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Abstract: This study aimed at investigating the effect and underlying mechanism of miR-139-5p in myocardial isch-
emia and reperfusion (I/R) injury. A hypoxia/ reoxygenation (H/R) model was established in H9c2 cardiomyocytes.
The level of miR-139-5p was detected in H/R-treated cardiomyocytes, and subsequently, the level of miR-139-5p or
its target gene autophagy-related 4D (ATG4D) was up- or downregulated. Furthermore, the cell viability, apoptosis,
and autophagy, as well as the expression levels of the proteins related to adenosine 5’-monophosphate-activated
protein kinase (AMPK)/mammalian target of rapamycin (mTOR)/uncoordinated 51-like kinase 1 (ULK1) signaling
pathway were determined. The MiR-139-5p was downregulated in H/R-treated cardiomyocytes in comparison to the
untreated cells (P < 0.05). H/R treatment significantly decreased the cell viability but increased the cell apoptosis
ratio, and autophagy-related proteins levels (P < 0.05). The overexpression of MiR-139-5p significantly promoted
cell apoptosis and inhibited cell autophagy induced by H/R (P < 0.05); however, the effects of miR-139-5p on cell
apoptosis and cell autophagy were inhibited by its target gene ATG4D (P < 0.05). Furthermore, the upregulated
miR-139-5p remarkably inhibited the expression of p-AMPK, p-Raptor, and ULK1, but increased that of p-mTOR
(P < 0.05) in H/R-treated cardiomyocytes. The MiR-139-5p has the potential of regulating cell apoptosis and cell
autophagy by inhibiting AMPK/mTOR/ULK1 signaling pathway and thereby protecting against myocardial I/R injury.
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Introduction tive to further understand the underlying mech-
anism and search for effective therapeutic tar-

Myocardial ischemia is one of the most com- gets for myocardial I/R injury.

mon cardiovascular diseases. It is caused by
reduced hemoperfusion and may lead to
reduced oxygen supply to the heart and abnor-
mal myocardial energy metabolism [1]. My-
ocardial ischemia and reperfusion (I/R) injury
eventually contribute to myocardial cells dam-

Recently, microRNAs (miRNAs), small non-cod-
ing RNAs, have been reported to play a signifi-
cant role in regulating oncogenesis via target-
ing the gene expressions and pathways related
to cancer [5]. The reports suggest that miRNAs

age, such as oxidative stress, inflammation,
and apoptosis [2]. Myocardial I/R injury may
sometimes be caused by various treatments
for acute coronary artery diseases, such as
stenting to restore myocardial blood flow, direct
coronary intervention, and thrombolysis [3].
Although considerable progress has been
made in the development of therapeutic strate-
gies for myocardial I/R injury, the complexities
of pathogenesis may limit the success of its
therapeutic effects [4]. Therefore, it is impera-

are involved in immune response, inflammation
reaction, infection, and cell metabolism, gr-
owth, and migration [6, 7]. Several studies have
focused on the potential of miRNAs in various
diseases such as cancers, autoimmune diseas-
es, neurodegenerative diseases, and cardio-
vascular diseases [8]. Therefore, understand-
ing the underlying mechanisms of miRNAs in
myocardial I/R injury would contribute to search
for an effective treatment for myocardial I/R
injury.
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Table 1. Primer sequences for specific genes

Gene Primer sequence

Caspase-3 forward 5-TGTCATCTCGCTCTGGTACG-3’
Caspase-3 reverse 5-AAATGACCCCTTCATCACCA-3’
5-GAGGGATGGAAGGGTCTAAG-3’
5-GCCTGGGCTGTGGTAAGT-3’

Beclin-1 forward
Beclin-1 reverse
LC3II forward

LC3IlI reverse 5-TTGAGCTGTAAGCGCCTTCTA -3’
5-CTGGTGGACAACATCGCTCTG-3’

5’-GGTCTGCTGACCTCACTTGTG-3’

Bcl-2 forward
Bcl-2 reverse
ATG4D forward
ATGA4D reverse 5’-CCAAGGTGAACATGGGGTAC -3’
GAPDH forward 5’-GAAGGTGAAGGTCGGAGTC-3’

