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Abstract: MicroRNA-22 (miR-22) was previously reported to elicit cardiac myocyte hypertrophy and had an anti-
apoptotic effect on neurons. However, its effects on cardiac myocyte apoptosis and cardiac function during ischemia 
and reperfusion (I/R) are not clear. In the present study, we demonstrate that pre-administration of miR-22 mimic 
reduced I/R-induced cardiac dysfunction significantly in a rat model. We found that miR-22 overexpression inhib-
ited cardiac myocyte apoptosis, and reduced cardiac remodeling during I/R. Significant cardiac myocyte apoptosis 
was also observed in a cardiac myocyte model after hypoxia/reoxygenation (H/R), a representative process of I/R. 
Further experiments showed that eNOS activity and the following NO production were significantly decreased dur-
ing I/R and H/R, while such decrease was inhibited by overexpression of miR-22. Mechanistically, overexpression 
of miR-22 had little effect on the total protein level of eNOS, but restored the level of p-eNOS (Ser1177) which was 
down-regulated during H/R. Further RT-PCR results demonstrated that Caveolin 3 (Cav3), an upstream negative 
regulator of eNOS, was upregulated during H/R, resulting in a decrease of p-eNOS. However, such upregulation of 
Cav3 transcript level was inhibited directly by miR-22 during H/R, leading to a restored p-eNOS level and followed NO 
production in cardiac myocytes. Together, the present study revealed that miR-22 down-regulated Cav3, leading to 
restored eNOS activity and NO production, which further inhibited cardiac myocyte apoptosis and promoted cardiac 
function after I/R. Of clinical interest, the present study may highlight miR-22 as a potential therapeutic agent for 
reducing I/R induced cardiac injury.
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Introduction

Ischemia and reperfusion (I/R) induced cardiac 
injury contributes to morbidity and mortality in 
a wide range of pathologies, including cardiac 
remodeling, cardiac arrest, cardiac arrhyth-
mias, dilated cardiomyopathy, heart failure, 
and so forth. The injury is due to numerous 
pathological processes happening during I/R, 
for example, intracellular accumulation of H+ 
and Ca2+ as well as disruption of mitochondrial 
membrane potential, formation of free radicals 
or reactive oxygen species (ROS), and subse-
quent activation of pro-inflammatory pathways 
[1]. At the cellular level, I/R may lead to cardiac 
myocyte death in myocardium, which contrib-
utes to cardiac dysfunction [2]. Despite signifi-
cant advances in laboratory researches and 

clinical trials in the past decade, the underlying 
mechanisms of I/R induced cardiac injury are 
not yet fully understood. Further research is 
indispensable to reduce I/R induced cardiac 
injury and to improve the cardiac prognosis in 
clinical practice.

MicroRNAs (miRs) are a class of small (~22 nt) 
phylogenetically conserved noncoding single-
stranded RNA molecules. They downregulate 
gene expression via degradation or translation-
al inhibition of their target mRNAs through 
direct binding to the targets with imperfect or 
perfect complement [3]. There are numerous 
reports demonstrating that microRNAs are 
involved in cardiac development and different 
types of cardiac diseases [3]. For example, 
miR-1 and miR-499 promote differentiation of 
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cardiac progenitor myocytes into cardiac myo-
cytes while suppress proliferation of the pro-
genitor cells [4]. Cardiac myocyte apoptosis is 
inhibited by overexpression of miR-1, miR-21, 
miR-24, or miR-499, and is promoted by overex-
pression of miR-22 [5-13]. miR-1, miR-21, miR-
494, and miR-210 are involved in cardiac 
inflammation [7, 14-16]. Overexpression of 
miR-133 or miR-208 may result in cardiac 
hypertrophy and dilated cardiomyopathy [17-
20]. However, effects of microRNAs during I/R 
remain to be further investigated.

Of interest, miR-22 was reported to induce car-
diac myocyte hypertrophy and it was a key regu-
lator of stress-induced cardiac hypertrophy and 
in ventricular remolding [21]. Targeted deletion 
of miR-22 promoted stress-induced cardiac 
dilation and contractile dysfunction [22]. 
However, its effect on cardiac myocytes during 
I/R is not very clear. Meanwhile, it was reported 
that overexpression of miR-22 had a neuropro-
tective effect through reduction in caspase 
activation [23, 24]. Its anti-apoptotic effect on 
neurons may suggest miR-22 has a similar 
effect on some other types of cells, including 
cardiac myocytes. Cardiac myocytes have a piv-
otal role in cardiac function at the cellular level, 
and a putative anti-apoptotic effect of miR-22 
on cardiac myocytes may propose that it is an 
important effector during I/R induced cardiac 
injury.

