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1 Introduction
As our country’s population’s aging process continues to 

accelerate, the prevalence of acute myocardial infarction (AMI) in 
the elderly is getting higher and higher. The age factor is a strong 
predictor of the adverse outcome of AMI. About 60% of AMI 
deaths occur in patients over 75 years of age (Gupta et al., 2011). 
During AMI, myocardial cells can feel hypoxia signal stimulation, 
thereby activating the hypoxia signaling pathway, starting the 
gene expression downstream of the signaling pathway, regulating 
the adaptability of the cell in the hypoxia microenvironment, 
and maintaining the stability of the internal environment of the 
cell. In this process, hypoxic signals stimulate cells to induce 
and activate the expression of HIF-1. Studies have shown that 
HIF-1α, the active subunit of HIF-1, can rapidly activate the 
expression of related target genes downstream of the signaling 
pathway under hypoxic conditions, and promote the balance 
of energy metabolism by regulating the oxygen utilization in 
the cell (Jain et al., 2018; Williams et al., 2019) . HIF-1α has a 
molecular switch function in the signaling pathway. It activates 
the expression of HIF-1α in cells under hypoxic-ischemic stress, 
precisely regulates downstream genes, and maintains basic cell 
energy metabolism (Tekin et al., 2010; Zhu et al., 2008). The 
results of the study confirm that ischemia postconditioning 
(IPostC) can activate the HIF-1α pathway, significantly reduce 
the inifarct size of healthy young myocardium (Zhao & Vinten-
Johansen, 2006), reduce oxidative stress (Andersen et al., 2012), 
reduce the calcium ion concentration in mitochondria, and resist 
apoptosis (Zhang  et  al., 2013), effectively reduce myocardial 

ischemia-reperfusion injury, and provide new clinical ideas 
for reducing AMI reperfusion injury. However, elderly patients 
are the main population of AMI, and the elderly myocardium 
is highly sensitive to ischemia-reperfusion damage. Aging is 
accompanied by a decrease in the activity of the HIF-1 pathway, 
which is manifested as a decrease in mitochondrial function, 
a reduction of the number of mitochondria, and abnormal 
morphology (Ong et al., 2014; Bratic & Larsson, 2013). Under 
aging conditions, the energy metabolism disorder regulated by 
the mitochondrial AMPK channel leads to a decrease in ATP 
synthesis’s efficiency and abnormal regulation of the mitochondrial 
mPTP channel (Cruz-Ramírez  et  al., 2021; Coswosck  et  al., 
2021; Yan et al., 2020). Therefore, this study intends to use the 
myocardial I/R model of aged mice to evaluate the recombinant 
adeno-associated virus serotype 9 mediated HIF-1α transfection 
into aged myocardium on mitochondrial respiratory function 
and enzyme activity, providing a basis for further research on 
the protective effect of aged ischemic myocardium.

2 Materials and methods

2.1 Reagents and instruments

HIF-1α antibody (Abcam plc, USA); VEGF antibody 
(Abcam plc, USA); Horseradish Peroxidase (HRP, Abcam plc, 
USA); Tris Buffered saline Tween (TBST, MilliporeSigma Co., 
Ltd., Burlington, USA); 2-Methoxyestradiol (2ME2, Selleck 
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Chemicals LLC, USA); Bradford Protein Assay Kit (Beyotime 
Biotechnology Co., Ltd., Shanghai, China); 2,3,5-Triphenyl 
tetrazolium chloride (TTN, MilliporeSigma Co., Ltd., Burlington, 
USA); SDS-polyacrylamide gel electrophoresis(SDS-PAGE, 
Weikebio Co., Ltd., Tianjing, China); ECL Western Blotting 
Substrate Kit (Weikebio Co., Ltd., Tianjing, China); Reactive 
Oxygen Species (ROS) Assay Kit (Beyotime Biotechnology Co., 
Ltd., Shanghai, China); Pentobarbital (Tyrell Biotechnology 
Co., Ltd., Shanghai, China). ChemiDoc touch imaging system 
(Bio-Rad Laboratories, Inc, USA)

2.2 Experimental animals

Male clean-grade, healthy C57BL/6J mice (Age: 20 month; 
body weight: 16~22 g) were used in the study. All the mice were 
provided by the Animal Experiment Center of Xinjiang Medical 
University. The Ethics Committee of the First Affiliated Hospital 
of Xinjiang Medical University approved this research. Transfect 
5.0×1011 virus genomes (VG) AAV9-HIF-1α (provided by out 
research group) were injected into mice through the tail vein 
to establish an isolated mice model of I/R injury. The flow chart 
was shown in Figure 1.

