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Abstract. Previous studies have reported that microRNA‑22 
(miR‑22) may be implicated in ischemia‑reperfusion 
(I/R)‑induced myocardial injury. Our previously published 
data also demonstrated that miR‑22 may protect against 
myocardial I/R injury via anti‑apoptosis in rats by targeting 
cAMP response element‑binding protein binding protein 
(CBP). However, the specific function of miR‑22 in myocar-
dial I/R injury is far from fully elucidated. The present 
study was designed to investigate another cardioprotective 
signaling mechanism of miR‑22 in myocardial I/R injury. A 
total of 40 adult male Sprague‑Dawley rats were randomly 
divided into four equal groups (n=10): Sham, myocardial I/R, 
myocardial I/R with adenovirus expressing scramble miRNA 
(Ad‑Scramble) and myocardial I/R with adenovirus expressing 
miR‑22  (Ad‑miR‑22) groups. Besides the Sham operation 
group, the remaining three groups were artificially afflicted 
with coronary occlusion for 30 min and subsequently reper-
fused for 4 h. A light microscope was used to observe structural 
changes in the myocardium; reverse transcription polymerase 
chain reaction was used to measure the miR‑22 mRNA 
expression level; the myocardial infarct size was analyzed by 
the Evans Blue/triphenyltetrazolium chloride double‑staining; 
and p38 mitogen‑activated protein kinase (MAPK), CBP, 
c‑Jun‑activator protein (AP)‑1 and phospho (p)‑c‑Jun‑AP‑1 
expression protein levels were detected by a western blot. 
Furthermore, ELISA was used to measure the levels of TNF‑α 
and IL‑6 in the myocardium. The results demonstrated that 
adenovirus‑mediated miR‑22 overexpression markedly 

reduced p38 MAPK, CBP, c‑Jun‑AP‑1, p‑c‑Jun‑AP‑1 expres-
sion levels concomitant with an improvement in myocardial 
injury, including smaller infarct size, reduced release of 
creatine kinase, lactate dehydrogenase and proinflammation 
mediators (tumor necrosis factor‑α and interleukin‑6). These 
findings suggest that miR‑22 has a protective effect on myocar-
dial I/R injury. This protection mechanism, at least in part, is 
due to its anti‑inflammatory function via the suppression of the 
p38 MAPK/CBP/c‑Jun‑AP‑1 signaling pathway.

Introduction

It is widely recognized that re‑establishing the blood flow 
to ischemic myocardial tissue has become the most viable 
therapeutic approach for the treatment of ischemic heart 
disease (1). However, subsequent ischemia/reperfusion (I/R) 
injury may reduce the therapeutic benefit (2). Indeed, a wide 
range of pathological processes contribute to myocardial 
I/R injury (3), and it has been widely accepted that inflam-
mation is important in myocardial I/R injury  (4). There 
is comprehensive experimental and clinical evidence that 
anti‑inflammatory actions attenuate I/R injury  (5,6). It is 
therefore necessary that an effective therapeutic target against 
inflammation is identified to attenuate I/R injury.

microRNAs (miRNAs) are a class of high abundance, 
evolutionarily conserved, non‑coding, small single‑stranded 
RNAs that negatively regulate gene expression by binding to 
the 3' untranslated region of target mRNAs (7). miRNAs regu-
late genes involved in a diverse range of biological processes 
by this mechanism, including development, differentiation, 
inflammation, stress responses, angiogenesis, adhesion, 
proliferation and apoptosis (8,9). In addition, miRNAs are 
also recognized as critical regulators of cardiovascular 
diseases (10). A previous study revealed that miRNAs also 
have an important role in myocardial I/R injury (11). Recently, 
one specific miRNA, miR‑22 was observed to have decreased 
in rat hearts after I/R (12). These data indicate that miR‑22 
may also be involved in the pathological progression of 
myocardial I/R injury. Furthermore, our previously published 
data also demonstrated that adenovirus‑mediated miR‑22 
overexpression may protect against myocardial I/R injury 
via anti‑apoptosis in rats by targeting cAMP response 
element‑binding protein binding protein (CBP) (12). However, 
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the specific function of miR‑22 in myocardial I/R injury is far 
from fully elucidated.