There exists an overproduction of reactive oxy-
gen species (ROS) and a concomitant reduction 
in NO during I/R [1]. Overproduction of ROS, 
namely oxidative stress, causes direct damag-
es to cellular DNA, proteins, and lipids in addi-
tion to its effects in inflammation [1]. NO can 
scavenge ROS and reduce detrimental effects 
of ROS [25-27]. Regulation of ROS and NO bal-
ance is important for reduction of cardiac dam-
age during I/R. eNOS is constitutively expressed 
in cardiac myocytes and enriched in caveolae 
of cardiac myocytes [28-30]. Caveolins, includ-
ing caveolin-3 (Cav3), are upstream negative 
regulators of eNOS [28, 29]. Cav3 is the major 
type of the caveolin family proteins in cardiac 
myocytes and may form a complex with eNOS, 
resulting in eNOS inactivity [28-32]. After stim-
ulation, eNOS is released and activated after 
phosphorylated at serine 1177 (p-eNOS), cata-
lyzing the conversion of L-arginine to L-citrulline 
and NO [28]. It is found that there exists a puta-
tive binding site for miR-22 in the 3’-UTR of 

Cav3 mRNA predicted by TargetScan 6.0 [22]. 
Based on its putative binding activity with Cav3 
mRNA and anti-apoptotic effect, we hypothe-
size that miR-22 inhibits Cav3 expression, fur-
ther promotes eNOS activity and the followed 
NO production, which may prevent cardiac  
myocyte apoptosis and reduce I/R induced car-
diac injury. In the study, effects of miR-22 on 
cardiac myocytes and cardiac function are 
investigated in a rat model of I/R injury as well 
as in a cell model of hypoxia/reoxygenation 
(H/R) damage.

Materials and methods

I/R model

Adult male Wistar rats weighing 250-280 g 
were used in the I/R model in the study. Briefly, 
an ischemia was simulated by ligation at the 
left anterior descending coronary artery (LAD). 
Male Wistar rats were subjected to 30 minutes 
of myocardial ischemia and 24 hours of reper-
fusion. 24 rats were randomized into three 
groups: (1) the sham-operated group (sham 
group, n=8), the rats underwent sham opera-
tion without coronary artery ligation; (2) the I/R 
group (n=8), where the rats were treated with 
ischemia for 30 minutes; and (3) the I/R+miR-
22 group (n=8); 24 hours before the left ante-
rior descending coronary artery ligation, the 
rats were given an intramyocardial injection of 
2.0 μg of miR-22 mimic.

At the end of 24-hour reperfusion, rats were re-
anesthetized and cardiac function was deter-
mined by echocardiography in terms of left ven-
tricular end systolic volume (LVESV), left ven-
tricular ejection fraction (%EF), and left ventric-
ular fractional shortening (%FS). After comple-
tion of functional determination, the ligature 
around the left anterior descending coronary 
artery was retied before the rats were scarified 
for further examinations on the hearts. This 
study was carried out in strict accordance with 
the recommendations in the Guide for the Care 
and Use of Laboratory Animals of the National 
Institutes of Health. The protocol was approved 
by the Committee on the Ethics of Animal 
Experiments of The Second People’s Hospital 
of Hefei. The IACUC committee members at The 
Second People’s Hospital of Hefei approved 
this study. All surgery was performed under 
sodium pentobarbital anesthesia, and all 
efforts were made to minimize suffering.
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Isolation and primary culture of cardiac myo-
cytes

For primary culture of cardiac myocytes, previ-
ous routine protocols were adopted. Briefly, 
adult male Wistar rats weighing 250-280 g 
were sacrificed and the heart was quickly 
removed from the chest and retrogradely aortic 
perfused at constant pressure (100 cm H2O) at 
37°C for 3 minutes with a Ca2+-free PBS solu-
tion and 5% taurine (Sigma), gassed with 95% 
O2-5% CO2. The enzymatic digestion was con-
ducted with collagenase type B (0.5 mg/ml; 
Life Technologies, USA), collagenase type D 
(0.5 mg/ml; Life Technologies), and protease 
type XIV (0.02 mg/ml; Life Technologies). When 
the heart became swollen and hard after 3 min-
utes of digestion, 50 μM Ca2+ was added to the 
enzyme solution. About 7 min later, the heart 
was cut into chunks, and further digested in a 
shaker (60-70 rpm) for 10 minutes at 37°C in 
the same enzyme solution. The supernatant 
containing the dispersed myocytes was filtered 
into a sterilized tube and gently centrifuged at 
500 rpm for 1 minute before resuspended in 
PBS solution with 250 μM Ca2+. After pelleted 
by gravity for 15 minutes, the cardiac myocytes 
were resuspended in PBS solution with 250 μM 
Ca2+. The final cell pellet was suspended in PBS 
with 500 μM Ca2+ for further culture. Meanwhile, 
the shake-harvest procedure was repeated 3-4 
times until all the chunks were digested. 
Isolated cardiac myocytes were stored in 
HEPES solution (pH 7.4) consisting of (in mM) 1 
CaCl2, 137 NaCl, 5.4 KCl, 15 dextrose, 1.3 
MgSO4, 1.2 NaH2PO4, and 20 HEPES.

