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Abstract
Background/Aims: Myocardial ischemia/reperfusion (I/R) or hypoxia/reoxygenation (H/R) 
injury is always characterized by Ca2+ overload, energy metabolism disorder and necrocytosis 
of cardiomyocytes. We showed previously that chronic intermittent hypobaric hypoxia 
(CIHH) improves cardiac function during I/R through improving cardiac glucose metabolism. 
However, the underlying cellular and molecular mechanisms of CIHH treatment improving 
energy metabolism in cardiomyocytes are still unclear. In this study, we determined whether 
and how CIHH protects cardiomyocytes from Ca2+ overload and necrocytosis through 
energy regulating pathway. Methods: Adult male Sprague-Dawley rats were randomly 
divided into two groups: control (CON) and CIHH group. CIHH rats received a hypobaric 
hypoxia simulating 5,000-m altitude for 28 days, 6 hours each day, in hypobaric chamber. 
Rat ventricular myocytes were obtained by enzymatic dissociation. The intracellular calcium 
concentration ([Ca2+]i) and cTnI protein expression were used to evaluate the degree of 
cardiomyocytes injury during and after H/R. The mRNA and protein expressions involved 
in cardiac energy metabolism were determined using quantitative PCR and Western blot 
techniques. PGC-1α siRNA adenovirus transfection was used to knock down PGC-1α gene 
expression of cardiomyocytes to determine the effect of PGC-1α in the energy regulating 
pathway. Results: H/R increased [Ca2+]i and cTnI protein expression in cardiomyocytes. CIHH 
treatment decreased [Ca2+]i (p<0.01) and cTnI protein expression (p<0.01) in cardiomyocytes 
after H/R. Both mRNA and protein expression of PGC-1α increased after CIHH treatment, 
which was reversed by PGC-1α siRNA adenovirus transfection. Furthermore, CIHH treatment 
increased the expression of HIF-1α, AMPK and p-AMPK in cardiomyocytes, and pretreatment 
with AMPK inhibitor dorsomorphin abolished the enhancement of PGC-1α protein expression 
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in cardiomyocytes by CIHH (p<0.01). In addition, PGC-1α knock down also abolished the 
increased protein level of GLUT4 (p<0.01) and decreased the protein level of CPT-1b (p<0.05) 
in cardiomyocytes by CIHH treatment. Conclusion: CIHH treatment could reduce the calcium 
overload and H/R injury in cardiomyocytes by up-regulating the expression of PGC-1α and 
regulating the energy metabolism of glucose and lipid. The HIF-1α-AMPK signaling pathway 
might be involved in the process.

Introduction

Ischemic myocardial disease and myocardial infarction are still the most common 
causes of morbidity and mortality globally [1]. Myocardial ischemia/reperfusion (I/R) or 
hypoxia/reoxygenation (H/R) injury is always characterized by Ca2+ overload, generation 
of ROS and energy metabolism disorder [2, 3]. These massive alterations of Ca2+ activate 
varieties of systems, and all of which can contribute to cell damage and death following I/R 
or H/R [2]. Disturbed energy supply or altered energy substrate utilization has also been 
found to be closely correlated with impaired cardiac function, and increases susceptibility to 
I/R or H/R injury [4, 5]. Despite recent advances in pharmacological and device therapies, 
the molecular mechanism underlying ischemic or hypoxic heart diseases remains unclear.

Chronic intermittent hypobaric hypoxia (CIHH), which is similar to ischemic 
preconditioning and high altitude hypoxia adaptation, confers cardiac protection against 
ischemia/reperfusion (I/R) injury in rats [6-9]. Enhancement of resistance against calcium 
overload is one of the striking mechanisms of CIHH. Studies have shown that CIHH protects 
hearts from I/R injury and reduces calcium overload by preserving normal I(Na/Ca) and 
NCX1, RyRs and SERCA2 proteins, and opening of the K(ATP) channel and inhibiting of opening 
of the MPTP [8, 10, 11]. We showed previously that CIHH treatment ameliorates I/R injury 
through improving cardiac glucose metabolism by improving cardiac glucose metabolism 
[12], yet whether the peroxisome proliferator-activated receptor gamma coactivator1-alpha 
(PGC-1α), a key molecule that regulate energy metabolism, and its related pathway plays a 
role in the anti-calcium overload in cardiomyocytes of CIHH has not been well addressed. We 
hypothesize that PGC-1α also maintains intracellular calcium homeostasis while regulating 
cardiomyocyte metabolism, and plays an important role in maintaining cardiomyocyte’s 
function. Therefore, in this study, we determined the role of PGC-1α in the anti-calcium 
overload effect of CIHH in cardiomyocytes and its underlying mechanisms.

