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We aimed to investigate the cardiomyocyte-protective effects of bone marrow mesenchymal stem cells
(BMSCs)-derived exosomes on ischemia/reperfusion (I/R)-injured rats and to explore the mechanisms.
Cardiomyocytes were divided into control group, ischemia/reperfusion group (I/R group), ischemia/
reperfusion+exosome group (I/R+Exo group) or ischemia/reperfusion+exosomes transfected with miR-101a-
3p inhibitor group (I/R+Exo inhibitor group). MiR-101a-3p levels were lower in I/R and I/R+Exo inhibitor
groups than in control and I/R+Exo groups. Apoptosis rate and cleaved caspase 3 expression were higher in
I/R and I/R+Exo inhibitor groups. The levels of superoxide dismutase (SOD) in cardiomyocytes of I/R group
and I/R+Exo inhibitor group were lower than those of control group and I/R+Exo group, and the levels of ma-
londialdehyde (MDA) and the relative production of oxygen species clusters (ROS) in cardiomyocytes of I/R
group and I/R+Exo inhibitor group were higher than those of control group and I/R+Exo group. The levels of
interleukin-10 (IL-10), interleukin-6 (IL-6), tumour necrosis factor o (TNF-a), and nuclear factor kB (NF-«kB)
were higher in the I/R group and the I/R +Exo inhibitor group than in the control group and the I/R+Exo group.
Bioinformatics analysis suggested that Pik3c3 is the most promising gene involved in miR-101a-3p-mediated
apoptosis in cardiomyocytes, and in vitro experiments confirmed that low expression of miR-101a-3p signi-
ficantly up-regulated the mRNA and protein expression levels of Pik3c3. BMSCs-derived exosomes have a
protective effect on cardiomyocytes from I/R-injured rats, and the mechanism may be related to the inhibition

of oxidative stress and inflammatory responses in cardiomyocytes by exosome-delivered miR-101a-3p.

Keywords: Exosomes, Bone marrow mesenchymal stem cells, Cardiomyocytes, Ischemia/reperfusion, miR-
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1. Introduction

In recent years, cardiovascular diseases (CVDs) have
been identified as the leading cause of premature morbi-
dity and mortality in our population. It has been projected
that ischaemic heart disease (IHD) has become one of the
leading causes of the global burden of disease [1,2]. Cur-
rently, there are three main treatments for IHD including
pharmacological treatments, percutaneous coronary inter-
vention and coronary artery bypass grafting. The main
goal of these treatments is to restore myocardial blood
perfusion, however, reperfusion itself can cause additio-
nal damage called myocardial ischemia/reperfusion injury
(I/R), which reduces even the benefits of myocardial re-
perfusion. Reperfusion injury ultimately leads to the death
of cardiomyocytes that survived before myocardial reper-
fusion, and this form of myocardial injury itself can induce
myocyte death and increase the extent of the infarction,
which partly explains why, despite optimal myocardial
reperfusion, patients may have a poorer prognosis after an
acute myocardial infarction [3].

Myocardial ischemia/reperfusion (I/R) can induce car-
diomyocyte apoptosis, myocardial tissue necrosis, and

even cardiac arrest, thus affecting the therapeutic efficacy
of cardiac ischemic diseases [4]. Bone marrow mesen-
chymal stem cells (BMSCs) are an ideal tool for cell the-
rapy and have been applied to I/R treatment. Numerous
studies have confirmed that BMSCs can participate in
immunomodulation, inflammation suppression, secretion
of various cell growth factors and tissue repair, and their
cardioprotective effects are mainly achieved by inhibiting
apoptosis [5,6]. However, the effectiveness of cell therapy
is unstable due to the disadvantages of immune rejection,
complicated surgical procedures and low survival rate of
transplanted cells.

