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Abstract
The aim of this study was to investigate the regulation mechanism of aquaporin 9 (AQP9) gene on inflammatory response 
and cardiac function in rats with myocardial infarction (MI) through extracellular signal-regulated kinase1/2 (ERK1/2) 
pathway. The constructed rats models of MI were randomly divided into 6 groups: control group (sham operation group, 
MI modeling sham operation), model group (MI modeling), NC group (MI modeling, tail vein injection of AQP9 negative 
control sequence vector), AQP9 shRNA group (MI modeling, tail vein injection of AQP9 shRNA plasmid vector), U0126 
group (MI modeling, tail vein injection of ERK signaling pathway inhibitor), and AQP9 shRNA + U0126 group. The hemo-
dynamics and cardiac function of rats in each group were detected on the seventh day of modeling. The levels of AQP9 and 
inflammatory factors [tumour necrosis factor-α (TNF-α), interleukin-6 (IL-6), interleukin-10 (IL-10)] in peripheral blood 
of rats were detected by ELISA method. qRT-PCR and western blot were used to detect the mRNA and protein expression 
of AQP9, ERK1/2, B-cell lymphoma-2 (Bcl-2), Bcl-associated x (Bax) in the myocardial tissue of rats. TTC and TUNEL 
staining were used to observe myocardial infarct size and apoptosis of myocardial cells in each group. Compared with con-
trol group, the levels of heart rate, left ventricular end-diastolic pressure, TNF-α, and IL-6 were increased in each group of 
rats with MI (all p < 0.05), while the levels of systolic blood pressure, diastolic blood pressure, mean arterial pressure, left 
ventricular systolic pressure, and IL-10 were significantly decreased (all p < 0.05). The mRNA and protein expression levels 
of AQP9, ERK1/2 phosphorylation and Bax were significantly increased, as well as the myocardial infarct size, apoptosis 
index of myocardial tissue (all p < 0.05), the mRNA and protein expression levels of Bcl-2 were significantly decreased 
(all p < 0.05). The AQP9 gene knock-down or exogenous administration of the ERK1/2 inhibitor U0126 could improve the 
above indexes. However, the combination of AQP9 gene knock-down and U0126 showed no further effect. Silencing AQP9 
gene can inhibit the activation of ERK1/2 signaling pathway, attenuate the inflammatory response in rats with MI, inhibit 
apoptosis of myocardial cells, and improve cardiac function.
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Introduction

Myocardial infarction (MI), refers to myocardial necrosis 
caused by long-term hypoxia and ischemia [1, 2]. Clini-
cally, MI patients are often accompanied by symptoms such 
as fever, pain, and increased white blood cell count [3]. In 
severe cases, MI patients can be complicated by heart fail-
ure, shock, and even threaten patient’s life [4]. At present, 
the disease is mainly treated by early reperfusion to reduce 
infarct size, promote the reduction of left ventricular load, 
and avoid myocardial remodeling [5, 6]. In recent years, 
more and more studies have found that the inflammatory 
response mediated by immune cells plays an important role 
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in the pathogenesis of MI [7]. Therefore, it is of great signifi-
cance to investigate the changes of inflammatory response 
after MI for the treatment of this disease.

Aquaporins (AQPs) refer to the small molecular protein 
family distributed in cell membrane, which can promote the 
permeability of cell membrane, and it is of great significance 
in maintaining the water balance of cells [8]. AQP2, AQP6, 
AQP7, and AQP9 are all important members of their fam-
ily [9]. Numerous studies on heart failure have confirmed 
that the expression of AQP2 is significantly increased in the 
rats model of heart failure, and AQP2 is a promotive factor 
in the pathogenesis of chronic and congestive heart failure 
[10]. AQP9 is located on the chromosome 15 (q22.1–22.2) 
and consists of 5 introns and 6 exons. The distribution of 
AQP9 in cells is mainly located in the vascular endothelial 
cells, which can transport not only water and glycerol, but 
also pyrimidines and lactic acid. AQP9 has been extensively 
studied in the field of neurological and cancer, Chen Q con-
firmed in the study that AQP9 could mediate the involve-
ment of extracellular signal-regulated kinase1/2 (ERK1/2) 
signaling pathway in the progression of prostate cancer and 
silencing AQP9 could significantly inhibit the activation of 
ERK1/2 signaling pathway and reduce the proliferation and 
invasion of prostate cancer cells [11].

In recent years, study has also found that the expression 
level of AQP9 gene is significantly increased in patients 
with infective endocarditis and heart failure, and the expres-
sion level of AQP9 gene is closely related to the severity 
and prognosis of patients [12]. However, whether AQP9 
is involved in the onset of MI has not been fully clarified. 
ERK1/2 signaling pathway plays an important regulatory 
role in the pathogenesis of MI, and inhibiting the activa-
tion of ERK1/2 signaling pathway is of great significance 
in reducing ventricular remodeling and improving cardiac 
function [13]. The aim of this study was to investigate the 
effect of AQP9 and ERK1/2 signaling pathway on inflamma-
tory response and cardiac function in rats with MI.

