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Abstract
Acute myocardial infarction (AMI) is a common clinical cardiovascular disease, which is the leading cause of death and
disability worldwide. Abnormal expression of long noncoding RNAs (lncRNA) is reported to be related to myocardial
dysfunctions such as myocardial infarction (MI). In this study, we aimed to investigate the role of lncRNA myocardial
infarction-related transcription factors 2 (Mirt2) in AMI and the underlying molecular mechanisms in vivo and in vitro. In
vivo AMI model was established by occlusion of the left anterior descending coronary artery. Rats were randomly divided
into two groups (five rats per group): the sham group and the AMI group. H9c2 cells were cultured under hypoxia for 4 h and
then cultured under normoxia to establish the in vitro hypoxia reoxygenation (H/R) model. Our study shows that the
myocardial infarct size and the apoptosis in AMI rats were both significantly increased, indicating that the AMI rat model
was successfully established. Additionally, the levels of Mirt2 in AMI rats were increased significantly. Knockdown of
Mirt2 by shRNA (shMirt2) had no significant effect on apoptosis and MI in sham rats, but significantly promoted apoptosis
and MI in AMI rats. In vitro experiments showed that shMirt2 significantly decreased the level of Mirt2 in H9c2 cells and
H9c2 cells treated with H/R. It is worth noting that shMirt2 had no significant effect on H9c2 cells, but significantly
increased the levels of oxidative stress markers (malondialdehyde and lactate dehydrogenase), and also increased the number
of apoptosis of H/R-treated H9c2 cells. Further mechanistic analysis showed that Mirt2 could protect MI and apoptosis in
AMI rats by competitively adsorbing miR-764 and reducing the inhibitory effect of miR-764 on 3-phosphoinositide-
dependent kinase 1 (PDK1). More importantly, after overexpression of Mirt2, MI and apoptosis were significantly improved
in AMI rats, indicating that Mirt2 showed a protective effect in AMI rats. In summary, these findings suggest that that Mirt2
participated in the regulation of MI through the miR-764/PDK1 axis. Therefore, the current findings provide a theoretical
basis for the diagnosis and treatment of clinical MI with changes in Mirt2 levels.

Introduction

Heart disease is currently the leading cause of death and
disability worldwide [1]. Despite modern reperfusion

strategies, there is still a considerable proportion of patients
with left ventricular remodeling, leading to heart failure
(HF) after myocardial infarction (MI) [2]. Myocardial
ischemia, cardiac arrest, or cardiac surgery can cause irre-
versible damage to the myocardium [3]. However, the
integrity of the molecular pathways involved in the biolo-
gical process of MI is still unknown. Apoptosis is con-
sidered the main mechanism leading to MI [4, 5]. Therefore,
further study of the mechanism of apoptosis in MI may be
helpful to identify effective targeted therapy.

Long noncoding RNAs (lncRNAs) are RNAs longer than
200 nucleotides [6]. Studies have shown that myocardial
ischemia-reperfusion injury can cause the abnormal
expression of lncRNA [7], suggesting that changes in
lncRNA expression may be related to various myocardial
dysfunctions and may be a novel marker for the treatment of
HF [8, 9]. Zang et al. found that myocardial infarction-
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related transcripts (Mirt1 and Mirt2) and other lncRNAs
were upregulated in mice with MI, but Mirt1 and Mirt2
were negatively correlated with MI area while positively
related to left ventricular ejection fraction (LVEF) [10].
Among them, inhibition of Mirt1 can inhibit NF-κB acti-
vation and weaken acute myocardial infarction (AMI) [11].
However, the role of Mirt2 in MI has not been reported.

MicroRNAs (miRNAs) play pivotal roles in the patho-
physiology of AMI [12]. Abnormal expression of miRNA
can lead to changes in several pathological processes of the
heart, which are related to changes in cardiac hypertrophy
after AMI [13]. Clinical studies have shown that miRNAs,
such as miR-1, miR-133a, and miR-499, are significantly
related to hsTnT, NT-proBNP, and LVEF, and levels of
circulating miR-499 in plasma may help identify patients
with increased risk of early death after AMI [14]. As an
miRNA molecule, miR-764 has been reported in hepato-
cellular carcinoma [15]. However, whether miR-764 is
implicated in cardiovascular disease remains unknown.