GAPDH reverse 5’-GAAGATGGTGATGGGATTTC-3’

5’-GATGTCCGACTTATTCGAGAGC -3’

5’-TCTATGCTGGAGACAGGAAGG -3’

ATG4D, autophagy-related 4D; GAPDH, glyceraldehyde-
3-phosphate dehydrogenas

It has been shown that miR-139-5p exerts the
anti-cancer effect in various type of cancers,
such as hepatocellular carcinoma, breast can-
cer, and colorectal cancer [9], and it is consid-
ered as a promising biomarker for cancer diag-
nostics [10]. MiR-139-5p has been proven to
be associated with cell proliferation, apoptosis,
invasion, and metastasis [11]. Notably, down-
regulated miR-139-5p has been found to be
associated with acute human left ventricular
ischemia [12]. However, the role and mecha-
nism of miR-139-5p in myocardial I/R injury are
still unclear.

In the present study, cardiomyocyte hypoxia/
reoxygenation (H/R) model was deployed to
investigate the effect and underlying mecha-
nism of miR-139-5p in myocardial I/R injury.
The level of miR-139-5p was detected in cardio-
myocyte with H/R, and the effects of miR-139-
5p or aberrant expression of its target gene
autophagy-related 4D (ATG4D) were evaluated
on cell viability, cell apoptosis, and cell autoph-
agy, as well as the expression levels of proteins
related to adenosine 5-monophosphate-acti-
vated protein kinase (AMPK)/mammalian tar-
get of rapamycin (MTOR)/uncoordinated 51-like
kinase 1 (ULK1) signaling pathway.

Materials and methods
Cell culture and treatment
The H9c2 cardiomyocytes (Cell Bank of Chinese

Academy of Sciences, Shanghai, China) were
maintained in Dulbecco’s Modified Eagle’s
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Medium/Nutrient Mixture F-12 (1:1, Gibco,
Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (FBS). To induce cell H/R
model, H9¢2 cardiomyocytes cell cultures were
maintained in serum-free DMEM under 5% CO,
for 12 h at 37°C, followed by 4-h incubation in
1% 0,/94% N, /5% CO, at 37°C. Thereafter,
HO9c2 cardiomyocytes were cultured for 3 h in
normal condition (DMEM containing 10% FBS,
37°C, 5% CO,). In order to evaluate the role of
miR-139-5p in H/R-treated cells, the HI9c2 cells
were transfected with mimic NC, miR-139-5p
mimic, inhibitor NC, miR-139-5p inhibitor,
pcDNA3.1, pcDNA-ATG4D, siNC, or si-ATG4D
using Lipofectamine 2000 (Invitrogen, Car-
Isbad, CA, USA).

Cell proliferation assays

The H9c2 cardiomyocytes (5 x 102 cells/well)
were grown in 96-well plates and subjected to
the above-mentioned treatments for 48 h. Cell
Counting Kit-8 (CCK-8, Dojindo Laboratory,
Kumamoto, Japan) was used to detect the cell
viability. Cells were treated with 10% WST-8 for
4 h at 37°C, and the absorbance at 450 nm
was measured using a microplate reader
(Molecular Devices, Sunnyvale, CA, USA).

Apoptosis assay

Cell apoptosis was detected by Annexin V-FITC/
Pl Apoptosis Detection kit (Beijing Biosea
Biotechnology, Beijing, China). The treated cells
were harvested by centrifugation (1,500 rpm, 6
min), and resuspended in 1X binding buffer. In
turn, FITC-Annexin V and Pl were added into
resuspended cells and incubated for 15 min in
the dark at 25°C. Finally, the cells were detect-
ed using flow cytometer (BD, San Diego, CA,
USA).

