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Abstract. Glucagon‑like peptide‑1 (GLP‑1) analogues are 
likely to exert cardioprotective effects via balancing the energy 
metabolism in cardiomyocytes following ischemic or hypoxic 
insults. The present study aimed to explore the protective 
effects and mechanism of exendin‑4, a GLP‑1 analogue, on 
cardiomyocyte glucose uptake using an in  vitro model of 
hypoxia/reoxygenation (H/R) of H9c2 cardiomyocyte cells. 
Pre‑treatment with exendin‑4 (200 nM) prior to H/R increased 
the cell viability, decreased cell apoptosis, enhanced cardiomyo-
cyte glucose uptake and increased the production of adenosine 
triphosphate. Exendin‑4 also decreased the levels of lactate 
dehydrogenase and creatine kinase‑MB in the culture medium. 
Furthermore, the activity of carnitine palmitoyltransferase‑1 in 
the H9c2 cells was decreased, while the activity of phospho-
fructokinase‑1 was increased following exendin‑4 treatment. 
Moreover, pre‑treatment with exendin‑4 increased the expres-
sion of p38 mitogen‑activated protein kinase (p38MAPK) γ and 
translocation of glucose transporter‑1 in H9c2 cells subjected to 
H/R. However, these effects were attenuated by the p38MAPK 
inhibitors BIRB796 and SB203580. The results suggested that 
exendin‑4 exerted significant cardioprotective effects against 
H/R‑induced cell injury and restored the metabolic imbalance of 
cardiomyocytes by activating the p38MAPK signaling pathway 
in the H9c2 cell model. Importantly, p38MAPKγ, one subunit 
of p38MAPK, may have the most important function in this 
process. The results of the present study may be helpful in the 
development of novel drugs to treat patients with coronary heart 
disease.

Introduction

When cardiomyocytes suffer from ischemic or hypoxic insults, 
the metabolic balance between glucose and fatty acid shifts to 
fatty acid oxidation, which aggravates the oxygen deficiency, 
as fatty acid consumes 10% more oxygen than glucose when 
an equal amount of adenosine triphosphate (ATP) is produced. 
Furthermore, increased fatty acid oxidation has been reported 
to induce mitochondrial uncoupling and increase oxidative 
stress  (1,2). Normalizing metabolic imbalances, which are 
underlying causes of metabolic disorders, has been one of the 
targets for the treatment of ischemic heart diseases (3).

Glucagon‑like peptide‑1 (GLP‑1), an incretion hormone, has 
been confirmed to potently promote insulin secretion and down-
regulate glucose levels, which gives it a high potential to be used 
for the treatment of diabetes patients (4‑7). However, its half life 
time is too short for it to be used in clinic (8). Therefore, analogues 
with significantly longer half‑lives, such as exendine‑4, have 
been developed and used in the clinic (9). Over the last decade, 
a growing body of evidence has demonstrated that GLP‑1 and 
its analogues can exert protective effects on cardiomyocytes 
with ischemic or hypoxic damage (10‑13); however, the exact 
mechanism is still elusive. Studies have reported that GLP‑1 
and its analogues increased the glucose uptake and helped to 
preserve the cardiac function in animal experiments and clinical 
trials (13,14). However, whether exendine‑4 can contribute to 
restore the metabolic balance between glucose oxygen and fatty 
acid oxidation and therefore ameliorate the energy imbalance of 
hypoxia‑induced cardiomyocytes has not been fully elucidated.

The aim of the present study was to determine whether 
exendin‑4 is capable of reducing hypoxia/reoxygenation 
(H/R)‑induced injury by normalizing the energy imbalance in 
cardiomyocytes. For this, a model of hypoxia/reoxygenation 
(H/R)‑induced injury in H9c2 cardiomyocyte cells was estab-
lished to assess the effects of exendin‑4 on glucose uptake. The 
possible mechanism involved in this process was also investi-
gated by assessing the activation of the p38 mitogen‑activated 
protein kinase (MAPK) signaling pathway.