Materials and Methods

Drugs
Collagenase II was purchased from Worthington Biochemical Corporation (Lakewood, NJ,USA). 

Rhod-2AM was purchased from Dojindo Molecular Technologies, Inc. (Tokyo, Japan). Dorsomorphin 
dihydrochloride was purchased from MedChem Express (Monmouth Junction, NJ, USA). NaCl, KCl, glucose, 
2, 4-dinitrophenol (DNP), taurine, glibenclamide, and EGTA were all purchased from Sigma-Aldrich Co (St 
Louis, MO, USA).

Animals and CIHH procedure
All animal experiments were conducted in compliance with the Guide for the Care and Use of Laboratory 

Animals (Publication 85-23, revised 1996; National Institutes of Health, Bethesda, MD), and all techniques 
and procedures were reviewed and approved by Hebei Medical University Animal Care&Use Committee. 
Adult male Sprague-Dawley (SD) rats (8-10 weeks old) obtained from the Experimental Animal Center of 
Hebei Medical University were randomly divided into two groups: Control (CON) and CIHH group. The CIHH 
rats were put into to a hypobaric chamber to receive hypobaric hypoxia treatment mimicking 5, 000-m 
altitude (PB = 404 mmHg, PO2 = 84 mmHg, 6 hours per day) for 28 days. The control rats were housed in the 
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same environment as the CIHH rats but without CIHH treatment. Both CIHH and CON rats were housed at 
room temperature with a natural light/ dark (12 hours/12 hours) cycle.

Isolation of cardiomyocytes
Single cardiomyocytes were isolated by enzymatic dissociation as described previously [8]. Briefly, 

rats were anaesthetized by intraperitoneal injection of urethane (1.25 g/kg) and heparin (300 U/kg). The 
rat heart was excised and retrogradely perfused via the aorta for 5 minutes on a Langendorff apparatus 
(Chengdu Instrument, Sichuan, China) at a flow rate of 6 ml/min with oxygenated Ca2+-free Tyrode’s solution 
containing (in mmol/L): NaCl 135, KCl 5.4, MgCl2 1.0, NaH2PO4 0.33, glucose 5, and 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) 10 (gassed with 100% O2, pH adjusted to 7.4 with NaOH). The 
heart was then perfused with Ca2+-free Tyrode’s solution containing collagenase II (500 mg/L) and CaCl2 (50 
µmol/L) at 37°C for 15 minutes. Finally, the left ventricle was removed and cut into a small pieces in a Kraft 
Brühe (KB) solution containing (in mmol/L): KOH 80, KCl 40, KH2PO4 25, MgSO4 3, glutamic acid 50, taurine 
20, ethylene glycol tetraacetic acid 1, HEPES 10, and glucose 10 (gassed with 100% O2, pH adjusted to 7.2 
with KOH). Cardiomyocytes were harvested after filtration through 200μm pore size nylon mesh and stored 
in a KB solution at room temperature for at least 1 hour; then the concentration of Ca2+ in the KB solution 
was gradually restored to 1.8 mmol/L before the experiment.

Culture of cardiomyocytes
Cardiomyocytes were cultured with Medium 199 supplemented with 5% FBS, 1% PS, 1% ITS, 5 mM 

Taurine, 10 mM BDM, 0.1 mg/ml BSA. The medium was added to a 6-well plate and placed in an incubator 
(gassed with 5% CO₂, 37°C) for 10 minutes. Then cardiomyocytes were seeded in 6-well plates at a cell 
number of 2-3 × 105 / well and incubated in the incubator. Only rod-shaped cardiomyocytes with clear 
sarcolemma, but without spontaneous contraction in 5 minutes were used in the whole experiment.

PGC-1α siRNA adenovirus transfection
The PGC-1α siRNA adenovirus tagged with GFP fluorescence was constructed by Shanghai Han Heng 

Biotechnology Company. The cardiomyocytes were maintained in Medium 199 for 1 hour. The medium in 
the well was changed to the medium containing the PGC-1α siRNA adenovirus (multiplicity of infection, MOI 
= 100) and the cells were transfected in the incubator for 2 hours. Then we changed back to normal medium 
and cardiomyocytes were incubated in the incubator for additional 48 hours. The corresponding control 
group of cardiomyocytes was transfected with the control adenovirus without PGC-1α siRNA using the same 
cell culture method and environment.