Materials and methods

Experimental animals and grouping

A total of 65 healthy male Sprague–Dawley (SD) rats (pur-
chased from Shanghai Slack Laboratory Animal Co., Ltd.), 
aged 8 weeks and weighing 180–200 g were selected in this 
research. Ten of the sixty-five rats were randomly selected 
as the control group (sham operation group, MI modeling 
sham operation). The remaining 55 rats were constructed 
rats model of MI and were divided into 5 groups: model 
group (MI modeling), NC group (MI modeling, tail vein 
injection of AQP9 negative control sequence vector), AQP9 
shRNA group (MI modeling, tail vein injection of AQP9 

shRNA plasmid vector), U0126 group (MI modeling, tail 
vein injection of ERK signaling pathway inhibitor), and 
AQP9 shRNA + U0126 group. The required plasmids were 
purchased from Shanghai Jiman Biotechnology Co., Ltd. All 
the rats were fed with normal diet and were allowed to drink 
water freely. The feeding room was guaranteed to get 12 h of 
light and dark every day. This experiment was approved by 
the Animal Ethics Committee of The First Affiliated Hospi-
tal of Soochow University and all animal experiments fol-
lowed the Declaration of Helsinki.

Animal modeling and plasmid transfection

The rats model of MI was prepared according to references 
[14]. The rats were first weighed and then injected with 3% 
pentobarbital sodium at a dose of 30 mg/kg. After fixing the 
rats, a 1.2 cm incision was made on the left chest position. The 
fourth intercostal space was exposed after blunt dissection of 
the chest muscles. The small hemostatic forceps were used to 
make a small opening in the fourth intercostal space and the 
pleura and pericardium were torn. The left anterior descending 
coronary artery was ligated at 2 mm on the lower right hori-
zontal line of the left atrial appendage with a 6–0 silk thread 
after the heart was exposed. Then heart was immediately 
placed in the chest cavity. The prepared plasmid (100 pmol 
per rat) was quickly injected into the tail vein of the rats with a 
1 mL syringe. The cotton swab was used to clean the blood and 
effusion in the chest cavity. After confirming that there was no 
bleeding, the chest cavity was quickly merged, the upper and 
lower ribs were tightly aligned and sutured, and the muscles 
were aligned layer by layer and the skin was sutured.

Criteria for successful modeling: the anterior wall of the 
left ventricle turned pale, and the limb leads with 2 or more 
in the electrocardiogram were uplifted by 0.2 mV in ST seg-
ment. Rats in the control group were only for seton, and 
no coronary artery ligation was conducted. All rats were 
injected with penicillin for anti-infective treatment after 
suturing the skin.

Determination of hemodynamics and cardiac 
function

On the 7th day of MI modeling, 400 μL of blood samples was 
collected from the tail veins of rats in each group. The blood 
samples were stored at room temperature for 2 h and centri-
fuged at 3,000 r/min for 15 min at 4 °C, and the supernatant 
was collected and stored at – 80 °C for detection of AQP9 
protein and inflammation factor [tumour necrosis factor-α 
(TNF-α), interleukin-6 (IL-6), interleukin-10 (IL-10)] level 
by ELISA. After blood collection, intraperitoneal injection of 
3% phenobarbital sodium (60 mg/kg) was performed to anes-
thetize rats. After fixation, the right common carotid artery 
was isolated and inserted into a catheter filled with heparin 
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0.9% sodium chloride solution. Powerlab5 physiological 
recorder (ADInstruments Company, Australia) was connected 
and heart rate (HR), systolic blood pressure (SBP), diastolic 
blood pressure (DBP) and mean arterial pressure (MAP) were 
recorded. The catheter was further inserted into the left ventri-
cle, and left ventricular end-diastolic pressure (LVEDP), left 
ventricular systolic pressure (LVSP) were measured. The rats 
were sacrificed by injecting 10% KCL into the femoral vein, 
and the heart was quickly removed, and part of myocardium in 
the myocardial infarct area was frozen and stored. The remain-
ing myocardium was fixed in 10% formaldehyde solution for 
24 h at 4 °C, embedded in paraffin, and stored at – 20 °C.