Materials and methods

Cell culture and hypoxia/reoxygenation treatment. H9c2 cells 
(Chinese Academy of Medical Sciences, Shanghai, China) 
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were cultured in Dulbecco's modified Eagle's medium: 
Nutrient Mixture F‑12 (DMEM/F12; Thermo Fisher Scientific, 
Waltham, MA, USA) supplemented with 10% fetal bovine 
serum (FBS; Invitrogen Life Technologies, Carlsbad, CA, 
USA), in 50‑cm2 flasks in a humidified atmosphere of 5% 
CO2 at 37˚C. The hypoxia/reoxygenation (H/R) model was 
established according to the methods described in previous 
studies with certain modifications (15). Briefly, when cells 
were cultured to 80% confluence in appropriate culture, they 
were subjected to hypoxia using DMEM/F12 without FBS and 
glucose in a hypoxia chamber (Forma 370; Thermo Fisher 
Scientifiic, Waltham, MA, USA) saturated with a gas mixture 
(95% N2 and 5% CO2) at 37˚C. Following hypoxia treatment, 
the culture medium was replaced with fresh normal medium 
and the plate was placed in the humidified atmosphere of 5% 
CO2 to receive reoxygenation treatment. Different treatment 
times of hypoxia and reoxygenation were used to determine the 
optimal time for establishing the H/R model. Exendine‑4 (Eli 
Lilly, Indianapolis, IN, USA), a GLP‑1 analogue, was added to 
the culture medium for 30 min before they were subjected to 
hypoxia. In certain cases, inhibitors of p38MAPK, BIRB796 
(1 µM) and SB203580 (5 µM) (Santa Cruz Biotechnology 
Inc., Dallas, TX, USA), were added to the culture medium 
10 min prior to treatment with exendine‑4.

Cell counting kit (CCK)‑8 assay. Cell viability was assessed 
using the CCK‑8 (Beyotime Institute of Biotechnology, 
Haimen, China) as described previously with certain modi-
fications (16). The H9c2 cells (1x104) were seeded in 96‑well 
microplates. Folowing H/R treatment (4/2, 6/3, 12/4, 14/5, 16/6 
and 22/10 h) with or without exendine‑4 (0, 50, 100, 200 and 
300 nM, respectively), cells were cultured in fresh medium 
and 10 µl CCK‑8 solution. The plates were then incubated in 
the humidified atmosphere of 5% CO2 at 37˚C for 2 h. Finally, 
the optical density (OD) values at 470 nm were measured using 
a microplate reader (Multiskan MK33; Thermolab systems, 
Helsinki, Finland). 

Measurement of myocardial glucose uptake. Myocardial 
glucose uptake was measured as the levels of intracellular 
2‑(N‑(7‑nitrobenz‑2‑oxa‑1,3‑diazol‑4‑yl)amino)‑2‑deoxyglu-
cose (2‑NBDG). 2‑NBDG is a fluorescent labeled glucose 
analogue, which can be transported into the cytoplasm from 
the culture medium but cannot be metabolized further (17). 
Following incubation for 30  min, cells were rinsed with 
phosphate‑buffered saline (PBS) and the f luorescent 
density was measured by a microplate reader (721D; 
Pudong Shanghai Physical Optical Instrument Factory, 
Shanghai, China) at an excitation wavelength (Ex.) of 
488 nm/and an emission wavelength (Em.) of 520 nm. The 
total fluorescent density of every well was adjusted by the OD 
values of cell viability from the CCK‑8 cell counting kit assay, 
which was performed as soon as the measurement of the fluo-
rescent density was finished. The actual intracellular glucose 
levels were defined as the ratio of fluorescent density (arbitrary 
unit, a.u.) to the OD values of cell viability.

Colorimetry. The levels of lactate dehydrogenase (LDH) in 
the culture medium, as well as the activity of phosphofructoki-
nase‑1 (PFK‑1) and carnitine palmitoyltransferase‑1 (CPT‑1) in 

the H9c2 cells were determined by colorimetry. The experiment 
was performed using commercially available kits according to 
the manufacturer's instructions. The LDH Activty Colorimetric 
assay was purchased from Jiancheng Bioengineering Institute 
(Nanjing, China). The PFK‑1 and CPT‑1 Activty Colorimetric 
assays were purchased from Sigma‑Aldrich (St. Louis, MO, 
USA). Briefly, culture medium was separated by centrifugation 
at 1,600 xg for 10 min at 4˚C and then used for the measurement 
of the LDH levels. The H9c2 cells were collected and lysed with 
cell lysis buffer (Beyotime Institute of Biotechnology, Haimen, 
China). The cell lysates were then centrifuged at 1,600 xg for 
10 min at 4˚C and the supernatants of were collected for the 
detection of PFK‑1 and CPT‑1 activity. Following incubation 
with the reagents included in the kits, the absorbance values at 
340 and 420 nm were measured continuously using a spectro-
photometer (Multiskan MK33, Thermolab systems, Helsinki, 
Finland). The LDH levels was expressed as U/l. The activity 
of PFK‑1 and CPT‑1 was defined as the fold‑change in enzyme 
activity relative to that in the control group. The protein concen-
tration was determined using the bicinchoninic acid (BCA) 
protein assay (Beyotime Institute of Biotechnology) (18).