Measurement of [Ca2+]i

Cardiomyocytes were incubated with intracellular calcium fluorescence indicator acetoxymethyl 
derivative (Rhod-2AM) solution containing 0.04% pluronic F-127 (the final concentration of Rhod-2AM is 
20 μmol/L) at 37°C for 30 minutes in dark. The cardiomyocytes were washed three times with PBS buffer 
to remove the extracellular Rhod-2AM. The cuvette was washed twice in PBS solution according to the 
test requirements and then mounted on a microscope stage (IRBE, Leica, Germany). Cardiomyocytes were 
added to perfusion chamber, until the cells adherent. Rhod-2AM fluorescence was excited at 557 nm from a 
high-power argon ion laser, and the fluorescent signal was detected with a confocal TCS-SP laser scanning 
system (Leica, Germany) equipped with an IRBE microscope (Leica, Germany). The change in [Ca2+]i was 
represented by relative fluorescence intensity ((FI-FI0)/FI0·100%; FI0: control; FI: damage). The [Ca2+]i 
recording was performed at room temperature (25°C). Fluorescence intensity was recorded and images 
were scanned and saved during each experiment according to the response of cardiomyocytes.

RNA isolation and Quantitative Real-Time PCR
Cardiomyocytes were collected and centrifuged at 1, 000 rpm, 4°C for 2 minutes. RNA was extracted 

from cardiomyocytes samples by using TRIzol reagent (Thermo, USA) method following manufactory’s 
instruction. The integrity of total RNA was assessed using Nano Drop 2000 Spectrophotometer (Thermo, 
USA). Total RNA was reversed transcription using SYBR Select Master Mix Reverse Transcription Kit (Thermo, 
USA) according to the manufacturer’s instructions. The cDNA was diluted (1:20) and used for real-time PCR. 
QuantiNova SYBR Green PCR Kit (QIAGEN, USA) were used to measure gene expression using specific primer 
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sets: PGC-1α (forward primer: GAATGCAGCGCTCTTAGC; reverse primer: GCTTTTGCTGTTGACAAATG), 
and GAPDH (forward primer: GGACCAGGTTGTCTCCTGTG; reverse primer: ATTCGAGAGAAGGGAGGGCT, 
Invitrogen, USA). Dissociation curves were run following Real-Time PCR reactions to ensure the detection of 
the desired amplicon and excluded the presence of contaminating products. All reactions were performed in 
the ABI Prism 7000 Sequence Detection System (Applied Biosystems, USA). Gene expression was normalized 
to GAPDH and the data were analyzed using comparative 2-ΔΔCt method.

Western blot analysis
Cardiomyocytes were washed three times with PBS and centrifuged at 1, 000 rpm for 2 minutes at 4°C. 

RIPA lysis buffer (Solarbio, China) containing protease cocktail and phostop was added to the cardiomyocyte 
precipitation and vortexed for 5 times and then incubated on ice for 20 minutes. After centrifugation at 
12, 000 rpm and 4°C for 10 minutes, the supernatant was collected as total protein samples. The protein 
concentration was determined by bicinchoninic acid (BCA) assay. Fifty micrograms of total proteins were 
loaded and electrophoresed through polyacrylamide SDS gels and were then transferred by electroblotting 
onto polyvinylidene difluoride (PVDF) membranes. Membranes were blocked in 5% (w/v) nonfat milk for 
1 hour before incubated with antibodies of rabbit anti-PGC-1α (1:2, 000, Proteintech, China), rabbit anti-
HIF-1α (1:300, Proteintech, China), rabbit anti-CPT-1b (1: 1, 000, Proteintech, China), rabbit anti-AMPK (1: 
1, 000, Proteintech, China), rabbit anti-Phospho-AMPK (Thr 172) (1: 1, 000, Proteintech, China), rabbit anti-
GLUT4 (1:1, 000, Proteintech, China), rabbit anti-cTnI (1: 3, 000, Proteintech, China) and rabbit anti-GAPDH 
(1: 5, 000, Empitomics, USA) respectively at 4°C overnight. The PVDF membrane was washed 3 times and 
then incubated with horseradish peroxidase–conjugated anti-rabbit IgG (1:5, 000, Proteintech, China) 
for 1 hour at room temperature. The blots were detected using the ECL system (immobilion TM Western, 
Millipore) and analyzed by Quantity One Software (Bio-Rad, USA). Protein contents were normalized by 
GAPDH level on the same blot.