Dual luciferase reporter assay

The wildtype (WT) 3’'UTR fragment of ATG4D
that can bind to miR-139-5p or mutant 3'UTR
fragment was amplified from the genomic DNA
and subsequently cloned into the pGL3 expres-
sion vector. The H9c2 cardiomyocytes were
cotransfected with miR-139-5p mimic and lu-
ciferase reporter plasmid vector harboring wild-
type or mutant ATG4D for 48 h using Lipofe-
ctamine 2000. The Dual Luciferase Assay kit
(Promega) was used to measure the luciferase
activity.
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Quantitative reverse transcription (QRT) PCR

After various treatments, total RNA was extra-
cted using Trizol (Invitrogen) and complemen-
tary DNA (cDNA) synthesis was carried out
using microRNA specific primers (Invitrog-
en). The PCR primers for miR-139-5p and U6
were commercially obtained from Applied
Biosystems (Foster City, CA, USA). The prim-
ersfor Caspase-3, Bcl-2, Beclin-1, LC3Il, ATG-
4D, and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) are shown in Table 1. The PCR
conditions were set as follows: 95°C for 10 min,
40 cycles of 94°C for 30 s, 58°C for 30 s, and
72°C for 15 s. U6 or GAPDH was used as the
reference genes and the relative gene expres-
sion level was calculated using comparative
threshold (Ct) cycle method (222Ct). All the
experiments were performed in triplicate.

Western blotting

The total cellular protein was extracted using
RIPA lysis buffer (Beyotime Institute of Bi-
otechnology, China) and concentration was
measured using the BCA Protein Quantitative
Assay (Beyotime Institute of Biotechnology).
Total 50 ug protein sample (per lane) was sepa-
rated on an SDS-PAGE gel, blotted onto PVDF
membranes, and blocked in 5% nonfat milk for
1 h. The membranes were probed with mouse
anti-Caspase-3, Bcl-2, Beclin-1, LC3Il/LC3I,
ATG4D, AMPK, phospho-AMPK (p-AMPK), p-Ra-
ptor, Raptor, mTOR, p-mTOR, and ULKZ1 poly-
clonal antibodies (1:500, Santa Cruz) and mo-
use anti-GAPDH monoclonal antibody (1:2000,
Sigma) overnight at 4°C, respectively. After
three washes with PBS, the membranes were
incubated with appropriate 1gG (H+L)-HRP
(1:5000, Santa Cruz) second antibody for 2 h at
room temperature. Ultimately, the proteins
were detected with Enhanced chemilumines-
cence (Millipore, Bedford, MA, USA).

Statistical analysis

Statistical analysis was carried out using statis-
tical analysis software (SPSS 19.0, SPSS Inc.,
Chicago, IL, USA). Data were expressed as
mean =+ S.D. and analyzed by one-way analysis
of variance (ANOVA). A P-value of < 0.05 was
considered to indicate a statistically significant
result.
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Results

Effect of H9c2 cardiomyocytes with H/R treat-
ment on cell viability, apoptosis, autophagy,
and miR-139-5p level

After treatment of H/R, the cell viability was sig-
nificantly reduced, and the ratio of cell apopto-
sis was noticeably increased as compared to
the untreated cells (all P < 0.05, Figure 1A, 1B).
The expression levels of apoptosis-related pro-
teins such as cleaved-Caspase-3 and Bcl-2
were analyzed. The increased levels of cleaved-
Caspase-3 but reduced levels of Bcl-2 were
recorded in H/R-treated cells against the
untreated cells (all P < 0.05, Figure 1C). Me-
anwhile, the expression levels of autophagy-
related proteins, including Beclin-1 and LC3ll/
LC3I, were remarkably higher in H/R-treated
cells than the untreated ones (all P < 0.05,
Figure 1C). In addition, this study also revealed
that H/R treatment significantly inhibited miR-
139-5p level compared with untreated cells (all
P < 0.01, Figure 1D).