ELISA assays. The levels of creatine kinase‑MB (CK‑MB) in the 
culture medium were measured using a CK‑MB ELISA assay 
kit (R&D Systems, Minneapolis, MN, USA) according to the 
manufacturer's instructions. Following the indicated treatments 
as mentioned above, the culture medium were collected and 
centrifuged at 1,600 xg for 10 min at 4˚C. The supernatants were 
collected for the detection of CK‑MB. The supernatants were 
then incubated with the reagents included in the kits. Finally, 
the absorbance values were measured using a microplate reader 
(Multiskan MK33; Thermolab systems, Helsinki, Finland) at 
450 nm. The CK‑MB levels were expressed as U/l.

Flow cytometry. Cell apoptosis was examined using flow 
cytometry. H9c2 cells (2x104/100 µl) were seeded in six‑well 
plates for 72 h. After the indicated treatments mentioned above, 
cells were collected, washed with cold PBS and resuspended 
at a density of 1x106/ml. Cells (500 µl) were mixed with 5 µl 
Annexin V‑fluorescein isothiocyanate (Beyotime Institute of 
Biotechnology) and 10 µl propidium iodide (PI, 20 mg/ml; 
Beyotime Institute of Biotechnology) and incubated for 20 min 
in the dark at room temperature. Flow cytometric analysis (Ex. 
488 nm/Em. 530 nm) was performed with a FACSCalibur 
cell sorter (BD Biosciences, Franklin Lakes, NJ, USA). Flow 
cytometric data were analyzed using CellQuestTM version 4.5 
software (BD Biosciences). 

ATP measurement. Cellular ATP content was measured using 
the ATP bioluminescent assay kit (Beyotime Institute of 
Biotechnology) according to the manufacturer's instructions. 
For each experiment, cells were briefly washed two times with 
ice‑cold PBS, resuspended in 100 µl Tris‑EDTA buffer (100 mM 
Tris‑HCl and 4  mM EDTA, pH  7.55; Beyotime Institute 
of Biotechnology) and then incubated for 3 min at 100˚C. 
Following centrifugation at 10,000 xg for 2 min, supernatants 
were extracted and 10 µl of them plus 40 µl ATP assay buffer 
was added into the wells of a microplate, which had each been 
filled with 50 µl ATP reaction mix (ATP assay buffer, 48.5 µl; 
ATP probe, 0.2 µl; ATP converter, 2.0 µl; and Development mix, 
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2.0 µl). The microplate was covered with aluminium foil and 
incubated at 37˚C for 30 min prior to measuring the OD at Ex. 
535 nm/ Em. 587 nm using a microplate reader (721D; Pudong 
Shanghai Physical Optical Instrument Factory).

Western blot analysis. Membrane proteins of H9c2 cells 
were extracted from cell lysates using a membrane protein 
extraction kit (Beyotime Institute of Biotechnology, Haimen, 
China). The protein concentration was determined using the 
BCA assay (Beyotime Institute of Biotechnology). Protein 
samples (40 or 20  µg) were mixed with 2X SDS sample 
loading buffer (Beyotime Institute of Biotechnology) and 
then separated on a 12% polyacrylamide gel and blotted on a 
nitrocellulose membrane (Beyotime Institute of Biotechnology). 
Blots were blocked with 5% skimmed milk, followed by 
incubation with antibodies specific to p38MAPKα (1:100; 
cat. no. sc‑398305; Santa Cruz Biotechnology Inc.), p38MAPKγ 
(1:100; cat. no.  sc‑366013; Santa Cruz Biotechnology Inc.), 
GLUT‑1 (1:100; cat. no. ab652; Abcam Trading Company Ltd., 
Shanghai, China), GLUT‑4 (1:100; cat. no. 7796‑3; Epitomics 

Biotechnology Inc., Burlingame, CA, USA) or β‑actin (1:1,000; 
cat. no. sc‑130656; Santa Cruz Biotechnology Inc,). Blots were 
then incubated at room temperature for 30 min with secondary 
antibody (1:1,000; cat. no. zm0441; Zhongshan Goldenbridge 
Biotechnology Corporation) and an enhanced chemilumines-
cence detection system (Bio‑Rad, Hercules, CA, USA) was used 
for visualization. The grey value was measured using Quantity 
One version 4.5 software (Bio‑Rad).

