
Molecular Medicine REPORTS  21:  1527-1536,  2020

Abstract. Ischemic post‑conditioning (IPO) and diazoxide 
post‑conditioning (DPO) has been proven to reduce myocar-
dial ischemia reperfusion injury  (MIRI); however, the 
mechanisms of IPO/DPO are still not clear. The present study 
aimed to investigate whether mitochondrial ATP‑sensitive 
potassium channels (mitoKATP) channels are activated by 
IPO/DPO, which may further activate the hypoxia inducible 
factor  1/hypoxic response element (HIF‑1/HRE) pathway 
to mitigate MIRI. Using a Langendorff perfusion device, 
healthy male (250‑300 g) Sprague Dawley rat hearts were 
randomly divided into the following groups. Group N was 
aerobically perfused with K‑H solution for 120 min. Group 
ischaemia/reperfusion  (I/R) was aerobically perfused for 
20 min, then subjected to 40 min hypoxia plus 60 min reper-
fusion. Group IPO was treated like the I/R group, but with 
10 sec of hypoxia plus 10 sec of reperfusion for six rounds 
before reperfusion. Group D PO was exposed to 50  µM 
diazoxide for 5 min before reperfusion and otherwise treated 
the same as group I/R. In groups IPO+5‑hydroxydecanoic 
acid (5HD), DPO+5HD and I/R+5HD, exposure to 100 µM 
5HD (a mitoKATP channel specific blocker) for 5 min before 
reperfusion as described for groups I PO, DPO and I/R, 
respectively. In groups I PO+2‑methoxyestradiol (2ME2), 
DPO+2ME2 and I/R+2ME2, exposure to 2  µM 2ME2 
(a HIF‑1α specific blocker) for 10 min before reperfusion 
as described for groups I PO, DPO and I/R respectively. 

Cardiac hemodynamics, myocardial injury and the expres-
sion of HIF‑1/HRE pathway [HIF‑1α, heme oxygenase 
(HO‑1), inducible nitric oxide synthase (iNOS) and vascular 
endothelial growth factor (VEGF)] were detected in each 
group. The infarct size and mitochondrial Flameng scores of 
groups IPO/DPO were significantly decreased compared with 
the I/R group (P<0.05), but the myocardial protective effects 
of IPO/DPO could be eliminated by 5HD or 2ME2 (P<0.05). 
In addition, IPO/DPO could increase the mRNA expression 
of HIF‑1α and the downstream factors of the HIF‑1/HRE 
pathway (the mRNA and protein expression of HO‑1, iNOS 
and VEGF; P<0.05). However, the myocardial protective 
effects and the activation the HIF‑1/HRE pathway mediated 
by IPO/DPO could be eliminated by 5HD or 2ME2 (P<0.05). 
Therefore, the activation of the HIF‑1/HRE pathway by 
opening mitoKATP channels may work with the mechanism of 
IPO/DPO in reducing MIRI.

Introduction

Myocardial ischemia is a serious threat to patients with cardio-
vascular disease. Even the process of restoring the blood supply 
to the myocardium after the treatment of cardiovascular disease 
tends to have a serious effect on the recovery of the heart, as a 
result of the sudden recovery of coronary blood supply. This is 
known as myocardial ischemia reperfusion injury (MIRI) (1). 
This is especially true for patients after heart surgery. MIRI is 
a cause of the increasing rate of myocardial infarction, heart 
failure and mortality (2). Therefore, the reduction of MIRI in 
patients is key to alleviating myocardial infarction rates, heart 
failure and mortality, and to improving quality of life.

Research into alleviating MIRI has demonstrated that, 
numerous methods, such as ischemic pre‑conditioning, ischemic 
post‑conditioning, drug pre‑conditioning and drug post‑condi-
tioning can play a role in myocardial protection (3‑7). At the 
same time, a variety of myocardial protection mechanisms are 
involved. This includes the hypoxia inducible factor 1/hypoxia 
response element pathway (HIF‑1/HRE) and the mitochondrial 
ATP‑sensitive potassium channels (mitoKATP channels) (8,9).

The study of Zhao et al  (10) in vivo showed that isch-
emic post‑conditioning (IPO) could increase the expression 
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of inducible nitric oxide synthase (iNOS) by activating the 
HIF‑1α pathway and reduce the infarct size of the myocardium. 
In myocardial cells and isolated heart perfusion experiments, 
drug post‑conditioning can increase HIF‑1α, and then activate 
iNOS to reduce MIRI. This process can be reversed by HIF‑1α 
small interfering (si)RNA or 2‑methoxyestradiol (2ME2; a 
HIF‑1α subunit blocker) (11). All these studies suggest that 
both IPO and drug post‑conditioning can alleviate MIRI by 
activating the HIF‑1/HRE pathway.