Exosomes are small membrane vesicles carrying DNA,
RNA and proteins, extracellular vesicles with diameters
between 40 and 160 nm, usually enriched with various
biologically active substances such as proteins, DNA,
LncRNAs and miRNAs, which play an important role in
exchanging cellular information mainly by transferring
genetic material and proteins to target cells [7]. With a
deeper understanding of the role of BMSCs in tissue re-
generation, more and more studies suggest that this role
of BMSCs may be related to their released exosomes [8].
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Therefore, BMSCs-derived exosomes may become a new
alternative method for the treatment of ischaemic heart
disease. Hypoxic preconditioning of stem cells can effec-
tively increase the survival rate of BMSCs after transplan-
tation and enhance their protective effects on damaged tis-
sues, therefore, hypoxic preconditioning may enhance the
biological effects of stem cells. In this study, we observed
the effects of hypoxic preconditioning of BMSCs-derived
exosomes on oxidative stress and myocardial injury in
myocardial I/R rats, and explored the effects of hypoxic
preconditioning on the function of exosomes in repairing
cardiac tissues [9].

MicroRNAs (miRNAs) can mediate gene expression
by binding to the 3' translational region (3UTR) of mR-
NAs. miR-101a-3p has been shown to be widely present in
exosomes secreted by BMSCs. miR-101a-3p expression
has been reported to be significantly reduced in myocar-
dial tissues of rat myocardium after 4 weeks of myocar-
dial ischemia as compared to normal physiological state
[10,11]. This suggests that the expression of miR-101a-3p
may play an important role in the process of IR injury, with
an inhibitory effect on fibroblast proliferation. However,
whether BMSCs-derived exosomes are protective against
I/R injury in cardiomyocytes and the role of their delive-
red miR-101a-3p in this process also needs to be further
explored. Therefore, we observed the cardiomyocyte-pro-
tective effects of BMSCs-derived exosomes on I/R-injured
rats and explored the mechanisms [12].

2. Materials and Methods
2.1. Rats and reagents

Rat cardiomyocyte H9c2 was obtained from Shan-
ghai cell bank, Chinese Academy of Sciences (Shanghai,
China); adult male SD rats, weighing 180-200 g, aged
8-10 weeks. Exo Quick TC exosome extraction kit was
purchased from American SBI company; TIANscript RT
Kit was purchased from Tiangen Biochemical Technology
(Beijing) Co., Ltd. (Beijing, China), Hot Start Fluores-
cent PCR Core Reagent Kits (SYBR Green I) was pur-
chased from BBI, Italy, rabbit anti-rat hypoxia-inducible
factor 1 o (HIF-1a) Primary antibodies were purchased
from Beijing Zhongshan Jingiao Biotechnology Co.,
Ltd. (Beijing, China). Superoxide dismutase (SOD) and
malondialdehyde (MDA) kits were purchased from Cay-
man Company, USA. Interleukin-6 (IL-6), interleukin-10
(IL-10) and tumour necrosis factor-a (TNF-a) detection
kits were purchased from Nanjing Jianjian Bioengineering
Research Institute (Nanjing, China), and Bcl-2 and Cas-
pase-3 (Wuhan Beinlai Biotechnology Co., Ltd. Wuhan,
China).

2.2. Cell culture

H9c¢2 rat cardiomyocytes were cultured in DMEM
medium containing 10% fetal bovine serum and 5% peni-
cillin-streptomycin double antibody at 37°C in a 5% CO,
incubator. When the cell confluence reached more than
85% under the microscope, the first 10 generations of cells
with good activity were selected for the experiment by
passaging culture according to the ratio of 1:3.

2.3. Culture of BMSCs and extraction of exosomes

SD rats were executed by guillotine method, and the
femur and tibia were removed after local iodophor disin-
fection, the bone ends were cut to reveal the bone marrow

cavity. The bone marrow cavity was repeatedly flushed
with culture medium, and the obtained flushing solution
was centrifuged at 4°C and 2000 g for 5 min in a centri-
fuge, and the retained precipitate was re-suspended with
medium containing 10% fetal bovine serum, and then
cultured in adherent wall culture, regular fluid change and
passaging culture. The third-generation BMSCs were ta-
ken, and flow cytometry was used to characterise the stem
cells with a positive rate of more than 99% for the stem
cell markers CD29 and CD105, respectively, and exo-
somes were extracted at the same time.