Statistical analysis. SPSS 17.0 software (SPSS, Inc., Chicago, 
IL, USA) was used for statistical analysis. Values are expressed 
as the mean ± standard deviation. Differences between groups 
were determined by one‑way analysis of variance followed 
Dunnett's post‑hoc test and P<0.05 was considered to indicate a 
statistically significant difference between values.

Results

Exentin‑4 increases the viability of H9c2 cells subjected to 
H/R. Following H/R for various times (4/2, 6/3, 12/4, 14/5, 16/6 

Figure 1. Effects of H/R on cell viability of H9c2 cells and the protective effects of exendin‑4 on H/R‑induced injury. (A) H9c2 cells were exposed to H/R 
conditions for different time periods (4/2, 6/3, 12/4, 14/5, 16/6 and 22/10 h). (B) H9c2 cells were pre‑treated with exendin‑4 (0, 50, 100, 200 and 300 nM, 
respectively) for 30 min prior to treatment of 12 h hypoxia and followed by 4 h reoxygenation. After the H/R treatment, cell viability was assessed using cell 
counting kit‑8. Values are expressed as the percentage of the control and presented as the mean ± standard deviation (n=6). *P<0.05 versus control group (0/0); 
#P<0.05 versus the 0 group. H/R, hypoxia/reoxygenation.

Figure 2. Effects of exendin‑4 on LDH and CK‑MB levels in the culture medium. H9c2 cells were pre‑treated with exendin‑4 (200 nM) for 30 min prior to 
/R (12/4 h). (A) Effect of exendin‑4 on the LDH levels in the culture medium. (B) Effect of exendin‑4 on the CK‑MB levels in the culture medium. LDH levels 
and CK‑MB levels in the culture medium were detected by colorimetry and ELISA assay, respectively, and were expressed as U/l. Values are expressed as 
the mean ± standard deviation (n=6). *P<0.05 vs. control group; #P<0.05 vs. H/R group. LDH, lactate dehydrogenase; H/R, hypoxia/reoxygenation; CK‑MB, 
creatine kinase‑MB.
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and 22/10 h), H9c2 cell viability was assessed using a CCK‑8 
kit. As shown in Fig. 1A, cell viability decreased in an H/R 
time‑dependent manner. Cell viability after 4/2 h and 6/3 h 
H/R decreased to 95.21 and 86.90%, respectively, compared 
with that in the control group (P<0.05), while 12/4, 14/5, 16/6 
and 22/10 h H/R further decreased the cell viability to 64.99, 
61.44, 53.65 and 35.52% of the control, respectively (P<0.05). 
As 12/4 h was the shortest H/R time that caused a significant 
difference in cell viability (P<0.05), these conditions were 
then selected to investigate the potential effects of exentin‑4 
on cardiomyocyte protection.

H9c2 cells were pre‑treated with exentin‑4 (0, 50, 100, 
200 and 300 nM, respectively) for 30 min prior to H/R treat-
ment (12/4 h). Fig. 1B shows that treatment with exendin‑4 
increased H9c2 cell viability even at the lowest concentration 
of 50 nM. The percentage of cells surviving the H/R insult 
was increased by exendin‑4 in a dose‑dependent manner 
between 0 and 200 nM, and the cell viability reached a peak 
in the presence of 200 nM exendin‑4. When the concentration 
of exendin‑4 was further increased to 300 nM, the percentage 
of surviving cells did not increase correspondingly, but was 
slightly decreased; however, this change was not significant. 
These results strongly suggested that exendin‑4 exerted a 
protective effect against H/R injury of H9c2 cardiomyocyte 
cells. Exendin‑4 achieved the best efficiency to protect cell 
viability at a concentration of 200 nM. Therefore, the concen-
tration of 200 nM was selected for the treatment of H9c2 cells 
in the following experiment.

Exentin‑4 reduces LDH and CK‑MB release in H9c2 
cells subjected to H/R. As LDH and CK‑MB release are 
two acknowledged markers for cardiomyocyte injury, 
these proteins were examined in the culture medium 
(Fig.  2A  and  B). LDH and CK‑MB release significantly 
increased in the H/R group compared to that in the control 

group (P<0.05), while pre‑treatment with 200 nM exendin‑4 
significantly decreased LDH and CK‑MB release induced 
by H/R (P<0.05). These results strongly suggested that 
exendin‑4 exerted a protective effect against the H/R injury 
of H9c2 cardiomyocyte cells.