A study by Jin et al (12) has also shown that IPO can open 
mitoKATP channels to play a role in myocardial protection. 
Diazoxide (a specific mitoKATP channel opener) post‑condi-
tioning (DPO) can also alleviate MIRI (13). MitoKATP channels 
are potassium channels in the mitochondrial membrane, which 
are composed of Kir and SUR subunits. The regulation of mito-
KATP channels is primarily related to the regulatory subunit 
SUR, which is mainly controlled by ATP. Other metabolites, 
such as protein kinase A, protein kinase C and PIP2, can also 
regulate mitoKATP channels (14). As signaling molecules, the 
reactive oxygen species (ROS) produced by mitoKATP channels 
can activate downstream signaling pathways and ultimately 
reduce MIRI by reducing calcium overload. Thus, whether 
the downstream signaling pathways activated by mitoKATP 
channels include the HIF‑1/HRE pathway in IPO and whether 
DPO can also activate the HIF‑1/HRE pathway through 
mitoKATP channel opening merits investigation.

In order to study the above problems, a rat heart perfusion 
model was established using a Langendorff experiment 
device (15). Using cardioplegia, cardiac arrest was simulated 
in clinical cardiopulmonary bypass and the myocardial 
protective effect of IPO/DPO was observed. The present study 
aimed to assess whether the HIF‑1/HRE pathway participates 
in the myocardial protection mechanism of DPO. Also, 
5‑hydroxydecanoic acid (5HD; a specific mitoKATP channels 
blocker) and 2ME2 (a HIF‑1α subunit blocker) were used to 
observe the expression changes in the HIF‑1/HRE pathway, 
and whether or not IPO/DPO could open mitoKATP channels 
and then activate the HIF‑1/HRE pathway. The present study 
will provide a theoretical basis for the clinical application of 
diazoxide to the treatment of MIRI.

Materials and methods

Materials. The experimental animals used were 80 healthy 
male Sprague Dawley (SD) rats (weight, 250‑300  g; 
16‑20 weeks old), which were provided by the laboratory 
animal center of DaPing Hospital, Chongqing. Before the 
experiment, the rats were housed in groups of three or four for 
at least 1 week (12‑h light/dark cycle, free access to food and 
water, temperature 20‑25˚C, humidity 50‑65%).

Diazoxide and 5HD were purchased from Sigma‑Aldrich; 
Merck KGaA. 2ME2 was purchased from Selleck Chemicals. 
The VEGF antibody (cat.  no. N B100‑664) and HIF‑1α 
antibody (cat. no. NB100‑105) were purchased from Novus 
Biologicals, LLC. The HO‑1 antibody (cat. no. ab13248) and 
iNOS antibody (cat. no. ab49999) were purchased from Abcam. 
β‑actin antibody (cat. no. 66009‑1‑Ig) was purchased from 
Proteintech Group, Inc. IRDye 800CW secondary antibodies 
(cat. no. 926‑32210) was purchased from LI‑COR Biosciences. 
The Sensiscript RT kit and Real‑Time amplification kit were 

purchased from Takara Bio, Inc. The primers were purchased 
from Shanghai Generay Biotech Co., Ltd.

Methods
Establishment of rat heart perfusion model in vitro. SD rats 
were anesthetized by intraperitoneal injection of 1% pento-
barbital sodium (60  mg/kg) and heparin (500 U /kg), and 
then a thoracotomy was performed. The aorta was removed 
from the heart quickly and completely. After that, the heart 
was fixed on the Langendorff system via the aorta and low 
flow retrograde perfusion of K‑H solution (oxygenated with 
95%  O2 and 5%  CO2; 37˚C) was performed in the aortic 
root. A small incision was made on the left atrial appendage 
and the piezometric tube was inserted into the left ventricle 
through the small opening. The left ventricular end diastolic 
pressure was adjusted to 2‑5 mmHg using the PowerLab physi-
ological experiment system. The K‑H solution and the ambient 
temperature of the heart are controlled at 37˚C. Thereafter, 
the flow rate of aortic perfusion was regulated and the perfu-
sion pressure increased slowly and stabilized at ~70 mmHg. 
After the heart was perfused for 20 min, the left ventricular 
developed pressure (LVDP), heart rate (HR) and arrhythmia 
were observed. At LVDP >80 mmHg, HR >250 times/min and 
arrhythmia <2/min, follow‑up experiments were carried out.