ELISA

The serum of each group was centrifuged at 3000 r/min for 
30 min. AQP9, TNF-α, IL-6, and IL-10 levels were detected 
according to the instructions of AQP9 ELISA kit (ab15129, 
Abcam, UK), TNF-α ELISA kit (ab100747, Abcam, UK), 
IL-6 ELISA kit (ab100712, Abcam, UK), IL-10 ELISA kit 
(ab108870, Abcam, UK). After the detection, the OD values 
of each hole at 450 nm were read by ELISA (BioTek Syn-
ergy 2, USA). The abscissa coordinates were the concentra-
tion of the standard substance and the ordinate coordinates 
were the OD values. The standard curves were drawn.

Real‑time quantitative PCR (qRT‑PCR)

According to the instructions of Trizol (Invitrogen Com-
pany, USA), the total RNA of myocardial tissue in each 
group was extracted. RNA was dissolved by ultra-pure water 
containing diethylpyrocarbonate. The OD values at 260 nm 
and 280 nm were measured by means of an ND-1000 UV/
Vis spectrophotometer (Nanodrop Company, USA), and 
the total RNA concentration was determined and stored 
at – 80 °C for use. The qRT-PCR primers were designed 
according to the PubMed database and Primer Premier 5.0, 
and then synthesized by Huada Gene Co., Ltd. See Table 1. 
The cDNA was synthesized using a reverse transcription 
kit, and the reverse transcriptase was inactivated by a warm 
bath at 80 °C for 5 min. The PCR system was 25 μL in all, 
and the internal reference was GAPDH. Reaction conditions: 
pre-denaturation at 95 °C for 10 min, 94 °C for 30 s, 59 °C 
for 30 s, 72 °C for 30 s, with 40 cycles in total. The reli-
ability of the PCR results was evaluated by the dissolution 
curve, and the CT value (inflection point of the amplification 
dynamic curve), △Ct = CT (target gene) – CT (internal ref-
erence), △△Ct = △Ct (experimental group) - △Ct (control 
group) were calculated by the relative quantitative method, 
and the relative expression amount of each target gene was 
expressed by 2−ΔΔCt. The experiment was repeated 3 times 
and averaged.

Western blot

After extracting myocardial tissue from each group, pre-cooled 
tissue lysis buffer RIPA (containing 1% protease inhibitor) 
was added and lysed on ice. After centrifugation at 12,000 
r/min for 30 min at 4 °C, the supernatant was collected and 
the protein concentration was determined by means of a 
BCA kit (20201ES76, YEASEN, China). A total of 50 μg 
of protein was extracted, and the protein was separated by 
10% SDS polyacrylamide gel electrophoresis (SDS-PAGE), 
and the separated protein was transferred to a nitrocellulose 
membrane (ZY-160FP, Zeye Bio, China). After taking out the 
membrane, 5% skim milk powder was added and sealed at 
room temperature for 2 h, and rinsed with TBS buffer for 3 
times, 10 min each time. The diluted primary antibody rabbit 
anti-rat AQP9 (1:1,000, ab191056, abcam, UK), p-ERK1/2 
(1:1,000, ab201015, Abcam, UK), Bcl- associated x (Bax) 
(1:1,000, ab32503, Abcam, UK), B-cell lymphoma-2 (Bcl-2) 
(1:1,000, ab692, Abcam, UK), GAPDH (1:1,000, ab181602, 
Abcam, UK) were incubated overnight at 4 °C. The mem-
brane was rinsed with TBST for 3 times at 37 °C, 10 min each 
time. Secondary anti-HRP-labeled IgG goat anti-rabbit poly-
clonal antibody (1:500, ab20272, Abcam, UK) was added and 
shaken at 37 °C for 1 h, and rinsed the membrane with TBS 
for 3 times, 10 min each time. The membrane was reacted 
with ECL solution (ECL808-25, Biomiga, USA) for 1 min at 
room temperature. After the liquid was removed, the results 
were observed by X-ray machine (36209ES01, Qianchen Bio, 
China). GAPDH was used as internal reference, and the ratio 
of gray value of target band and internal reference band was 
used as the relative expression amount of protein.

Table 1   qRT-PCR primer sequences

AQP9 aquaporin 9, ERK1 extracellular signal-regulated kinase1, 
ERK2 extracellular signal-regulated kinase2, Bcl-2 B-cell lym-
phoma-2, Bax Bcl- associated x

Target gene Primer sequences′

AQP9 F：5′-AAA​TAA​ACC​TCC​TTG​GCC​TGA-3′
R：5′-GCA​ACA​AAC​ATC​ACC​ACA​CC-3′

ERK1 F：5′-CTG​GCT​TTC​TGA​CCG​AGT​ATGTG -3′
R：5′-CAA​TTT​AGG​TCC​TCT​TGG​GATG-3′

ERK2 F：5′-GAC​ATG​GAG​CTG​GAC​GAC​TTAC-3′
R：5′-GGG​ACA​CCG​ACA​TCT​GAA​CG-3′

Bax F：5′-AGC​TGC​AGA​GGA​TGA​TTG​CT-3′
R：5′-CTG​ATC​AGC​TCG​GGC​ACT​TTA-3′

Bcl-2 F：5′-GCC​TCC​TCA​CCT​TTC​AGC​AT-3′
R：5′-CAC​TCG​TAG​CCC​TCT​GTG​AC-3′

GAPDH F：5′-GCG​CCC​TTG​GCT​AAG​GTT​AT-3′
R：5′-AGG​CCA​TAC​CAG​TCA​GCT​TG-3′
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Detection of myocardial infarct size in tissues by TTC 
staining