Exendin‑4 attenuates H/R‑induced apoptosis of H9c2 cells. 
The present study investigated the effect of exendin‑4 on 
the H/R‑induced apoptosis in cultured H9c2 cells using flow 
cytometry (Fig. 3A and B). The results of the flow cytometric 
analysis suggested that the number of apoptotic cells in the 
H/R treatment group was higher than that in the control group 
(P<0.05). Pre‑treatment with 200 nM exendin‑4 decreased the 
amount of apoptotic cells in comparison to that in the H/R 

Figure 3. Effects of exendin‑4 on apoptosis in H/R‑treated H9c2 cells. H9c2 cells were pre‑treated with exendin‑4 (200nM) for 30 min prior to H/R (12/4 h). 
Apoptosis of H9c2 cells was measured by flow cytometry. (A) Representative dot plots of flow cytometric analysis of apoptotic cells using PI/Annexin V 
double staining. (B) Quantified results of flow cytometric analysis. The apoptotic rate was the percentage of Annexin V‑positive and PI‑negative cells among 
the cells analyzed. Values are expressed as the mean ± standard deviation (n=3). *P<0.05 vs. control group; #P<0.05 vs. H/R group. PI, propidium iodide; H/R, 
hypoxia/reoxygenation.

Figure 4. Effects of exendin‑4 on intracellular glucose levels in H/R‑treated 
H9c2 cells. H9c2 cells were pre‑treated with exendin‑4 (200 nM) for 30 min 
prior to H/R (12/4 h). Intracellular glucose levels were measured using 
2‑(N‑(7‑nitrobenz‑2‑oxa‑1,3‑diazol‑4‑yl)amino)‑2‑deoxyglucose, a fluores-
cence‑labeled glucose analogue. Values are expressed as the mean ± standard 
deviation (n=6). *P<0.05 vs. control group; #P<0.05 vs. H/R group. H/R, 
hypoxia/reoxygenation.
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group (P<0.05), which suggested that exendin‑4 attenuated 
H/R‑induced apoptosis of H9c2 cells.

Exendin‑4 enhances glucose uptake in H/R‑injured 
H9c2 cells. An increase of glucose uptake in cardiomyo-
cytes is beneficial in protecting the heart against ischemic 
injury  (19). To explore the possible mechanisms involved 
in the protection of cardiomyocytes by exendin‑4, intracel-
lular glucose levels were determined. As Fig. 4 shows, the 

Figure 5. Effects of H/R on p38MAPKα and γ expression as well as GLUT‑1 and ‑4 translocation in H9c2 cells. H9c2 cells were subjected to hypoxia/reoxy-
genation (12/4 h) prior to protein extraction. p38MAPKα and γ expression and GLUT‑1 and ‑4 translocation were measured by western blot analysis. GLUT 
translocation was evaluated by analyzing the GLUT expression on the cytomembrane after H/R treatment. (A) p38MAPKα levels, (B) p38MAPKγ levels, 
(C) GLUT‑1 levels and (D) GLUT‑4 levels were determined by western blot analysis. Values are expressed as the mean ± standard deviation (n=4). *P<0.05 vs. 
H/R group. H/R, hypoxia/reoxygenation; MAPK, mitogen‑activated protein kinase; GLUT, glucose transporter.

Figure 7 Effects of mitogen‑activated protein kinase inhibitors BIRB796 
and SB203580 on intracellular glucose in exendin‑4‑treated H9c2 cells. 
H9c2 cells were pre‑treated with exendin‑4 (200 nM) for 30 min prior 
to H/R (12/4  h). BIRB796 (1  µM) and SB203580 (5  µM) were added 
to the culture medium and incubated for 10  min before the cells were 
treated with exendine‑4. Intracellular glucose was measured using 
2‑(N‑(7‑nitrobenz‑2‑oxa‑1,3‑diazol‑4‑yl)amino)‑2‑deoxyglucose, a fluores-
cence labeled glucose analogue. Values are expressed as the mean ± standard 
deviation (n=6). *P<0.05 vs. H/R + exendine‑4 group. H/R, hypoxia/reoxy-
genation.

Figure 6. Effects of exendin‑4 on p38MAPKγ expression in H/R‑treated 
H9c2 cells. H9c2 cells were pre‑treated with exendin‑4 (200 nM) for 30 min 
prior to H/R (12/4 h). Two inhibitors of p38MAPK, BIRB796 (1 µM) and 
SB203580 (5 µM), were added to the culture medium and incubated for 
10 min before the cells were treated with exendine‑4. p38MAPKγ expres-
sion was measured by western blot analysis. Values are expressed as the 
mean ± standard deviation. *P<0.05 vs. control group; #P<0.05 vs. H/R group; 
&P<0.05 vs. exendin‑4 + HR group. H/R, hypoxia/reoxygenation; MAPK, 
mitogen‑activated protein kinase.
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glucose uptake was significantly decreased in the H/R 
group compared with that in the control group (P<0.05). As 
compared with the H/R group, pre‑treatment with exendin‑4 
(200 nM) increased the glucose uptake of cells (P<0.05). 
These results indicated that exendin‑4 enhanced glucose 
uptake in H/R‑injured H9c2 cells.