A total of 80  hearts were randomly divided into the 
following 10 groups (n=8, each group): Group N, group I/R, 
group IPO, group IPO+2ME2, group IPO+5HD, group DPO, 
group DPO+2ME2, group DPO+5HD, group I/R+2ME2 and 
group I/R+5HD (Fig. 1). Group N was aerobically perfused 
with K‑H solution for 120 min. Group I/R, after being aerobi-
cally perfused for 20 min, was subjected to 40 min hypoxia 
and 60 min reperfusion. Group IPO was treated the same as 
group I/R, but 10 sec hypoxia plus 10 sec reperfusion was 
performed six times prior to reperfusion. Group IPO+5HD, 
was treated the same as group I PO, but perfused with 
100 µM 5HD for 5 min before ischemic post‑conditioning (13). 
Group IPO+2ME2 was treated the same as group IPO, but 
perfused with 2 µM 2‑methoxyestradiol for 10 min before 
ischemic post‑conditioning (11). Group DPO was treated the 
same as group I/R, but perfused with 50 µM diazoxide for 
5 min before reperfusion (13). Group DPO+5HD was treated 
the same as group DPO, but perfused with 100 µM 5HD for 
5 min before diazoxide post‑conditioning. Group DPO+2ME2 
was treated the same as group D PO, but perfused with 
2 µM 2ME2 for 10 min before diazoxide post‑conditioning. 
Group I/R+5HD was treated the same as group I/R, but the 
heart was perfused with 100 µM 5HD for 5 min at 35 min after 
stopping the perfusion. Group I/R+2ME2 was treated the same 
as group I/R, but the heart was perfused with 2 µM 2ME2 for 
10 min at 30 min after stopping the perfusion.

Except for in group N, perfusion of the K‑H solution in all 
other groups was stopped after 20 min and cardiac arrest was 
attained by immediately perfusing the St. Thomas cardioplegic 
solution (4˚C). After that, the hearts were maintained in a 32˚C 
environment for 40 min.

Cardiac function monitoring. HR, LVDP, left ventricular end 
diastolic pressure (LVEDP) and maximal left ventricular pres-
sure (+dp/dtmax) were measured using the PowerLab system 
at 20 min and 2 h.
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Detection of infarct size in the heart. First, 1% TTC dye 
solution was prepared for incubation in the dark at 37˚C for 
~25 min.

The heart was quickly removed and placed into a ‑80˚C 
refrigerator for 7 min. Along the transverse section of the 
heart, it was cut into five thick circular slices (0.1‑0.3 cm). 
After that, the cardiac slices were immersed in the above 
1% TTC dye solution and incubated at 37˚C in the dark for 
25 min. After 25 min, the cardiac slices were placed in 10% 
formaldehyde for 7 days at 20‑25˚C. The cardiac slices were 
arranged from big to small in order and images were captured 
using a Sony camera. Finally, the infarct size was calculated 
using ImageJ software (version 1.46R; National Institutes of 
Health).

Detection of myocardium under transmission electron 
microscope. At the end of perfusion, several 0.1 cm3 pieces of 
myocardial tissue were cut rapidly from the left ventricle of the 
heart. The myocardial tissues were fixed with 4˚C precooled 
2.5% glutaraldehyde fixative (for no more than 2 weeks). They 
were rinsed in phosphate buffer (washed once at intervals of 
2 h, three times) and then fixed with 4˚C precooled osmic acid 
(1%) for 2 h. After successive gradient acetone dehydration, 
epoxy resin embedding polymerization (45˚C for 12 h and 
60˚C for 48  h), UltracutE ultrathin sectioning (50‑70  nm 
each slice), double staining with acetic acid uranium dioxide 
(20‑25˚C for 20 min) and lead citrate (20‑25˚C for 10 min), 
the ultrastructure of the cardiomyocytes was observed under a 
Hitachi H7500 transmission electron microscope.

The mitochondrial Flameng score criteria under transmis-
sion electron microscope is as follows (16). The greater the 
myocardial mitochondria damage, the higher the score and 
injury is scored as 0‑4 points: 0, the structure of mitochon-
dria is normal and they are full of particles; 1, the structure 
of mitochondria is essentially normal, but the matrix particles 
are lost; 2, mitochondrial swelling and matrix transparency 
are apparent; 3, rupture of mitochondrial cristae with matrix 
transparency and concentration; 4, the mitochondrial cristae 
are split, the integrity of the mitochondria inside and outside 
the membrane has been lost, and they appear vacuolated.

In each electron microscopy experiment, 100 mitochondria 
were observed and 20 mitochondria were randomly selected 
from each field. A total of five visual fields were selected 
randomly. The mitochondrial Flameng score was calculated as 
the mean of the 100 mitochondrial total scores.