Therefore, the purpose of the current study was to elucidate
the role of Mirt2 in MI and the underlying molecular
mechanisms in vivo and in vitro. Our findings suggested Mirt2
reduced apoptosis to alleviate MI through regulating miR-764/
3-phosphoinositide-dependent kinase 1 (PDK1) axis.

Material and methods

Animal model

Animal experiments were conducted according to the guide
for the care and use of National Institutes of Health and
approved by the Ethics Committee of Wuhan Third Hos-
pital (Tongren Hospital of Wuhan University). Adult male
Spragure–Dawley (SD) rats (12–14 weeks) were acquired
from the animal center of Wuhan Third Hospital (Tongren
Hospital of Wuhan University) and fed at a stable envir-
onment (temperature of 22 ± 2 °C, humidity of 50–55%, and
a dark-light cycle of 12 h). Twenty rats were randomly
divided into two groups, sham group and AMI group, with
10 rats in each group. AMI model was constructed by
occlusion of the left anterior descending (LAD) coronary
artery. Briefly, rats were cut into a longitudinal pattern in
the left anterior cardiac region. Disconnect the penultimate
rib to expose the thorax. Subsequently, the heart was then
exposed by removing the pericardium. The LAD branch
was permanently ligated 2–3 mm away from the aortic root.
The heart with successful ligation could observe the color
change of the distal myocardium. After ligation, the heart
was repositioned in the chest cavity. Suture the skin and use
a syringe to remove air from the chest cavity. After surgery,
the rats were individually kept alone in a cage for 24 h to
recovery. The rats in the sham operation group only passed

under the coronary artery without ligation. Echocardio-
graphy (Vevo 770; Visual Sonics) was carried out to assess
cardiac function parameter, such as ejection fraction (EF)
and fractional shortening (FS). After 10 weeks, all rats were
sacrificed by intraperitoneal injection of sodium pento-
barbital (200 mg/kg), and samples were collected for
examination [16].

Triphenyltetrazolium (TTC) staining

TTC staining was used to detect MI size. The ventricle was
transected into 2 mm thick slices. The sections were incu-
bated with 1% TTC at 37 °C for 10 min to locate the
infarcted and non-infarcted areas. TTC non-stained area
(white) is defined as the infarcted area. The percentage of
infarcted area represents the area of infarct.

Measurement of malondialdehyde (MDA) and
lactate dehydrogenase (LDH)

The levels of LDH and MDA in H9c2 cells or serum of rats
were measured by diagnostic kit (NJBI, China) according to
the manufacturer’s instructions.

Terminal deoxynucleotide transferase-mediated
dUTP gap terminal (TUNEL) assay

Apoptosis of H9c2 cells or myocardial tissue was detected
by TUNEL assay. In brief, tissue sections or H9c2 cells
were dewaxed and exposed to 3% H2O2. After that, the
samples were digested with pepsin at 37 °C for 30 min, and
then subjected to a TUNEL reaction mixture at 25 °C for 60
min and redyed with hematoxylin. The number of apoptotic
cells was quantitatively analyzed by TUNEL positive
nuclear counting method. Positive cells were assessed by
×100 optical microscopy system.

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was extracted from myocardial tissue or H9c2
cells and then reversed transcribed into cDNA (Superscript
II reverse transcriptase, Life Technologies). qPCR was
performed on the CFX96 system (Bio-rad, Nazareth, Bel-
gium) using IQ SYBR Green SuperMix. The mRNA level
of target genes was normalized by U6 and β-actin and
calculated using CFX Manager2.1 software (Bio-Rad)
through relative quantitative method (2−ΔΔCt). All the pri-
mers used are as follows:

Mirt2, F, 5′-CCAATCCCGATGCAATGTT-3′, R, 5′-TC
AAGCCAACCTGCAACGG-3′;

MiR-764, F, 5′-ACTAACGAAGGCCTACGTC-3′, R,
5′-TCGAACAATGCAACGTACG-3′;
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PDK1, F, 5′-GGCAACCATCTTAGAACCG-3′, R, 5′-G
GTCCAAACTGAACCTGAC-3′;

U6, F, 5′-CAACGCACTGGTTACCAAT-3′, R, 5′-CA
TTAGGCATGACATGCAG-3′;

β-actin, F, 5′-TTCCGAATGCTGACGTTGC-3′, R, 5′-C
CAACTGCCAAACGTGCTG-3′.