36 mice were randomly divided into 3 groups (n = 12): 
1) Blank (Sham) group: 180 min of perfusion; 2) Ischemia-
reperfusion (I/R) group: after 30 min of stable perfusion and 
45 min of heart ischemia, 105 min of reperfusion was conducted; 
3) I/R+2ME2 group (I/R+HIF-1α blocker 2ME2): After 30 min 
of stable perfusion and 45 min of heart ischemia, 15 min 2ME2 
plus 90 min reperfusion were conducted.

2.3 Langendorff perfusion model establishment

Aged C57BL/6J mice were intraperitoneally anesthetized and 
injected with 1% pentobarbital. We cut the anterior abdominal 
wall transversely under the costal margin in the supine position. 
Then, we cut the diaphragm along the abdomen’s midline to the 
head, and the chest cavity was exposed along the midclavicular 
line on both sides. We separated the anterior mediastinum tissue, 
turn the anterior chest wall to the head, revealing the heart and 
the large blood vessels at the bottom of the heart, then quickly 

open the chest to remove the heart and separate the aorta. Then, 
We immediately put the heart into the pre-cooled 4 °C K-H 
solution to drain the blood in the heart cavity and take the No. 
4 surgical wire to fix the heart on the Langendorff perfusion 
needle. A 1.4F Millar catheter was inserted from the heart’s apex 
to the left ventricle and connected to the Powerlab/8SP pressure 
transducer system of the biological function to maintain the 
perfusion pressure 60-70 mmHg and the left ventricular end 
diastolic pressure (LVEDP) at 0-10 mmHg (Shen et al., 2013).

2.4 Isolated heart function monitoring

The 1.4F Millar microcatheter and Powerlab multi-channel 
physiological recorder were used to monitor the hemodynamic 
changes during the whole process of in vitro perfusion in real-
time. The Powerlab system was used to measure and record the 
left ventricular pressure changes at the end of equilibrium (T1) 
and reperfusion (T2). Heart rate (HR), left ventricular diastolic 
pressure (LVDP), LVEDP, maximal left ventricular pressure 
rising rate (+dp/dtmax) were then calculated.

2.5 Myocardial infarction area measurement

We immediately removed the heart and froze it in a refrigerator 
(temperature: -80 °C) for 7 min at the end of reperfusion. After 
that, we sliced the heart from the apex to the bottom of the 
heart, and placed the slices n TTC solution (1%, pH7.4) and 
incubated them at 37 °C for 25 min. Then We put the slices 
in 10% formaldehyde solution and fixed them overnight. The 
ImageJ software was conducted to analyze the infarct area by 
the pictures we took

2.6 Western blot

At the end of reperfusion, 6 mice were taken from each 
group, and the myocardium in the ischemia-risk area was cut 
out and stored in liquid nitrogen immediately. The total protein 
of myocardial tissue was extracted and lysed with tissue lysate. 
30 μg of the sample was taken, electrophoresed in an SDS-PAGE 
system, transferred to a membrane, and blocked at 37 °C for 

Figure 1. The flow chart.
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2 h. Then we added the 1:1000 primary HIF-1α antibody and 
VEGF antibody to the sample and incubated it overnight (4 °C). 
After washing the membrane with TBST solution, the sample 
was incubated with HRP-labeled secondary antibody (1:5000) 
for 1 h at room temperature. After ECL color imaging, the 
Quantity One 2.6.2 image analysis system was used to analyze 
the target protein band’s gray value.

2.7 Detection of mitochondrial ROS and mitochondrial 
respiratory function

After extracting myocardial mitochondria, the ROS kit 
was used to determine the mitochondrial ROS production 
rate (Roussel et al., 2000). The Bradford protein assay kit was 
used to quantify mitochondrial protein, and the sample protein 
concentration was calculated according to the standard curve. 
The mitochondrial respiratory function was measured (3 mL) 
with a Lufthansa oxygen electrode in a temperature-controlled 
oxygen cell equipped with magnetic stirring (Yang et al., 2020). 
We added 900μL of mitochondrial respiration assay medium to 
37°C 1000μL reaction solution, equilibrating for 15 min. Then 
we added 50μL of mitochondrial suspension (final quantitative 
concentration of protein 1 mg/mL) and recorded the oxygen 
consumption curve for 20-30s. After the curve is stable, we added 
10μL of succinic acid with a final concentration of 5 mmol/L 
and 1μL of rotenone with a final concentration of 2μmol/L, and 
record the curve for 1 min, entering the state 4 respiration. Then 
we added 9 μL of ADP with a final concentration of 100 μmol/L 
and recorded the oxygen consumption curve, entering the 
state 3 respiration. When ADP is completely phosphorylated 
and converted to ATP, the mitochondria enter the state 4 
respiration. Mitochondrial respiratory control rate (RCR) = 
state 3 respiratory oxygen consumption rate/ state 4 respiratory 
oxygen consumption rate.