2.4. BMSCs-derived exosomes transfected with miR-
101a-3p inhibitor

The 150 pL total transfection solution contained 10 L
of Exo-Fect solution, 20 pmol miRNA, 70 wL of sterile
1xPBS, and 50 pL of purified exosomes. Exosomes were
incubated with the transfection solution at 37C with sha-
king for 10 min, and then the reaction was terminated by
adding 30 pL of Exo Quick-TC reagent to the transfection
system in an ice bath for 30 min. The samples were centri-
fuged at 13000~14000 rpm for 3 min, and then the trans-
fected exosome vesicles were resuspended with 300 pL
1xPBS for spare parts. miR-101a-3p inhibitor was prepa-
red by Shanghai Gemma Pharmaceutical Technology Co.
(Shanghai, China). The sequence was designed as follows:
5'-UUCAGUUAUCACAGUACUGUA-3'".

2.5. Grouping, exosome giving and specimen retention
methods

After cell suspension concentration was adjusted, cells
were inoculated into 96-well plates, cultured overnight,
and divided into 4 groups: control group, ischemia-reper-
fusion group (I/R group), ischemia-reperfusion + exosome
group (I/R+Exo group), and ischemia-reperfusion + exo-
some transfection miR-101a-3p inhibitor group (I/R+Exo
inhibitor group). Control group cells were not treated; I/R
group cells were first incubated in 3.3 mmol/L H202 for
10 minutes and then reoxygenated in DMEM medium for
30 minutes to establish the I/R cell model. I/R+Exo group
was established as I/R group, and 2 pg/mL exosomes were
added to the hypoxia/reperfusion model. I/R+Exo inhibi-
tor group was established as I/R group, and 2 pg/mL exo-
somes were added at the same time. The hypoxia reperfu-
sion model established in the I/R+Exo inhibitor group was
the same as that in the I/R group, but 2 pg/mL transfected
miR-101a-3p inhibitor exosomes were added.

2.6. Detection of cell viability

The viability of the cells in each group was detected by
MTS method, which was performed according to the ins-
tructions of the kit, and the wavelength was set at 490 nm
and the absorbance value A49 was detected in the enzyme
lab, and the viability of the cells was calculated according
to the formula ((experimental wells A4o - blank wells
A490)/(control wells A9o - blank wells A40)x100 %).

2.7. Detection of apoptosis rate

For the above subgroups, the procedure was as fol-
lows: the cells were digested with trypsin without EDTA
and washed twice with ice-cold PBS. 400 pL of adnexin V
binding solution was added and left for 15 minutes at 4°C.
5 L of adnexin V-FITC was added and stained for 15 min
at 4°C. 10 puL PI was added and stained for 5 min at 4°C.
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Flow cytometry was used for detection.

2.8. Determination of cleaved caspase 3 and Bcl-2 ex-
pression levels in cardiomyocytes by Western blot

The samples of each group were taken out and trans-
ferred to PVDF membrane via 12% SDS-PAGE, and then
placed in 5% skimmed milk in a closed shaker at room
temperature for 1.5 h. Diluted primary antibodies against
cleaved caspase 3, (1:1,000, Bioss, Woburn, MA, USA),
and Bcl-2 (1:1,000, Bioss, Woburn, MA, USA) were added
respectively, and the samples were incubated overnight at
4°C. The samples were incubated at 4°C for 1.5 h. After
washing the membrane with Tris-HCI buffer salt solution
(TBST) and shaking, the membrane was incubated with
secondary antibody for 1 h. The membrane was washed
with TBST three times, and the ODYSSEY imaging sys-
tem was used to scan the SLC7A11 and GPX4 bands with
GADPH (1:1000, Abcam, Cambridge, MA, USA) as the
reference protein, and analyze the grey values of the bands
with Image J software.

2.9. Determination of SOD, MDA and ROS content in
each group

According to the SOD and MDA kit instructions, the
absorbance values at specific wavelengths were obtai-
ned using a spectrophotometer, and the expression levels
of SOD and MDA were calculated from the absorbance
values and the standard curve. For the detection of reac-
tive oxygen cluster (ROS) generation in each group, DHE
reaction solution was added dropwise and protected from
light according to the DHE assay kit instructions, and the
slices were washed in PBS solution and placed under a
laser confocal microscope for observation and image ac-
quisition, and the fluorescence intensity of the slices was
analysed using Image J software. The relative DHE fluo-
rescence intensity ratio was used to express the relative
ROS production of rat cardiomyocytes in each group.