Mirt2 knockdown

Twenty rats were divided into Ad-shRNA group, Ad-
shMirt2-1# group, Ad-shMirt2-2# group, and Ad-shMirt2-
3# group. The Mirt2-specific shRNAs (shMirt2-1#,
shMirt2-2#, and shMirt2-3#) were designed, and the
double-stranded oligonucleotide was integrated into the
pSIREN-DNR-DsRed-Express Vector (Biomiao, Beijing,
China). Then, the donor vector was inserted into a pLP-
Adeno-X LP CMV vector (Biomiao, Beijing, China) to
construct a recombinant adenovirus (Ad-shMirt2). Adeno-
virus with shRNA-negative control (NC) was prepared as a
control adenovirus (Ad-NC). Adenovirus was intramyo-
cardially injected at the infarcted border as previously
reported [17] for in vivo experiments. In vitro, H9c2 cells
were infected by adenovirus.

Immunohistochemistry

The expression of caspase 3 in tissue was measured by
Immunohistochemical staining. The primary antibody is anti-
caspase 3 (#9664, 1:2000). The nuclei were restrained with
hematoxylin and examined using image-pro Plus software
(version 6.0; Silver Spring, Marland). The positive staining
results were analyzed by the semi-quantitative integral optical
density value of protein expression index (magnification ×200).

Cell culture and treatment

H9c2 cell line was purchased from the American Type Cul-
ture Collection (Manassas, VA) and maintained in DMEM
supplemented with 10% (v/v) FBS, 100 U/mL penicillin and
100mg/mL streptomycin with 5% CO2 in a 37 °C incubator.
H9c2 cells were then cultured under hypoxia (5% CO2, 1%
O2, and 94% N2) in a hypoxia chamber for 4 h and then
cultured under normoxia to construct hypoxia reoxygenation
(H/R) model. Experiments were carried out using cells
between passages 10 and 14. Subsequently, cells were
infected with adenovirus with shRNA or shMirt2 or trans-
fected with miRNA mimics or inhibitors using Lipofectamine
2000 (Invitrogen, USA).

Methyl thiazolyl tetrazolium (MTT) assay

Viability of cells was measured by MTT assay. H/R-treated
H9c2 cells (1 × 105 cells/well) were inoculated in 96-well

plates. 20 μl MTT solution (5 mg/ml; Sigma-Aldrich) was
then mixed with the cells and incubated for 2 h. Thereafter,
H9c2 cells were cleared with DMSO and determined at 570
nm using a Microplate reader (Bio-rad, Hercules,
CA, USA).

Western blotting

Proteins were isolated from H9c2 cells or myocardium from
rats using RIPA buffer (Beyotime Biotechnology, Shang-
hai, China) containing protease inhibitor. After separating
using SDS-PAGE, proteins were transferred onto PVDF
membranes. After blocking with skim milk, proteins were
hybridized with Bcl-2 (#3498, 1:1000, Cell Signaling
Technology, USA), Bax (#5023, 1:1000, CST, USA),
cleaved-caspase-3 (#9661, 1:1000, CST, USA), PDK1
(#3062, 1:1000, CST, USA), AKT (#9272, 1:1000, CST,
USA), p-AKT (#13038, 1:1000, CST, USA), and GAPDH
(#5174, 1:1000, CST, USA) at 4 °C overnight. After
washing with TBS, the proteins were hybridized with sec-
ondary antibody at 25 °C for 1 h. Finally, proteins were
quantified using Image LabTM Software (Bio-Rad,
Shanghai, China).