Reverse transcription‑quantitative PCR (RT‑qPCR). At the 
end of the experiment, the left ventricular myocardium was 
placed in an enzyme‑free cryopreservation tube (2 ml) and 
frozen in liquid nitrogen (‑196˚C). The frozen myocardium 
was transferred to a ‑80˚C refrigerator.

RNA isoPlus solution, chloroform, isopropanol and 
ethanol were used to extract the RNA from the myocardium. 
The concentration and purity of the RNA were determined 
using a Varioskan Flash (Thermo Fisher Scientific, Inc.). 
After that, cDNA was synthesized using a reverse transcrip-
tion kit (Takara Bio, Inc.) and 2400 PCR instrument (Bio‑Rad 
Laboratories, Inc.). The reverse transcriptase temperature 

Figure 1. Perfusion of the isolated heart. Using a Langendorff perfusion device and K‑H solution, the rat hearts were randomly divided into the following 
10 groups (n=8/group): Group N, group I/R, group IPO, group IPO+2ME2, group IPO+5HD, group DPO, group DPO+2ME2, group DPO+5HD, group I/R+2ME2 
and group I/R +5HD. The K‑H solution contained (in g/l) 6.8959 NaCl, 2.1799 D‑glucose, 2.1003 NaHCO3, 0.2952 MgSO4 7H2O, 0.3504 KCl, 0.1633 KH2PO4 

and 0.22198 CaCl2. The St. Thomas cardioplegic solution contained (in g/l) 6.4284 NaCl, 1.6264 MgCl2 6H2O, 1.1928 KCl, 0.8401 NaHCO3 and 0.1332 CaCl2. 
IPO, ischemic post‑conditioning; DPO, diazoxide post‑conditioning; I/R, ischemia/reperfusion; 5HD, 5‑hydroxydecanoic acid; 2ME2, 2‑methoxyestradiol.
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profile was 37˚C for 15 min, 85˚C for 5 min and maintenance 
at 4˚C. To evaluate the target genes, the cDNA was amplified 
using a Takara Bio, Inc., qPCR kit and CFX Connect instru-
ment (Bio‑Rad, Laboratories, Inc.). The amplification reaction 
temperature profile was 95˚C for 3 min, followed by 95˚C for 
10 min and 61.5˚C for 30 min for a total of 40 cycles. The 
Cq values of samples were taken to analyze and calculate the 
relative expression of the target genes (17).

The primer sequence for each gene were as follows: 
HIF‑1α (forward, 5'‑CCC​ATT​CCT​CAT​CCA​TCA​AAC​ATT‑3' 
and reverse, 5'‑CTT​CTG​GCT​CAT​AAC​CCA​TCA​ACT​C‑3'); 
HO‑1 (forward, 5'‑ATG​AGG​AAC​TTT​CAG​AAG​GGT​C‑3' 
and reverse, 5'‑GGA​AGT​AGA​GTG​GGG​CAT​AGA​C‑3'); 
VEGF (forward, 5'‑CCT​CTC​CCT​ACC​CCA​CTT​CCT‑3' and 
reverse, 5'‑CAC​TTT​CTC​TTT​TCT​CTG​CCT​CCA​T‑3'); iNOS 
(forward, 5'‑TCC​TCA​GGC​TTG​GGT​CTT​GTT​AG‑3' and 
reverse, 5'‑GGG​TTT​TCT​CCA​CGT​TGT​TGT​T‑3​'); β‑actin 
(forward, 5'‑CTG​AAC​CCT​AAG​GCC​AAC​CG‑3' and reverse, 
5'‑GAC​CAG​AGG​CAT​ACA​GGG​ACA​A‑3').

Western blotting. Myocardial proteins were extracted using 
RIPA lysis buffer (Beijing Solarbio Science & Technology 
Co., Ltd.). After the protein concentration was determined 
by bicinchoninic acid, various target proteins were assessed 
by western blot analysis. Equivalent amounts of protein 
(40 µg/5 µl) from the experimental groups were analyzed by 
SDS‑PAGE (the gel percentages were 10% for separating gel 
and 4% for stacking gel) and the proteins were transferred 
to PVDF membranes.. Then, membranes were blocked 
using western blocking buffer (Beijing Solarbio Science & 
Technology Co., Ltd.) at room temperature for 2 h. After 
incubation with the primary (4˚C, 12  h) and secondary 
(20‑25˚C, 2 h) antibodies in succession, the PVDF membranes 
were scanned and detected by the Odyssey Infrared Imaging 
System (LI‑COR Biosciences). The dilution ratio of each anti-
body was 1:500 (HIF‑1 α), 1:1,000 (VEGF), 1:250 (HO‑1), 
1:1,000 (iNOS), 1:5,000 (β‑actin) and 1:10,000 (IRDye 800cw 
secondary antibody).