For primary culture, freshly isolated cardiac 
myocytes were suspended in minimal essential 
medium (MEM; Sigma) containing 1.2 mM Ca2+, 
2.5% FBS (GIBCO), and 1% PS (pH 7.4). After 
pelleted by gravity for 15 minutes, the cardiac 
myocytes were washed 3 more times. The car-
diac myocytes were then plated at 0.5-1 × 104 
cells/cm2 in MEM containing 2.5% FBS and 1% 
PS. After 1 hour of culture in a 5% CO2 incuba-
tor at 37°C, the medium was changed to FBS-
free MEM for further culture. And the medium 
was changed every 48 hours during culture. To 
reduce bacterial or viral contamination, all the 
solutions were filtered (0.2-μm filter) and equili-
brated with 95% O2-5% CO2 for at least 20 min-
utes before use in isolation and culture of car-
diac myocytes.

In vitro hypoxia/reoxygenation (H/R) model

To simulate in vivo I/R process, an in vitro H/R 
model was used in the study. Briefly, cardiac 
myocytes were firstly perfused in normal Hank’s 
solution with a gas mixture of 95% O2-5% CO2 at 
37°C, pH 7.4. To simulate ischemia, the Hank’s 
solution was switched to pH 7.4 at 37°C with-
out glucose or calcium (D-Hank’s solution) and 
then the cells were aerated with a gas mixture 
of 95% N2-5% CO2. To simulate reperfusion, the 
cells were again treated with normal Hank’s 
solution with a gas mixture of 95% O2-5% CO2 at 
37°C, pH 7.4.

Echocardiography

Left ventricular function was assessed with 
two-dimensional M-mode echocardiography in 
short axis. Images of the left ventricle were 
obtained using an ultrasound unit Vivid7™ (GE, 
Milwaukee, WI, USA) equipped with a 13-MHz 
linear phase arrayed transducer (GEi13L) and 
an accompanying software for rodent imaging. 
When the image on the screen was stable for at 
least 10 seconds, left ventricular end systolic 
volume (LVESV), left ventricular ejection frac-
tion (%EF) and left ventricular fractional short-
ening (%FS) were measured. Data represented 
means ± SD, n=8.

TUNEL assay

Transferase dUTP nick end labeling (TUNEL) 
apoptotic analysis was performed using an in 
situ cell death detection kit (Promega, Madison, 
WI, USA) in accordance to the manufacturer’s 
instructions. The enzyme TdT was applied to 
incorporate digoxigenin-conjugated dUTP into 
the ends of DNA fragments. Cells with clear 
nuclear labeling were defined as TUNEL-positive 
cells. Apoptotic cells were calculated as the 
percentage of TUNEL-positive cells using the 
following formula: number of TUNEL-positive 
cell nuclei/(number of TUNEL-positive cell 
nuclei + the number of total cell nuclei) × 100%.

Caspase-3 activity assay

Caspase-3 activity was evaluated by using a 
commercialized caspase-3 assay kit (Biovision 
Inc., USA). The heart was minced and homoge-
nized in lysis buffer (Tris 20 mM, NaCl 50 mM, 
NaF 50 mM, Na4P2O7 5 mM, C12H22O11 25 mM, 
DTT 1 mM, Na3VO4 2 mM, and 1% protease 
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inhibitor cocktail, pH 7.4) with a Heidolph 
DIA900 tissue homogenizer (Heidolph Instru- 
ments, Schwabach, Germany). The homoge-
nate was centrifuged (12,000 g at 4°C for 15 
minutes) and the supernatant was used to 
measure caspase-3 activity according to the 
manufacturer’s instructions. Briefly, an aliquot 
of protein (10 ml) was incubated with 10 mL of 
synthetic peptide substrate Ac-DEVD-pNA in a 
total volume of 100 ml at 37°C for 1 hour 
before caspase-3 activity detection. The absor-
bance at 405 nm of the released pNA was mon-
itored in a spectrometer. The relative activity of 
caspase-3 was monitored by the rate of absorp-
tion value.