Chemical hypoxia/reoxygenation of cardiomyocyte and experimental procedure
After 48-hour’s incubation, primary rat cardiomyocytes cultures were perfused with Tyrode’s solution 

containing 1.8mmol/L CaCl2 (saturated with 95% O₂ and 5% CO₂) for 5 minutes in the perfusion chamber, 
and then exposed to Tyrode’s solution containing 2, 4-dinitrophenol (DNP, 0.5 mmol/L) to mimic myocardial 
chemical hypoxia for 20 min, followed by reperfusion with the normal Tyrode’s solution for 10 minutes 
(reoxygenation). Cells were collected by centrifugation (1, 000 rpm, 2 min) for subsequent experiments.

To determine whether AMPK participated in the effect of CIHH, AMPK (Adenosine 5’- monophosphate 
(AMP)-activated protein kinase) inhibitor dorsomorphin (10 μmol/L) was added to the culture medium 
of cardiomyocytes, and cardiomyocytes were incubated in the incubator for 15 hours [13]. Then the 
cardiomyocytes were incubated in normal medium until 48 hours from beginning of incubation.

Data analysis
Prism 6 (GraphPad, USA) was used for statistical analyses. All data were expressed as means ± standard 

error of the mean (SEM). Parameter differences before and after H/R were analyzed using paired Student’s 
t-test. Comparisons among groups were evaluated using one-way ANOVA followed by Tukey’s post hoc test 
or two-way ANOVA followed by Sidak’s post hoc test. Statistical significance was accepted when p<0.05.

Results

CIHH treatment alleviated calcium overload and H/R injury of cardiomyocytes
The [Ca2+]i in ventricular myocytes increased after 20 minutes of chemical hypoxia 

followed by 10 minutes of reoxygenation in both CON and CIHH myocytes. This increase of 
[Ca2+]i was significantly less in the CIHH myocytes than that in the CON myocytes (p<0.01, 
Fig. 1A). Furthermore, cTnI, a myocardial injury marker protein, increased dramatically after 
H/R in CON myocytes, but reduced in CIHH myocytes (p<0.01, Fig. 1B, C).These data suggest 
that CIHH exerts a protective effect against H/R-induced calcium-overload and hypoxic 
injury in cardiomyocytes.
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Fig. 1. CIHH treatment alleviates calcium overload and hypoxia/
reoxygenation (H/R) induced injury of cardiomyocytes. A: 
Effect of CIHH on [Ca2+]i in cardiomyocytes undergoing H/R 
represented by changes of relative fluorescent intensity in single 
isolated rat cardiomyocytes after 20 min chemical hypoxia and 
10 min of reoxygenation. [Ca2+]i: intracellular Ca2+ concentration. 
Representative Western blot images (B) and summary data 
(C) shows the effect of CIHH on cTnI protein expression in 
cardiomyocytes before and after H/R. CON, control group; CON 
H/R, control group with H/R; CIHH, CIHH group; CIHH H/R, CIHH 
group with H/R. Data are presented as mean ± SEM, n=10 cells 
from 6 rats in each group. **p<0.01 vs. CON; #p<0.01 vs. CIHH.

Fig. 1

Fig. 2. PGC-1α siRNA adenovirus transfection inhibits the protein and mRNA expression of PGC-1α. A: 
cardiomyocytes in bright field and epifluorescence images (Ad-GFP) 48 hours after transfected with PGC-
1α siRNA eGFP adenovirus. Scale bar: 100μm. B: PGC-1α mRNA expression in the cardiomyocytes after 
transfected with control siRNA or PGC-1α siRNA adenovirus. C: representative Western blot images and 
summary data show the changes of PGC-1α protein level after transfected with control siRNA or PGC-1α 
siRNA adenovirus. CON, control group; CIHH, CIHH group. Data are presented as mean ± SEM, n=6 rats in 
each group. **p<0.01 vs. CON siRNA of CON group; ##p<0.01 vs. CON siRNA of CIHH group.