Statistical methods. All the data are presented as the 
mean ± standard error of the mean and were analyzed using 
SPSS 17.0 statistical software (SPSS, Inc.) One‑way ANOVA 
followed by Dunnetts's  T3  test were used for intergroup 
comparison. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Cardiac function. After the heart was aerobically perfused for 
20 min, there were no significant differences in HR, LVDP, 
LVEDP and +dp/dtmax among the groups (P>0.05; Table I). 
At the end of the experiment, there were no significant 
differences in HR, LVDP, LVEDP and +dp/dtmax among the 
groups (P>0.05; Table II).

Infarct area of the myocardium. The infarct area of group N 
was 5.83±1.77%. In comparison, the infarct size of group I/R 
increased significantly (P<0.05; Fig. 2). The infarct areas 
in groups I PO and DPO were significantly decreased 
compared with group I /R (P<0.05), and the infarct areas 
in groups I PO+5HD and IPO+2ME2 were significantly 
increased compared with group IPO (P<0.05; Fig. 2). The 
infarct sizes in groups D PO+5HD and DPO+2ME2 were 
significantly increased compared with group DPO (P<0.05; 
Fig. 2). Compared with the I/R group, there were no signifi-
cant differences in infarct size between groups I/R+5HD and 
I/R+2ME2 (P>0.05; Fig. 2B).

Myocardial morphology. Using the transmission electron 
microscope, the myocardial morphology in each group was 
assessed. The mitochondrial structure of group N was essen-
tially normal and the mitochondrial score was 0.21±0.409. The 
mitochondrial score in group I/R was significantly increased 
compared with group N (P<0.05; Fig. 3). The mitochondrial 
scores of groups IPO and DPO were significantly decreased 
compared with the I/R group (P<0.05), and the mitochondrial 
score of groups IPO+5HD and IPO+2ME2 was significantly 

Table I. Cardiac function indexes after isolated heart aerobically perfused for 20 min.

Groups	L VDP (mmHg)	 HR (bpm)	L VEDP (mmHg)	 +dp/dtmax (mmHg/s)

N	 96.9±7.4	 306±33	 2.63±0.92	 3,810±300
I/R	 93.0±6.6	 312±45	 2.43±1.27	 3,590±146
IPO	 96.4±7.1	 301±19	 2.37±0.92	 3,530±364
IPO+5HD	 96.8±7.0	 287±33	 2.43±1.27	 3,700±141
IPO+2ME2	 94.6±5.2	 303±34	 2.89±0.60	 3,550±360
DPO	 96.8±8.8	 306±26	 2.38±0.74	 3,550±267
DPO+5HD 	 93.3±8.5	 309±28	 2.38±0.92	 3,810±294
DPO+2ME2	 93.9±5.2	 308±41	 2.22±0.67	 3,810±457
I/R+5HD	 90.8±6.2	 298±22	 2.33±0.52	 3,590±370
I/R+2ME2	 96.7±5.7	 284±17	 2.14±1.07	 3,510±408

The results are expressed as the mean ± standard error of the mean, n=8. IPO, ischemic post‑conditioning; DPO, diazoxide post‑conditioning; 
I/R, ischemia/reperfusion; 5HD, 5‑hydroxydecanoic acid; 2ME2, 2‑methoxyestradiol; HIF, hypoxia inducible factor; HO‑1, heme‑oxygenase‑1; 
iNOS,  inducible nitric oxide; VEGF, vascular endothelial growth factor; HR, heart rate; LVEDP, left ventricular end diastolic pressure; 
LVDP, left ventricular developed pressure.
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increased compared with group I PO (P<0.05). The mito-
chondrial scores in groups D PO+5HD and DPO+2ME2 

were significantly increased compared with group D PO 
(P<0.05). There were no significant differences in the 

Figure 2. Infarct size in each group after cardiac TTC staining. (A) White area represents the heart infarct area; the red area is the normal heart tissue. 
(B) DPO/IPO significantly reduced the infarct size caused by I/R, while 5HD/2ME2 reversed the cardioprotective effect of DPO/IPO. The results are expressed 
as the mean ± standard error of the mean, n=6. αP<0.05 vs. group N; βP<0.05 vs. group I/R; χP<0.05 vs. group IPO; δP<0.05 vs. group DPO. IPO, ischemic 
post‑conditioning; DPO, diazoxide post‑conditioning; I/R, ischemia/reperfusion; 5HD, 5‑hydroxydecanoic acid; 2ME2, 2‑methoxyestradiol.

Table II. Cardiac function indexes at the end of the experiment.