Lactate dehydrogenase (LDH) assay

After a cell dies, lactate dehydrogenase (LDH) 
inside the cell is released. LDH is pretty stable, 
and its level can be used as an indicator to 
determine cytotoxicity of an agent. Its detection 
was conducted with the LDH detection activity 
assay kit (Sigma) at 450 nm according to the 
manufacturer’s instructions.

Masson’s trichrome staining for collagen fibers

Masson’s trichrome staining was used for 
detection of collagen fibers in the heart in the 
study. The rat hearts were formalin-fixed and 
paraffin-embedded. Masson’s trichrome stain-
ing of the heart sections was conducted accord-
ing to routine protocols. The collagen fibers are 
stained blue, the nuclei are stained black, and 
the background is stained red. The percentage 
of the heart fibrosis area was calculated by the 
ratio of the blue stained area to the total.

NO and eNOS activity assay

NO concentration and eNOS activity were mea-
sured with detection kits (Jiancheng Bioengi- 
neering Institute, Nanjing, China) according to 
the manufacturer’s instructions. NO concentra-
tion was determined by measuring the concen-
tration of nitrite, a stable metabolite of NO in 
vitro. Briefly, rat serum or whole cell lystate 
supernatant was added into the reaction buffer 
and incubated for 10 minutes in the dark at 
room temperature. The resultant chromophore 
was determined at 540 nm using a spectrome-
ter (SpectraMax 190, Molecular Device, USA). 
The nitrite concentrations in the samples were 
calculated according to the freshly prepared 

nitrite standard curve made from sodium nitrite 
with Krebs buffer. For eNOS activity assay, 100 
μl serum or cell lysate supernatant was added 
into the reaction buffer. 30 minutes after incu-
bation at 37°C, the reaction was stopped by 
adding a termination buffer. Formazan was the 
reaction product of NBT/PMS with NADPH in 
the presence of NO, and its level was measured 
at 530 nm. Results were normalized against 
the mean value of control and expressed as 
fold changes. The experiments were repeated 
for at least 3 independently.

Flow cytometry for cell apoptosis assay 
Annexin V-FITC/PI double marking

FITC-conjugated Annexin V and propidium 
iodide (PI) (Annexin-V-FLUOS, Boehringer Mann- 
heim, Mannheim, Germany) were used to iden-
tify cardiac myocyte apoptosis with a flow 
cytometer following the manufacturer’s instruc-
tions. The result was analyzed using CELLQuest 
software.

Western blot

Western blot were performed according to rou-
tine protocols. Primary antibodies used were 
listed as below: eNOS, 1:1000 (BD Biosciences, 
San Jose, CA, USA); p-eNOS, 1:1000 (BD 
Biosciences); GAPDH, 1:2000 (Sigma). This 
experiment was repeated for at least three 
times independently.

Real-time reverse transcription polymerase 
chain reaction

Cav3 mRNA level was detected with RT-PCR. 
Total RNA was extracted from cardiac myocytes 
after H/R for reverse transcription using TRIzol 
reagent (Invitrogen, New York, NY, USA). cDNA 
was synthesized using a PrimeScript 1st Strand 
cDNA synthesis kit (TaKaRa Biotechnology, 
Dalian, China). Further, RT-PCR was performed 
in a single tube using SYBR Premix kit (TaKaRa 
Biotechnology) with an ABI 7300 real-time PCR 
machine (Life Technologies, USA).

Primers used in the experiment were as 
follows:

Cav3, 5’-CGG AGTGTTACTACTGGCTTCTC-3’ (for-
ward) and 5’-GTGCGCACAAGCT GCATGGAAAC-3’ 
(reverse); GAPDH, 5’-GAAGGTGAAGGTCGGAG- 
TC-3’ (forward) and 5’-GAGATGGTGATGGGATT- 
TC-3’ (reverse).
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The relative Cav3 mRNA level was calculated by 
normalizing the quantified cDNA transcript level 
to the GAPDH transcript level. Each value repre-
sents the average of at least 3 independent 
experiments.

Statistical analysis

Values are reported as mean ± SD (standard 
deviation) unless indicated otherwise. The 
2-tailed Mann-Whitney U test was used for 
comparing 2 means (Prism, GraphPad). Values 
of P<0.05 were considered statistically 
significant.