Fig. 2
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PGC-1α siRNA adenovirus transfection inhibited the protein and mRNA expression of PGC-
1α
After cardiomyocytes were transfected with PGC-1α siRNA adenovirus and cultured for 

48 hours, rod-shaped cells with GFP fluorescence account for 70% of the total number of 
viable cardiomyocytes (Fig. 2A). Transfection of PGC-1α siRNA significantly inhibited PGC-
1α mRNA (p<0.01, Fig. 2B) and protein (p<0.01, Fig. 2C, D) expression in CON and CIHH 
myocytes compared with myocytes treated with control adenovirus.

PGC-1α is required for the protective effect of CIHH on cardiomyocytes
The basal [Ca2+]i in ventricular myocytes was similar in the CON and CIHH myocytes. 

After H/R, [Ca2+]i increased in all groups of the myocytes. The increases of [Ca2+]i in PGC-
1α siRNA adenovirus-treated myocytes were much greater than control adenovirus-treated 
myocytes in both CON and CIHH myocytes (p<0.01, Fig. 3A, B). Furthermore, PGC-1α 
knockdown significantly increased the protein expression of cTnI before and after H/R both 
in CON and CIHH myocytes (Fig. 3C, D).These data suggest that PGC-1α is required for the 
protective effect of CIHH on cardiomyocytes.

Fig. 3. PGC-1α knocking down abrogates the protective effects of CIHH on cardiomyocytes. A: representative 
image shows changes of fluorescence images of [Ca2+]i in single isolated rat cardiomyocytes before and during 
H/R by laser confocal microscopy. H-0 min: 0 min of hypoxia; H-10 min: 10 min of hypoxia; H-20 min: 20 min 
of hypoxia; R-10 min: 10 min of reoxygenation. Scale bar: 50μm. B: changes of relative fluorescent intensity 
in single isolated rat cardiomyocytes of different groups after H/R. C and D: Representative Western blot 
images and summary data show the effect of CIHH on cTnI protein expression in cardiomyocytes before and 
after H/R. CON, control group; CIHH, CIHH group; Pre: pre-hypoxia; H/R: after 20-min hypoxia followed by 
10-min reoxygenation. Data are presented as mean ± SEM, n=6 rats in each group. **p<0.01 vs. CON siRNA of 
CON group; ##p<0.01 vs. CON siRNA of CIHH group; +p<0.05, ++p<0.01 vs. Pre-hypoxia.

Fig. 3
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Fig. 5. CIHH treatment increases AMPK and p-AMPK proteins expressions in cardiomyocytes before and 
after H/R. Representative Western blot images (A) and summary data shows changes of AMPK (B), p-AMPK 
(C) protein expression, and p-AMPK/AMPK protein expression ratio (D) after CIHH treatment. CON, control 
group; CON H/R: control group with 20-min chemical hypoxia followed by 10-min reoxygenation; CIHH, 
CIHH group; CIHH H/R, CIHH group with 20-min chemical hypoxia followed by 10-min reoxygenation. Data 
are presented as mean ± SEM, n=6 rats in each group. **p<0.01 vs. CON; #p<0.05, ##p<0.01 vs. CIHH.

Fig. 5

Fig. 4. GLUT4 and CPT-1b proteins expressions in cardiomyocytes after transfection with PGC-1α siRNA 
adenovirus. Representative Western blot images and summary data shows changes of GLUT4 (A and B) 
and CPT-1b (C and D) proteins after transfection with PGC-1α siRNA adenovirus. CON, control group; CIHH, 
CIHH group. Data are presented as mean ± SEM, n=6 rats in each group. *p<0.05, **p<0.01 vs. CON siRNA of 
CON group; #p<0.05, ##p<0.01 vs. CON siRNA of CIHH group.

Fig. 4
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Effects of Down-regulation of PGC-1α on GLUT4 and CPT-1b protein expressions in 
cardiomyocytes
After transfection of PGC-1α siRNA adenovirus into cardiomyocytes, the expression of 

GLUT4 protein in CIHH cardiomyocytes was significantly inhibited (p<0.01, Fig. 4A, B), while 
the expression of CPT-1b protein in cardiomyocytes was increased (p<0.05, Fig. 4 C, D). In 
contrast, the expression of GLUT4 protein in CIHH cardiomyocytes was significantly increased 
(p<0.01, Fig. 4A, B), while the expression of CPT-1b protein was decreased compared with 
that in CON cardiomyocytes after pretreated with control siRNA adenovirus (p<0.05, Fig. 4C, 
D). These findings indicate that CIHH could protect the cardiomyocytes against H/R injury 
through improving cardiac glucose and lipid metabolic disturbance via upregulation of PGC-
1α.

