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Abstract: Objective: To explore the effect (expression and implication) of hypoxia-inducible factor-1α (HIF-1α) silence 
induced by siRNA on the myocardial ischemia-reperfusion-induced insulin resistance in adult rats. Methods: One-
step enzymolysis method was used to isolate adult rat cardiomyocytes; adult rat cardiomyocytes were cultured; 
HIF-1α gene-specific Si-RNA was constructed and transfected into rat cardiomyocytes using liposome method. 
Myocardial IRI model was prepared. HIF-1α and glucose transporter 4 (GLUT-4) mRNA expression was detected by 
RT-PCR; distribution of GLUT-4 protein expression in adult rat cardiomyocytes was detected by immunofluorescence; 
Western blot was used for the detection of HIF-1αprotein expression; isotope tracer assay was used to detect the 
changes in cell glucose (Glu) uptake rate. Results: This method can stably get 85% to 90% active calcium tolerant 
adult rat cardiac myocytes, and the cultured cells were proved to be cardiomyocytes. After experiencing ischemia-
reperfusion injury, HIF-1α mRNA expression levels in adult rat hypoxia cardiomyocytes had different degrees of 
increase compared with the control group (compared with the control group, P < 0.05). Compared with the model 
group, HIF-1α mRNA expression levels after ischemia and reperfusion in HIF-1αsi-RNA group and empty-vector 
group were lower than that in the control group and the model group; the expression reached the peak after 60 min 
of reperfusion, which did not change significantly in the control group. Expression of HIF-1α protein in myocardial 
cells was quite low in the control group; in the model group and intervention group, only after hypoxia-ischemia for 
60 min, expression bands could be detected; especially in the model group, the expression had been increased until 
60 min after reperfusion and began to decline from the time point of 180 min after reperfusion, but was still higher 
than that in the control group; in the intervention and empty-vector groups, it also increased rapidly at 60 min, but 
the expression was significantly lower than that in the model group; at 180 min after reperfusion, its protein expres-
sion peaked; while at 8 h after reperfusion, all the expression was extremely low. Compared with the control group, 
Glut4 mRNA expression in model group, transfected group and empty-vector group was reduced at the time points 
of T1-T4 (P < 0.05); the decline was the most significant at the time points of T1 and T2, followed by slightly increase 
at T3 and gradual recovery at T4; Compared with model group, Glut4 mRNA expression in transfection group was 
significantly reduced (P < 0.05); the decline was the most obvious at T1-T2, and then there was an increasing trend 
and it was recovered at T5 point. After experiencing ischemia, GLUT-4 protein expression changing trend was as 
follows: it was significantly reduced on the cell membrane, which was the most obvious from T1 to T3 and began to 
improve at T3, but still had not reached the level in the control group; it had been reached the levels of the control 
group at T5. After HIF-1αsi-RNA transfection and ischemia, GLUT-4 protein expression was increased in plasma and 
reduced on cell membrane; the decline was slightly improved at T3 and recovered to control distribution level at 
T5. After cardiac ischemia-reperfusion, glucose uptake rate decreased to varying degrees in myocardial cells and 
reached the lowest value after 60 min of ischemia, then gradually increased. After 8 h of reperfusion, the level in 
model group returned to the control level; compared with the model group, glucose concentration increased more 
serious in transfection group and empty-vector group after reperfusion. Conclusion: HIF-1α played a central regula-
tory role in this mechanism; HIF-1α may be one of the molecular mechanisms triggering myocardial IR.
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Introduciton 

Ischemia and reperfusion (IR) injury (IRI) is a 
primary cause of cardiac failure, morbidity, mor- 

tality after cardiac operations [1] or heart infarc-
tions [2]. Over the past decade, the transcriptio-
nal complex hypoxia inducible factor-1α (HIF-
1α) has emerged as a key regulator of the mole-
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Figure 1. The isolated and non-adherent myocardial cells; Single adult rat ventricular myocyte was rod-shaped or 
rectangular-shaped, with clear stripes and clear angular; a small number of cardiomyocytes had spontaneous rhyth-
mic Shrink (× 100).