Results

In vivo differences in left ventricular (LV) 
M-mode echocardiograms in short axis of 
three groups

Previous studies showed that miR-22 was 
involved in cardiac myocyte hypertrophy and 
left ventricular remodeling [21, 22] and its over-
expression inhibited neuron apoptosis [23, 24]. 
However, its effect on cardiac myocytes and 
cardiac function during I/R is not yet studied. To 

examine its effects during I/R, a rat model was 
employed in the study. 24 rats were randomly 
and evenly divided into 3 groups: the sham 
group, the I/R group, and the I/R+miR-22 group. 
MiR-22 mimic was pre-administrated in the rat 
hearts in the I/R+miR-22 group 24 hours before 
experiments. After 30 minutes of ischemia and 
24 hours of reperfusion, M-mode echocardio-
graphic assessment was applied to detect the 
function of the left ventricle in all the 3 groups 
of rats based on left ventricular end systolic vol-
ume (LVESV), left ventricular ejection fraction 
(%EF), and left ventricular fractional shortening 
(%FS).

Compared to the sham group, the LVESV value 
was significantly higher in the I/R group (Figure 
1B), and the %EF and %FS were significantly 
lower (Figure 1C and 1D) (all P<0.05). It indi-
cated that the left ventricular function was 
impaired after I/R, as previously reported. 
However, with pre-administration of miR-22 
mimic, the impaired function in the left ventri-
cle was restored markedly, as evidenced by 
increased %EF and %FS and decreased LVESV, 
compared to the I/R group (Figure 1). In short, 
pre-administration of miR-22 mimic promoted 

Figure 1. The effect of microRNA-22 on I/R induced cardiac dysfunction. A. Representative left ventricular (LV) M-
mode echocardiograms in short axis. B. Left ventricular end systolic volume (LVESV). C. Left ventricular ejection 
fraction (%EF). D. Left ventricular fractional shortening (%FS). Data represent means ± SD, n=8. *P≤0.05 vs. sham, 
#P<0.05 vs. I/R.
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the left ventricular function and reduced I/R 
induced cardiac injury significantly during I/R. 
Of note, there was no significant difference 
observed in the left ventricular function in all 
the 3 groups right before experiments.

The effect of miR-22 on I/R induced cardiac 
myocytes injury in vivo

After I/R, the rat hearts were excised for further 
examination of the effect of miR-22 on cardiac 

myocytes. TUNEL analysis on heart sections 
revealed that a large amount of cardiac myo-
cytes died during I/R in the I/R group, com-
pared to the sham group (Figure 2A). However, 
such cell death was reduced significantly in the 
I/R+miR-22 group with pre-administration of 
miR-22 mimic. Meanwhile, the caspase-3 activ-
ity was found to be increased significantly after 
I/R (Figure 2B), suggesting that cardiac myo-
cytes underwent significant apoptosis during 
I/R. And such apoptosis was prevented mark-

Figure 2. The effect of microRNA-22 on I/R induced cardiac myocytes injury in vivo. A. TUNEL analysis of cardiac my-
ocytes apoptosis. B. Caspase-3 activity in myocardial tissues. C. ELISA analysis of the level of CK-MB in the serum. 
D. ELISA analysis of the activity of LDH in the serum. E. Representative histological images with Masson’s trichrome 
staining of heart sections. F. Quantification of collagen accumulation areas for Masson’s trichrome staining. Data 
represent means ± SD, n=8. *P≤0.05 vs. sham, #P<0.05 vs. I/R.



miR-22 reduced I/R induced cardiac injury

4620 Int J Clin Exp Pathol 2015;8(5):4614-4626

edly by miR-22 overexpression in the I/R+miR-
22 group (Figure 2B).

Clinically, CK-MB (creatine kinase-muscle/
brain type of subunit) in the serum is a marker 
of myocardial infarction or severe heart dam-
age. In the study, the level of CK-MB increased 
significantly during I/R (Figure 2C), and its 
increase was reduced in the rats pre-adminis-
trated with miR-22 mimic, which indicated that 
the I/R induced cardiac damage was amelio-
rated significantly by overexpression of miR-22. 
Similarly, the LDH level in the serum, a marker 
of cell death, increased significantly during I/R, 
and the increase was reduced in the I/R+miR-

22 group, which suggested that cell death was 
inhibited by miR-22 overexpression.

Masson’s trichrome staining of heart sections 
showed no obvious fibrosis in the sham group. 
However, there was increased fibrosis observed 
in the I/R group (Figure 2E). The increased 
fibrosis was due to I/R induced cardiac injury, 
which was in line with previously published 
studies. Compared to the I/R group, late fibrotic 
replacement of dead cardiac myocytes was 
reduced in the I/R+miR-22 group (Figure 2E). 
Quantification of collagen accumulation areas 
for Masson’s trichrome staining confirmed that 
pre-administration of miR-22 mimic reduced 

Figure 3. The effect of microRNA-22 on 
H/R induced cardiac myocytes injury 
in vitro. A. The cells were stained with 
propidium iodide and annexin V for flow 
cytometry and analyzed for apoptosis us-
ing CELLQuest software. B. The analysis 
of cell apoptosis in each groups. C. The 
level of LDH release. D. Caspase-3 activity 
in cardiac myocytes. Data were presented 
as mean ± S.E.M. *P≤0.05 vs. control, 
#P<0.05 vs. H/R.
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cell death and cardiac remodeling significantly 
during I/R (Figure 2F).