2.8 Detection of mitochondrial respiratory enzyme activity

After the mitochondrial subunits (repeatedly freeze and 
thaw 3 times in the refrigerator at 20 °C and -80 °C) were 
prepared, the Clark oxygen electrode (Hansha science and 
technology group Co., Ltd., Hongkong) was used to complete 
the detection (3 mL) in a temperature-controlled oxygen cell 
equipped with magnetic stirring (Xiang et al., 2009). We added 
900 μL of cytochrome C oxidase assay medium, NADH oxidase 
assay medium, and succinate oxidase assay medium to 37 °C 
1000 μL reaction solution, equilibrating for 15 min, and added 
50 μL mitochondrial suspension (final protein concentration 
is 1 mg/mL), then recorded the oxygen consumption curve 
for 5-10 min.

2.9 Statistical analysis

Normal distributed data are revealed as mean ± standard 
deviation (SD). Data were analyzed using SPSS v19.0 (SPSS 
Inc., Chicago, IL, USA). Univariate analysis was performed for 
comparison of variables among groups. ANOVA was performed 
for comparison of variables for intra-group. Ρ value less than 
0.05 was considered statistically significant.

3 Results
3.1 Hemodynamic changes

Compared with the end of reperfusion, the cardiac function 
indexes of each group at the end of balance were better than 
those at the end of reperfusion (P < 0.05); Compared with the 
Sham group, the HR, LVDP, and +dp/dtmax in the I/R group 
and the I/R+2ME2 group decreased (P < 0.05), while the LVEDP 
in the I/R group and the I/R+2ME2 group increased (P < 0.05) 
at the end of reperfusion; The levels of HR, LVDP, LVEDP and 
+dp/dtmax in the I/R+2ME2 group were significantly lower 
than that in the I/R group (P < 0.05) (Table 1).

3.2 Myocardial infarction area, p-HIF-1α changes, p-VEGF 
changes, and mitochondrial ROS

Compared with the Sham group, the area of myocardial 
infarction in the I/R group and the I/R+2ME2 group increased, 
and the ROS generation rate was significantly increased (P < 0.05). 
Compared with the I/R group, the p-HIF-1α and p-VEGF 
levels in the I/R+2ME2 group decreased significantly (P < 0.05) 
(Figure 2). The VEGF expression levels of I/R+2ME2 group was 
lower than that of the Sham group and the I/R group (Figure 3). 
Application of HIF-1α blocker 2ME2 significantly eliminated 
the myocardial protective effect of AAV9-HIF-1α (Table 2).

3.3 Mitochondrial respiratory function

Compared with the Sham group, the mitochondrial respiratory 
function (state3, RCR) of the I/R group and the I/R+2ME2 
group significantly decrease at the end of reperfusion (P < 0.05); 
compared with the I/R group, the state3 and RCR of I/R+2ME2 
group reduced significantly (P < 0.05) (Table 3).

3.4 Respiratory enzyme activity of myocardial

At the end of reperfusion, compared with the Sham group, the 
mitochondrial respiratory enzyme activities of the I/R group and 
I/R+2ME2 group were significantly reduced (P < 0.05). Blocker 
2ME2 aggravated the decrease of mitochondrial respiratory 
enzyme activity (P < 0.05) (Table 4).

Table 1. Hemodynamic changes of isolated heart (n = 12).