p38‑mitogen‑activated protein kinase (p38‑MAPK) and CBP 
are general transcriptional co‑activators, which are capable of 
phosphorylating various sequence‑specific transcription factors, 
including activator protein (AP)‑1 and p53, in order to regulate 
their downstream gene expression (13‑15). AP‑1 is a regulator of 
cytokine expression and a significant modulator in inflamma-
tory diseases, including rheumatoid arthritis, psoriasis, psoriatic 
arthritis and myocardial I/R injury (16). c‑Jun is considered to be 
a dominant component of the AP‑1 complex (c‑Jun‑AP‑1) (17). 
p38 MAPK and CBP have been identified as potential miR‑22 
targets using Target‑Scan bioinformatics software. A previous 
unpublished study performed in our laboratory also identi-
fied that the levels of p38 MAPK, CBP and c‑Jun‑AP‑1 were 
upregulated in rat hearts following I/R. However, it is remains 
unknown whether miR‑22 is able to protect against myocardial 
I/R injury through anti‑inflammation in rats via the suppression 
of p38 MAPK, CBP and c‑Jun‑AP‑1.

In the present study, adenoviral overexpression of miR‑22 
was used to investigate another cardioprotective signaling 
mechanism of miR‑22 in myocardial I/R injury. The data 
demonstrated that miR‑22 was able to efficiently attenuate I/R 
injury by regulating p38 MAPK, CBP and c‑Jun‑AP‑1 expres-
sion and inhibiting inflammation.

Materials and methods

Animals. A total of 40 adult male Sprague‑Dawley rats (weight, 
220‑250 g) were purchased from China Three Gorges Univer-
sity (CTGU; Yichang, China). Rats received a standard diet and 
free access to water, and were maintained at 23±3˚C with a 12 h 
light/dark cycle. The procedures for experiments and animal 
care were approved by the Animal Care and Use Committee 
of CTGU, and conformed to the Guide for the Care and Use 
of Laboratory Animals outlined by the National Institutes of 
Health (NIH publication no. 80‑23).

Construction of miR‑22 expression adenoviral vector. 
Rno‑miR‑22  precursor DNA (MI0000851) was synthe-
sized by Genechem, Co., Ltd., (Shanghai, China). The 
adenovirus expressing miR‑22  (Ad‑miR‑22) or control 
adenovirus expressing scramble miRNA (Ad‑Scramble) were 
generated using the AdMax system (Microbix Biosystems, 
Ontario, Canada) according to the manufacturer's instructions. 
These resulting adenoviruses were subsequently packaged and 
amplified in HEK293 cells (Sunbio, Inc., Shanghai, China), and 
purified using cesium chloride banding (12). Viral titer was 
routinely concentrated to ~1x109 plaque‑forming unit (PFU) as 
determined by the plaque assay.

In vivo gene transfer and establishment of a myocardial I/R 
model. Rats were subjected to adenovirus‑mediated gene 
transfer and a subsequent myocardial I/R surgical procedure. 
The myocardial ischemia reperfusion model was performed as 
explained in a previous study (12). Briefly, rats were anesthe-
tized with pentobarbital (30 mg/kg) via intraperitoneal injection 
ventilated with oxygen using a small animal breathing machine. 
After gently opening the chest through the fourth and fifth ribs 
and safely exposing the heart, a 100 µl solution of Ad‑miR‑22 