Together, our results demonstrated that overex-
pression of miR-22 significantly reduced cardi-
ac myocyte apoptosis during I/R.

Effect of miR-22 on H/R induced cardiac myo-
cyte injury in vitro

We further employed an in vitro cardiac myo-
cyte model of H/R damage. The effect of miR-
22 on cardiac myocyte apoptosis during H/R 
was examined with flow cytometry. During 
apoptosis, phosphatidylserine (PS) transloca-
tion in the cell membrane is assumed to be an 
early feature of apoptosis, and Annexin V has 
the ability to bind to the translocated PS on the 
cell membrane during the early apoptotic stage. 
Propidium iodide (PI) can bind to DNA in the 
middle and late stage of apoptosis when cell 
membrane and nucleus membrane are perme-
able. Therefore, FITC-conjugated Annexin V and 
PI were used to identify apoptotic cells during 
H/R in the study. Experimental results showed 
that cardiac myocyte apoptosis was induced 
after H/R (Figure 3A) and such induction was 
significant (Figure 3B). Overexpression of miR-
22 showed little effect on cardiac myocyte 
apoptosis under normal condition (without 
H/R), compared to the control (Figure 3A and 
3B). However, the induced apoptosis after H/R 
was suppressed by overexpression of miR-22 
significantly (Figure 3A and 3B). Together, over-
expression of miR-22 suppressed cardiac myo-
cyte apoptosis during H/R. The inhibitory effect 
on cardiac myocyte apoptosis of miR-22 was 

further confirmed by LDH assay (Figure 3C) and 
caspase-3 activity assay (Figure 3D), where 
overexpression of miR-22 inhibited the 
increased LDH level and caspase-3 activity 
(Figure 3D) induced by H/R.

Effect of miR-22 on I/R induced NO production 
and eNOS activity

Oxidative stress plays an important role in I/R 
induced cardiac injury. A severe oxidative stress 
is detrimental, for example it may induce inflam-
mation and elicit cell apoptosis. Serum eNOS 
activity and NO level in rats were examined 
after I/R. eNOS activity decreased during I/R in 
the I/R group, compared to the sham group 
(Figure 4B). And such decrease was restored 
significantly by overexpression of miR-22 in the 
I/R+miR22 group. Meanwhile, NO production 
exhibited the same phenomenon with or with-
out overexpression of miR-22 during I/R (Figure 
4A). It was not surprising since eNOS catalyzed 
the conversion of L-arginine to L-citrulline and 
NO. In short, overexpression of miR-22 restored 
eNOS activity and the followed NO production 
which was reduced during I/R.

Cav3/eNOS pathway accounts for the regula-
tory mechanism for the role of miR-22 in car-
diac myocyte

To further investigate the underlying mecha-
nism for the cardiac-protective effect of miR-
22, the in vitro cardiac myocyte model of H/R 
was further used. It was shown that NO produc-
tion decreased significantly in cardiac myo-
cytes after H/R (Figure 5A) and such decrease 

Figure 4. The effect of microRNA-22 on I/R induced NO production and eNOS activity. A. Serum NO was detected 
by commercial NO Detection Kit. B. Serum eNOS was detected by commercial eNOS Detection Kit. Data represent 
means ± SD, n=8. *P≤0.05 vs. sham, #P<0.05 vs. I/R.
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was suppressed by overexpression of miR-22, 
whereas miR-22 overexpression showed little 
effect on NO production under normal condi-
tion (without H/R) (Figure 5A). Western blot 
analysis further showed that the eNOS protein 
level did not change noticeably after H/R, and 
its level was not affected by overexpression of 
miR-22 either (Figure 5B). However, the p-eNOS 
level decreased dramatically after H/R and 
such dramatic decrease was restored signifi-
cantly by transfection of miR-22 mimic. p-eNOS 
is active, catalyzing the conversion of L-arginine 
to L-citrulline and NO, while dephosphorylated 
eNOS is inactive. Together, the p-eNOS level 
decreased significantly after H/R, which result-
ed in decreased eNOS activity and followed NO 
production (Figure 5A and 5B). However, such 
decrease in p-eNOS and followed NO produc-
tion was restored significantly by overexpres-
sion of miR-22 (Figure 5B).