Effects of miR-139-5p aberrant expression on
cell apoptosis and autophagy in H/R-treated
H9c2 cardiomyocytes

As shown in Figure 2A, the miR-139-5p level
was significantly increased in cells with miR-
139-5p mimic compared to the mimic control
(P < 0.01), and the transfection of miR-139-5p
inhibitor significantly inhibited the miR-4262
level compared to that of inhibitor control (P <
0.01). The results revealed that the ratio of cell
apoptosis was substantially increased in the
cells treated with H/R and miR-139-5p mimic
as compared to the H/R + mimic control treat-
ed cells (P < 0.05, Figure 2B). The expression of
cleaved-Caspase-3 was significantly increased,
but on the contrary, the Bcl-2 level was notice-
ably suppressed in the cells with H/R + miR-
139-5p mimic compared with H/R + mimic con-
trol treated cells (P < 0.05, Figure 2C). In ad-
dition, the expression levels of Beclin-1 and
LC3IlI/LC3I were remarkably lower in the cells
treated with H/R and miR-139-5p than those in
H/R + mimic control treated cells (P < 0.01,
Figure 2C). Consistently, the cells treated with
the H/R and miR-139-5p inhibitor exhibited the
opposite effects on cell apoptosis and autoph-
agy (all P < 0.05, Figure 2B, 2C).

Int J Clin Exp Pathol 2017;10(9):10140-10151
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Figure 1. H/R induces hypoxia injury in H9c2 cells. A. The cell viability in untreated cells and H/R-treated cells using
CCK-8; B. The cell apoptosis in untreated cells and H/R-treated cells using Annexin V-FITC/PI Apoptosis Detection
kit; C. The expression of apoptosis-related proteins, such as cleaved-Caspase-3 and Bcl-2 as well as autophagy-re-
lated proteins, including Beclin-1 and LC3Il/LC3I, in untreated cells and H/R-treated cells using the western blotting;
D. The level of miR-139-5p in untreated cells and H/R-treated cells using quantitative reverse transcription PCR. *P

< 0.05, and **P < 0.01. H/R, hypoxia/reoxygenation.

Confirmation of the targeting effects of miR-
139-5p

Sequence analysis revealed that ATG4D was a
potential target gene of miR-4262 (Figure 3A).
H/R treatment significantly increased the ex-
pression level of ATG4D compared with untreat-
ed cells (P < 0.05, Figure 3B). Besides, the lu-
ciferase reporter assay also showed that
mMiR139-5p mimic significantly inhibited the
luciferase activity in WT cells (P < 0.05) but not
that of the mutant ATG4D compared with un-
treated cells (Figure 3C). In addition, compared
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to the cells with respective controls, miR-139-
5p mimic or inhibitor significantly up or down
regulated the expression of ATG4D (P < 0.01,
Figure 3C).

Effects of aberrant expression of ATG4D on
cell apoptosis and autophagy in H/R-treated
H9c2 cardiomyocytes

As shown in Figure 4A, the protein level of
ATG4D was significantly higher in cells with
pcDNA-ATG4D than those with pcDNA (P <
0.001), and the transfection of si-ATG4D re-

Int J Clin Exp Pathol 2017;10(9):10140-10151
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Figure 2. Upregulated miR-139-5p increases cell apoptosis and decreases cell autophagy in H/R -treated H9c2
cells. A. The miR-139-5p level in untreated cells, cells with mimic NC, miR-139-5p mimic, inhibitor NC, and miR-
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139-5p inhibitor by quantitative reverse transcription PCR; B. The cell apoptosis in untreated cells, cells with mimic
NC, miR-139-5p mimic, inhibitor NC, and miR-139-5p inhibitor using Annexin V-FITC/PI Apoptosis Detection kit; C.
The expression of apoptosis-related proteins, such as cleaved-Caspase-3 and Bcl-2 as well as autophagy-related
proteins, including Beclin-1 and LC3Il/LC3l, in untreated cells, cells with mimic NC, miR-139-5p mimic, inhibitor
NC, and miR-139-5p inhibitor using the western blotting. *P < 0.05, **P < 0.01, and ***P < 0.001. H/R, hypoxia/

reoxygenation.
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Figure 3. ATG4D as a potential target gene of miR-139-5p. A. Prediction of the target gene of miR-139-5p by se-
quence analysis; B. The level of ATG4D in untreated cells and H/R-treated cells using the western blotting; C. Lu-
ciferase activity in cells with wild type (WT) and mutant SIRT1 using the luciferase reporter assay; D. ATG4D level
in untreated cells, cells with mimic NC, miR-139-5p mimic, inhibitor NC, and miR-139-5p inhibitor by the western
blotting. *P < 0.05, and **P < 0.01. H/R, hypoxia/reoxygenation; ATG4D, autophagy-related 4D.