(1x109 PFU), Ad‑Scramble (1x109 PFU) or saline was respec-
tively injected into six separate sites of the left ventricular 
anterior wall using a 26‑gauge needle. Following the adeno-
virus or saline delivery, the chest was closed and the rat was 
allowed to recover from anesthesia. Four days after the rats were 
re‑anesthetized with pentobarbital (30 mg/kg) and the chest 
was re‑opened allowing 100% oxygen ventilation via a small 
animal breathing machine. The thorax was reopened through 
the original intercostal space and the left anterior descending 
coronary artery (LAD) was identified. LAD was ligated using 
a 6‑0 silk suture. Additionally, a medical latex tube (socket 
inner diameter, 1.5 mm) was placed between the ligature and 
the LAD. Myocardial ischemia was induced by tightening the 
ligature around the latex tube. Successfully surgical myocardial 
ischemia was detected on the basis of S‑T segment elevation on 
an electrocardiogram. After 30 min, the suture was withdrawn 
to restore normal circulation for a 4 h period of reperfusion. 
Following 4 h of reperfusion, the hearts of the rats and blood 
samples were harvested for further investigation. Sham‑oper-
ated rats underwent similar procedures without the occlusion of 
LAD and myocardial ischemic reperfusion.

Biochemical studies. Blood serum samples were collected to 
measure the expression levels of two specific marker enzymes, 
CK (03010702011) and LDH (03010703011), using commercial 
kits (Beijing Kemeidongya Biotechnology Ltd., Beijing, China), 
according to the manufacturer's instructions. The results were 
presented as U/l.

Detection of myocardial infarct area (IA)/area at risk (AAR). 
Evans blue/triphenyltetrazolium chloride (TTC) double‑staining 
was performed to determine the IA of the myocardium as 
previously described (12). In brief, following 4 h reperfusion, 
LAD was immediately re‑occluded and 1  ml 2.0%  Evans 
blue (Sigma‑Aldrich, St. Louis, MO, USA) was intravenously 
administered to discriminate between the viable non‑ischemic 
area and the zone at risk. Stained hearts were quickly removed, 
frozen and sliced to yield five sections (~2‑mm thick), which 
were subsequently incubated in 1.5% TTC (Sigma‑Aldrich) for 
15 min at 37˚C. The viable myocardium at risk of ischemic was 
stained red with TTC, whereas the IA without staining was 
pale white. Therefore, the AAR (red plus white) and IA (white) 
from each slice were delineated and assessed using Image‑Pro 
Plus 5.0 software (Media Cybernetic, Rockville, MD, USA). 
The percentage of IA/AAR was calculated.

Histological examination. Formalin‑fixed, paraffin‑embedded 
sections of myocardial tissues were stained with hematoxylin 
and eosin and examined under a light microscope (magnifica-
tion, x400).

Total RNA extraction and reverse transcription quantitative 
polymerase chain reaction (RT‑qPCR). Total RNA from the 
cardiac muscle samples was extracted using 1 ml TRIzol reagent 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) per 100 mg 
of tissue using a glass homogenizer. For miRNA detection, 
4.0 µg RNA was reverse transcribed using a commercial cDNA 
synthesis kit (Fermentas; Thermo Fisher Scientific, Inc.) at 42˚C 
for 1 h. A mirVana RT‑qPCR miRNA detection kit (Thermo 
Fisher Scientific, Inc.) was used to measure miR‑22 expression 
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levels. Amplification and detection via qPCR were performed 
in a total reaction volume of 20 µl consisting of SYBR Premix 
Ex Taq II (10 µl), 50X ROX Reference Dye II (0.4 µl), forward 
primer (0.8 µl), reverse primer (0.8 µl), DNA-template (2 µl) 
and nuclease‑free water (6 µl), using an ABI Prism 7500 system 
(Thermo Fisher Scientific, Inc.), and U6 was used as an internal 
control. The relative level of miR‑22 was calculated based on the 
2−ΔΔCq method (18). qPCR was run as follows: 50˚C for 2 min, 
95˚C for 10 min, and 40 cycles of 95˚C for 30 sec and 60˚C 
for 30 sec. The following sequence‑specific primers were used 
to amplify the gene products: miR‑22, forward, 5'‑TGC​GCA​
GTT​CTT​CAG​TGG​CAAG‑3' and reverse, 5'‑CCA​GTG​CAG​
GGT​CCG​AGG​TATT‑3'; and U6, forward, 5'‑CGC​TTC​GGC​
AGC​ACA​TATAC‑3' and reverse, 5'‑AAA​TAT​GGA​ACG​CTT​
CACGA‑3'. Samples were examined in triplicate.