Figure 2. Cardiomyocytes immunohistochemical im-
ages; after DAB staining, myocardial intracellular 
actin was stained brown, which confirmed that they 
were cardiomyocytes (× 200).

cular hypoxic response and is a master regula-
tor of the cellular and systemic homeostatic 
responses to hypoxia by activating the trans-
cription of many genes [3-7], including those 
involved in energy metabolism, angiogenesis, 
apoptosis, and other genes, the protein pro-
ducts of which increase oxygen delivery or faci-
litate metabolic adaptation to hypoxia [8]. HIF-
1α plays an essential role in embryonic vascu-
larization, tumor angiogenesis, and the patho- 
physiology of ischemic disease. In particularly, 
HIF-1α activation plays an essential role in trig-

gering cellular protection and metabolic altera-
tions in response to oxygen deprivation during 
myocardial ischemia [9]. 

In this study, the adult rat model of cardiac 
ischemia-reperfusion-induced insulin resis-
tance was established and HIF-1α mRNA ex- 
pression and protein levels in myocardial cells 
in the process of IR were detected to observe 
the effect of HIF-1α silence on insulin resis-
tance (IR) and the protective effect of its target 
gene expression in ischemia-reperfusion injury 
(IRI) process and the possible mechanism, in 
order to explore the key role of HIF1-α in IRI IR 
formation, thus to find effective protection 
measures for cardiopulmonary bypass to block 
myocardial IR, prevent the occurrence and 
development of cardiac IRI, promote the recov-
ery of postoperative cardiac function and re- 
duce mortality in patients after cardiopulmo-
nary bypass surgery.

Material and methods

Experimental animals and grouping

In this study, 200 adult SD rats were selected, 
aged 18 to 20 weeks, weighting between 200 
and 250 g, male or female. After langendorff 
cardiac perfusion, cardiomyocytes were isolat-
ed using one-step enzymatic digestion method 
for cell culture; When the culture was stable, 
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cells were divided into four groups based on 
interventions: the control group, without hypox-
ia-reoxygenation, cultured for 13 hours; the mo- 
del group; empty-vector transfected group 
(transfected with unrelated sequences) and HIF- 
1α si-RNA intervention group; the later three 
groups experienced hypoxia for 60 min, reoxy-
genation for 15 min, 60 min, 180 min and 8 h 
(T1-T5), and corresponding specimens were 
collected at T1-T5 time points. Experimental 
animals were provided by the Experimental 
Animal Center of Third Military Medical Univer- 
sity.

Instruments and reagents   

Real Time PCR kit and the design and synthesis 
of HIF-1α receptor primer were provided by 
Dalian Takara Biotechnology Co.; HIF-1αsi-RNA 
design, synthesis and screening were complet-
ed by Guangzhou RuiBo biological reagent com-
pany; the rest reagents were analytical grade or 
biochemical grade.

Methods

Adult rat cardiomyocytes were isolated using 
one-step enzymatic digestion method for cell 
culture; HIF-1α gene-specific Si-RNA was con-
structed and transfected into rat cardiomyo-
cytes using liposome method. Myocardial IRI 
model was prepared. HIF-1α and glucose trans-
porter 4 (GLUT-4) mRNA expression was detect-
ed by RT-PCR; distribution of GLUT-4 protein 

expression in adult rat cardiomyocytes was 
detected by immunofluorescence; Western blot 
was used for the detection of HIF-1αprotein 
expression; isotope tracer assay was used to 
detect the changes in Glu uptake rate.

Statistical analysis

Data were expressed as mean ± standard devi-
ation (

_
x±s), using SPSS19.0 software for analy-

sis. Averages at each time point were compared 
using ANOVA: homogeneity of variance was 
tested by LSD, with Games-Howell method 
when variance missing. P < 0.05 was consid-
ered statistically significant.

Results

Isolation, culture and identification of adult rat 
cardiomyocytes 

This method can stably obtain 85% to 90% 
active calcium tolerant adult rat cardiomyo-
cytes (Figure 1). After DAB staining, cytoplasm 
was stained brown (Figure 2); after the hema-
toxylin re-staining, muti-nuclei can be observed 
and stained blue violet, which confirmed that 
the isolated cells were cardiomyocytes.