2.10. Observation of inflammatory reaction of rats in
each group

According to the kit instructions of IL-10, IL-6 and
TNF-a, use a spectrophotometer to obtain the absorbance
value at a specific wavelength, and calculate expression
levels of iNOS, IL-6 and TNF-a through the absorbance
value and standard curve. NF- kB was detected by immu-
nofluorescence staining.

2.11. Statistical analysis

Statistic Package for Social Science (SPSS) 25.0
software (IBM, Armonk, NY, USA) was used for statis-
tical processing. The experimental data were all metrolo-
gical data, expressed as mean + standard deviation. One-
way analysis of variance was used for comparison among
multiple groups, and LSD-¢ test was further used for the
data with statistical differences. P<0.05 was statistically
significant.

3. Results
3.1. Identification and uptake of exosomes

According to the extraction method described above,
exosomes were obtained, and the exosomes were observed
under transmission electron microscopy as round, mem-
branous vesicles with a double membrane structure (Figure
1A). The above results indicated that the material extrac-

ted by ultracentrifugation was identified as exosomes. The
results of particle size analysis of exosomes by particle
size analyser showed linear and smooth MODE curves,
and the size of exosome diameters was more concentrated,
as reported in the classical literature between 3-150 nm,
with the mean of the peak particle size of 112 nm, respec-
tively (Figure 1B). The results of Western blot showed that
the exosomes expressed the surface marker proteins of the
exosomes: CD63, CD9 and CD81 (Figure 1C).

3.2. Comparison of relative expression of mir-101a-3p
in cardiomyocytes of rats in each group

The relative expression of miR-101a-3p in cardio-
myocytes of rats in the control group, I/R group, I/R+Exo
group, and I/R+Exo inhibitor group were 1.17 +0.14, 0.57
+ 0.21, 1.49 £ 0.18, and 0.46 + 0.13, respectively. The
relative expression of miR-145-5p in cardiomyocytes of
rats in the I/R group and I/R+Exo inhibitor group were
lower than those in the control group and I/R+Exo group
(P<0.05), and the relative expression of miR-101a-3p in
cardiomyocytes of rats in the control group was lower than
that in I/R+Exo inhibitor group (P<0.05), see Figure 2.

3.3. Comparison of cardiomyocyte apoptosis rate and
relative expression of apoptosis protein cleaved cas-
pase 3 and Bcl-2 in each group

See Table 1 and Figure 3 for the comparison of cardio-
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Fig. 1. (A) The morphology of exosomes was observed by transmis-
sion electron microscopy; (B) the diameter distribution of exosomes
was detected by nanoparticle tracking analyzer (NTA); (C) CD63,
CD9 and CD81 were detected by Western blot.
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Fig. 2. Comparison of relative expression of miR-101a-3p in rat car-
diomyocytes of each group.
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Table 1. Comparison of cardiomyocyte apoptosis rate and relative expression of apoptotic proteins cleaved

caspase 3 and Bcl-2 in each group (F+s).

Group
Apoptosis rate

Relative expression

cleaved caspase 3 Bcl-2
I/R+Exo inhibitor group 19.76%™ 2.31+£0.21"% 0.63+0.13"
I/R+Exo group 7.85%" 1.39+0.11* 0.87+0.09
I/R group 19.12%™ 2.214+0.19 0.59+0.16™
Control group 2.60% 0.96+0.14 0.92+0.24

Note: compared with the control group, *P<0.05; compared with I/R+Exo group, *P<0.05.

Bel-2 cleaved caspase 3

Fig. 3. Comparison of apoptosis rate and relative expression of clea-

ved caspase 3 and Bcl-2 in cardiomyocytes of rats in each group.

myocyte apoptosis rate and relative expression of apop-
totic proteins cleaved caspase 3 and Bcl-2 in each group.
According to Table 1, the apoptosis rate of cardiomyocytes
and the relative expression of cleaved caspase 3 in the I/R
group and I/R+Exo inhibitor group were higher than those
in the control group and I/R+Exo group (P<0.05). Com-
pared with the control group, the bcl-2 protein expression
level in the I/R group was significantly reduced (£<0.05),
and the apoptosis rate of cardiomyocytes and the rela-
tive expression of cleaved caspase 3 and Bcl-2 in the I/
R+Exo group were higher than those in the control group
(P<0.05).