Cav3 is an upstream negative regulator of 
eNOS, which is the major type of caveolin family 

proteins in cardiac myocytes [28, 29]. p-eNOS 
was upregulated by transfection of miR-22 
mimic during H/R (Figure 5C, lane 3). However, 
such upregulation was markedly reduced by 
overexpression of Cav3 (Figure 5C), indicating 
it was involved in the upregulation of p-eNOS 
induced by miR-22 during H/R. Further RT-PCR 
experiments showed that the mRNA level of 
Cav3 increased significantly during H/R while it 
was suppressed by transfection of miR-22 
mimic (Figure 5D). Taken together, miR-22 
downregulated Cav3 transcript level, promoted 
p-eNOS activation and followed NO production 
during H/R.

Discussion

MiR-22 was originally reported as a tumor-sup-
pressive miRNA which induced cellular senes-
cence in cancer cell lines [33, 34]. Recently, a 
cell model showed that its overexpression sig-
nificantly induced cardiac myocyte hypertrophy 
via the upregulation of PTEN, while its reduc-

Figure 5. The Cav3/eNOS pathway is the regulatory mechanism for the role of miRNA-22 in cardiac myocytes. A. NO 
measurement by commercial NO Detection Kit in cardiac myocytes. B, C. Western blot analysis showing the expres-
sion of p-eNOS. D. Cav3 gene expression was evaluated by quantitative polymerase chain reaction analysis. Data 
represent means ± SD, *P≤0.05 vs. Control, #P<0.05 vs. H/R.
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tion attenuated either PE- or Ang II-induced 
hypertrophy [35]. A transgenic mice model with 
enhanced levels of miR-22 in adult cardiac 
myocytes showed that it promoted heart failure 
through coordinate suppression of PPAR/ERR-
nuclear hormone receptor transcription [36]. In 
another research, miR-22 was found to induce 
cardiomyocyte hypertrophy and it was a key 
regulator of stress-induced cardiac hypertrophy 
and ventricular remodeling [21]. Targeted dele-
tion of miR-22 in myocardium promoted stress-
induced cardiac dilation and contractile dys-
function [22]. Meanwhile, it was revealed that 
its overexpression reduced apoptosis of neu-
rons by inhibiting caspase-3 activity [23], and a 
cerebral I/R model confirmed its anti-apoptotic 
effect on neurons after I/R [24]. However, its 
effect on cardiac myocytes and cardiac func-
tion during I/R remains to be addressed.

In this study, we first examined effects of miR-
22 on cardiac function in rats after I/R. Male 
Wistar rats were subjected to 30 minutes of 
myocardial ischemia and 24 hours of reperfu-
sion. Cardiac function was impaired after I/R, 
as previously reported (Figure 1). Interestingly, 
overexpression of miR-22 reduced I/R induced 
cardiac injury and promoted cardiac function 
significantly which was impaired during I/R, as 
evidenced by a significant increase in %EF and 
%FS and a decrease in LVESV in the left ventri-
cle, compared to the I/R group without pre-
administration of miR-22 mimic (Figure 1A and 
1B). Such cardiac-protective effect of miR-22 
during I/R was further confirmed by decreased 
release of CK-MB, an important indicator of 
cardiac injury, and reduced level of LDH, a 
marker of cell death. Of note, an increase in the 
CK-MB level suggested a severe cardiac injury, 
and an increase in the LDH level indicated sig-
nificant cell death in the heart during I/R. 
Further Masson’s trichrome staining of heart 
sections confirmed that there was significant 
cardiac remodeling in myocardium after I/R, 
while miR-22 overexpression reduced cell 
death and cardiac remodeling significantly 
(Figure 2E). Together, the study presented that 
overexpression of miR-22 inhibited cardiac 
myocyte apoptosis, reduced cardiac remodel-
ing, and promoted cardiac function significantly 
during I/R.

Meanwhile, an in vitro cell model of H/R was 
employed as a representative process during 

I/R. Flow cytometry results revealed that H/R 
induced cardiac myocyte apoptosis significant-
ly (Figure 3A and 3B). And the induction was 
suppressed significantly by overexpression of 
miR-22 during H/R. Of note, LDH assay con-
firmed the anti-apoptotic effect of miR-22 on 
cardiac myocytes during H/R. Interestingly, its 
overexpression had little effect on cardiac myo-
cyte apoptosis under normal condition (without 
H/R) (Figure 3A and 3B). It may be reasoned 
that miR-22 overexpression inhibited detrimen-
tal changes induced by H/R.