Western blot analysis. To determine the protein levels of 
p38 MAPK, CBP, c‑Jun‑AP‑1, phospho (p)‑c‑Jun‑AP‑1 and 
GAPDH in the myocardial tissue, protein was extracted from 
the AAR of the heart and western blot analysis was performed 
as previously described (12). Briefly, the extracted proteins 
(50 µg) were separated by 10% sodium dodecyl sulfate‑poly-
acrylamide gel and transferred onto nitrocellulose membranes. 
Non‑specific binding was blocked with 5% non‑fat dry milk 
for 2 h at room temperature. The membrane was subsequently 
rinsed and incubated with anti‑p38 MAPK (sc‑535; 1:500), 
anti‑CBP (sc‑632; 1:500), anti‑c‑Jun‑AP‑1 (sc‑44; 1:1,000) and  
anti‑p‑c‑Jun‑AP‑1 (sc‑101721; 1:1,000) primary antibodies 
overnight at 4˚C. Following washing three times with TBST, 
the membranes were incubated with peroxidase‑conjugated 
secondary antibodies (1:50,000; BA1054; Boster Biological 
Technology, Ltd., Wuhan, China) for 2 h at room temperature. 
Bands were visualized using an enhanced chemiluminescence 
detection kit (Pierce Biotechnology, Inc., Rockford, IL, USA). 
The expression level of GAPDH served as a loading control and 
was used to normalize the densities of the different samples. 
ImageJ 6.0 software (National Institutes of Health, Bethesda, 
MA, USA) was used to quantify the optical density of each band. 

ELISA. The ELISA method was used to determine the 
TNF‑α and IL‑6 levels in cardiac muscle samples according 
to the manufacturer's instructions. TNF‑α (F16960) and IL‑6 
(F15870) ELISA kits from Xitang Company (Shanghai, China) 
were used.

Statistical analysis. All the values were presented as the 
mean  ±  standard error of the mean. Differences between 
groups were analyzed for significance using one‑way analysis 
of variance and Student‑Newman‑Keuls‑q test using SPSS 
software (version 14.0; SPSS Inc., Chicago, IL, USA). P<0.05 
was used to indicate a statistically significant difference.

Results

Myocardial I/R induces the downregulation of miR‑22 
expression levels. Following 4‑h reperfusion the levels 
of miR‑22 expressed by the I/R myocardium were signifi-
cantly reduced in comparison to the non‑ischemic sham 
control (I/R vs. sham group; P<0.05; Fig.  1). Following 
transfection to induce adenoviral overexpression of 

miR‑22 into the I/R myocardium for 4  days, miR‑22 
expression was significantly increased (Ad‑miR‑22 vs. I/R 
group; P<0.05). However, Ad‑Scramble had no apparent 
effect on the expression level of miR‑22 compared with 
the I/R group (Ad‑Scramble  vs. I/R group; P>0.05).

miR‑22 reduces serum marker enzyme levels. The activities 
of CK and LDH in the serum were used to monitor the 
damage to the myocardium. Serum CK and LDH activity 
significantly increased after 4 h of reperfusion in the I/R group 
compared with the sham group (I/R vs. sham group; P<0.05; 
Fig. 2). However, after Ad‑miR‑22 transfection, the CK and 
LDH levels in the Ad‑miR‑22 group significantly decreased 
in comparison to the I/R group (Ad‑miR‑22 vs. I/R group; 
P<0.05). Ad‑Scramble did not affect I/R‑induced increased 
leakage of CK and LDH from the myocardium (Ad‑Scramble 
group vs. I/R group; P>0.05).