H/R decreases intracellular expression of p38MAPKγ and 
translocation of GLUT1 in H9c2 cells. To study the role of 
p38MAPK and GLUT in H/R‑induced injury of cardiomyo-
cytes, changes in the protein expression of p38MAPKα and 
p38MAPKγ as well as translocation of GLUT1 and GLUT4 
were detected by western blot analysis. Fig. 5A and B shows 
that the expression of p38MAPKγ in the H/R group was lower 
than that in the control group (P<0.05), while no significant 
changes in p38MAPKα levels were found (P>0.05).

With regard to the effects of H/R on GLUT, it was 
demonstrated that H/R reduced GLUT‑1 translocation from 
the cytoplasm to the membrane as compared with that in the 
control group (P<0.05), while the translocation of GLUT‑4 
was not significantly decreased (P>0.05) (Fig. 5C and D). 
The results indicated that p38MAPKγ and GLUT‑1 may have 
an important protective role in H/R‑injured cardiomyocytes. 

Exendin‑4 increases the expression of p38MAPKγ in 
H9c2‑cells subjected to H/R. To determine the effects of 
exendin‑4 on p38MAPKγ in H/R‑injured cardiomyocytes, 
the p38MAPKγ expression in H9c2 cells was assessed using 
western blot analysis (Fig. 6). p38MAPKγ expression was 
significantly reduced in the H/R group compared with that in 
the control group (P<0.05), while it was markedly enhanced 
following pre‑treatment with 200 nM exendin‑4 (P<0.05). To 
further study the role of p38MAPKγ in the effects of exendin‑4 
on p38MAPK in H/R‑injured cardiomyocytes, two different 
p38MAPK inhibitors, BIRB796 and SB203580, were used. 

As shown in Fig. 6, the effects of exendin‑4 on p38MAPKγ 
were inhibited by BIRB796 (P<0.05), while SB203580 did 
not show any such effect (P>0.05). These results suggested 
that p38MAPKγ may have an important role in exendin‑4 
mediated protection of cardiomyocytes against H/R injury.

p38MAPK inhibitor BIRB796 abolishes the ef fect of 
exendin‑4 on glucose uptake in H9c2 cells. To further 
confirm the role of p38MAPKγ in the effect of exendin‑4 
on cardiomyocytes, the effect of the p38MAPK inhibitors 
BIRB796 and SB203580 on the glucose uptake in H9c2 cells 
was assessed. As shown in Fig. 7, the effects of exendin‑4 
on the glucose uptake were inhibited by BIRB796 (P<0.05), 
while SB203580 did not show any such inhibitory function 
(P>0.05). These results suggested that p38MAPKγ may have 
an important role in exendin‑4‑mediated glucose uptake.

Exendin‑4 increases the translocation of GLUT‑1 in 
H9c2 cells subjected to H/R. H/R reduced GLUT‑1 transloca-
tion from the cytoplasm to the membrane as compared with 
that in the control group (Fig. 8A and B; P<0.05), while the 
translocation of GLUT‑4 was not significantly decreased 
(P>0.05). Pre‑treatment with 200 nM exendin‑4 increased 
GLUT‑1 translocation from the cytoplasm to the membrane 
(P<0.05) in comparison to that in the H/R group, while the 
translocation of GLUT‑4 was not significantly decreased 
(P>0.05). These results indicated that exendin‑4 increased 
the translocation of GLUT‑1 but not GLUT‑4 in H/R‑injured 
cardiomyocytes.

By contrast, translocation of GLUT‑1 in the presence 
of exendin‑4 was not significantly affected by SB203580 
following H/R (P>0.05), while GLUT‑1 translocation 
was abolished by BIRB796 compared with that in the 
exendin‑4 + H/R group (P<0.05). No significant effect of 
SB203580 or BIRB796 on GLUT‑4 translocation was identi-

Figure 8. Effects of exendin‑4 on (A) GLUT‑1 and (B) GLUT‑4 translocation in H/R‑treated H9c2 cells. H9c2 cells were pre‑treated with exendin‑4 
(200 nM) for 30 min prior to H/R (12/4 h). Two inhibitors of p38 mitogen‑activated protein kinase, BIRB796 (1 µM) and SB203580 (5 µM), were added to 
the culture medium and kept for 10 min before the cells were treated with exendine‑4. GLUT‑1 and GLUT‑4 translocation was investigated by measuring 
the GLUT expression on the cytomembrane following H/R treatment using western blot analysis. Values are expressed as the mean ± standard deviation 
(n=4). *P<0.05 vs. control group; #P<0.05 vs. H/R group; &P<0.05 vs. exendin‑4 + HR group. H/R, hypoxia/reoxygenation; GLUT, glucose transporter.