Double luciferase report assay

The relationship between Mirt2 and miR-764, as well as
miR-764 and PDK1, was predicted by miRDB (http://mirdb.
org/) and Targetscan 7.1 (http://www.targetscan.org/). The
Mirt2-WT, Mirt2-MUT, PDK1-WT, and PDK1-MUT 3′-
UTR were amplified and integrated into the pGL4.10 luci-
ferase reporter vector, respectively. Cells were transfected
with recombinant vectors and mimics (inhibitors) using
Lipofectamine 2000 according to the manufacturer’s
instructions. After 48 h, Bright-Glo™ luciferin detection
system (Promega, USA) was used to measure luciferase
activity.

RNA immunoprecipitation (RIP)

The interaction between Mirt2 and miR-764 was confirmed
by RIP assays using Magna RNA‐binding protein immu-
noprecipitation kit (Millipore, Bedford, MA). Simply, H9c2
cells were cleaved and co-cultured with A/G agarose beads
containing Ago2 (ab186733; Abcam) or IgG antibody
(ab172730; Abcam). Normal rabbit IgG was employed as
NC. After washing, proteins of Ago2 or IgG were deter-
mined by western blotting.

PDK1 overexpression

The pdk1-overexpressed plasmid and empty vector were
purchased from Gene Pharma (Shanghai, China). H9c2
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Fig. 1 The expression of Mirt2 in rat model of AMI is upregulated.
Twenty rats were divided into sham group and AMI group as
experimental subjects with 10 rats in each group. A The extent of MI
was monitored by TTC staining. B The levels of LDH and MDA in

serum of rats were monitored by diagnostic kit. C Apoptosis was
monitored by TUNEL assay. D The mRNA level of Mirt2 was
monitored by RT-qPCR (**p < 0.01 vs. Sham group).

Fig. 2 Knockdown of Mirt2 promoted ischemia-induced myo-
cardial infarction. A Twenty rats were divided into Ad-shRNA
group, Ad-shMirt2-1# group, Ad-shMirt2-2# group, and Ad-shMirt2-
3# group as experimental subjects. A The mRNA level of Mirt2 was
monitored by RT-qPCR (**p < 0.01 vs. Ad-shRNA group). B–E The
rats were randomly divided into four groups (five rats/group): Sham+
Ad-shRNA group, Sham+Ad-shMirt2 group, AMI+Ad-shRNA

group, and AMI+Ad-shMirt2 group. B The extent of MI was mon-
itored by TTC staining. C The levels of oxidative stress markers (LDH
and MDA) in serum of rats were monitored by diagnostic kit. D
Apoptosis was monitored by TUNEL assay. E The expression of
cleaved caspase 3 was monitored by IHC (**p < 0.01 vs. Sham+Ad-
shRNA group or AMI+Ad-shRNA group).
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cells were transfected with vectors using Lipofectamine
3000 reagent (Invitrogen).

Statistical analysis

Experimental data are manifested as mean ± standard
deviation (SD). Statistical analysis was performed using
Graphpad 6.0 software (San Diego, CA). Differences
between the two groups were analyzed by Student’s t-test,
while differences over three groups were achieved by one-
way analysis of variance following hoc post. p value < 0.05
was statistically significant.

Results

The expression of Mirt2 is upregulated in a rat
model of AMI

In this study, AMI rat model was constructed by ligation of
the permanent anterior descending branch of the left cor-
onary artery and MI was monitored by TTC staining. As
illustrated in Fig. 1A, the myocardial infarct size of AMI
rats was significantly larger than that of sham-operated rats,
indicating that the AMI rat model had been successfully

constructed. In addition, we also found that the levels of
oxidative stress markers (MDA and LDH) in AMI rats were
significantly increased (Fig. 1B). In addition, TUNEL
analysis revealed that the number of apoptotic cardiomyo-
cytes in AMI rats was significantly higher than that in sham
group (Fig. 1C). Notably, RT-qPCR analysis showed that
the level of Mirt2 in AMI rats was significantly higher than
that in the sham group, suggesting that the high expression
of Mirt2 might be related to AMI (Fig. 1D).

