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1. Introduction
With the aging of the population, heart failure has be-

come an increasingly serious public health issue world-
wide. Heart failure is a common pathological manifesta-
tion of diverse cardiovascular diseases, such as ischemic 
cardiomyopathy, myocardial infarction (MI), valvular 
heart disease, hypertension, myocarditis, cardiomyopathy, 
diabetes and other end-stage diseases [1-3]. A series of 
pathological changes after MI, including hypertrophy of 
myocardial cells, extracellular matrix remodeling, insuf-
ficient microvascular perfusion and ventricular dilatation, 
act as crucial factors leading to the occurrence and deve-
lopment of heart failure [4,5]. Hence, it is of great signi-
ficance to clarify the molecular mechanisms of the occur-
rence and development of MI for its clinical prevention 
and treatment.

Micro ribonucleic acids (miRNAs) are a group of 
single-stranded non-coding RNAs with about 20-24 nu-
cleotides in length. They exist in eukaryotes and possess 
regulatory functions. Previous studies have shown that 
miRNAs can regulate the expression of different life genes 
through targeted binding to specific genes, thereby playing 
important roles in cell proliferation, differentiation, inva-

sion, apoptosis, and other behaviors [6,7]. Moreover, miR-
NAs exert vital effects in cardiovascular diseases, espe-
cially heart failure and MI. For example, miR-1 triggers 
arrhythmia by modulating potassium channel genes. Up-
regulated miR-1 in the serum of MI patients is a high-risk 
factor for arrhythmia [8)]. Transgenic mice with myocar-
dial cells overexpressing miR-199b-5p display obvious 
pathological myocardial remodeling after MI, accompa-
nied by severe cardiac contraction, diastolic dysfunction 
and fibrotic deposition [9]. Although miR-22 is the first 
miRNA discovered in HeLa cells in Lagos, there is still no 
research on its functions and mechanisms in MI.

In this study, the expression of miR-22 in myocardial 
tissues of MI rats was first detected. Meanwhile, the po-
tential mechanism by which miR-22 exhibited its anti-MI 
effect was explored. All our findings might help to provide 
a certain reference basis for the clinical treatment of MI in 
the future.

2. Materials and Methods

2.1. Grouping and treatments of experimental animals 
A total of 80 adult male Wistar rats at the age of 12-
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14 weeks old weighing (267.53±8.29) g were randomly 
divided into 4 groups using a random number table, na-
mely, sham operation group (Sham group), sham ope-
ration + miR-22 overexpression group (Sham + miR-22 
mimic group), MI group, MI + miR-22 overexpression 
group (MI + miR-22 mimic group). There were no sta-
tistically significant differences in basic data such as age 
and weight among the 4 groups of rats. Rats in each group 
were anesthetized by intraperitoneal injection of 50 mg/
kg pentobarbital. Then the cannula was inserted into the 
left carotid artery to measure the blood pressure of rats. 
Limb lead II electrocardiogram (ECG) was used to detect 
heart rate. Subsequently, the thorax in the fourth intercos-
tal space was opened, and the pericardium was cut off to 
expose the heart. Next, the left anterior descending coro-
nary artery (LAD) was ligated at 2 mm above the left atrial 
appendage using 6-0 silk thread to induce local MI model. 
If ST segment was elevated in limb lead II ECG, and the 
myocardium in the heart's left ventricle anterior wall tur-
ned white, MI modeling would be successful. In addition, 
the rats in Sham group underwent the same operation, wit-
hout ligation of the silk thread. At 4 weeks after operation, 
the rats were killed, and myocardial tissues in the left ven-
tricle anterior wall were collected. After washing with nor-
mal saline to remove blood, collected tissues were put into 
a refrigerator at -80°C for use (Figure 1). Rats in Sham + 
miR-22 mimic group and MI + miR-22 mimic group were 
injected with miR-22 mimic via the tail vein once every 
5 days for 4 weeks after operation. Meanwhile, those in 
Sham group and MI group were injected with the same 
amount of normal saline. This investigation was approved 
by the Animal Ethics Committee of the Second Affiliated 
Hospital of Guangzhou Medical University Animal Cen-
ter.