3.4. Effect of miR-101a-3p on proliferation ability of
IR-damaged H9c2 cells

Compared with the control group, the cell prolife-
ration ability of I/R group and I/R+Exo inhibitor group
was significantly reduced (P<0.01); compared with the
I/R group and I/R+Exo inhibitor group, the cell prolife-
ration ability of I/R+Exo group was significantly elevated
(P<0.01), but there was no significant difference (P>0.05)
compared with the control group, as shown in Figure 4.

3.5. Comparison of oxidative stress levels in rat cardio-
myocytes in each group

Comparison of SOD, MDA levels and relative ROS
production in rat cardiomyocytes of each group is shown
in Table 2 and Figure 5. As can be seen from Table 2, SOD
levels in I/R group and I/R + Exo inhibitor group were
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Fig. 4. The proliferation rate of IR-damaged H9¢c2 cells.

lower than those in control group and I/R + Exo group
(both P<0.05), and MDA levels and relative ROS produc-
tion in I/R group and I/R + Exo inhibitor group were higher
than those in Sham group and I/R + Exo group (P<0.05).

3.6. Comparison of IL- 10, IL-6, TNF-a and NF-xB
levels in rat cardiomyocytes of different groups

A comparison of the levels of IL-10, IL-6, TNF-a,
and NF-kB in rat cardiomyocytes of each group is shown
in Table 3, which shows that the levels of 1L-10, IL-6,
TNF-a, and NF-«B in rat cardiomyocytes of the I/R group
and the I/R+Exo inhibitor group were higher than those of
the Sham group and the I/R+Exo group (P<0.05) (Table
3, Figure 06).

3.7. Potentially regulated mRNAs by miR-101a-3p
To investigate the molecular mechanisms by which
miR-101a-3p regulates cardiomyocyte death-regulating

Table 2. Comparison of SOD and MDA levels and relative ROS production in each group (F+s).

Group SOD(U/g) MDA (pmol/g) ROS
I/R+Exo inhibitor group 13.7241.67"* 10.11£0.74™* 2.234+0.14™
I/R+Exo inhibitor group 18.36+2.02 4.81+0.36 1.34+0.21
I/R group 13.86+1.82" 10.34+0.67 2.27+0.17"
Sham group 19.75+2.11 4.62+0.61 1.29+0.19

Note: Comparison with control group, *P<0.05; comparison with I/R + Exo group, “P<0.05.
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Table 3. Comparison of IL-10, IL-6, TNF-0, and NF-kB levels in rat cardiomyocytes in each group (¥=s).

Group NF-xB IL- 10(ng/L) IL-6(ng/L) TNF-a(ng/L)
I/R+Exo0 inhibitor group 2.60+0.13" 35.82+4.82" 413.214£39.67% 49.76+3.26™
I/R+Exo inhibitor group 1.2540.12 30.74+3.11 230.27+34.15 31.91£3.32
I/R group 2.61+0.12% 35.70+4.54" 415.15+31.73" 53.274+3.41™
Sham group 1.04+0.14 29.08+2.57 212.89+24.52 29.36+4.91

Note: Compared with Sham group, *P<0.05; compared with I/R+Exo group, #P<0.05.

tion time, increased complications and mortality based on
the primary disease. Over the years, people have worked
hard to find appropriate methods to prevent and treat the
disease. Current studies have found that cardiac I/R injury
involves a variety of pathological mechanisms, in which
oxidative stress injury and inflammatory response play im-
portant roles. In the ischemic heart and subsequent reoxy-
genation process, the production of ROS in the reperfusion
phase initiates a series of harmful cellular responses, lea-
ding to inflammation, cell death and acute heart failure. In
the process of I/R, the damaged tissues produce excessive
ROS to cause oxidative stress and change mitochondrial
oxidative phosphorylation, leading to ATP depletion, in-
tracellular calcium increase and activation of membrane
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Fig. 5. Comparison of SOD and MDA levels and relative ROS pro-
duction in each group.