Knockdown of Mirt2 promoted ischemia-induced
myocardial infarction

To further investigate whether the abnormal expression of
Mirt2 is related to AMI, three different shRNAs (Ad-
shMirt-1#, Ad-shMirt-2#, and Ad-shMirt-3#) were designed
to knock down Mirt2. As shown in Fig. 2A, Mirt2 level was
reduced in sham and AMI groups after Mirt2 was knocked
down. As illustrated in Fig. 2B, C, no significant MI and
changes in MDA and LDH levels were observed after Mirt2
knockdown in the sham group. However, in AMI rats,
Mirt2 knockdown significantly aggravated AMI-induced
MI and increased the levels of oxidative stress markers
(MDA and LDH) in serum. Similarly, in the sham group, no
significant changes in cardiomyocyte apoptosis and cleaved

Fig. 3 Knockdown of Mirt2 exacerbated H/R-induced cardio-
myocyte injury. H9c2 cells were cultured under hypoxia for 4 h and
then cultured under normoxia conditions to establish H/R model. H9c2
cells or H/R-treated H9c2 cells were infected with adenovirus
containing shRNA or shMirt2. A The mRNA level of Mirt2 was
monitored by RT-qPCR. B Viability of H9c2 cells was monitored

by MTT assay. C, D The levels of LDH and MDA in cells were
monitored by diagnostic kit. E Apoptosis was monitored by TUNEL
assay. F The protein levels of Bcl-2, Bax, Cleaved caspase 3 were
monitored by western blotting (**p < 0.01 vs. control group or Ad-
shRNA group).
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caspase 3 levels in tissue were observed after the knock-
down of Mirt2. In AMI rats, AMI knockdown markedly
enhanced AMI-induced apoptosis and cleaved caspase 3
expression (Fig. 2D, E). Taken together, these findings
show that knockdown of Mirt2 promoted ischemia-induced
MI.

Knockdown of Mirt2 exacerbated H/R-induced
cardiomyocyte injury

This study expounded the effect of Mirt2 on H/R-induced
H9c2 cell injury. As shown in Fig. 3A, after knockdown of
Mirt2 by shRNA, the mRNA level of Mirt2 in the control
group and H/R group was reduced. Moreover, this study
found that knockdown of Mirt2 had no significant effect on
the viability, MDA and LDH levels, and apoptosis of H9c2
cells. It is worth noting that the downregulation of Mirt2
profoundly inhibited the viability of H9c2 cells and reduced
the levels of oxidative stress markers (MDA and LDH) in
the cells after H/R treatment (Fig. 3B–D). At the same time
knockdown of Mirt2 also aggravated H/R-induced H9c2
cell apoptosis (Fig. 3E). Western blotting showed that
downregulation the expression of Mirt2 elevated the protein
levels of pro-apoptotic proteins (Bax and cleaved caspase
3), while reduced the protein levels of antiapoptotic protein
Bcl-2 (Fig. 3F). Taken together, our findings show Mirt2
knockdown exacerbated H/R-induced cardiomyocyte
injury.

Mirt2 negatively regulated miR-764 expression as a
molecular sponge

Recent studies have shown that lncRNAs act as miRNA
sponges in hypoxia-induced injury. Similarity, our study
exhibited that miR-764 was a suppositional target of Mirt2
by using miRDB (http://mirdb.org) (Fig. 4A). To clarify the
targeting relationship between Mirt2 and miR-764, RIP
assay and luciferase reporter assay were performed. The
results revealed that miR-764 mimics specifically decreased
the luciferase activity of Mirt2-WT, while miR-764 inhi-
bitors specifically increased the luciferase activity of Mirt2-
WT (Fig. 4B). In addition, RIP assay showed that both
Mirt2 and miR-764 in H9c2 cells were rich in Ago2 IP, that
is, Mirt2 directly interacted with miR-764 in H9c2 cells
(Fig. 4C, D). As shown in Fig. 4E, knockdown of Mirt2-
significantly upregulated the mRNA level of miR-764
compared with the Ad-shRNA group. Overall, these results
demonstrated that Mirt2 negatively regulated miR-764
expression as a molecular sponge in H9c2 cells.