markably reduced the ATG4D level compared
with the transfection of si-NC (P < 0.01). The
results revealed that compared to the cells with
H/R and miR-139-5p mimic, the ratio of cell
apoptosis was significantly reduced in cells
with the treatments of H/R, miR-139-5p mimic
and pcDNA-ATG4D (P < 0.05, Figure 4B); where-
as compared to the cells with H/R and miR-
139-5p inhibitor, the ratio of cell apoptosis was
dramatically increased in cells with the treat-
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ments of H/R, miR-139-5p inhibitor and si-
ATG4D (P < 0.05, Figure 4B). The expression of
cleaved-Caspase-3 was significantly inhibited,
and the levels of Bcl-2, Beclin-1 and LC3II/LC3I
were notably increased in the cells with the
treatments of H/R, miR-139-5p mimic and pcD-
NA-ATGAD compared with H/R + miR-139-5p
mimic treated cells (P < 0.05, Figure 4C); while
the expression levels of these proteins were
contrasting in the cells cotreated with H/R,

Int J Clin Exp Pathol 2017;10(9):10140-10151
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Figure 4. Effects of miR-139-5p on cell apop-
tosis and autophagy are inhibited by ATG4D.
A. ATG4D level in untreated cells, cells with
pcDNA3.1, pcDNA-ATG4D, si-NC, and si-AT-
G4D by the western blotting; B. Cell apoptosis
in untreated cells, cells with H/R, H/R + mimic
NC + pcDNA3.1, H/R + miR-139-5p mimic,
H/R + miR-139-5p mimic + pcDNA-ATG4D,
H/R + inhibitor NC + si-NC, H/R + miR-139-
5p inhibitor, H/R + miR-139-5p inhibitor + si-
ATG4D using Annexin V-FITC/PI Apoptosis De-
tection kit; C. The apoptosis-related proteins,
such as cleaved-Caspase-3 and Bcl-2 as well
as autophagy-related proteins, including Be-
clin-1 and LC3Il/LC3I, in untreated cells, cells
with H/R, H/R + mimic NC + pcDNA3.1, H/R +
miR-139-5p mimic, H/R + miR-139-5p mimic
+ pcDNA-ATG4D, H/R + inhibitor NC + si-NC,
H/R + miR-139-5p inhibitor, H/R + miR-139-
5p inhibitor + si-ATG4D using the western
blotting. *P < 0.05, and **P < 0.01. H/R,
hypoxia/reoxygenation; ATG4D, autophagy-
related 4D.
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Figure 5. Upregulated miR-139-5p inhibits the AMPK/mTOR/ULK1 signaling

Discussion

The current study showed that
H/R treatment decreased the
cell viability but increased the
cell apoptosis and autophagy
in H9¢c2 cardiomyocytes. The
expression of miR-139-5p was
down regulated in cardiom-
yocytes with H/R treatment,
and over-expressed miR-139-
5p significantly promoted cell
apoptosis and inhibited cell
autophagy induced by H/R;
however, its target gene AT-
G4D was able to reverse the
effects of over-expressed mi-
R-139-5p on cell apoptosis
and autophagy in H/R-treated
cardiomyocytes. Furthermore,
H/R treatment enhanced the
expression levels of p-AMPK,
p-Raptor, and ULK1, and inhib-
ited p-mTOR level, while the
upregulated miR-139-5p con-
siderably reversed the expres-
sion levels of p-AMPK, p-Rap-
tor, ULK1, and p-mTOR.

pathway in H/R-treated H9c2 cells. Expression levels of p-AMPK, p-Raptor, p-

mTOR, and ULK1 in untreated cells, cells with mimic NC, miR-139-5p mimic,
inhibitor NC, and miR-139-5p inhibitor using the western blotting. *P < 0.05,
and **P < 0.01. H/R, hypoxia/reoxygenation; AMPK, adenosine 5’-mono-
phosphate-activated protein kinas; mTOR, mammalian target of rapamycin;

ULK1, uncoordinated 51-like kinase.

miR-139-5p inhibitor, and si-ATG4D than those
in the cells with H/R + miR-139-5p inhibitor (P
< 0.05, Figure 4C).