Upregulation of miR‑22 decreases infarct size. To quanti-
tatively analyze the damage and potential prognosis after 
reperfusion, IA/AAR was introduced as described previously. 
Infarct size was measured as 51.4±2.6% of the IA/AAR in 
the I/R group. Furthermore, overexpression of miR‑22 using 
a recombinant adenoviral vector exerted cardioprotective 
effects on the development of myocardial I/R injury by 
significantly reducing IR/AAR (Ad‑miR‑22 vs. I/R group; 
P<0.05; Fig. 3). Transfection of Ad‑Scramble had no signifi-
cant effect on the damage and prognosis after myocardial 
I/R in comparison with the I/R group (Ad‑Scramble  vs. 
I/R group; P>0.05). This demonstrates that overexpression 
of miR‑22 may be used as a cardioprotective agent against 
myocardial I/R injury.

Light microscopy evaluation. Myocardial fibers of the Sham 
group were arranged regularly without any apparent degen-
eration or necrosis. However, disorganized myocardial fibers, 
edema, and ruptured and lysed cells were observed in the 
I/R group. Furthermore, delivery of miR‑22 partially rescued 
myocardium injury and inflammatory cell infiltration. In 

Figure 1. miR‑22 expression was reduced after myocardial I/R injury, 
while delivery of Ad‑miR‑22 into the myocardium improved the expression 
of miR‑22. Data are expressed as the mean ± standard error of the mean 
(n=6). *P<0.05 vs. the sham group and #P<0.05 vs. the I/R group. I/R, isch-
emia‑reperfusion; Ad, adenovirus.
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addition, transfection with Ad‑Scramble had no notable 
effect on the morphological changes, compared with the 
I/R group (Fig. 4).

Ta
bl

e 
I. 

p3
8 

M
A

PK
 a

nd
 C

B
P 

ar
e 

bo
th

 m
iR

‑2
2 

pr
ed

ic
te

d 
ta

rg
et

s u
si

ng
 th

e 
Ta

rg
et

Sc
an

 so
ftw

ar
e.

	
Pr

ed
ic

te
d 

co
ns

eq
ue

nt
ia

l							









C

on
te

xt
	

C
on

se
rv

ed
	

	
pa

iri
ng

 o
f t

ar
ge

t r
eg

io
n 

(to
p)

		


Si
te

ty
pe

	
3'

 p
ai

rin
g	

Lo
ca

l A
U

	
Po

si
tio

n	
C

on
te

xt
	

sc
or

e	
br

an
ch

	
Po

si
tio

n	
an

d 
m

iR
N

A
 (b

ot
to

m
)	

Se
ed

 m
at

ch
	c

on
tri

bu
tio

n	
co

nt
rib

ut
io

n	
co

nt
rib

ut
io

n	
co

nt
rib

ut
io

n	
sc

or
e	

pe
rc

en
til

e	
le

ng
th

	
P C

T

12
11

‑1
21

7 
of

 C
R

EB
B

P	
5'

 A
U

U
G

C
A

G
U

G
G

G
U

A
U

U
G

G
C

A
G

C
U

G
	7m

er
m

‑8
	‑

0
.1

61
	

0.
00

5	‑
0

.0
19

	
0.

07
3	‑

0
.1

0	
41

	
0.

51
5	

<0
.1

3'
 U

TR
 m

o‑
m

iR
‑2

2	
3'

 U
G

U
C

A
A

G
A

A
G

U
U

G
A

C
C

G
U

C
G

A
A

									












12

83
‑1

28
9 

of
 C

R
EB

B
P	

5'
 C

A
C

A
G

A
G

A
G

U
G

A
G

G
G

G
G

C
A

G
C

U
C

	7
m

er
m

‑8
	‑

0
.1

61
	

0.
00

5	
0.

09
2	

0.
07

7	
0.

01
	

3	
0.