Group
T1 T2

HR  
(beat/min)

LVDP 
(mmHg)

LVEDP 
(mmHg)

+dp/dtmax 
(mmHg/s)

HR  
(beat/min)

LVDP 
(mmHg)

LVEDP 
(mmHg)

+dp/dtmax 
(mmHg/s)

Sham 362.00 ± 11.31 88.19 ± 5.62 2.24 ± 0.87 3132.43 ± 204.24 380.33 ± 10.27* 65.08 ± 4.46* 9.75 ± 1.16* 2377.86 ± 216.64*
I/R 334.00 ± 15.62 91.83 ± 5.61 2.56 ± 0.89 3060.73 ± 197.21 359.83 ± 9.54*& 56.70 ± 4.71*& 11.93 ± 1.24*& 2118.88 ± 190.80*&

I/R+2ME2 315.50 ± 8.12 90.12 ± 6.03 2.61 ± 0.88 3092.25 ± 218.54 337.50 ± 6.50*&$ 46.87 ± 4.91*&$ 16.46 ± 1.37*&$ 1665.19 ± 206.16*&$

Note: T1: At the end of equilibrium (stable perfusion for 30 min); T2: At the end of reperfusion. Compared with the T1 groups. *P < 0.05, compared with the Sham group; &P < 0.05, 
compared with the I/R group; $P < 0.05.

Original Article



Food Sci. Technol, Campinas,      v42, e59121, 20224

HIF-1α regulates I/R myocardial mitochondria

4 Discussion
In this study, referring to the literature (Xiang et al., 2009), 

we used the NCBI database to retrieve the mouse HIF-1α gene 
sequence, constructed the recombinant shuttle plasmid pFB-AAV-

CMV-HIF-1α, transformed the DH10Bac bacteria, extracted the 
recombinant Bacmid-AAV-CMV-HIF-1α DNA, and packaged 
it into Recombinant viral vector AAV9-HIF-1α. Purification was 
performed by cesium chloride density gradient centrifugation. 
Fluorescence quantitative PCR was used to determine the titer 
of the recombinant virus. The virus’s morphology was observed 
by scanning electron microscope, and the purity of the virus 
was identified by SDS-PAGE gel electrophoresis (Chen et al., 
2017). The expression of HIF-1α increases in ischemia-hypoxic 
myocardial injury and plays an important role in myocardial 
protection. HIF-1α up-regulates vascular endothelial growth 
factor. Increased expression of vascular endothelial growth 
factor can advance angiogenesis, increase blood perfusion and 
oxygen supply in ischemic tissues, and promote microcirculation 
reconstruction after myocardial ischemia. HIF-1α improves 
energy metabolism disorder after myocardial hypoxia (Wei et al., 
2012). When myocardial ischemia occurs, the process of oxidative 
phosphorylation is inhibited, and the expression of HIF-1α 
increases. It regulates myocardial energy metabolism through 
glycolysis and protects heart function. The activation of HIF-1α 
can improve the tolerance of cardiomyocytes to ischemia and 
hypoxia, reducing the apoptosis of cardiomyocytes (Belaidi et al., 
2008). After 5.0×1011 VG AAV9-HIF-1α was injected into the tail 
vein, myocardial infarction area and the ROS in the I/R group 
and the I/R+2ME2 group increased compared with the Shan 
group, confirming the myocardial transfection of AAV9- HIF-
1α is directly related to the reduction of myocardial I/R injury 
in isolated aged mice.

The time point and dose of HIF-1α blocker 2ME2 were 
selected according to the research (Wu  et  al., 2017). During 

Figure 2. Protein expression of p-HIF-1α, p-VEGF, and GAPDH

Table 2. Comparison of myocardial infarction area, p-HIF-1α changes, p-VEGF changes and mitochondrial ROS detection among three groups 
(n = 12). 

Group myocardial infarction area 
(%)

mitochondrial ROS  
(u.s-1.mg-1) p-HIF-1α p-VEGF

Sham 6.34 ± 1.67 6.67 ± 1.01 0.72 ± 0.10 0.75 ± 0.08
I/R 37.24 ± 23.9& 12.60 ± 1.96& 1.45 ± 0.13& 1.61 ± 0.09&

I/R+2ME2 52.82 ± 5.67&$ 20.38 ± 1.66&$ 0.50 ± 0.07&$ 0.55 ± 0.04&$

Note: Compared to the Sham group. &P < 0.05, compare to the I/R group; $P < 0.05.

Table 3. Mitochondrial respiratory function changes (n =12).