Groups	L VDP (mmHg)	 HR (bpm)	L VEDP (mmHg)	 +dp/dtmax (mmHg/s)

N	 82.1±8.3	 295±36	 3.50±0.76	 3,350±279
I/R	 73.4±5.2	 322±41	 3.29±0.48	 3,220±539
IPO	 84.6±7.5	 297±19	 3.38±0.52	 3,410±387
IPO+5HD	 76.3±4.8	 297±16	 3.14±0.90	 3,110±153
IPO+2ME2	 76.0±8.2	 320±26	 3.67±0.71	 3,380±431
DPO	 80.6±5.3	 317±30	 3.13±0.99	 3,140±405
DPO+5HD 	 77.6±8.1	 321±20	 3.25±1.16	 3,400±313
DPO+2ME2	 74.0±6.3	 322±18	 3.11±0.78	 3,200±435
I/R+5HD	 73.2±6.4	 322±51	 3.00±0.63	 3,150±625
I/R+2ME2	 77.9±6.8	 304±20	 3.14±1.07	 3,330±539

The results are expressed as the mean ± standard error of the mean, n=8. IPO, ischemic post‑conditioning; DPO, diazoxide post‑conditioning; 
I/R, ischemia/reperfusion; 5HD, 5‑hydroxydecanoic acid; 2ME2, 2‑methoxyestradiol; HIF, hypoxia inducible factor; HO‑1, heme‑oxygenase‑1; 
iNOS,  inducible nitric oxide; VEGF, vascular endothelial growth factor; HR, heart rate; LVEDP, left ventricular end diastolic pressure; 
LVDP, left ventricular developed pressure.
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mitochondrial scores among groups I/R+5HD, I/R+2ME2 and 
I/R (P>0.05; Fig. 3).

Expression of HIF‑1/HRE related genes. There was no 
significant difference in HIF‑1α mRNA expression among the 
groups (P>0.05; Fig. 4A). The expression levels of HO‑1, iNOS 
and VEGF mRNA in group I/R were significantly increased 
compared with group N (P<0.05). In groups IPO and DPO, 
the expression levels (HO‑1, iNOS and VEGF mRNA) were 
significantly increased compared with group I/R (P<0.05). 
In groups IPO+5HD and IPO+2ME2, the expression levels 
(HO‑1, iNOS and VEGF mRNA) were significantly decreased 
compared with group IPO (P<0.05). In groups DPO+5HD 
and DPO+2ME2, the expression levels (HO‑1, iNOS and 
VEGF mRNA) were significantly decreased compared with 
group DPO (P<0.05; Fig. 4).

In groups I /R+5HD  and I /R+2ME2, compared with 
group I/R, there were no significant differences in the mRNA 
expression of HO‑1, iNOS and VEGF (P>0.05; Fig. 4B‑D).

Expression of HIF‑1/HRE related proteins. The expression 
of HIF‑1α protein in group I/R was significantly increased 
compared with group N  (P<0.05; Figs.  5  and  6A). The 
expression levels of HIF‑1, HO‑1, iNOS and VEGF in 
group IPO and DPO were significantly increased compared 
with those in group I /R (P<0.05; Figs.  5  and  6B‑D). In 
groups I PO+5HD and IPO+2ME2, the expression levels 
(HIF‑1, HO‑1, iNOS and VEGF) were significantly 
decreased compared with those in group I PO (P<0.05; 
Figs. 5 and 6). In groups DPO+5HD and DPO+2ME2, the 
expression levels (HIF‑1, HO‑1, iNOS and VEGF) were 
significantly decreased compared with those in group DPO 
(P<0.05; Figs. 5 and 6).

In groups I/R+5HD and I/R+2ME2, the protein expression 
of HO‑1, iNOS and VEGF was not significantly different 
from that in group I/R (P>0.05; Figs. 5 and 6B‑D), however, 
the expression of HIF‑1α protein in groups I/R+5HD and 
I/R+2ME2 was decreased compared with group I/R (P<0.05; 
Figs. 5 and 6A).

Figure 3. Myocardial morphology. (A) Myocardial ultrastructures of the 10 groups were analyzed by transmission electron microscopy (magnifica-
tion, x20,000). (B) Flameng scores for myocardial mitochondria in each group at the end of perfusion. DPO/IPO significantly reduced the myocardial damage 
caused by I/R, while 5HD/2ME2 reversed the cardioprotective effect of DPO/IPO. The results are expressed as the mean ± standard error of the mean, n=100. 

αP<0.05 vs. group N; βP<0.05 vs. group I/R; χP<0.05 vs. group IPO; δP<0.05 vs. group DPO. IPO, ischemic post‑conditioning; DPO, diazoxide post‑condi-
tioning; I/R, ischemia/reperfusion; 5HD, 5‑hydroxydecanoic acid; 2ME2, 2‑methoxyestradiol.
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Discussion

In the present study, the rat heart perfusion model was 
established with the aid of the Langendorff experimental 
device. The mechanism of action of IPO/DPO on MIRI was 

investigated using cardioplegia to simulate cardioversion after 
cardiopulmonary bypass.