The myocardial tissue of each group was taken out and cut 
into 2 mm sections, and placed in TTC dye solution (Shang-
hai Hanheng Biological Research Institute, China). Then it 
was shaken in the dark, stained for 5–10 min at 37 °C and 
rinsed twice with tap water for 1 min each time. Next fixed 
it with 10% formaldehyde for 10 min. The result was that the 
infarct area showed white and non-infarct area showed red. 
The infarct size was measured by Image Pro Plus 6.0 soft-
ware, and the percentage of infarct area in the total section 
was calculated.

Detection of apoptosis in tissues by TUNEL staining

The myocardial tissue sections of each group were dehydrated 
with 100%, 95%, 90%, 80%, and 70% gradient alcohol after 
xylene dewaxing, and then soaked with 3% hydrogen peroxide 
methanol to remove endogenous peroxidase. After the slices 
were fixed, they were placed in 0.1% Triton X-100 solution 
(Sigma Company, USA) transparentizing for 3 min and rinsed 
with PBS. According to the instructions of TUNEL detection 
kit (Roche, Basel, Switzerland), 50 μL of Tunel reaction solu-
tion (the ratio of enzyme solution and label solution was 1:9) 
was added reacting for 50 min, rinsed with PBS for 5 min, 3 
times. After drying, 50 μL of transforming agent-POD was 
added, and it was incubated at 37 °C for 30 min, develop-
ing with DAB for 3 min, and rinsed with PBS for 5 min, 3 
times. Then drying it again, hematoxylin counterstained for 
3 s, sealed with neutral gum, and the staining results were 
observed under high-power microscope. Randomly selected 
5 fields of view, the apoptotic rate (100%) in each field of 
view = (apoptotic cells/total cells) × 100%.

Statistical analysis

SPSS 18.0 software was used to analyze the experimental 
data. The measurement data were expressed as mean ± stand-
ard deviation. One-way analysis of variance (ANOVA) was 
used for comparison among groups, and t test was used for 
comparison between groups. There is a significant difference 
at p < 0.05.

Results

Results of animal modeling

Five rats died of excessive blood loss, arrhythmia and lung 
injury during the process of modeling, and 50 rats were 
successfully modeled, with a successful modeling rate of 
90.91%. The 50 successfully modeled rats were divided into 

5 groups: model group (MI modeling), NC group (MI mod-
eling, tail vein injection of AQP9 negative control sequence 
vector), AQP9 shRNA group (MI modeling, tail vein injec-
tion of AQP9 shRNA plasmid vector), U0126 group (MI 
modeling, tail vein injection of ERK1/2 signaling pathway 
inhibitor), and AQP9 shRNA + U0126group, 10 in each 
group. The control group was MI modeling sham operation 
group.

The results of ELISA showed that compared with 
control group, the AQP9 levels of the model group, NC 
group, AQP9 shRNA group, U0126 group and AQP9 
shRNA + U0126 group in peripheral blood were sig-
nificantly increased (all p < 0.05). Compared with model 
group, the AQP9 levels of AQP9 shRNA group and AQP9 
shRNA + U0126 group in peripheral blood were signifi-
cant decreased (all p < 0.05). Compared with model group, 
there were no significant differences between NC group and 
U0126 group (all p > 0.05). Compared with AQP9 shRNA 
group, there were no significant differences in the AQP9 
levels between AQP9 shRNA + U0126 group and U0126 
group (all p > 0.05). See Fig. 1.

The results of qRT-PCR showed that compared with 
control group, the mRNA expression levels of AQP9 and 
ERK1/2 in the myocardial tissue of the model group, NC 
group, AQP9 shRNA group, U0126 group, and AQP9 
shRNA + U0126 group were significantly increased (all 
p < 0.05). Compared with model group, the mRNA expres-
sion levels of AQP9 and ERK1/2 in the myocardial tissue of 
the AQP9 shRNA group and AQP9 shRNA + U0126 group 
were significantly decreased (all p < 0.05). There was no sig-
nificant difference in the mRNA expression levels of AQP9 
between model group and U0126 group (p > 0.05), while 
the mRNA expression level of ERK1/2 in U0126 group was 

Fig. 1   ELISA detection of AQP9 level in peripheral blood of rats in 
each group. Compared with control group, *p < 0.05. Compared with 
model group, #p < 0.05. Compared with NC group, %p < 0.05. AQP9: 
aquaporin 9
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significantly decreased than in model group (p < 0.05). There 
was no significant difference in the mRNA expression levels 
of AQP9 and ERK1/2 between model group and NC group 
(both p > 0.05). There was no significant difference in the 
mRNA expression levels of AQP9 and ERK1/2 between 
AQP9 shRNA group and AQP9 shRNA + U0126 group 
(both p > 0.05). See Fig. 2.