2.2. Detect via ECGs 
To detect the cardiac function, Mylab 30CV ultrasound 

system (Esaote S.p.A, Genoa, Italy) and 10-MHz linear 
ultrasound transmitter were applied to detect the ECGs of 
each group of rats. Briefly, the hair in the anterior thoracic 
region was first shaved off. Then the rats were anesthe-
tized and placed on a heating plate (37°C) with the left 
side facing up. Parameters, including ejection fraction [EF 
(%)], fraction shortening [FS (%)] and heart rate (bpm), 
were finally detected.

2.3. Hematoxylin and Eosin (H&E) staining 
The hearts of each group were placed in 10% formalin 

overnight, dehydrated and embedded with paraffin blocks. 
Subsequently, myocardial tissues were cut into 5 μm-thick 
slices, fixed on glass slides, and baked dry for staining. 
According to the instructions, the slices were independent-
ly soaked in xylene, ethanol with a gradient concentration 
and hematoxylin, followed by sealing with resin. After air 
drying, the slices were observed and photographed under 
an optical microscope. Finally, the morphology of myo-
cardial cells, cardiac interstitium and myofilaments was 
observed.

2.4. Immunohistochemical staining 
Myocardial tissue slices were baked in an oven at 60°C 

for 30 min and deparaffinized with xylene (5 min × 3 
times), followed by dehydration for 3 times with 100%, 
95% and 70% ethanol, respectively. Thereafter, the activity 

of endogenous peroxidase was inhibited by 3% hydrogen 
peroxide methanol, and the tissues were sealed with goat 
serum for 1 h. Then the tissues were incubated with the 
primary antibody against 4-hydroxynonenal (4-HNE) 
diluted with phosphate-buffered saline (PBS) at 1:100 at 
4°C overnight. After washing with PBS for 4 times in a 
shaker, the tissues were incubated with the corresponding 
secondary antibody. Color development was performed 
with diaminobenzidine. 6 samples were randomly selected 
from each group. 5 fields of view were randomly selec-
ted from each sample and photographed under an optical 
microscope (200× and 400×).

2.5. Terminal Deoxynucleotidyl Transferase dUTP 
Nick End Labeling (TUNEL) staining 

Myocardial tissue slices were baked in an oven at 60°C 
for 30 min, deparaffinized with xylene (5 min × 3 times) 
and independently dehydrated with 100%, 95% and 70% 
ethanol for 3 times each. Subsequently, the slices were 
incubated with protein kinase K for half an hour. After 
washing with PBS, the slices reacted with dUTP labeled 
by terminal deoxynucleotidyl transferase and luciferase 
for 1 h at 37°C. Next, the specific antibody labeled by hor-
seradish peroxidase was added for incubation again for 1 
h at 37°C. The slices reacted at room temperature for 10 
min, with diaminobenzidine (DAB) (Solarbio, Beijing, 
China) as the substrate. The nucleus was stained by hema-
toxylin, and photographing and counting were carried out 
under an optical microscope.

2.6. Picro-Sirius Red (PSR) staining 
Myocardial tissue slices were baked in an oven at 60°C 

for 30 min, deparaffinized with xylene (5 min × 3 times), 
and separately dehydrated with 100% ethanol, 95% etha-
nol and 70% ethanol for 3 times each. Next, myocardial 
tissues were added drop-wise with Sirius red stain for 1 
h of incubation, followed by washing with running water 
for 10 min to remove staining solution. After the nucleus 
was stained by hematoxylin, the tissues were mounted and 
observed.

2.7. Detection of related gene expression via Reverse 
Transcription-Polymerase Chain Reaction (RT-PCR) 

Total RNAs in myocardial tissues of 4 groups of rats 
were first extracted using TRIzol method (Invitrogen, 
Carlsbad, CA, USA). The concentration and purity of ex-
tracted RNAs were detected by an ultraviolet spectropho-
tometer. When A260/A280 = 1.8-2.0, the RNA could be used. 
Subsequently, extracted RNA was reversely transcribed 
into complementary deoxyribonucleic acids (cDNAs) and 
stored in a refrigerator at -80°C. RT-PCR was then carried 
out in a system containing 2.5 μL of 10× Buffer, 1 μL of 
cDNA, 0.5 μL of forward primers (20 μmol/L), 0.5 μL of 
reverse primers (20 μmol/L), 10 μL of LightCycler® 480 
SYBR Green I Master (2×) and 5.5 μL of ddH2O. RT-PCR 
amplification systems were the same as above. U6 was 
used as the internal reference in the quantitative analysis 
of miR-22 expression, and glyceraldheyde 3-phosphate 
dehydrogenase (GAPDH) as the internal reference in the 
quantitative analysis of the Collagen1 and Collagen3 ex-
pression. Primer sequences used in the study are shown in 
Table 1.
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be markedly improved by miR-22 overexpression. Sub-
sequently, FS (%) and EF (%) in each group of rats were 
measured. The results manifested that overexpression of 
miR-22 evidently inhibited the decreases in FS (%) and 
EF (%) in MI group (P<0.05). All these findings suggested 
that miR-22 could improve deteriorated cardiac functions 
of MI rats.