Mirt2 upregulated PDK1 expression by adsorbing
miR-764

To explore whether Mirt2 acts as a competitive endogenous
RNA in hypoxia-induced injury, TargetScan (http://www.ta
rgetscan.org/vert_72/) was employed to define the rela-
tionship of miR-764 and phosphatidylinositol-dependent

Fig. 4 Mirt2 negatively regulated miR-764 expression as a mole-
cular sponge. A The speculated target of Mirt2 was predicted by using
miRDB. B The target relationship between Mirt2 and miR-764 was
confirmed by double luciferase report assay (**p < 0.01 vs. miR-NC
group or NC inh group). C, D The target relationship between Mirt2

and miR-764 was confirmed by RNA immunoprecipitation (RIP) (**p
< 0.01 vs. anti-IgG group). E Dividing the 20 rats into Ad-shRNA
group, Ad-shMirt2-1# group, Ad-shMirt2-2# group, and Ad-shMirt2-
3# group as experimental subjects. The mRNA level of miR-764 was
monitored by RT-qPCR (**p < 0.01 vs. Ad-shRNA group).
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protein kinase 1 (PDK1) (Fig. 5A). To verify the targeting
relationship between miR-764 and PDK1, we performed a
luciferase reporter assay. The results confirmed that miR-
764 mimics obviously reduced the luciferase activity of
PDK1-WT, while the luciferase activity of PDK1-MUT
hardly changed. In contrast, miR-764 inhibitors increased
the luciferase activity of PDK1-WT, while the luciferase
activity of PDK1-MUT hardly changed (Fig. 5B), indicat-
ing that PDK1 directly binds to miR-764. In addition, miR-
764 mimics significantly downregulated the mRNA and
protein levels of PDK1, while miR-764 inhibitors showed
the opposite effect (Fig. 5C, D). Moreover, PDK1 expres-
sion was significantly decreased after Mirt2 was silenced
(Fig. 5E). In summary, Mirt2 upregulated PDK1 expression
by adsorbing miR-764.

Mirt2 modulated H/R-induced cardiomyocyte injury
through PDK1

To confirm whether Mirt2 regulates H/R-induced H9c2 cell
injury through PDK1, PDK1 was overexpressed. As shown in
Fig. 6A, PDK1 overexpression obviously reversed shMirt2-
induced decrease of H9c2 cells activity in the H/R group.
PDK1 overexpression also reversed shMirt2-induced the
increase of MDA and LDH levels in H/R group (Fig. 6B, C).
Furthermore, PDK1 overexpression reversed apoptosis in the
H/R group caused by shMirt2 (Fig. 6D). Western blotting

analysis showed that PDK1 overexpression suppressed the
protein levels of Bax and cleaved caspase 3 and promoted the
protein levels of PDK1 and Bcl-2 (Fig. 6E). Taken together,
these results show that Mirt2 regulated H/R-induced cardio-
myocyte injury through PDK1.

Mirt2 overexpression showed a protective effect in
AMI rats

Based on previous studies, this study examined the effect of
Mirt2 overexpression on AMI. As shown in Fig. 7A, after
the adenovirus Ad-Mirt2 infected the rats in sham group
and AMI group, the level of Mrit2 was significantly
increased indicating that Mirt2 was successfully over-
expressed in the rats. Then, this study explored the effects
of Mirt2 overexpression on MI, MDA and LDH, and
apoptosis. As shown in Fig. 7B, Mirt2 overexpression had
no significant effect on infarction size in rats in the sham
group, whereas obviously improved infarction size in AMI
rats. In addition, Mirt2 overexpression reduced the levels of
oxidative stress markers (MDA and LDH) in the serum
of AMI rats, but had no significant effect on the levels of
oxidative stress markers (MDA and LDH) in the serum of
sham-operated rats (Fig. 7C, D). Moreover, Mirt2 over-
expression inhibited cardiomyocyte apoptosis in AMI rats,
but had no significant effect on cardiomyocyte apoptosis in
the sham operation group (Fig. 7E). In addition to these

Fig. 5 Mirt2 upregulated PDK1 expression by adsorbing miR-764.
A The speculated target of Mirt2 was predicted by using TargetScan. B
The target relationship between miR-764 and PDK1 was confirmed by
double luciferase report assay (**p < 0.01 vs. miR-NC group or NC
inh group). C The mRNA level of PDK1 was monitored by RT-qPCR