Changes in HIF-1α mRNA level 

After experiencing ischemia-reperfusion injury, 
expression of HIF-1α mRNA in adult rat cardio-
myocytes were increased to varying degrees in 

Table 1. HIF-1α mRNA expression detection after ischemia-reperfusion injury (
_
x±s)

Groups T1 T2 T3 T4 T5
Control group 24.71±0.99 24.77±1.76 27.95±1.17 26.57±1.33 26.40±1.13
Model group 249.03±4.21* 256.46±6.24* 271.31±3.01* 247. 61±3.83* 30.76±1.59
Empty-vector group 189.03±3.21* 199.46±5.14* 221.31±2.91* 136. 61±2.83* 31.76±1.29
Transfection group 185.70±1.56*,#,& 193.12±3.51*,#,& 224.65±2.87*,#,& 132.94±2.82*,#,& 29.09±1.06
Note: Compared with control group,*P < 0.05. Compared with model group, #P < 0.05; Compared with empty-vector group, &P < 
0.05.

Table 2. Ratios of HIF-1α and internal control bands after myocardial ischemia/reperfusion injury (
_
x

±s)
Groups T1 T2 T3 T4 T5
Control group 0.11±0.03 0.08±0.02 0.03±0.02 0.11±0.04 0.06±0.02
Model group 3.83±0.29* 4.57±0.24* 5.72±0.35* 4.35±0.20* 3.51±0.24*

Empty-vector group 2.16±0.51* 3.01±0.22* 3.37±0.13* 2.64±0.19* 2.46±0.18*

Transfection group 2.26±0.61*,# 3.06±0.25*,# 3.57±0.14*,# 2.74±0.21*,# 2.56±0.24*,#

Note: Compared with control group, *P < 0.05; Compared with model group, #P < 0.05; Compared with empty-vector group, &P 
< 0.05.
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model group compared with the control group 
(compared with the control group, P < 0.05). 
Compared with the model group, the expres-
sion of HIF-1α mRNA after ischemia and reper-
fusion in HIF-1αsi-RNA group was lower than 
that in the control group and the model group, 
but it had its own changing trend; at 60 min 
after re-perfusion, its expression level reached 
the peak, and then began to decline at 180 
min, consistent with the trend of model group 
(peaked at 60 min after reperfusion); expres-
sion level did not change significantly in the 
control group, and the difference was not sta-
tistically significant within the group, shown in 
Table 1.

Changes in HIF-1α expression

Image analysis for the bands of Western blot 
showed that: The expression of HIF-1α protein 
in myocardial cells of the control group was 
very low; in the model group and intervention 
group, the bands could be detected after 60 
min of hypoxia-ischemia; particularly in the 
model group, the expression was increased 
from beginning to 60 min of reperfusion, and 
began to decline at 180 min after reperfusion, 
but it was still higher than that in the control 
group; The expression in intervention group 
was also rapidly increasing at 60 min after 
hypoxia-ischemia, but the expression was sig-

nificantly lower than that in the model group; at 
180 min after reperfusion, the protein expres-
sion peaked; at 12 h after reperfusion, we can 
see that in the control group, model group and 
the intervention group, the expression was 
extremely low, even cannot be detected (Table 
2; Figure 3).

Expression and translocation of GLUT-4 in 
adult rat cardiac ischemia and reperfusion

Glut4mRNA expression: control group showed 
no significant difference in expression at T1-T5 
(P > 0.05); compared with the control group, 
the expression was reduced at T1-T4 in model 
group, transfection group, and empty-vector 
group (P < 0.05); At T1 and T2, the expression 
decreased most significantly, and then slightly 
increased, gradually restored at T4; compared 
with the model group, Glut4 mRNA expression 
was significantly reduced in transfection group 
(P < 0.05); the expression decreased most sig-
nificantly between T0 and T2, then showed an 
increasing tendency, and recovered at T5, 
shown in Table 1; as shown in the picture, we 
can see that at each time point in the control 
group, GLUT-4 evenly distributed in the cyto-
plasm and cell membrane, without differences; 
after experiencing ischemia, the cytoplasm 
GLUT-4 protein expression changing trend was 
as follows: in the cell membrane, the expres-

Figure 3. From left to right, both sides were Maker; the first row was the internal control β-tubulin; 2nd to 4th rows 
were respectively the T1 bands in model group, intervention group, the control group and empty-vector group, se-
quentially arranging until T5 time point; there was basically no expression in the control group, and the expression 
level was very low; expression was significantly increased in model group, followed by transfection group.