Effects of miR-139-5p on AMPK/mTOR/ULK1
signaling pathway in H/R-treated H9c2 cardio-
myocytes

As compared to the untreated cells, the expres-
sion levels of p-AMPK, p-Raptor, and ULK1 was
significantly enhanced, while the p-mTOR level
was inhibited in H/R-treated cells (P < 0.05,
Figure 5). The co-treatments of H/R and miR-
139-5p mimic inhibited the levels of p-AMPK,
p-Raptor, and ULK1 but increased that of p-m-
TOR compared with H/R and mimic NC treated
cells (P < 0.05, Figure 5). Conversely, miR-139-
5p inhibitor posed an opposite role in the
expression levels of p-AMPK, p-Raptor, ULK1,
and p-mTOR (P < 0.05, Figure 5).
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Several studies have demon-
strated that miRNAs play a
vital role in the regulation of
myocardial I/R injury, includ-
ing miR-21, miR-29, miR-923,
and miR-320 [13]. In the cur-
rent study, the downregulation of miR-139-5p
was recorded in H/R-treated cardiomyocytes.
Few studies have investigated the roles of miR-
139-5p in myocardial I/R injury. In a previous
report, it was shown that miR-139-5p could
attenuate brain damage induced by hypoxia-
ischemia through targeting human growth tr-
ansformation dependent protein in neonatal
rats [14]. Our study exhibited that miR-139-5p
increased cleaved-Caspase-3 level and re-
duced Bcl-2 level in H/R-treated cardiomyo-
cytes. The Bcl-2 protein family, which includes
Bcl-2 and Bcl-xL (anti-apoptotic proteins), as
well as Bax and Bak (pro-apoptotic proteins),
played a regulatory role in cell apoptosis [15].
Under normal conditions, the expressions of
Bcl-2 and Bax were balanced. However, under
aberrant conditions, the over-expressed Bcl-2
dissociated Bax dimers and promoted the for-
mation of Bax and Bcl-2 complexes, thereby

Int J Clin Exp Pathol 2017;10(9):10140-10151
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inhibited cell apoptosis, and upregulated Bax,
increased the number of Bax dimers, and con-
sequently promoted cell apoptosis [15]. The
activation of Caspase-3 was also considered as
an important step in the classical pathway of
cell apoptosis [16]. These results suggested
that miR-139-5p increased cell apoptosis in
H/R-treated cardiomyocytes. An earlier study
demonstrated that autophagy is enhanced dur-
ing cardiac ischemia-reperfusion (I/R). Notably,
this study found the reduced levels of autopha-
gy-related proteins, including Beclin-1 and
LC3II/LC3lI, in H/R and miR-139-5p mimic co-
treated cardiomyocytes, suggesting that miR-
139-5p might inhibit cell autophagy induced by
H/R.

Furthermore, this study confirmed that ATG4D
is the potential target gene of miR-139-5p.
ATG4D is a member of cysteine aspirate prote-
ase ATG4 family and widely expressed in vari-
ous cellular organizations and organs. A study
showed that ATG4D plays a vital role in autopha-
gosome formation [17]. Beclinl, a mammalian
ortholog of yeast ATG6, was upregulated during
myocardial I/R injury in vitro [18]. A study
reported that autophagic response to nutrient
deficiency could be mediated by Beclinl via
regulating Bcl-2 level in cardiac cells [19]. In
addition, reactive oxygen species (ROS) were
considered to regulate Beclinl expression and
further inhibited ATG4 activity and promoted
LC3 lipidation [17]. Bnip-3, as a member of
Bcl-2 family, was reported to participate in the
upregulation of autophagy in cardiac I/R [20].
All these findings point toward the possible reg-
ulatory role of miR-139-5p in cell apoptosis and
autophagy by inhibiting ATGAD expression in
H/R-treated cardiomyocytes.