(**p < 0.01 vs. miR-NC or NC inh group). D The protein level of
PDK1 was monitored by western blotting (**p < 0.01 vs. miR-NC or
NC inh group). E The protein level of PDK1 was monitored by
western blotting (**p < 0.01 vs. Ad-shRNA+NC inh or Ad-shMirt2
+NC inh group).
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Fig. 6 Mirt2 regulated H/R-induced cardiomyocyte injury through
PDK1. H/R-treated H9c2 cells were infected with adenovirus containing
shMirt2 or/and PDK1. A Viability of H9c2 cells was measured by MTT
assay. B, C The levels of oxidative stress markers (LDH and MDA) in

cells were monitored by diagnostic kit. D Apoptosis was monitored by
TUNEL assay. E The protein levels of PDK1, Bcl-2, Bax, Cleaved
caspase 3 were monitored by western blotting (*p < 0.05, **p < 0.01 vs.
control group or H/R group or H/R+Ad-shMirt2 group).
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pathological improvements, echocardiography showed that
exogenous Mirt2 overexpression in AMI rats significantly
improved cardiac function (e.g., increased EF and FS), but
had no significant effect to rats in the sham operation group
(Fig. 7F). Furthermore, we found that exogenous over-
expression of Mirt2 in AMI rats significantly increased the
level of PKD1 and promoted the phosphorylation of
downstream AKT (Fig. S1). In summary, these results
suggest that Mirt2 showed protective effect in AMI rats.

Discussion

AMI is a common clinical cardiovascular disease, which is
characterized by myocardial cell ischemia and hypoxia
damage caused by coronary plaque rupture, thrombosis,
lumen stenosis, or occlusion [18]. Long-term myocardial
ischemia can lead to apoptosis of cardiomyocytes and
severe MI [19]. In the ischemic and hypoxic environment,
cardiomyocytes will trigger oxidative stress reactions, and a

Fig. 7 Mirt2 overexpression showed protective effect in AMI rats.
Dividing the 20 rats into Sham+Ad-NC group, Sham+Ad-Mirt2
group, AMI+Ad-NC group, and AMI+Ad-Mirt2 group as experi-
mental subjects. A The mRNA level of Mirt2 was monitored by RT-
qPCR (**p < 0.01 vs. Sham+Ad-NC group or AMI+Ad-NC group).
B The extent of MI was monitored by TTC staining. C, D The levels

of oxidative stress markers (LDH and MDA) in serum of rats were
monitored by diagnostic kit. E Apoptosis was monitored by TUNEL
assay. F Cardiac function parameter (EF and FS) was measured using
electrocardiograph (**p < 0.01 vs. Sham+Ad-NC group or AMI+
Ad-NC group).
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large amount of oxygen free radicals will be generated in a
short period of time, which will damage the cardiomyocyte
membrane [20]. In this study, an AMI rat model was con-
structed by permanent ligation of the LAD coronary artery,
and MI, MDA and LDH levels, and apoptosis were mea-
sured in AMI rats. The results showed that AMI rats had a
significant MI accompanied by increased levels of oxidative
stress markers (MDA and LDH). Apoptosis of cardiomyo-
cytes in AMI rats was also increased significantly. These
results indicate that AMI rats have been successfully
established in this study.