  A   B
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fied (P>0.05). These results suggested that p38MAPKγ may 
have an important role in exendin‑4‑mediated GLUT‑1 trans-
location in H9c2 cells subjected to H/R.

Exendin‑4 enhances the activity of PFK‑1 and attenuates 
that of CPT‑1 in H/R‑damaged H9c2 cells. To investigate 
the effects of exendin‑4 on the metabolic balance between 
glucose oxygen and fatty acid oxidation, the activity of 
PFK‑1 and CPT‑1 was examined. As shown in Fig. 9A and 
B, the activity of PFK‑1, the key regulator of glycolysis, was 
significantly decreased in the H/R group compared with that 
in the control group (P<0.05). Furthermore, the activity of 
the rate‑limiting enzyme of fatty acid oxidation, CPT‑1, was 
significantly increased in the H/R group compared with that 
in the control group (P<0.05). Pre‑treatment with 200 nM 
exendin‑4 increased the activity of PFK‑1 and decreased that 
of CPT‑1 in comparison to that in the H/R group (P<0.05), 
which suggested that exendin‑4 enhanced glycolysis in 
H9c2 cells subjected to H/R. 

The effects of exendin‑4 on the activities of PKF‑1 
and CPT‑1 were not significantly affected by SB203580 
(P>0.05); however, they were abolished by the use of 
BIRB796 (P<0.05). These results suggested that p38MAPKγ 
may have an important role in exendin‑4‑mediated glycolysis 
in H9c2 cells subjected to H/R.

Exendin‑4 increases ATP production in H/R‑damaged 
H9c2 cells. As shown in Fig.  10, the levels of ATP were 
significantly decreased in the H/R group compared with 
those in the control group (P<0.05), while the levels of 
ATP in the exendin‑4 group were significantly increased 
compared with those in the H/R group (P<0.05). This result 
suggested that exendin‑4 enhanced the production of ATP in 
H9c2 cells subjected to H/R. However, BIRB796 treatment 
significantly inhibited the effect of exendine‑4 on ATP levels 
in H9c2 cells following H/R (P<0.05), while SB203580 did 
not have any significant effect. These results indicated that 
exendin‑4‑induced production of ATP in H9c2 cells subjected 
to H/R may be mediated via p38MAPKγ.

Discussion

The main finding of the present study was that the GLP‑1 
analogue exendin‑4 reduced H/R‑induced cell injury and 
enhanced glucose uptake as well as glycolysis of cardiomyocytes 
by activating the p38MAPK signaling pathway in a H9c2 cell 
model. Importantly, p38MAPKγ, one subunit of p38MAPK, 
may have the most significant role in this process.

Effects of GLP‑1 and its analogues on ischemic cardiomyo-
cytes in animal experiments or clinic trials have been reported 
in previous studies, most of which supported its beneficial 
effects (10,20,21). In line with previous studies, the present 
study found that exendin‑4 reduced H/R‑induced cell injury, as 

Figure 9. Effects of exendin‑4 on the activity of (A) PFK‑1 and (B) CPT‑1 in H/R‑treated H9c2 cells. H9c2 cells were pre‑treated with exendin‑4 (200 nM) 
for 30 min prior to H/R (12/4 h). Two inhibitors of p38 mitogen activated protein kinase, BIRB796 (1 µM) and SB203580 (5 µM), were added to the culture 
medium and incubated for 10 min prior to treatment of the cells with exendine‑4. The activity of PFK‑1 and CPT‑1 was measured by colorimetry. Values are 
expressed as the percentage of the control and represented as the mean ± standard deviation (n=6). *P<0.05 vs. control group; #P<0.05 vs. H/R group; &P<0.05 
vs. exendin‑4 + HR group. H/R, hypoxia/reoxygenation; PFK‑1, phosphofructokinase‑1; CPT‑1, carnitine palmitoyltransferase‑1.