In order to further investigate the mechanism
of miR-139-5p in myocardial I/R injury, the
study was focused on dissecting the AMPK/
MTOR/ULK1 signaling pathway. AMPK/mTOR/
ULK1 signaling pathway has been proved to be
involved in the regulation of processes related
to autophagy [21]. The AMPK activation was
corroborated and mediated the autophagy dur-
ing the initial phase of cardiac ischemia [22].
The activated AMPK induced cell autophagy by
regulating the phosphorylation of ULK1 directly
or indirectly [23]. It has been reported that
AMPK induces autophagy through inhibiting the
activation of mTOR via phosphorylation of
Raptor site and subsequent activation of ULK1
[241]. The present study reported that the upreg-
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ulated miR-139-5p inhibited the expression of
p-AMPK, p-Raptor and ULK1, but increased
that of p-mTOR in H/R-treated cardiomyocytes.
Therefore, we anticipated that the role of miR-
139-5p overexpression in H/R-treated cardio-
myocytes might be mediated by the activation
of AMPK/mTOR/ULK1 signaling pathway.

The present study postulates that miR-139-5p
may protect against myocardial I/R injury by
regulating cell apoptosis and cell autophagy
through inhibiting the AMPK/mTOR/ULK1 sig-
naling pathway.

Disclosure of conflict of interest
None.

Address correspondence to: Huibo Sun, Depart-
ment of Endocrinology, Qilu Hospital of Shandong
University, Qingdao 266035, Shandong, China.
E-mail: mmqglwo@sina.com; Zhiming Ge, Key La-
boratory of Cardiovascular Remodeling and Function
Research, Chinese Ministry of Education and
Chinese Ministry of Health, Qilu Hospital of
Shandong University, NO.107 Wenhuaxi Avenue,
Jinan 250012, Shandong, China. E-mail: zhiming-
ge03@126.com

References

[1] Rozanski A, Gransar H, Hayes SW, Min J, Fried-
man JD, Thomson LE and Berman DS. Tempo-
ral trends in the frequency of inducible myocar-
dial ischemia during cardiac stress testing:
1991 to 2009. J Am Coll Cardiol 2013; 61:
1054-1065.

[2] Jennings RB. Historical perspective on the pa-
thology of myocardial ischemia/reperfusion
injury. Circ Res 2013; 113: 428-438.

[3] Mozaffari MS, Liu JY, Abebe W and Baban B.
Mechanisms of load dependency of myocardi-
al ischemia reperfusion injury. Am J Cardio-
vasc Dis 2013; 3: 180-196.

[4] Ibanez B, Heusch G, Ovize M and Van de Werf
F. Evolving therapies for myocardial ischemia/
reperfusion injury. J Am Coll Cardiol 2015; 65:
1454-1471.

[5] Bartel DP. MicroRNAs: genomics, biogenesis,
mechanism, and function. Cell 2004; 116:
281-297.

[6] Kloosterman WP and Plasterk RH. The diverse
functions of microRNAs in animal develop-
ment and disease. Dev Cell 2006; 11: 441-
450.

[7]1 Jovanovic M and Hengartner M. miRNAs and
apoptosis: RNAs to die for. Oncogene 2006;
25: 6176-6187.

Int J Clin Exp Pathol 2017;10(9):10140-10151


mailto:mmqlwo@sina.com
mailto:zhimingge03@126.com
mailto:zhimingge03@126.com

(8]

(9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

Effect of miR-139-5p on myocardial I/R injury

Condorelli G, Latronico MV and Cavarretta E.
microRNAs in cardiovascular diseases: Current
knowledge and the road ahead. J Am Coll Car-
diol 2014; 63: 2177.