2.8. Detection of protein expression via Western Blot-
ting assay

After myocardial tissues were fully ground in lysis buf-
fer, they were ultrasonically lysed. The lysis buffer was 
centrifuged to extract the supernatant, which was then 
sub-packaged into Eppendorf (EP) tubes for use. Protein 
concentration was measured via the bicinchoninic acid 
(BCA) assay (Pierce, Rockford, IL, USA) and ultravio-
let spectrophotometry. After that, proteins were dissolved 
to a constant concentration and placed in a refrigerator at 
-80°C. Protein samples were separated by sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred onto cellulose acetate polyvinylidene di-
fluoride (PVDF) membranes (Millipore, Billerica, MA, 
USA). After incubation with primary antibodies at 4°C 
overnight, the membranes were incubated with goat anti-
rabbit secondary antibody for 1 h in dark. Immuno-reac-
tive bands were scanned using an Odyssey scanner and 
quantified. Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) was used as an internal reference.

2.9. Statistical analysis 
Statistical Product and Service Solutions (SPSS) 22.0 

software (IBM, Armonk, NY, USA) was used for all statis-
tical analysis. Measurement data were expressed as mean 
± standard deviation. t-test was applied to compare the dif-
ferences between the two groups. P<0.05 was considered 
statistically significant.

3. Results

3.1. MiR-22 expression in myocardial tissues of the 4 
groups of rats

RT-PCR results (Figure 1) revealed that the expression 
level of miR-22 in myocardial tissues of rats in MI group 
was significantly lower than (about 0.33 times as high as) 
that in Sham group (P<0.05). Compared with MI group, 
the expression level of miR-22 in myocardial tissues of 
rats in MI + miR-22 mimic group increased obviously 
(P<0.05). This indicated that the model of miR-2 overex-
pression was successfully established in rats.

3.2. Comparison of cardiac function among the 4 
groups of rats

As shown in Figure 2, ECGs manifested that there was 
no statistically significant difference in heart rate among 
the 4 groups of rats. Therefore, it could be concluded that 
differences in EF (%) and FS (%) in each group of rats 
were not caused by the difference in heart rate. In compa-
rison with Sham group, the heart of rats in MI group was 
enlarged and the heart wall became thinner, which could 

Fig. 2. Comparison of cardiac function among the 4 groups of rats. 
Sham group: sham operation group, Sham + miR-22 mimic group: 
sham operation + miR-22 overexpression group, MI group: myocar-
dial infarction group, and MI + miR-22 mimic group: myocardial 
infarction + miR-22 overexpression group. *P<0.05 vs. sham group, 
and #P<0.05 vs. MI group.

Target gene Primer sequence

GAPDH Forward
Reverse

5'-GACATGCCGCCTGGAGAAAC-3'
5'-AGCCCAGGATGCCCTTTAGT-3'

U6 Forward
Reverse

5'-CTCGCTTCGGCAGCACA-3'
5'-AACGCTTCACGAATTTGCGT-3'

MiR-22 Forward
Reverse

5'-AGCAGTCGATGCTGGTGAAA-3'
5'-AGCTACGCTAGTTTTTCACCC-3'

Collagen1 Forward
Reverse

5'-TGCTAAAGCTGTCCCGATGCTG-3'
5'-CGATCGTAGTCGTAGGATGCTC-3'

Collagen3 Forward
Reverse

5'-CGATGCTGTATAGTCGTAGTGC-3'
5'-ACGTAGTCGTTAGTCGTAGTCA-3'

Table 1. Primer sequences of each index in RT-PCR.