The results of western blot showed that compared with 
control group, the protein expression levels of AQP9 and 
ERK1/2 phosphorylation in the myocardial tissue of the 
model group, NC group, AQP9 shRNA group, U0126 
group and AQP9 shRNA + U0126 group were significantly 
increased (all p < 0.05). Compared with model group, the 
protein expression levels of AQP9 and ERK1/2 phosphoryla-
tion in the myocardial tissue of the AQP9 shRNA group and 
AQP9 shRNA + U0126 group were significantly decreased 
(all p < 0.05). There was no significant difference in the pro-
tein expression level of AQP9 between model group and 
U0126 group (p > 0.05), while the protein expression level 
of ERK1/2 in U0126 group was significantly decreased than 
in model group (p < 0.05). There was no significant differ-
ence in the protein expression levels of AQP9 and ERK1/2 
phosphorylation between model group and NC group (both 
p > 0.05). There was no significant difference in the protein 
expression levels of AQP9 and ERK1/2 phosphorylation 

between AQP9 shRNA group and AQP9 shRNA + U0126 
group (both p > 0.05). See Fig. 3.

Determination of hemodynamics and cardiac 
function in myocardial tissue of rats in each group

Comparison of hemodynamics and cardiac function in myo-
cardial tissue of each group of rats was shown in Table 2. 
Compared with control group, the HR of rats in model 
group, NC group, AQP9 shRNA group, U0126 group, and 
AQP9 shRNA + U0126 group was significantly accelerated, 
the LVEDP was significantly increased, and the SBP, DBP, 
MAP, and LVSP were significantly decreased (all p < 0.05). 
Compared with model group, the HR of rats in AQP9 
shRNA group, U0126 group and AQP9 shRNA + U0126 
group was significantly slower, the LVEDP was significantly 
decreased, and the SBP, DBP, MAP, and LVSP were signifi-
cantly increased (all p < 0.05). Compared with NC group, the 
HR of rats in AQP9 shRNA group, U0126 group and AQP9 
shRNA + U0126 group was significantly slower, the LVEDP 
was significantly decreased, and the SBP, DBP, MAP, and 
LVSP were significantly increased (all p < 0.05). There was 
no significant difference between model group and NC group 
(p > 0.05). Compared with AQP9 shRNA group, there were 
no significant differences between AQP9 shRNA + U0126 
group and U0126 group (all p > 0.05).

Effect of silencing AQP9 gene inhibits the activation 
of ERK1/2 signaling pathway on inflammatory 
response of rats with MI

The results of ELISA showed that compared with control 
group, the levels of TNF-α and IL-6 in the model group, 
NC group, AQP9 shRNA group, U0126 group and AQP9 
shRNA + U0126 group were significantly increased (all 
p < 0.05), while IL-10 levels were significantly decreased (all 
p < 0.05). Compared with model group, the levels of TNF-α 
and IL-6 in the AQP9 shRNA group, U0126 group, and 
AQP9 shRNA + U0126 group were significantly decreased 
(all p < 0.05), while IL-10 levels were significantly increased 
(p < 0.05). Compared with NC group, the levels of TNF-α 
and IL-6 in the AQP9 shRNA group, U0126 group and 
AQP9 shRNA + U0126 group were significantly decreased 
(all p < 0.05), while IL-10 levels were significantly increased 
(p < 0.05). There was no significant difference in the levels 
of inflammatory factors between model group and NC group 
(both p > 0.05). Compared with AQP9 shRNA group, there 
were no significant differences in the levels of inflammatory 
factors between AQP9 shRNA + U0126 group and U0126 
group (all p > 0.05). See Fig. 4.