Furthermore, it was found that eNOS activity 
and followed NO production was reduced dur-
ing H/R (Figure 5A and 5B) or I/R (Figure 4) and 
such reduction was inhibited significantly by 
miR-22 overexpression (Figures 4 and 5). After 
phosphorylation at Ser1177, the activated 
p-eNOS catalyzes the conversion of L-arginine 
to L-citrulline and NO, but it also produces 
superoxide instead of NO under uncoupling 
conditions when deprived of its substrate 
L-arginine or its co-factors, including tetrahy-
drobiopterin. There is a substantial increase in 
ROS production during I/R [1]. Oxidative stress, 
overproduction of ROS, causes direct damage 
to cellular DNA, proteins, and lipids, which initi-
ates a cytokine-mediated pro-inflammation. 
Meanwhile, over-produced ROS reacts with NO 
forming peroxynitrite. Peroxynitrite oxidizes 
eNOS cofactor tetrahydrobiopterin, resulting in 
eNOS uncoupling which leads to increased ROS 
and decreased NO production further [1]. In the 
study, overexpression of miR-22 was shown to 
upregulate NO production during I/R and H/R 
significantly (Figures 4A and 5A). NO scaveng-
es ROS [25], preventing the non-specific cell 
damages caused by ROS. Moreover, NO inacti-
vates caspase-3 by S-nitrosation and leads to 
reduced cell apoptosis [26, 27]. Such decrease 
in caspase-3 activity was observed in rats of 
the I/R+miR-22 group (Figure 2B) together with 
an increase in eNOS activity and NO production 
in the serum (Figure 4A and 4B) as well as in 
cardiac myocytes after H/R (Figures 3D, 5A 
and 5B). Taken together, overexpression of 
miR-22 upregulated eNOS activity and the fol-
lowed NO production, which inhibited cardiac 
myocyte apoptosis by inhibiting overproduction 
of ROS and inactivating caspase-3 activity dur-
ing I/R or H/R. Therefore, miR-22 overexpres-
sion played an anti-apoptotic role in cardiac 
myocytes via upregulation of eNOS activity and 
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NO production during I/R or H/R. In addition, 
previous studies showed that overexpression 
of miR-22 induced cardiac myocyte hypertro-
phy and ventricular remodeling [21, 22, 36]. 
But its anti-apoptotic effect in cardiac myo-
cytes was not well reported, which might be 
due to the fact that eNOS activity and followed 
NO production were not changed significantly. 
Together, miR-22 overexpression has a favor-
able anti-apoptotic effect during I/R, while a 
long-term overexpression may cause cardiac 
damage.

Mechanistically, transfection of miR-22 mimic 
had little effect on the total protein level of 
eNOS, but restored the level of p-eNOS 
(Ser1177) which was downregulated during 
H/R (Figure 5B). p-eNOS is active and has the 
catalytic ability of NO production, while dephos-
phorylated eNOS is inactive. Western blot anal-
ysis demonstrated that Cav3 was involved in 
miR-22 induced upregulation of p-eNOS and its 
overexpression inhibited the upregulation of 
p-eNOS induced by miR-22 (Figure 5C). Further 
RT-PCR experiment showed that Cav3 was 
upregulated during H/R and it was inhibited by 
miR-22 at the transcript level (Figure 5D). In 
short, miR-22 downregulated Cav3 transcript 
level, promoted p-eNOS level and followed NO 
production during H/R. Worthy of mention, 
Cav3 knockout mice developed a progressive 
cardiomyopathy via hyperactivation of the Ras-
p42/44 MAPK signaling [37]. Recent studies 
showed that exendin-4 and geranylgeranylace-
tone had a cardiac-protective effect on I/R 
induced injury, but the protective effect was 
abolished in Cav3 knockout mice [38, 39]. 
Taken together the results in the present study, 
it may be reasoned that Cav3 helps maintain 
eNOS bioavailability and activity at a certain 
level which is critical for eNOS activity and NO 
production for normal cardiac function. Both 
overexpression and knockout of Cav3 have det-
rimental effects on cardiac function.

In summary, the present study revealed that 
miR-22 downregulated Cav3, leading to 
increased eNOS activity and NO, which inhibit-
ed cardiac myocyte apoptosis during I/R. Such 
anti-apoptotic effect of miR-22 is of significant 
importance for reducing I/R induced cardiac 
injury at the cellular level, given the fact that 
most adult cardiac myocytes are unable to 
divide and form new cardiac myocytes to 

replace those lost in I/R induced cardiac injury. 
Therefore, pre-administration of miR-22 mimic 
can prevent cardiac myocyte apoptosis, reduce 
cardiac remodeling, and improve cardiac func-
tion after I/R. Of clinical interest, the present 
study may highlight miR-22 as a potential thera-
peutic agent for reducing I/R induced cardiac 
injury.
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