In the present experiment, it was observed that compared 
with group N, the infarct size of group I/R and the mitochon-
drial Flameng score increased. Compared with group I/R, both 

Figure 4. Expression of HIF‑1/hypoxic response element‑related genes in rats following myocardial ischemia/diazoxide post‑conditioning. (A) Expression level 
of HIF‑1α mRNA had no significant effect among the groups. The expression levels of (B) HO‑1, (C) iNOS and (D) VEGF mRNA respectively. Compared with 
group I/R, group DPO/IPO significantly increased the expression levels of HO‑1, iNOS and VEGF mRNA; while the blockers 5HD/2ME2 could reverse the above 
effects of DPO/IPO. The results are expressed as the mean ± standard error of the mean, n=6. αP<0.05 vs. group N; βP<0.05 vs. group I/R; χP<0.05 vs. group IPO; 
δP<0.05 vs. group DPO. IPO, ischemic post‑conditioning; DPO, diazoxide post‑conditioning; I/R, ischemia/reperfusion; 5HD, 5‑hydroxydecanoic acid; 
2ME2, 2‑methoxyestradiol; HIF, hypoxia inducible factor; HO‑1, heme‑oxygenase‑1; iNOS, inducible nitric oxide; VEGF, vascular endothelial growth factor.

Figure 5. Western blotting to evaluate the levels of hypoxia inducible factor/hypoxic response element pathway proteins. IPO, ischemic post‑conditioning; 
DPO, diazoxide post‑conditioning; I/R, ischemia/reperfusion; 5HD, 5‑hydroxydecanoic acid; 2ME2, 2‑methoxyestradiol; HO‑1, heme‑oxygenase‑1; iNOS, 
inducible nitric oxide; VEGF, vascular endothelial growth factor.
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the infarct size and mitochondrial Flameng score decreased 
in groups IPO and DPO. In addition, IPO/DPO increased the 
expression (genes and proteins) of the HIF‑1/HRE pathway 
(HO‑1, iNOS and VEGF) and HIF‑1α protein. The myocar-
dial protective effects of IPO/DPO and their activation of the 
HIF‑1/HRE pathway‑related products could be eliminated 
after the use of 5HD or 2ME2.

In addition, when groups I/R+5HD and I/R+2ME2 were 
compared to group I/R, it was found that 5HD and 2ME2 had 
no effect on MIRI. This was manifested by the size of the 
myocardial infarct and the mitochondrial Flameng scores of 
myocardial cells. Although HR, LVDP, LVEDP and +dp/dtmax 
directly reflect the state of cardiac function, changes in cardiac 
function may take a certain period of reperfusion to show. 
Therefore, there was no significant change in cardiac func-
tional indexes at the end of perfusion in this experiment.

As an oxygen sensitive transcription factor, HIF can make 
aerobic organisms adapt to anoxia. HIF‑1 is one of the most 
important factors in the HIF family and it is also an important 
target for the study of myocardial protection (18‑20). HIF‑1 
is composed of α and β subunits. HIF‑1α is HIF‑1's regula-
tory protein, which is very sensitive to changes in the oxygen 
concentration and plays a key role in the regulation of HIF‑1 
function. HIF‑1β is the basic expression protein and is not 

regulated by oxygen (21). Under normal oxygen supply, the 
proline and asparagine residues on HIF‑1α are hydroxylated. 
This promotes binding to the ligase complex pVHL‑ ubiq-
uitin E3 and rapid degradation. Under hypoxic conditions, 
the hydroxylase activity is inhibited, thereby preventing the 
degradation of HIF‑1α. As a result, HIF‑1α in the cytoplasm 
increased and then transferred into the nucleus, combining with 
HIF‑1β. HIF in the nucleus can be combined with target gene 
promoters related to the hypoxia response element (22). HIF‑1 
can regulate numerous genes, including VEGF, HO‑1 and 
iNOS. These factors are involved in a number of physiological 
responses, such as anaerobic metabolism, angiogenesis, eryth-
rocyte production, cell proliferation and apoptosis (23,24).