Fig. 2   qRT-PCR detection of the mRNA expression of AQP9 and 
ERK1/2 in the myocardial tissue of rats in each group. Compared 
with control group, *p < 0.05. Compared with model group, #p < 0.05. 
Compared with NC group, %p < 0.05. qRT-PCR real-time quantita-
tive PCR, AQP9 aquaporin 9, ERK1/2: extracellular signal-regulated 
kinase 1/2
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Effect of silencing AQP9 gene inhibits the activation 
of ERK1/2 signaling pathway on apoptosis 
of myocardial cells of rats with MI

The results of qRT-PCR showed that compared with control 
group, the mRNA expression levels of Bax in the myocardial 
tissue of the model group, NC group, AQP9 shRNA group, 
U0126 group and AQP9 shRNA + U0126 group were sig-
nificantly increased (all p < 0.05), and the mRNA expression 
levels of Bcl-2 were significantly decreased (all p < 0.05). 
Compared with model group, the mRNA expression lev-
els of Bax in the myocardial tissue of the AQP9 shRNA 
group, U0126 group and AQP9 shRNA + U0126 group 

were significantly decreased (all p < 0.05), and the mRNA 
expression levels of Bcl-2 were significantly increased (all 
p < 0.05). Compared with NC group, the mRNA expression 
levels of Bax in the myocardial tissue of the AQP9 shRNA 
group, U0126 group, and AQP9 shRNA + U0126 group 
were significantly decreased (all p < 0.05), and the mRNA 
expression levels of Bcl-2 were significantly increased 
(all p < 0.05). There was no significant difference between 
model group and NC group (both p > 0.05). Compared with 
AQP9 shRNA group, there were no significant differences 
between AQP9 shRNA + U0126 group and U0126 group (all 
p > 0.05). See Fig. 5.

Fig. 3   Western blot detection of the protein expression of AQP9 
and ERK1/2 phosphorylation in the myocardial tissue of rats in each 
group. a Western blot was used to detect the protein electrophoresis 
bands in the myocardial tissues of rat in each group. b Western blot 
was used to detect the protein expression level in the myocardial tis-

sues of rats in each group. Compared with control group, *p < 0.05. 
Compared with model group, #p < 0.05. Compared with NC group, 
%p < 0.05. AQP9 aquaporin 9, ERK1/2 extracellular signal-regulated 
kinase1/2

Table 2   Comparison of hemodynamics and cardiac function in myocardial tissue of mice in each group

HR heart rate, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial pressure, LVSP left ventricular systolic pressure, 
LVEDP left ventricular end-diastolic pressure
Compared with control group, *p < 0.05. Compared with model group, #p < 0.05. Compared with NC group, %p < 0.05

Control group Model group NC group AQP9-shRNA group U0126 group AQP9 shRNA + U0126 group

HR (time/min) 347.34 ± 30.02 436.54 ± 40.85* 432.14 ± 39.14* 382.25 ± 37.21*#% 380.16 ± 36.24*#% 381.16 ± 34.26*#%

SBP (mmHg) 137.51 ± 12.42 108.96 ± 10.82* 107.46 ± 10.32* 119.34 ± 11.15*#% 120.15 ± 11.56*#% 120.15 ± 11.14*#%

DBP (mmHg) 109.83 ± 11.35 81.55 ± 8.92* 82.05 ± 8.52* 93.52 ± 9.10*#% 94.32 ± 9.52*#% 93.52 ± 9.51*#%

MAP (mmHg) 114.57 ± 10.98 90.37 ± 7.24* 91.53 ± 7.33* 101.92 ± 8.44*#% 102.62 ± 8.03*#% 101.84 ± 8.16*#%

LVSP (mmHg) 152.89 ± 15.54 108.64 ± 10.25* 107.01 ± 10.16* 135.21 ± 12.59*#% 133.01 ± 11.05*#% 132.21 ± 12.41*#%

LVEDP 
(mmHg)

6.21 ± 1.01 22.23 ± 2.33* 22.31 ± 2.42* 14.13 ± 1.42*#% 14.53 ± 1.36*#% 14.13 ± 1.32*#%



2047Heart and Vessels (2019) 34:2041–2051	

1 3

The results of western blot showed that compared with 
control group, the protein expression levels of Bax in the 
myocardial tissue of the model group, NC group, AQP9 
shRNA group, U0126 group and AQP9 shRNA + U0126 
group were significantly increased (all p < 0.05), and 
the protein expression levels of Bcl-2 were significantly 
decreased (all p < 0.05). Compared with model group, 

the protein expression levels of Bax in the myocardial tis-
sue of the AQP9 shRNA group, U0126 group and AQP9 
shRNA + U0126 group were significantly decreased (all 
p < 0.05), and the protein expression levels of Bcl-2 were 
significantly increased (all p < 0.05). Compared with NC 
group, the protein expression levels of Bax in the myocar-
dial tissue of the AQP9 shRNA group, U0126 group and 
AQP9 shRNA + U0126 group were significantly decreased 
(all p < 0.05), and the protein expression levels of Bcl-2 were 
significantly increased (all p < 0.05). There was no signifi-
cant difference in protein expression level between model 
group and NC group (both p > 0.05). Compared with AQP9 
shRNA group, there were no significant differences in pro-
tein expression level between AQP9 shRNA + U0126 group 
and U0126 group (all p > 0.05). See Fig. 6.