Phosphorylation of AMPK is critically involved in regulation of PGC-1α pathway of CIHH
It is reported that chronic hypoxia could improve the glucose tolerance by activating 

the AMPK pathway in skeletal muscle [14]. Our study showed that AMPK, especially p-AMPK 
protein expressions were increased in cardiomyocytes after CIHH treatment, compared 
with CON cardiomyocytes (p<0.01, Fig. 5). After treatment of cardiomyocytes with AMPK 
inhibitor dorsomorphin, PGC-1α protein expression was significantly decreased both in CON 
and CIHH cardiomyocytes (p<0.01, Fig. 6). These results showed that phosphorylation of 
AMPK is critically involved in the regulation of PGC-1α pathway of CIHH.

Effects of CIHH treatment on HIF-1α protein expressions in cardiomyocytes
Our study showed that CIHH treatment significantly increased the protein expression 

of HIF-1α in cardiomyocytes under both baseline and H/R conditions compared with CON 
cardiomyocytes (p<0.01, Fig. 7). This effect was consistent with elevated phosphorylation of 
AMPK.

Fig. 6. AMPK inhibitor dorsomorphin 
treatment reduces the protein 
expression of PGC-1α. Representative 
Western blot images (A) and summary 
data (B) shows PGC-1α protein level 
in cardiomyocytes in the presence 
or absence (vehicle) of AMPK 
inhibitor dorsomorphin. CON, control 
group; CIHH, CIHH group; Dors: 
dorsomorphin. Data are presented as 
mean ± SEM, n=6 rats in each group. 
**p<0.01 vs. CON vehicle; ##p<0.01 vs. 
CIHH vehicle.

Fig. 6
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Discussion

During myocardial ischemia or hypoxia and early reperfusion or reoxygenation, 
intracellular [Ca2+]i increased dramatically, and consequent cardiac calcium overload 
aggravated the injury, edema and necrocytosis in cardiomyocytes. Intracellular free               
[Ca2+]i abnormalities can also cause severe arrhythmia and ventricular fibrillation. Therefore, 
maintaining a relatively stable cytoplasmic [Ca2+]i is significant for physiological activities of 
cardiomyocytes and cardiac function. CIHH treatment could reduce cardiac calcium overload 
and therefore enhance cardiomyocytes tolerance to I/R injury [8, 15, 16]. Our study further 
confirmed that CIHH treatment could reduce myocardial calcium overload and damage 
induced by H/R.

The normal structure and function of the heart depend on stablization of energy 
metabolism and disturbance of energy metabolism may lead to cardiac injury. There are a 
variety of factors involved in cardiac energy metabolism, in which peroxisome proliferators 
activated receptor-gamma coactivator-1 (PGC-1) is a well-known transcriptional regulator 
co-activator recognized in recent years. PGC-1 family includes PGC-1α, PGC-1β and PRC 
(PGC-related coactivators). Among them, PGC-1α plays an important role in the regulation of 
glucose and lipid metabolism through gene regulation [17]. Cardiac function was significantly 
inhibited after PGC-1α gene knockdown [18], whereas increased PGC-1α expression can 
enhance the tolerance of heart against ischemic injury [19]. Our recent study found that 
CIHH treatment could protect cardiac function by improving cardiac glucose metabolism 
through up-regulation of PGC-1α [12]. In this study, when PGC-1α of cardiomyocytes was 
knocked down by siRNA interference technology, the cardioprotective effect of CIHH was 
eliminated. It further confirmed that PGC-1α was required for the protective effects of CIHH 
treatment.