Fig. 1. MiR-22 expression in myocardial tissues of the 4 groups of 
rats. Sham group: sham operation group, Sham + miR-22 mimic 
group: sham operation + miR-22 overexpression group, MI group: 
myocardial infarction group, and MI + miR-22 mimic group: myo-
cardial infarction + miR-22 overexpression group. *P<0.05 vs. sham 
group, and #P<0.05 vs. MI group.
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3.3. Comparison of myocardial fibrosis among the 4 
groups of rats

PSR staining results (Figure 3) demonstrated that the 
content of deposited collagens in myocardial tissues of rats 
in MI + miR-22 mimic group was prominently lower than 
that in MI group (P<0.05). RT-PCR results further revea-
led that overexpression of miR-22 markedly suppressed 
the mRNA expressions of fibrosis-promoting genes (Col-
lagen1 and Collagen3) (P<0.05).

3.4. Comparison of myocardial hypertrophy among 
the 4 groups of rats

H&E staining results (Figure 4) indicated that overex-
pression of miR-22 remarkably reduced the cross-sectio-
nal area of myocardial cells after MI (P<0.05), suggesting 
that miR-22 had an anti-myocardial hypertrophy effect.

3.5. Comparison of oxidative stress level in myocardial 
tissues among the 4 groups of rats

Furthermore, the protein expression level of lipid pe-
roxide 4-HNE was determined in myocardial tissues of the 
4 groups of rats. The results showed that rats in MI + MIR-

22 mimic group exhibited a significantly lower content 
of 4-HNE in myocardial tissues than MI group (P<0.05) 
(Figure 5).

3.6. Comparison of the apoptosis rate in myocardial 
tissues among the 4 groups of rats

TUNEL staining results (Figure 6) illustrated that the 
apoptosis rate in myocardial tissues of rats increased signi-
ficantly after MI (P<0.05). However, miR-22 overexpres-
sion distinctly decreased the number of apoptotic myocar-
dial cells of MI rats (P<0.05).

Fig. 4. Comparison of myocardial hypertrophy among the 4 groups 
of rats, (magnification: 400×). Sham group: sham operation group, 
Sham + miR-22 mimic group: sham operation + miR-22 overexpres-
sion group, MI group: myocardial infarction group, and MI + miR-22 
mimic group: myocardial infarction + miR-22 overexpression group. 
*P<0.05 vs. sham group, and #P<0.05 vs. MI group.

Fig. 3. Comparison of myocardial fibrosis among the 4 groups of rats, 
(magnification: 400×). Sham group: sham operation group, Sham 
+ miR-22 mimic group: sham operation + miR-22 overexpression 
group, MI group: myocardial infarction group, and MI + miR-22 
mimic group: myocardial infarction + miR-22 overexpression group. 
*P<0.05 vs. sham group, and #P<0.05 vs. MI group.

Fig. 5. Comparison of oxidative stress in myocardial tissues among 
the 4 groups of rats, (magnification: 400×). Sham group: sham opera-
tion group, Sham + miR-22 mimic group: sham operation + miR-22 
overexpression group, MI group: myocardial infarction group, and MI 
+ miR-22 mimic group: myocardial infarction + miR-22 overexpres-
sion group. *P<0.05 vs. sham group, and #P<0.05 vs. MI group.

Fig. 6. Comparison of oxidative stress in myocardial tissues among 
the 4 groups of rats, (magnification: 400×). Sham group: sham opera-
tion group, Sham + miR-22 mimic group: sham operation + miR-22 
overexpression group, MI group: myocardial infarction group, and MI 
+ miR-22 mimic group: myocardial infarction + miR-22 overexpres-
sion group. *P<0.05 vs. sham group, and #P<0.05 vs. MI group.
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3.7. Expression level of genes associated with the PTEN/
Akt/mTOR signaling pathway 

Considering that the abnormal activation of the PTEN/
Akt/mTOR signaling pathway is a key molecular mecha-
nism triggering MI, Western blotting assay was adopted to 
detect the expression of proteins related to the PTEN/Akt/
mTOR signaling pathway. As shown in Figure 7, overex-
pression of miR-22 obviously inhibited the phosphoryla-
tion levels of Akt and mTOR in myocardial tissues, and 
significantly reduced the protein expression of PTEN as 
well (P<0.05).