functions, the intersection of predicted targets of miR-
101a-3p using TargetScan, starBase, and miRDB databases
revealed 93 genes that could be target genes of miR-101a-
3p. Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis showed that the oncogene (rat sar-
coma virus, Ras) signaling pathway PIK3-Akt signaling
pathway and others may be involved in the regulation of
the above process (Figure 7). GeneOntology (GO) enrich-
ment analysis showed that 256 target genes were involved
in biological processes such as cell cycle, mRNA proces-
sing and protein binding regulation (Figure 8).

3.8. Pik3c3 is a direct target of miR-101a-3p in cardio-
myocytes

Bioinformatics analysis results suggested that Pik3c3
is the most promising gene involved in miR-101a-3p-me-
diated apoptosis in cardiomyocytes. In vitro experiments
confirmed that low expression of miR-101a-3p signifi-
cantly upregulated the mRNA and protein expression le-
vels of /Pik3c3 (P<0.01, Figure 9).

4. Discussion

I/R injury can affect the functions of many organs and
tissues, including brain, heart, liver, lung, kidney, skeletal
muscle, testicular tissue and endothelial tissue. The heart
is a highly perfused organ, which is more sensitive to is-
chemia and hypoxia [13,14]. Acute heart injury caused by
I/R is a complex pathological process with multiple fac-
tors and pathways, which can cause prolonged hospitaliza-

The relative
expression of NF-KB
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Fig. 6. Comparison of IL-10, IL-6, TNF-a, and NF-kB levels in rat
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Fig. 9. Semi-quantitative analysis of PIK3C3 mRNA expression and
PIK3C3 protein level in cardiomyocytes detected by real-time quan-
titative PCR.

phospholipid proteases [15,16]. Oxygen free radicals can
be produced in the blood flow during I/R reperfusion pe-
riod, leading to lipid peroxidation, which is the main way
of free radical damage to tissues. The formation of free
radicals promotes apoptosis and cell death through mem-
brane lipid peroxidation and oxidative damage of proteins
and DNA to develop cardiomyocyte damage. Therefore,
inhibiting this pathway or preventing free radical produc-

tion is an important strategy to protect cardiomyocytes
during I/R. Proinflammatory cells such as IL-1a, IL-6 and
TNF-a It is the main mediator of inflammatory response
and regulates the expression of adhesion molecules, leu-
kocyte infiltration and activation.

The decrease of adenosine triphosphate (ATP) pro-
duced by mitochondria in ischemic cardiomyocytes du-
ring the occurrence of I/R led to the accumulation of Ca2*
in mitochondria, which damaged the basic mitochondrial
function, thus causing the dysfunction of cellular respira-
tory chain; at the same time, due to the decrease of SOD
production in cardiomyocytes, it led to the increase of the
accumulation of oxygen radicals generation, which even-
tually led to the continuous generation of ROS [17]. The
results of this study showed that the SOD levels in both
the I/R group and the I/R+Exo inhibitor group were lower
than those in the control group and the I/R+Exo group
(both P<0.05), and the MDA levels and relative ROS ge-
neration in both the I/R group and the I/R+Exo inhibitor
group were higher than those in the Sham group and the
I/R+Exo0 group (both P<0.05); this suggests that BMSCs-
derived exosomes could better inhibit the oxidative stress
response caused by I/R. HIF-1a is considered to be a ma-
jor transcription factor regulating tissue cell response to
hypoxia during ischemic events. At the onset of I/R, hy-
poxic conditions induce HIF-1a activation, which in turn
improves oxygen supply to tissues in the ischemic region
by increasing angiogenic proteins, inhibiting mitochon-
drial function, and switching metabolism from oxidative
to glycolytic pathways. Studies have confirmed the inhibi-
tory effect of HIF-1a on myocardial I/R injury. The results
of the present study showed that the levels of IL-10, IL-6,
TNF-a, and NF-KB in rat cardiomyocytes in the I/R group
and the I/R+Exoinhibitor group were higher than those in
the Sham group and the I/R+Exo group (both P<0.05); this
suggests that the mechanism related to the attenuation of
cardiac muscle injury caused by I/R by exosomes derived
from BMSCs may be related to their elevated HIF-10 ex-
pression. In conclusion, the mechanism by which BMSCs-
derived exosomes attenuated myocardial injury in I/R rats
and enhanced their protective effects on myocardium may
be related to the induction of up-regulation of HIF-1a ex-
pression in BMSCs-derived exosomes and attenuation of
myocardial tissue oxidative stress.