HIF‑1 is an important factor in the hypoxia response and the 
HIF‑1/HRE signaling pathway also plays an important role in 
myocardial protection (25,26). Zhao et al (27) found that IPO 
could alleviate MIRI by upregulating HIF‑1α in normal/hyper-
lipidemic rats. In this experiment, it was also demonstrated that 
IPO could reduce MIRI by activating the HIF‑1/HRE signal 
pathway. IPO increased the expression (genes and proteins) of 
the HIF‑1/HRE signaling pathway (HO‑1, iNOS and VEGF), 
and it also increased the protein level of HIF‑1α. After the use 
of 2ME2, the myocardial protection of IPO disappeared and 
the infarct area in group IPO+2ME2 was increased compared 

Figure 6. Expression of HIF‑1/hypoxic response element‑related proteins in rats following myocardial ischemia/diazoxide post‑conditioning. The expression of 
(A) HIF‑1α, (B) HO‑1, (C) iNOS and (D) VEGF protein respectively. Compared with group I/R, group DPO/IPO significantly increased the expression levels of 
each protein; while the blockers 5HD/2ME2 could reverse the above effects of DPO/IPO. The results are expressed as the mean ± standard error of the mean, 
n=6. αP<0.05 vs. group N; βP<0.05 vs. group I/R; χP<0.05 vs. group IPO; δP<0.05 vs. group DPO. IPO, ischemic post‑conditioning; DPO, diazoxide post‑condi-
tioning; I/R, ischemia/reperfusion; 5HD, 5‑hydroxydecanoic acid; 2ME2, 2‑methoxyestradiol; HIF, hypoxia inducible factor; HO‑1, heme‑oxygenase‑1; 
iNOS, inducible nitric oxide; VEGF, vascular endothelial growth factor.
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with in group IPO. The myocardial mitochondrial Flameng 
score in group IPO+2ME2 was increased compared with in 
group IPO. The myocardial structure of group IPO+2ME2 was 
largely the same as that in the I/R group and the structure of 
the myocardium was damaged, in that vacuoles had formed and 
mitochondria were swollen and ruptured. In group IPO+2ME2, 
the downstream expression related proteins and genes (HO‑1, 
iNOS and VEGF) of the HIF‑1/HRE pathway and HIF‑1α were 
lower than in group IPO. This experiment also showed that 
DPO was similar to IPO.

Therefore, the present study showed that both IPO and 
DPO can reduce the area of myocardial infarction caused by 
MIRI, and reduce the damage to the myocardial cell structure 
by activating the HIF‑1/HRE pathway.

IPO has been the basis of the theoretical system of 
‘trigger‑regulating medium‑terminal effectors’. IPO induces 
the release of trigger factors, mediates the signaling pathway, 
acts on a variety of effectors and exerts protective effects on 
cardiac myocytes (28,29). A previous study showed that IPO 
could activate the protein kinase C and reperfusion injury 
salvage kinase pathways via the intracellular adenosine and 
NO concentration, finally acting on mitochondrial perme-
ability transition pores and mitoKATP channels to play a role 
in myocardial protection (30). DPO can also open mitoKATP 
channels to reduce MIRI and the blocking of the opening of 
mitoKATP channels can eliminate myocardial protection (31). 
Therefore, as a result, mitoKATP channels may play a key role 
in mitigating MIRI.

As an eight‑polymer channel located in the mitochondrial 
inner membrane of the cell, the mitoKATP channel allows 
inward access to potassium ions. The opening of the mito-
KATP channels leads to the influx of potassium and the efflux 
of hydrogen, further alkalifying the mitochondrial matrix. 
Mitochondrial matrix alkalinization can cause the respiratory 
chain to produce ROS (32). ROS can regulate a variety of 
signaling factors, which includes nuclear transcription factor 
HIF‑1 (33). In the present study, it was also shown that both IPO 
and DPO could alleviate MIRI by activating the HIF‑1/HRE 
pathway. Therefore, it could be speculated that the activation 
of the HIF‑1/HRE pathway may be related to the opening of 
mitoKATP channels in IPO/DPO.

Furthermore, the effects of 5HD (mitoKATP channel 
specific inhibitor) on MIRI and the expression of HIF‑1/HRE 
pathway components were observed in the IPO/DPO groups. 
IPO/DPO reduced the myocardial infarct area and mitigated 
myocardial mitochondrial damage, increasing the expres-
sion of HIF‑1/HRE pathway components (HO‑1, iNOS and 
VEGF) and HIF‑1α protein. After the use of 5HD, the above 
myocardial protective effect of IPO/DPO disappeared and the 
expression (genes and proteins) of the HIF‑1/HRE pathway 
and HIF‑1α protein decreased. It is suggested that IPO/DPO 
can activate the HIF‑1/HRE pathway to relieve MIRI by 
opening the mitoKATP channels.

Based on the results of the present study, it is possible to 
speculate that both IPO and DPO may open mitoKATP channels 
and in turn activate the HIF‑1/HRE pathway to alleviate MIRI.
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