4. Discussion
After MI, ventricles will undergo progressive enlarge-

ment and shape change, which is called ventricular struc-
tural remodeling. Similarly, abnormal changes in elec-
trical activity and metabolic activity of myocardial cells 
after MI are known as electrical remodeling and metabolic 
remodeling [10]. Post-MI structural remodeling, electrical 
remodeling and metabolic remodeling are all vital incen-
tives for heart failure in MI patients. The emphasis of cur-
rent research is mainly on post-MI structural remodeling. 
It has been recognized that ventricular structural remode-
ling primarily involves changes in heart cells (including 
myocardial cells, fibroblasts and immune cells) and abnor-
malities in the extracellular matrix [11]. Among them, the 
dynamic generation and degradation of collagen fibers in 
myocardial interstitium are valuable for the maintenance 
of normal cardiac activities. After MI, the destruction of 
dynamic balance induces myocardial fibrosis. This may 
reduced ventricular compliance and myocardial contrac-
tility, thereby leading to heart failure [12]. Additionally, 
collagen deposition in myocardial fibrosis damages myo-
cardial cell electrical homeostasis and triggers arrhythmia 
[13]. Hence, it is of great significance to further explore 
MI, especially the core molecular targets of myocardial 
fibrosis after MI, for the research and development of tar-
geted drugs for its prevention and treatment.

MiRNAs are a type of small non-coding RNAs with 
about 20-24 nucleotides in length, which can modulate 
the expression of various genes in the body at the post-
transcriptional level. More precisely, miRNAs are able to 
suppress the translation of corresponding proteins by bin-
ding to the 3' untranslated region (3'UTR) of target genes 
[14]. MiR-22, belonging to the miRNA family, plays a cru-
cial regulatory role in cardiovascular diseases, especially 
myocardial remodeling. Previous studies have shown that 
miR-22 is a pivotal agonist of calcium ion (Ca2+)-ATPases 
in myocardial cells, whose activity in the sarcoplasmic 
reticulum/endoplasmic reticulum can be reduced by inhi-
bition of miR-22 expression. This may cause the reduc-
tion in the content of Ca2+ in the sarcoplasmic reticulum 
of myocardial cells, eventually resulting in systolic and 
diastolic dysfunction of the heart as well as cardiac cavity 
enlargement [15]. Patients with end-stage heart failure dis-
play a markedly up-regulated expression level of miR-22 
in the peripheral blood. Animal experiments have further 
illustrated that miR-22 can target PPAR and nuclear es-
trogen receptor genes, which destructs calcium homeosta-
sis in myocardial cells and even induces heart failure [16]. 
In this study, it was discovered that the expression level 
of miR-22 was significantly reduced in myocardial tissues 
of MI rats. Furthermore, miR-22 overexpression could 
inhibit myocardial hypertrophy and fibrosis after MI and 

reduce myocardial cell apoptosis.
There are numerous and complex signaling pathways 

giving rise to myocardial remodeling after MI. Physio-
logical myocardial hypertrophy is mainly mediated by 
PI3K, whose downstream target protein is Akt. Besides, 
phosphorylated Akt is able to activate mTOR that is the 
core of physiological myocardial hypertrophy [17]. On 
the contrary, pathological myocardial hypertrophy (sti-
mulated by angiotensin II or endothelin-1) is mediated 
by the activation of G protein-coupled receptor. Activa-
ted G protein-coupled receptor can lead to the activation 
of MAPK and the dephosphorylation of NFAT, as well as 
facilitate the transcriptional activation of hypertrophy-as-
sociated genes [18]. Relevant studies have demonstrated 
that phosphatase PTEN gives rise to remodeling after MI 
through the Akt/IL-10 signaling pathway. Therefore, sup-
pressing PTEN in a targeted manner can alleviate post-MI 
myocardial remodeling [19]. However, miR-22 can target 
and inhibit PTEN gene at a specific site on PTEN 3'UTR. 
More interestingly, miR-22 can be up-regulated by PTEN, 
implying that there is a potential negative feedback regu-
lation loop between miR-22 and PTEN/Akt [20-23]. The 
results of this study revealed that the expression levels of 
PTEN, Akt and mTOR were significantly up-regulated in 
myocardial tissues of MI rats. In addition, overexpression 
of miR-22 could prominently reduce the expression and 
activation of PTEN, Akt and mTOR in myocardial tissues. 
Nevertheless, whether there is a potential negative feed-
back regulation correlation between miR-22 and PTEN/
Akt needs to be confirmed by more experiments in the 
future.

5. Conclusions
To sum up, our results demonstrated for the first time 

that the miR-22 expression was reduced in myocardial tis-
sues of MI rats. Furthermore, miR-22 could reduce myo-
cardial fibrosis after MI through the targeted inhibition on 
the PTEN-mediated Akt/mTOR signaling pathway.
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