-
NA-24 expression was determined by qRT-PCR. 
With the prolongation of AMI, microRNA-24 
expression gradually decreased (Figure 4A). Sub-
sequently, hypoxic and normoxic preconditioning 
BMSCs-derived exosomes were extracted, re-
spectively. H9c2 cells were incubated with these 
exosomes for 24 h, followed by anoxic treatment 
for another 24 h. As the data revealed, microR-
NA-24 was highly expressed in H9c2 cells treated 
with hypoxic preconditioning BMSCs-exosomes 

Figure 2. Hypoxic preconditioning BMSCs-exosomes reduced infarcted area and improved myocardial function. A, MicroR-
NA-24 expression in infarct and non-infarct myocardium (n=6). B, MicroRNA-24 expression in infarct myocardium after exo-
somes injection (n=6). C, Percentage of infarct size in each group (n=6). D, Comparison of EF and FS at postoperative day 28. 
*p<0.05.
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Figure 3. Hypoxic preconditioning BMSCs-exosomes inhibited cardiomyocyte apoptosis after AMI. A, Apoptosis rate of car-
diomyocytes in each group (n=6). B, Western blot analyses of Bax, caspase-3 and cleaved caspase-3 in each group (n=6). C-E, 
Quantification of protein levels of Bax, caspase-3 and cleaved caspase-3 in each group (n=6). *p<0.05.

than those with treatment of normoxic precondi-
tioning BMSCs-exosomes (Figure 4B). Besides, 
treatment of microRNA-24 inhibitor markedly 
reversed the inhibitory effects of hypoxic pre-
conditioning BMSCs-exosomes on apoptosis and 
LDH activity in H9c2 cells (Figure 4C and 4D). 
Western blot results indicated that microRNA-24 
knockdown markedly reversed the downregula-
tion of caspase-3 and cleaved-caspase-3 in H-exo 
group (Figure 4E).

Discussion

The role of exosomes in coronary heart dis-
ease, especially in MI, is currently well studied. 
Previous evidence showed that exosomes de-
rived from mesenchymal stem cells (MSCs) can 
inhibit cardiomyocyte apoptosis, promote sur-
vival and local angiogenesis in AMI rats. They 
confirmed that MSCs-exosomes could reduce 
infarct size and improve cardiac function at 
post-AMI. In addition to MSCs-exosomes, exo-
somes secreted from stem cells with different 

origins and even those derived from endotheli-
al cells and cardiomyocytes have an effect on 
coronary heart disease. The protective effect of 
exosomes originated from different cells may be 
related to cytoprotective factors23,24. Kang et al25 
found that MSCs-exosomes inhibit cardiomyo-
cyte apoptosis after MI through activating the 
Akt pathway. Besides, MSCs-exosomes exert 
an anti-inflammatory effect on cardiomyocytes 
through microRNA-223 they contain therein26. 
Yu et al27 also found that the MSCs-exosomes 
can inhibit cardiomyocyte apoptosis after MI 
by microRNA-19a and GATA4 they contain 
therein via activating the Akt pathway. We es-
tablished an AMI model in rats. We first found 
that microRNA-24 expression in the infarcted 
area gradually decreased at 1 h, 6 h and 48 h 
after the coronary artery ligation. The decrease 
in microRNA-24 expression showed a time-de-
pendent manner, indicating that microRNA-24 
may participate in the pathological process of 
AMI. Intramyocardial injection of hypoxic 
preconditioning BMSCs-exosomes narrowed 
down the infarct size and upregulated microR-
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NA-24 expression. At postoperative day 28, rats 
in AMI+H-exo group showed elevated EF and 
FS compared with those in AMI+N-exo group 
and AMI group. We speculated that hypoxic 
preconditioning BMSCs-exosomes exerted pro-
tective effect on cardiac function and infarcted 
myocardium at post-AMI. TUNEL and West-
ern blot results verified a better anti-apoptotic 
effect of hypoxic preconditioning BMSCs-exo-
somes compared with normoxic precondition-
ing BMSCs-exosomes. Their anti-apoptotic 
function mainly manifested as downregulated 
protein expressions of caspase-3 and cleaved-
caspase-3. Our results were consistent with 
previous conclusions that MSCs-exosomes 
protected cardiomyocyte apoptosis in rats by 
inhibiting caspase-3 expression28,29. Whether 
hypoxic preconditioning BMSCs-exosomes or 
different target cells change the effector sub-

stance still need to be further explored. To in-
vestigate whether microRNA-24 upregulation is 
involved in the anti-apoptotic effect of hypox-
ic preconditioning BMSCs-exosomes on H9c2 
cells, cells were incubated with microRNA-24 
inhibitor prior to BMSCs-exosomes treatment. 
Under hypoxic state, hypoxic preconditioning 
BMSCs-exosomes markedly inhibited apoptosis 
of H9c2 cells, which was reversed by microR-
NA-24 inhibitor treatment. Our study verified 
that microRNA-24 upregulation was associated 
with the anti-apoptotic effect of hypoxic pre-
conditioning BMSCs-exosomes. To sum up, our 
results revealed that hypoxic preconditioning 
BMSCs-exosomes markedly inhibited cardio-
myocyte apoptosis after AMI through positively 
regulating microRNA-24 expression. However, 
other mechanisms in BMSCs-exosomes regula-
tion are needed to be further explored. 

Figure 4. Hypoxic preconditioning BMSCs-exosomes inhibited apoptosis of H9c2 cells by upregulating microRNA-24. A, The 
mRNA level of microRNA-24 in H9c2 cells at 6, 12 and 24 h after AMI. B, The mRNA level of microRNA-24 in H9c2 cells incu-
bated with exosomes for 24 h. C, Apoptosis rate of H9c2 cells with different treatments. D, LDH activity of H9c2 cells with different 
treatments. E, Western blot analyses of Bax, caspase-3 and cleaved caspase-3 in H9c2 cells with different treatments. *p<0.05.
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Conclusions

We showed in this work that hypoxic precondi-
tioning BMSCs-exosomes inhibit cardiomyocyte 
apoptosis in AMI rats by upregulating microR-
NA-24. 
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