08
6	

<0
.1

3'
 U

TR
 m

o‑
m

iR
‑2

2	
3'

 U
G

U
C

A
A

G
A

A
G

U
U

G
A

C
C

G
U

C
G

A
A

									












12

85
‑1

29
1 

of
 M

A
PK

14
	

5'
 G

G
C

C
C

C
C

C
C

G
C

C
C

C
C

G
G

C
A

G
C

U
U

	
7m

er
m

‑8
	‑

0
.1

61
	

0.
06

7	
0.

11
4	

0.
03

0	
0.

05
	

0	
1.

79
6	

0.
59

3'
 U

TR
 m

o‑
m

iR
‑2

2	
3'

 U
G

U
C

A
A

G
A

A
G

U
U

G
A

C
C

G
U

C
G

A
A

									













Th
e 

pr
ed

ic
te

d 
co

ns
eq

ue
nt

ia
l p

ai
rin

g 
of

 ta
rg

et
 re

gi
on

s a
re

 in
di

ca
te

d 
in

 b
ol

d.
 M

A
PK

, m
ito

ge
n‑

ac
tiv

at
ed

 p
ro

te
in

 k
in

as
e;

 C
R

EB
, c

A
M

P 
re

sp
on

se
 e

le
m

en
t b

in
di

ng
; C

B
P,

 C
R

EB
 b

in
di

ng
 p

ro
te

in
; A

U
, a

de
ni

ne
 

pu
rin

e.
 

Figure 3. Upregulation of miR‑22 decreased infarct size following I/R injury. 
(A) Representative pictures of Evans and triphenyltetrazolium chloride 
staining of the areas of myocardial infarction. (B) Infarct size was presented 
as a percentage of the area at risk (IA/AAR). Data are expressed as the 
mean ± standard error of the mean (n=3). *P<0.05 vs. the sham group and 
#P<0.05 vs. the I/R group. I/R, ischemia‑reperfusion; IA, myocardial infarct 
size; AAR, area at risk; Ad, adenovirus.

  A

  B

Figure 2. (A) CK and (B) LDH activity levels were reduced following delivery of 
Ad‑miR‑22. Data are expressed as the mean ± standard error of the mean (n=6). 
*P<0.05 vs. the sham group and #P<0.05 vs. the I/R group. CK, creatine kinase; 
LDH, lactate dehydrogenase; I/R, ischemia‑reperfusion; Ad, adenovirus.

  A

  B
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Upregula t ion of  miR‑22 suppresses the expres ‑
sion of the p38  MAPK /CBP/c‑Jun‑AP‑1 signaling 
pathway. p38  MAPK and CBP were demonstrated to 
be predicted target genes of miR‑22 by TargetScan  (12)
(genes.mit.edu/tscan/targetscan2003.html;  Table I). c‑Jun is 
a dominant component of the c‑Jun‑AP‑1 transcription factor, 
and p‑c‑Jun‑AP‑1 is the active form of c‑Jun‑AP‑1  (17). 
Compared to the Sham group, the aforementioned protein 
levels were both significantly upregulated in the I/R injury 
group (I/R vs. sham group; P<0.05; Fig. 5). Furthermore, 
delivery of miR‑22 into the myocardium significantly 
reduced the levels of p38  MAPK, CBP, c‑Jun‑AP‑1 and 
p‑c‑Jun‑AP‑1 by 33.12, 32.90 and 38.50%, respectively 
(Ad‑miR‑22 vs. I/R group; P<0.05). In addition, adenoviral 

transfection of Ad‑Scramble had no significant effect on 
the proteins mentioned above compared with the I/R group 
(Ad‑Scramble vs. I/R group; P>0.05). Therefore, overexpres-
sion of miR‑22 may specifically suppress the expression of 
the p38 MAPK/CBP/c‑Jun‑AP‑1 signaling pathway.