Currently, researchers focus the study of exosome
action mechanisms on anti-apoptosis, anti-inflammation,
promotion of angiogenesis, antioxidants, anti-fibrosis and
so on. Exosomes regulate the biological behavior of cells
and tissues in the body by carrying or delivering bioinfor-
matic substances such as proteins and RNAs to play the
above roles and achieve the effect of improving myocar-
dial cell injury. Among them, the key role of RNAs carried
by exosomes in it has received more and more attention.
It has also been found that miRNA deletion significantly
decreased the repair ability of MSCs and their exosomes to
cardiomyocyte injury, suggesting that miRNAs play a key
role in the repair process. The above studies suggest that
miRNAs transferred by exosomes are biologically active
and can target regulate the levels of mRNAs in the cells
after entering the target cells and thus play a role [18]. The
above studies suggest that miRNAs transferred by exo-
somes are biologically active and can target regulate the
levels of mRNAs in the cells after entering the target cells
and thus play a role. miR-101a-3p has been shown to be a
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tumor suppressor, which can inhibit tumor cell prolifera-
tion, migration, and invasion in a variety of tumors such as
esophageal cancer cells, bladder cancer, colon cancer, etc.
miR-101a-3p expression was reduced in a lipopolysaccha-
ride-induced acute lung injury model, in which overex-
pression of miR-101a-3p inhibited IL-1f, IL-6, and TNF-a
expression and NF-xB and ROS activation, thereby exer-
ting a protective effect. No miR-101a-3p-related studies
have been reported in the field of cardiac I/R injury.

miRNAs are key players in post-transcriptional regula-
tion. Currently, miR-101a-3p has been shown to regulate
its gene targets and participate in the regulation of biologi-
cal processes such as cell proliferation and apoptosis [19].
For example, miR-101a-3p can regulate myoblast prolife-
ration and differentiation by targeting transforming growth
factor B receptor 1. However, the mechanism of miR-101a-
3p targeting regulation in IR injury has been less studied.
In the present study, we found that miR-101a-3p, whose
direct target is Pik3c3, can activate the Pik3-Akt pathway
and thus significantly inhibit pathological autophagy in
cardiomyocytes, thereby attenuating cellular oxidative
stress and apoptosis. In the present study, we clarified that
Pik3c3 is a target gene of miR-101a-3p, which is involved
in miR-101a-3p-mediated cardiomyocyte apoptosis. Our
results suggest that miR-101a-3p promotes cardiomyocyte
apoptosis by negatively regulating Pik3c3 [20].

AKT activation can regulate multiple downstream
target proteins, such as regulation of apoptosis, survival,
and phosphorylation of mTOR proteins. mTOR, an atypi-
cal serine/threonine protein kinase, acts as a downstream
effector protein of AKT, regulates transcription and pro-
tein synthesis, and has an important impact on cell growth
and apoptosis. It has been shown that serum exosomal
miR-101a-3p promotes cardiac fibroblast proliferation by
regulating the AKT/mTOR signaling pathway in cardiac
fibroblasts [21]. Taken together, these findings support a
pro-apoptotic role of miR-101a-3p in cardiomyocytes at
least in part through inhibition of Pik3c3 expression and
phosphorylation of AKT/mTOR In summary, VM-Exos
promotes VM development by affecting apoptosis in car-
diomyocytes. miR-101a-3p enriched in exosomes is de-
rived from cardiomyocytes and plays an important role in
cardiomyocyte apoptosis by targeting Pik3c3 and inhibi-
ting the AKT/mTOR pathway. These findings suggest that
the use of nanomaterials in combination with miR-101a-
3p inhibitors may be a promising therapeutic approach to
alleviate I/R progression.
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