Table 3. Expression of GLUT-4 mRNA in adult rat cardiac ischemia and reperfusion (
_
x±s)

T1 T2 T3 T4 T5
Control group 107.75±2.40 108.56±1.51 108.96±3.36 108.54±2.66 107.80±1.70
Model group 85.99±2.14* 93.03±2.76* 96.76±2.66* 104.15±0.85 109.13±2.19
Empty-vector group 70.48±2.55* 80.54±2.65* 88±1.33* 96.23±2.63* 105.91±3.58
Transfection group 72.48±3.05*,# 82.84±3.25*,# 92±1.53*,# 99.33±2.83*,# 107.91±4.08
Note: Compared with control group, *P < 0.05; Compared with model group, #P < 0.05.
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sion was significantly reduced, which decreased 
most significantly at T1, at T3 began to improve 
but still had not reached the level of the control 
group, and returned to distribution level of the 
control group at T5. After HIF-1αsi-RNA trans-
fection and ischemia, cytoplasm GLUT-4 pro-
tein expression was increased, but it was sig-
nificantly reduced in cell membrane, which was 
slightly improved at T3 and returned to the con-
trol level at T5 (Table 3; Figure 4).

Adult rat myocardial glucose uptake rate

After myocardial ischemia and reperfusion, glu-
cose uptake rates had varying degrees of 
reduction in model group and intervention 
group, which reached the lowest value at 60 
min after ischemia, then gradually increased. 
After 8 h of reperfusion, model group returned 
to the control level; at the same time, compa-

red with the model group, after reperfusion, 
glucose concentration increased more severely 
in transfection group (between the two groups, 
there were significant differences, P < 0.05); 
and the recovery was slower; at 8 h after reper-
fusion, it was still not fully recovered to the 
control level; at 12 h after reperfusion, it was 
basically returned to the control level (Table 4).

Discussion

We found that in the pre-CPB experiments  
[10, 11], after canine CPB myocardial ischemia 
and reperfusion, HIF-1α mRNA expression 
increased significantly in Model group and 
DMOG myocardial tissue. Early myocardial isch-
emia may be closely related to HIF-1α. In in-
vitro experiments, we found that after ischemia 
and hypoxia, in hypoxia 60 min [11], HIF-1α 
mRNA expression level can be detected. 

Figure 4. Fluorescent Photo: From the left to the right, they respectively were the pictures for the distribution of 
GLUT-4 in the cytoplasm and cell membrane in the control group, model group, empty-vector group and Si-RNA 
transfection group at each time point; after ischemia, cytoplasm GLUT- 4 more protein was increased, and there was 
a more pronounced reduction in the cell membrane, which was slightly improved at T3 and returned to the control 
level at T5.
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Compared with the control group, model group 
was significantly higher (P < 0.05). When it was 
15 min at perfusion, HIF-1α mRNA expression 
level was further increased. When it came to 
60 min, the expression level reached its peak. 
When it came to 180 minutes, its expression 
level was still higher than the control group (P < 
0.05). When it came to 8 h, the expression level 
basically decreased to the control group level. 
In transfection group, it was expected to reduce 
the expression level of HIF-1α mRNA. We tried 
to reduce its expression level or keep it without 
expression in gene level. Currently the liposo-
mal transfection efficiency, after we calculated, 
was about 73%. We cannot guarantee it 100% 
of silence. After transfection, there were still 
some myocardial which experienced ischemia 
and hypoxia with increasing expression level. 
The trend was similar with model group, and 
the expression level reached its peak 60 min 
after reperfusion. 8 h after reperfusion, its 
expression level restored to the control groups’. 
In the Western Blot test, we can see very little 
or basically no protein expression in the control 
group. After 60 min of hypoxia, the bands were 
obvious in the model group and transfection 
group. When the reperfusion increased to 
60~180 min, it reached its peak. At T5 time 
when it continued to perfuse for 8 h, gray stripe 
significantly darken, but it still not recovered to 
the level of control group. The stripe was signifi-
cantly gray in transfection group stripe. 
Compared with the model group, it was a little 
paler, which was also consistent with the 
RT-PCR results. Pisani studies suggested that 
Hypoxia-induced HIF-1α adjustment mainly 
occurred in post-transcriptional protein levels 
[12]. Our study showed that HIF-1α expression 
was more intense and with longer duration at 
the protein level.