Shen K, MaoR,MalL,LiY,QiuY,CuiD, LeV,Yin
P, Ni L and Liu J. Post-transcriptional regulation
of the tumor suppressor miR-139-5p and a
network of miR-139-5p-mediated mRNA inter-
actions in colorectal cancer. FEBS J 2014,
281: 3609-3624.

Jiang LH, Sun DW, Li J and Tang JH. MiR-139-
5p: promising biomarker for cancer. Tumor Biol
2015; 36: 1355-1365.

Sannigrahi MK, Sharma R, Singh V, Panda NK,
Rattan V and Khullar M. Role of host-microRNA
hsa-miR-139-3p in HPV-16 induced carcino-
mas. Clinic Can Res 2017; 23: 3884-3895.
Wong CC, Wong CM, Tung EK, Au SL, Lee JM,
Poon RT, Man K and Ng 10. The microRNA miR-
139 suppresses metastasis and progression
of hepatocellular carcinoma by down-regulat-
ing Rho-kinase 2. Gastroenterology 2011;
140: 322-331.

Ren XP, Wu J, Wang X, Sartor MA, Qian J, Jones
K, Nicolaou P, Pritchard TJ and Fan GC. MicroR-
NA-320 is involved in the regulation of cardiac
ischemia/reperfusion injury by targeting heat-
shock protein 20. Circulation 2009; 119:
2357-2366.

Shen K, Mao R, Ma L, LiY,QiuY, CuiD, LeV, Yin
P, Ni L and Liu J. Post-transcriptional regulation
of the tumor suppressor miR-139-5p and a
network of miR-139-5p-mediated mRNA inter-
actions in colorectal cancer. FEBS J 2014;
281: 3609-3624.

Vaux D, Cory S and Adams J. Bcl-2 and cell sur-
vival. Nature 1988; 335: 440-442.

Saddic LA, Chang TW, Sigurdsson MI, Heydar-
pour M, Raby BA, Shernan SK, Aranki SF, Body
SC and Muehlschlegel JD. Integrated microR-
NA and mRNA responses to acute human left
ventricular ischemia. Physiol Genomics 2015;
47: 455-462.

10151

(17]

(18]

(19]

[20]

(21]

(22]

(23]

Cheng Y, Zhu P, Yang J, Liu X, Dong S, Wang X,
Chun B, Zhuang J and Zhang C. Ischaemic pre-
conditioning-regulated miR-21 protects heart
against ischaemia/reperfusion injury via anti-
apoptosis through its target PDCD4. Cardio-
vasc Res 2010; 87: 431-439.

Ye Y, Hu Z, Lin Y, Zhang C and Perez-Polo JR.
Downregulation of microRNA-29 by antisense
inhibitors and a PPAR-gamma agonist protects
against myocardial ischaemia-reperfusion in-
jury. Cardiovasc Res 2010; 87: 535-544.
Bonauer A, Carmona G, lwasaki M, Mione M,
Koyanagi M, Fischer A, Burchfield J, Fox H, Doe-
bele C, Ohtani K, Chavakis E, Potente M, Tjwa
M, Urbich C, Zeiher AM and Dimmeler S. Mi-
croRNA-92a controls angiogenesis and func-
tional recovery of ischemic tissues in mice. Sci-
ence 2009; 324: 1710-1713.

Hamacherbrady A, Brady NR, Gottlieb RA and
Gustafsson AB. Autophagy as a protective re-
sponse to Bnip3-mediated apoptotic signaling
in the heart. Autophagy 2006; 2: 307-309.
Alers S, Loffler AS, Wesselborg S and Stork B.
Role of AMPK-mTOR-Ulk1/2 in the regulation
of autophagy: cross talk, shortcuts, and feed-
backs. Mol Cell Biol 2012; 32: 2-11.

Vaux D, Cory S and Adams J. Bcl-2 and cell sur-
vival. Nature 1988; 335: 440-442.

Khan SH and Kumar R. Role of an intrinsically
disordered conformation in AMPK-mediated
phosphorylation of ULK1 and regulation of au-
tophagy. Mol Biosyst 2012; 8: 91-96.

Int J Clin Exp Pathol 2017;10(9):10140-10151