In recent years, it is believed that lncRNAs are related to
various myocardial dysfunctions and may be new markers
for treating HF [21]. A study by Wang et al. [22] revealed
that lncRNA CHAST is an independent predictor of cardiac
contractile function in early AMI and can be used as a
candidate biomarker for cardiac remodeling. The expression
of myocardial infarction-associated transcript (Mirt1 and
Mirt2) is upregulated in MI mice, but the expression of
Mirt1 and Mirt2 is negatively related to the area of MI and
positively related to the LVEF [10, 11]. Among them,
inhibition of lncRNA Mirt1 can inhibit NF-κB activation
and attenuate AMI [11]. Unfortunately, the effect of Mirt2
on MI and underlying molecular mechanism remains
unclear. Previous studies have shown that the expression of
Mirt2 was upregulated in LPS-stimulated PC12 cells and
serum samples of SCI patients. However, overexpression of
Mirt2 has protective effect on PC12 cell injury induced by
LPS [23]. Mirt2 is considered to have negative feedback
regulation in various cellular processes, which is char-
acterized by the significant increase in Mirt2 expression
under LPS stimulation and it effectively alleviated LPS-
induced inflammatory response by inhibiting TRAF6 oli-
gomerization and autoubiquitination [24]. Similar to the
above results, this study found that the level of Mirt2 was
significantly increased after ischemia-reperfusion stimula-
tion, which prevented cardiomyocyte apoptosis and MI, and
protected myocardial tissue from oxidative damage.
Knockdown of Mirt2 aggravated MI and cardiomyocyte
apoptosis in AMI rats. In addition, in vitro studies showed
that knockdown of Mirt2 decreased the viability and the
level of MI markers (MDA and LDH) in H/R-H9c2 cells,
and promoted apoptosis of H9c2 cells induced by H/R. As
expected, overexpression of Mirt2 significantly reduced MI
and inhibited cardiomyocyte apoptosis in AMI rats. In
conclusion, our study showed that Mirt2 also plays a
negative feedback role in MI and cardiomyocyte apoptosis.
Further studies on the molecular mechanism showed that
Mirt2 reduced the inhibitory effect of miR-764 on PDK1
expression by competitive adsorption of miR-764, thereby
showing protective effects on AMI rats and H/R-treated
H9c2 cells in vitro and in vivo.

Recent studies have shown that miRNAs are a promising
new therapeutic target that can affect multiple genes
through different signaling pathways [25]. The miRNAs
therapeutic regulation is used for atherosclerosis, AMI,
cardiovascular and pulmonary hypertension, and ischemic
injury [26]. MiRNAs in patients with AMI were positively
correlated with NT-proBNP and hsTnT, and negatively
correlated with LVEF [14]. miR-764 is one of miRNAs and
has been reported in diseases [15]. Previous studies have
shown that miR-764 could target Ninsurin 2 (NINJ2) to
regulate neuronal cell death induced by hydrogen peroxide
[27]. However, there is very little study on miR-764 in
AMI. We sought to reveal whether miR-764 is involved in
regulating MIRT2 in AMI rats and H/R-induced cardio-
myocyte injury. The results showed after knocking down
Mirt2, the levels of miR-764 in the cells were significantly
increased. More interestingly, Mirt2 acted as a molecular
sponge for miR-764, and PDK1 was found to be one of the
targets of miR-764. Similarly, miR-764 overexpression can
inhibit H/R-induced cardiomyocyte injury. These findings
demonstrate that downregulation of miR-764 may be a
control factor for MI.

PDK1 plays an indispensable role in the phosphatidyli-
nositol 3 kinase (PI3K) PDK1-Akt pathway [28]. The
activation of PI3K leads to the production of phosphatidy-
linositol-3,4,5-triphosphate. Subsequently, PDK1 and Akt
are recruited to the plasma membrane, and then the
membrane-bound PDK1 phosphorylates Akt at Thr308,
thereby activating Akt [29], which participated in cardio-
vascular pathological processes such as atherosclerosis,
myocardial hypertrophy, and vascular remodeling [30, 31].
PDK1 plays a key role in regulating cardiac function and
tumor metastasis by interfering with the microenvironment
[32]. In addition, PDK1 is also an important regulator in
arterial thrombosis [33]. Notably, this study found that
PDK1 is a target for miR-764. MiR-764 overexpression
significantly reduced PDK1 levels. However, PDK1 over-
expression promoted the viability of H9c2 cells after H/R
induction, reduced the levels of oxidative stress markers
(MDA and LDH), and further inhibited the apoptosis of
H9c2 cells induced by H/R. Taken together, current study
revealed that PDK1 is involved in the implication of Mirt2
and miR-764 on MI.

In conclusion, this study shows that Mirt2 expression was
upregulated in MI models, and knockdown of Mirt2 aggra-
vated MI and cardiomyocyte apoptosis. In vitro studies have
shown that Mirt2 can sponge-adsorb miR-764 and promote
PDK1 expression, thereby inhibiting cardiomyocyte apoptosis
and alleviating MI. Mirt2 knockdown can aggravate MI and
cardiomyocyte apoptosis in vitro and in vivo. The current
findings provide a theoretical basis for the diagnosis and
treatment of clinical MI due to changes in Mirt2 levels.
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