Our further study found that low expression of 
IRI myocardial IR and GLUT-4 correlated with 
translocation abnormalities [13, 14]. Adding 
rosiglitazone in cardioplegia solution can im- 

prove CPB IRI myocardial GLUT4 mRNA expres-
sion, alleviate IRI myocardial IR and improve 
cardiac function [15]. In in vitro experiments, 
RT-PCR detection showed that in early isch-
emia reperfusion, expression of cardiomyo-
cytes GLUT-4 was reduced. After HIF-1α 
silenced, this trend was more obvious and 
severe. We can understand this trend. In the 
control group at each time points the distribu-
tion of GLUT-4 cell protein fluorescence was 
uniform. We can see ischemia indexable situa-
tion after reperfusion and cell distribution after 
immunofluorescence from the picture and fluo-
rescence intensity. GLUT-4 protein in the con-
trol group at each time point was mainly within 
the cell membrane. However, some of them dis-
tributed on the cell membrane. And the distri-
bution is more uniform without significant dif-
ference. After hypoxia ischemia, experiments 
showed that after hypoxia, GLUT-4 gene expres-
sion was reduced. Protein transport barrier 
existed, which was consistent with in vivo 
experimental results [15]. After reperfusion, it 
had been restored. However, in a short time, 
the degree of recovery was slow. It returned to 
a normal state 8 h later. After HIF-1αsi-RNA 
transfection, the majority of HIF-1α was silent 
and did not express. GLUT-4 protein trans- 
port barrier, compared to ischemia-reperfusion 
group, was more obvious and the duration was 
longer. When the controller HIF-1α gene was 
silent, GLUT-4 protein transport barrier agg- 
ravated.

After ischemia, from morphological viewpoint 
of myocardial cells in model group, part of car-
diac cells cracked to death and part of them 
shrank intensely. Stripes disappeared in some 
cells. In HIF-1αsi-RNA transfection group car-
diomyocytes showed higher mortality (P < 0.05) 
after experiencing ischemia and hypoxia. The 
intensity of shrinkage was more intense, in 
addition to ischemia-reperfusion injury, HIF-1α 
expression and myocardial cell protection were 
reduced which may be the reasons leading to 

Table 4. Changes in myocardial GLU uptake rate after ischemia and reperfusion (
_
x±s)

T1 T2 T3 T4 T5
Control group 3.90±0.68 3.88±0.87 3.88±0.54 3.84±0.33 3.98±1.23
Model group 1.48±0.09* 2.04±0.31*,Δ 2.88±0.20*,Δ 3.30±0.11*,Δ 3.86±0.30Δ

Empty-vector group 0.81±0.15*,# 1.24±0.02*,#,Δ 1.99±0.23*,#,Δ 2.72±0.15*,#,Δ 3.31±0.37*,Δ

Transfection group 0.86±0.19*,# 1.34±0.02*,#,Δ 2.20±0.23*,#,Δ 2.82±0.25*,#,Δ 3.51±0.57*,Δ

Note: Compared with control group, *P < 0.05; Compared with model group, #P < 0.05; Compared with T1 time point, ΔP < 
0.05.
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death. From the viewpoint of GLUT-4 expres-
sion distribution, we can see that in the control 
group its distribution was more uniform, most 
of which were in intracellular. After experienc-
ing ischemia in model group, we found that the 
distribution GLUT-4 on cell membrane reduced 
significantly and myocardial cell expression 
was stronger. In HIF-1αsi-RNA transfection 
group, this trend was more obvious and distri-
bution of GLUT-4 on the cell membrane was 
less. So when it was in hypoxia, the expression 
of hypoxia controlling element HIF-1α was sig-
nificantly increased. When its expression was 
silent, GLUT-4 expression in myocardial cell 
was significantly increased compared with the 
model group and its expression on the cell 
membrane decrease significantly compared 
with the model group.

The experimental results showed that when 
HIF-1α silenced, its expression was significantly 
reduced. After ischemia and reperfusion, the 
number of cardiomyocytes and the survival 
rate were decreased. GLUT-4 translocation bar-
riers increased, and the utilization for Glu was 
decreased. The performance of insulin degra-
dation was more and more severe. Insulin 
resistance was more obvious during metabo-
lism, and the obstacle on the utilization for Glu 
was more obvious, indicating that HIF-1α played 
a central role in regulating this mechanism. HIF-
1α may be one of the molecular mechanisms 
that triggered myocardial IR.
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