Group
T1 T2

State3 (nmol/min·mg·pro) RCR State3 (nmol/min·mg·pro) RCR
Sham 120.95 ± 4.98 2.10 ± 0.09 91.50 ± 5.40* 1.83 ± 0.09*

I/R 117.14 ± 4.68 2.04 ± 0.10 76.13 ± 5.11*& 1.50 ± 0.07*&

I/R+2ME2 120.70 ± 4.95 2.05 ± 0.08 60.82 ± 4.11*&$ 1.05 ± 0.06*&$

Note: T1: At the end of equilibrium (stable perfusion for 30 min); T2: At the end of reperfusion. Compared to the T1 groups. *P < 0.05, compared to the Sham group; &P < 0.05, 
compared to the I/R group; $P < 0.05.

Figure 3. Protein expression of myocardial VEGF. *p < 0.05, versus the 
sham group; #p < 0.05, versus the I/R group.

Table 4. Comparison of respiratory enzyme activity of mitochondrial (n=12) (nmol/min·mg·pro).

Group
T1 T2

NADH-OX Cytc-OX SUC-OX NADH-OX Cytc-OX SUC-OX
Sham 218.21 ± 10.81 62.72 ± 6.61 75.04 ± 6.70 151.74 ± 8.69* 52.85 ± 5.87* 59.55 ± 5.84*

I/R 220.49 ± 10.48 66.08 ± 6.62 77.82 ± 8.13 137.95 ± 7.68*& 42.24 ± 6.90*& 46.89 ± 6.56*&

I/R+2ME2 220.10 ± 8.69 66.27 ± 5.45 74.35 ± 5.75 120.96 ± 8.84*&$ 26.57 ± 5.02*&$ 37.64 ± 4.68*&$

Note: T1: At the end of equilibrium (stable perfusion for 30 min); T2: At the end of reperfusion. Compared with the T1 groups. *P < 0.05, compared to the Sham group; &P < 0.05, 
compared to the I/R group; $P < 0.05.
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myocardial ischemia, up-regulation of HIF-1α mediates a variety 
of downstream hypoxia-sensitive genes to play a myocardial 
protective effect, improving myocardial tolerance to acute 
ischemia reperfusion injury (Xie  et  al.,2017). The results of 
this study indicated that at the end of reperfusion, the levels of 
p-HIF-1α and p-VEGF in the I/R group increased compared with 
the Sham group, which is related to the active up-regulation of 
HIF-1α levels after myocardial ischemia and hypoxia. However, 
the application of HIF-1α blocker 2ME2 significantly eliminated 
the regulation of HIF-1α and downstream VEGF proteins 
caused by transfection of AAV9-HIF-1α and increased the risk 
of myocardial I/R injury.

According to the literature (Yang et al., 2020), the Bradford 
protein assay kit was used to measure the function of mitochondrial 
respiratory. Mitochondrial respiratory function (State 3 and 
RCR) is a crucial indicator for evaluating mitochondrial function 
(Yang et al., 2019). The results of this study demonstrated that, 
at the end of reperfusion, the state 3 and RCR of myocardial 
mitochondria in the I/R group and I/R+2ME2 group were 
significantly decreased. The HIF-1α blocker 2ME2 significantly 
weakened the myocardial mitochondria’s respiratory function 
in the aged mice, showing that the up-regulation of HIF-1α 
protein level is an essential means to protect mitochondrial 
respiratory function.

Mitochondrial respiratory function and enzyme activity 
can directly or indirectly reflect mitochondrial structure and 
function (Wang  et  al., 2020; Zhang  et  al., 2018). This study 
detected mitochondrial respiratory enzyme activity at the 
end of equilibrium (stable perfusion for 30 min) and the end 
of reperfusion. It was found that the ischemic injury and the 
application of HIF-1α blocker 2ME2 significantly reduced the 
respiratory enzyme activity of myocardial, indicating that the 
application of HIF-1α blocker 2ME2 is effective. It is confirmed 
that the level of HIF-1α protein is directly related to mitochondrial 
respiratory enzymes’ activity.

In summary, when myocardial I/R injury occurs in aged 
mice, myocardial Transfection with AAV9-HIF-1α reduces 
the area of myocardial infarction, reduces the rate of ROS 
production, and increases the level of HIF-1α protein to promote 
the production of downstream hypoxia sensitive gene VEGF. 
At the same time, myocardial transfection with AAV9-HIF-1α 
enhance the respiratory enzyme activity of myocardial and 
respiratory function of myocardial mtochondrial. However, 
the application of HIF-1α blocker 2ME2 significantly abolished 
the myocardial protection produced by AAV9-HIF-1α. It is 
confirmed that the HIF-1α pathway upregulate the respiratory 
enzyme activity of myocardial and respiratory function of 
myocardial mtochondrial.
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