PGC-1α is a vital link in a regulatory network for metabolic homeostasis, which can further 
regulate the glucose uptake and fatty acids transport. Accumulation of fatty acid metabolites 
leads to cell acidosis, triggering overload of calcium ions, which in turn leads to myocardial 
systolic dysfunction and secondary membrane damage with increased sensitivity to I/R or 
H/R injury [19-22], while improving the energy metabolism of the heart, such as increasing 
glucose metabolism in cardiomyocytes, can increase the tolerance of the heart to I/R or 
H/R injury [19, 20, 22]. GLUT4 has a high affinity for glucose molecules and is responsible 
for the uptake of glucose into cardiomyocytes [23]. While, carnitine palmitoyltransferase-
1b (CPT-1b), a channel enzyme located on the mitochondrial membrane, is responsible for 

Fig. 7. CIHH treatment increases HIF-1α protein 
expression in cardiomyocytes before and after 
H/R. Representative Western blot images (A) 
and summary data (B) shows changes of HIF-
1α protein level before and after H/R. CON, 
control group; CON H/R, control group with 
20-min chemical hypoxia followed by 10-min 
reoxygenation; CIHH, CIHH group; CIHH H/R, 
CIHH group with 20-min hypoxia followed by 
10-min reoxygenation. Data are presented as 
mean ± SEM, n=6 rats in each group. **p<0.01 
vs. CON; #p<0.05 vs. CIHH.

Fig. 7
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transporting fatty acids into the mitochondria [24]. CPT-1b suppression has protective effect 
on cardiac morphology and function [25]. Therefore, the expression of GLUT4 and CPT-1b 
can well reflect the myocardial glucose and lipid metabolism. Studies have shown that PGC-
1α could increase the tolerance of the heart to I/R or H/R injury by increasing the expression 
of glucose transporter 4 (GLUT4) [19, 22]. Consistent with those studies, we found that 
CIHH treatment protects cardiomyocytes with increased GLUT4 protein expression and 
reduced CPT-1b protein expression. After knocking down PGC-1α using siRNA interference 
technology in the cardiomyocytes, the expression of GLUT4 protein decreased, while the 
expression of CPT-1b protein increased. Therefore, it confirmed that CIHH could optimize 
glucose and lipid metabolisms through regulating PGC-1α.

PGC-1α activity can be finely tuned in response to different metabolic situations. Adenylate 
activated protein kinase (AMPK) can directly affect PGC-1α activity through phosphorylation 
as a metabolic sensor. AMPK can regulate cell energy metabolism and organelle function 
by phosphorylating and activating PGC-1α directly [26], and further regulating calcium 
ion in cardiomyocytes [27-29]. Recent studies have shown that an increased expression of 
AMPK, especially p-AMPK, plays an important role in protecting the heart against I/R or 
H/R injury [12, 22, 30-32]. In accordance with previous studies, our results indicated that 
CIHH treatment could increase the expression of AMPK protein, especially p-AMPK protein, 
in cardiomyocytes. Pretreatment with AMPK inhibitor dorsomorphin directly inhibited PGC-
1α protein expression significantly in all groups. Collectively, our findings demonstrated that 
AMPK-PGC-1α pathway was essential for the CIHH-induced cardioprotection.

HIF-1 is a key factor in hypoxia adaptation and regulates the expression of multiple 
hypoxic stress proteins [33]. HIF-1α activates the decline of AMPK function caused by chronic 
kidney disease, confirming the close relationship between HIF-1α and AMPK activation [34]. 
The expression of HIF-1 target genes and HIF-1-dependent receptors can also be reduced by 
pharmacologically blocking the AMPK activity [35]. HIF-1 also increases glycolysis, glucose 
metabolism and mitochondrial function to regulate energy metabolism [36, 37]. We showed 
that CIHH treatment significantly increased the expression of HIF-1α in cardiomyocytes, 
which was consistent with the changes of AMPK and p-AMPK protein. Therefore, HIF-1α-
AMPK-PGC-1α signaling pathway played an important role in CIHH-induced improvement of 
energy metabolism (Fig. 8).

Conclusion

In conclusion, this study provided substantial evidences that CIHH could reduce 
myocardial calcium overload and H/R injury through regulating glucose and lipid energy 
metabolism via HIF-1α-AMPK-PGC-1α signaling pathway. Further studies are needed 
to determine whether PGC-1α knocked down in vivo plays an important role in the 
cardioprotective effect of CIHH, because the limitation of cardiomyocytes study cannot fully 
represent the whole heart function. This new information advances our understanding of the 
molecular mechanism involved in the protective effect of CIHH, and suggests that targeting 
PGC-1α might be used as a new strategy for treating cardiac ischemia or hypoxia diseases.

Fig. 8. Possible pathway shows the role of PGC-1 α in the protective effects of CIHH on cardiomyocytes 
against H/R injury.
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