miR‑22 reduces the levels of TNF‑α and IL‑6. Myocardial 
I/R induced a significant increase in the concentrations of 
TNF‑α  (37.99±0.13 vs. 19.43±0.69  pg/mg; P<0.05) and 
IL‑6 (49.66±0.85 vs.  26.45±0.60  pg/mg; P<0.05) in 
the I/R group in comparison with the sham group. 
Myocardial delivery of miR‑22 significantly inhibited 
TNF‑α (30.15±0.21  vs. 37.99±0.13  pg/mg; P<0.05) and 
IL‑6 (39.50±0.55 vs. 49.66±0.85 pg/mg; P<0.05) expression 

Figure 5. Upregulation of miR‑22 suppressed the expression of p38 MAPK/CBP/c‑Jun‑AP‑1 signaling pathway. (A) Original representative western blots of 
the proteins obtained from myocardial tissue. (B) Relative p38 MAPK, CBP, c‑Jun‑AP‑1, p‑c‑Jun‑AP‑1 protein levels in the four groups. GAPDH was used 
as the internal control. Data are presented as the mean ± standard error of the mean (n=6). *P<0.05 vs. the Sham group; #P<0.05 vs. the I/R group. MAPK, 
mitogen‑activated protein kinase; CREB, cAMP response element binding; CBP, CREB binding protein; GAPDH, glyceraldehyde 3‑phosphate dehydroge-
nase; AP‑1, activator protein‑1; Ad, adenovirus. 

Figure 4. Histopathological changes in the myocardium of the different groups (magnification, x400). In the Sham group, myocardial fibers were arranged 
regularly. In the I/R group, the myocardium was swollen, ruptured and inflammatory cell infiltration was also observed. In the Ad‑Scramble group, the 
morphology exhibited apparent degeneration and necrosis compared with the I/R group. In the Ad‑miR‑22 group, well‑arranged cardiac cells and a minimal 
amount of inflammatory cell infiltration were observed. I/R, ischemia‑reperfusion; Ad, adenovirus. 

  A   B
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compared with the I/R group. However, adenoviral transfec-
tion of Ad‑Scramble did not have a significant effect on the 
two aforementioned cytokines in comparison with the I/R 
group (Ad‑Scramble  vs. I/R group; P>0.05). These data 
suggest that miR‑22 could inhibit the production of inflam-
mation cytokines (Table II and Fig. 6).

Discussion

It has previously been demonstrated that inflammation path-
ways have a significant role in the pathophysiological process of 
myocardial I/R injury (19). Experimental and clinical evidence 
has indicated that anti‑inflammatory actions may attenuate 
I/R injury (5,6). Utilizing adenovirus‑associated vectors, the 
present study demonstrated that selective overexpression of 
miR‑22 induced promisingly cardioprotective properties as 
well as an anti‑inflammatory role in ameliorating myocardial 
I/R injury in vivo. After increasing the levels of miR‑22, the 
infarct size and disordered morphology and myocardial enzyme 
levels were reduced. Meanwhile, concomitant p38 MAPK, 
CBP, c‑Jun‑AP‑1, p‑c‑Jun‑AP‑1 suppression and inflammation 
cytokine (TNF‑α and IL‑6) reduction occurred. These major 
findings demonstrated that the cardioprotective effect of miR‑22 
against inflammation is, at least partly, functionally attributed 
to its suppression of the p38 MAPK/CBP/c‑Jun‑AP‑1 signaling 
pathway.

A number of miRNAs have been demonstrated to be 
involved in myocardial I/R injury and miR‑22 was only one 
of these reported to regulate I/R injury (12,20). Our previous 
study also demonstrated that adenovirus‑mediated miR‑22 
overexpression protected against myocardial I/R injury through 
an anti‑apoptosis mechanism in rats by targeting CBP (12). 
However, the molecular mechanisms involved in the cardiopro-
tective effect of miR‑22 are complicated and are far from fully 
understood.