The results of TUNEL staining showed that compared 
with control group, the apoptotic index of myocardial tissue 
in the model group, NC group, AQP9 shRNA group, U0126 
group and AQP9 shRNA + U0126 group was significantly 
increased (all p < 0.05). Compared with model group, the 
apoptotic index of myocardial tissue in the AQP9 shRNA 
group, U0126 group and AQP9 shRNA + U0126 group was 
significantly decreased (all p < 0.05). Compared with NC 
group, the apoptotic index of myocardial tissue in the AQP9 
shRNA group, U0126 group and AQP9 shRNA + U0126 
group was significantly decreased (all p < 0.05). There was 
no significant difference between model group and NC 
group in the apoptotic index of myocardial tissue (p > 0.05). 
Compared with AQP9 shRNA group, there were no signifi-
cant differences in the apoptotic index of myocardial tissue 
between AQP9 shRNA + U0126 group and U0126 group (all 
p > 0.05). See Fig. 7.

Effect of silencing AQP9 gene inhibits the activation 
of ERK1/2 signaling pathway on myocardial infarct 
size of rats with MI

Myocardial infarct size was detected by TTC, and compar-
ison of myocardial infarct size in each group was shown 
in Fig. 8. Compared with control group, the myocardial 
infarct size of the model group, NC group, AQP9 shRNA 
group, U0126 group, and AQP9 shRNA + U0126 group 
was significantly increased (all p < 0.05). Compared with 
model group, the myocardial infarct size of the AQP9 
shRNA group, U0126 group and AQP9 shRNA + U0126 
group was significantly decreased (all p < 0.05). Compared 
with NC group, the myocardial infarct size of the AQP9 
shRNA group, U0126 group and AQP9 shRNA + U0126 
group were significantly decreased (all p < 0.05). There 
was no significant difference in myocardial infarct size 
between model group and NC group (p > 0.05). Com-
pared with AQP9 shRNA group, there were no significant 

Fig. 4   ELISA detection of inflammatory factors (TNF-α, IL-6, and 
IL-10) levels in peripheral blood of rats in each group. Compared 
with control group, *p < 0.05. Compared with model group, #p < 0.05. 
Compared with NC group, %p < 0.05. TNF-α tumour necrosis 
factor-α, IL-6 interleukin-6, and IL-10 interleukin-10

Fig. 5   qRT-PCR detection of the mRNA expression of apoptosis 
gene Bax and Bcl-2 in the myocardial tissue of rats in each group. 
Compared with control group, *p < 0.05. Compared with model 
group, #p < 0.05. Compared with NC group, %p < 0.05. qRT-PCR: 
Real-time quantitative PCR. Bax: Bcl-associated x. Bcl-2: B-cell 
lymphoma-2



2048	 Heart and Vessels (2019) 34:2041–2051

1 3

Fig. 6   Western blot detection of the protein expression of apoptosis 
gene Bax and Bcl-2 in the myocardial tissue of rats in each group. a 
Western blot was used to detect the protein electrophoresis bands in 
the myocardial tissues of rats in each group. b Western blot was used 

to detect the protein expression level in the myocardial tissues of rats 
in each group. Compared with control group, *p < 0.05. Compared 
with model group, #p < 0.05. Compared with NC group, %p < 0.05. 
Bax Bcl-associated x, Bcl-2 B-cell lymphoma-2

Fig. 7   Apoptosis of myocardial tissue in rats (× 200). a TUNEL 
staining results of the myocardial tissue of rats in each group. b 
TUNEL staining was used for the detection of apoptotic index in 

the myocardial tissue of rats in each group. Compared with control 
group, *p < 0.05. Compared with model group, #p < 0.05. Compared 
with NC group, %p < 0.05
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differences in myocardial infarct size between AQP9 
shRNA + U0126 group and U0126 group (p > 0.05).

Discussion

Myocardial infarction (MI) is the main cause of heart failure 
in clinic at present. With the deepening of research on car-
diac pathophysiology in recent years, more and more atten-
tion has been paid to the role of inflammatory mediators and 
anti-inflammatory therapy in MI [15, 16]. Tan J found in the 
animal study that excessive secretion of inflammatory factors 
could aggravate the damage of myocardial ischemia, inhibit 
the inflammatory response in MI, significantly improve 
myocardial remodeling, and improve cardiac function in 
rats with MI [17]. From the point of molecular biology, this 
study constructed the rats model of MI and investigated 
the correlation between AQP9-mediated ERK1/2 signal-
ing pathway and MI. The results confirmed that AQP9 gene 
silencing could inhibit the activation of ERK1/2 signaling 
pathway and improve inflammatory response and cardiac 
function in rats.