As a cardiac‑enriched miRNA, miR‑22 has various targets 
in cardiomyocytes that were identified using TargetScan (12). 
p38 MAPK and CBP are both targets (Table I). In the present 
study, p38 MAPK and CBP were upregulated in the I/R group; 
however, both were suppressed following the delivery of miR‑22. 
The transcription factor, AP‑1, had a similar variation tendency 
with p38 MAPK and CBP in the four groups. This indicated 
that AP‑1 was also suppressed after p38 MAPK and CBP was 
suppressed by miR‑22.

p38 MAPK, which is one of the most functional members 
of the MAPK family, has a key role in the progression of I/R 
injury and is also involved in the activation of the transcrip-
tion factor, AP‑1 (21,22). The CBP gene is widely expressed 
and is important in the cardiovascular system as it interacts 
with a variety of diverse transcriptional factors, including 
AP‑1 and p53 (12,23‑25). Our previously published data also 
demonstrated that CBP may be important in myocardial I/R 
injury by influencing p53 (12). In summary, p38 MAPK and 
CBP may both activate AP‑1. Furthermore, p38 MAPK may not 
only activate AP‑1 directly but may also activate CBP, and as a 
consequence activate AP‑1 (26). AP‑1 is a regulator of cytokine 
expression and is an important modulator in inflammatory 
diseases, including rheumatoid arthritis, psoriasis, psoriatic 
arthritis and myocardial I/R injury (16). c‑Jun is considered 
to be a dominant component of the c‑Jun‑AP‑1 transcription 

factor complex and the phosphorylation of this complex is 
the most important regulator of c‑Jun‑AP‑1, which suggests 
transcriptional activity (17,27). Hence, suppressing c‑Jun‑AP‑1 
activity reduces I/R induced myocardial injury by suppressing 
the inflammation caused by p‑c‑Jun‑AP‑1. The present study 
revealed that the production of inflammatory cytokines (TNF‑α 

Figure 6. Upregulation of miR‑22 reduced the expression levels of 
(A) TNF‑α and (B) IL‑6. Data are expressed as the mean ± standard error 
of the mean (n=6). *P<0.05 vs. the sham group; #P<0.05 vs. the I/R group. 
TNF‑α, tumor necrosis factor‑α; IL‑6, interleukin 6; I/R, ischemia‑reper-
fusion; Ad, adenovirus. 

Table II. Myocardial TNF‑α and IL‑6 expression after 4  h 
reperfusion in the four groups.

Group	 TNF‑α (pg/mg)	 IL‑6 (pg/mg)

Sham	 19.43±0.69	 26.45±0.60
I/R	 37.99±0.13a	 49.66±0.85a

Ad‑Scramble	 38.65±0.56a	 49.61±0.51a

Ad‑miR‑22	 30.15±0.21a,b	 39.50±0.55a,b

Mean ± standard error of the mean, n=6, aP<0.05 vs. Sham group and 
bP<0.05 vs. the I/R group. TNF‑α, tumour necrosis factor‑α; IL‑6, inter-
leukin‑6; I/R, ischemia‑reperfusion; Ad, adenovirus.
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and IL‑6) decreased with the suppression of p38 MAPK, CBP, 
c‑Jun‑AP‑1 and p‑c‑Jun‑AP‑1 compared with the Sham group 
and after the overexpression of miR‑22. These results indicate 
that anti‑inflammation action may be an additional cardioprotec-
tive effect induced by miR‑22 in myocardial I/R injury, and the 
mechanism is associated with the p38 MAPK/CBP/c‑Jun‑AP‑1 
signaling pathway.

In conclusion, the results of the present study suggests 
that miR‑22 is capable of diminishing myocardial I/R injury 
induced by inflammation in rat models by directly targeting 
p38 MAPK and CBP. Overexpression of miR‑22 leads to a 
significant repression of the p38  MAPK/CBP/c‑Jun‑AP‑1 
signaling pathway and results in the amelioration of inflam-
mation. These findings suggest that overexpression of miR‑22 
may be a desirable therapeutic approach for the treatment of 
myocardial I/R injury.
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