After MI, the contractility and pumping function of the 
myocardium often decline, which will further lead to the 

decrease of LVSP and arterial pressure (SBP, DBP, and 
MAP), and the increase of HR and LVEDP [18, 19]. In 
this study, after treatment of rats in each group, it was 
found that the ventricular contractility of AQP9 shRNA 
group was significantly enhanced, and each index of car-
diac function was also significantly improved. Proper 
inflammatory response plays an important role in the 
repair of myocardial cell injury, but excessive inflamma-
tory response may aggravate ventricular remodeling and 
even cause heart failure [20, 21]. Neutrophils have been 
confirmed to be an important cellular basis in the process 
of inflammatory response after MI [22]. The continuous 
activation of chemokines and activation of complement 
system in infarct area can induce a large mount secretion 
of neutrophils. The activation of neutrophils can continu-
ously increase the content of pro-inflammatory factors 
such as TNF-α and IL-6; the increase of pro-inflammatory 
mediators can further promote the prolongation of neu-
trophil survival, thereby further aggravating the inflam-
matory response [23]. In addition, excessive secretion 
of neutrophils can further inhibit the activation of anti-
inflammatory mechanism of macrophages, and the secre-
tion of anti-inflammatory factor IL-10 is decreasing [24]. 
ERK1/2 signaling pathway is an important pathway that 

Fig. 8   Comparison of myocardial infarction in rats of each group. a 
Results of myocardial tissue stained by TTC in rats of each group. b 
Percentage of myocardial infarct size in rats of each group. Compared 

with control group, *p < 0.05. Compared with model group, #p < 0.05. 
Compared with NC group, %p < 0.05
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plays a regulatory role in various pathophysiological pro-
cesses of the human body; generally, ERK1/2 is located in 
human cellular cytoplasm and transferred to the nucleus 
after being activated and regulates the activity of tran-
scription factors, and ERK1/2 signaling pathway can be 
involved in various cell activities such as the regulation of 
proliferation and cell cycle [25]. In recent years, more and 
more studies have confirmed that the ERK1/2 signaling 
pathway can regulate the inflammatory response. Lv et al. 
confirmed in the study on the ERK1/2 signaling pathway 
and acute lung injury rats’ lung function that inhibiting 
the activation of ERK1/2 signaling pathway could reduce 
the proliferation of airway smooth muscle induced by 
inflammatory response [26]. In a study of MI, Guo found 
that inhibition of ERK1/2 signaling pathway could signifi-
cantly inhibit myocardial inflammatory response in rats 
with MI, thereby improving the process of myocardial 
remodeling and apoptosis of myocardial cells after MI 
[27]. In this study, compared with model group, the levels 
of TNF-α and IL-6 in AQP9 shRNA group and U0126 
group were significantly decreased, while IL-10 levels 
were significantly increased. It is suggested that inhibition 
of AQP9 gene or activation of ERK1/2 signaling pathway 
can improve the inflammatory response of rats with MI 
and inhibit the secretion of pro-inflammatory factors, and 
has a significant protective effect on myocardial inflamma-
tory response and cardiac function in rats with MI.

Massive apoptosis of myocardial cells is an important 
pathological basis for acute MI [28]. Liu found in the 
study that more than 80% of cell loss in the myocardial 
infarct area originated from the apoptosis of myocardial 
cells, which was the most important factor in the patho-
genesis of MI [29]. The anti-apoptotic protein Bcl-2 and 
the pro-apoptotic protein Bax are the most important fac-
tors in the regulation of apoptosis, and the balance of their 
expression levels and functions is important for the sur-
vival of cells [30]. If there is a large increase in Bax but a 
significant decrease in Bcl-2 in myocardial cells, the apop-
tosis of myocardial cells is significantly increased [31]. In 
this study, silencing expression of AQP9 and inhibiting 
ERK1/2 signaling pathway can significantly enhance the 
expression of Bcl-2 and inhibit the expression of Bax. The 
significant decrease of ERK1/2 expression in the AQP9 
shRNA group suggests that the inhibition of apoptosis 
by AQP9 gene silencing is mainly achieved by inhibit-
ing ERK1/2 signaling pathway. TUNEL staining further 
confirmed the protective effect of AQP9 gene silencing 
on apoptosis of myocardial cells in rats with MI. TTC 
method was used to detect the myocardial infarct size of 
each group. It was found that compared with model group, 
the myocardial infarct size in the AQP9 shRNA group and 
U0126 group was significantly decreased, suggesting that 
AQP9 gene silencing plays an active protective role in MI.

In conclusion, AQP9 gene silencing can inhibit the acti-
vation of ERK1/2 signaling pathway, improve myocardial 
inflammatory response and cardiac function in rats with 
MI, and has an important protective effect on MI. AQP9 is 
expected to be an important target in the treatment of MI.
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