Figure 10. Effects of exendin‑4 on the production of ATP in H/R‑treated 
H9c2 cells. H9c2 cells were pre‑treated with exendin‑4 (200 nM) for 30 min 
prior to H/R (12/4 h). Two inhibitors of p38 mitogen‑activated protein kinase, 
BIRB796 (1 µM) and SB203580 (5 µM), were added to the culture medium 
and cells were incubated for 10 min prior to treatment with exendine‑4. 
The production of ATP was measured using the ATP bioluminescent assay 
kit. Values are expressed as percentage of control and represented as the 
mean ± standard deviation (n=6). *P<0.05 vs. control group; #P<0.05 vs. H/R 
group; &P<0.05 vs. exendin‑4 + HR group. ATP, adenosine triphosphate; H/T, 
hypoxia/reoxygenation.
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evidenced by increases in cell viability, decreases in levels of 
LDH and CK‑MB, and a reduction in cardiomyocyte apoptosis. 

Under normal physiological conditions, cardiomyocytes 
prefer fatty acid as the substrate of metabolism to maintain 
their function  (19). However, the reduced availability of 
oxygen during low‑flow ischemia makes fatty acid oxidation 
unfavorable, as it aggravates oxygen deficiency due to larger 
stochiometric amounts of oxygen required for ATP produc-
tion compared with glycolysis (22), another pathway for ATP 
production in cardiomyocytes. A study has demonstrated that 
enhancement of glycolysis through diverse mechanisms or 
pharmacological interventions was able to delay and prevent 
ischemic damage (3). Therefore, reducing fatty acid oxidation 
and shifting the metabolic balance to glycolysis has been a focus 
in the field of ischemic heart disease treatment (23). In the present 
study, it was found that exendin‑4 optimized the metabolism 
in H9c2 cells by enhancing glucose uptake, increasing PFK‑1 
activity and decreasing CPT‑1 activity. PFK‑1 and CPT‑1 are the 
rate‑limiting enzymes in the biological processes of glycolysis 
and fatty acid β‑oxidation, respectively, and changes in their 
activity therefore reflect the changes of the two main pathways 
of energy production (24,25). In addition, the present study 
found that exendin‑4 treatment significantly increased the levels 
of ATP in H9c2 cells subjected to H/R. These results strongly 
indicated that exendin‑4 adjusted the metabolic imbalance in 
H9c2 cells subjected to H/R.

A recent in vivo study reported that exendin‑4 failed to 
increase glucose uptake and glucose oxidation in rat hearts (26); 
however, the heart metabolism is profoundly different from that 
of cardiomyocytes in vitro, which may explain why the results 
contradicted those of the present study. According to previous 
studies, the effects of GLP‑1 and its analogues on glucose 
uptake were more definite in ischemic cardiac myocytes than 
those in non‑ischemic ones (27). In addition, whether glucose 
metabolism disorders exist at baseline, may also affect the 
modification of glucose metabolism by receptor agonists, such 
as GLP‑1 (21,28).

MAPKs are key signal transmitters in animals and humans 
and p38MAPK is one of their sub‑families (29). The p38MAPK 
signaling pathway has an important role in apoptosis, secretion 
of cytokines, transcription regulation and resistance to ischemic 
damage (30‑32). The role of p38MAPK in the action of GLP‑1 
receptor agonists and modification of glucose transportation 
has been rarely reported, particularly in models of H/R‑induced 
injury, while there are discrepancies between the available 
studies with regards to the role of p38MAPK and its subunits 
in the function of GLP‑1 and its analogues (27,33,34). Further 
study of the role of p38MAPK and its subunits in the function of 
GLP‑1 and its analogues is required. In the present study, H/R 
was found to decrease intracellular expression of p38MAPKγ 
and translocation of GLUT‑1 in H9c2 cells. The results indicated 
that p38MAPK and GLUT may have an important protective 
role in H/R‑injured cardiomyocytes.

It has been reported that the use of BIRB796 could decrease 
the activity of the four P38MAPK subunits by almost 100%, 
while SB203582 failed to exert an obvious effect on the activi-
ties of γ and δ (35,36). Furthermore, the amount of p38MAPKβ 
and p38MAPKδ was only 10.6% and 0.08% of that of 
p38MAPKα (37). Previous studies as well as the present study 
have only focused on the α and γ subunits of p38MAPK. The 

present study found that BIRB796 treatment inhibited the effects 
of exendin‑4, including the enhancement of the glucose uptake, 
increasing the production of ATP, increasing PFK‑1 activity 
and decreasing CPT‑1 activity, while SB203580 treatment did 
not exert any inhibitory effects. Considering the fact that the 
distribution of the β and δ subunit significantly lower than that 
of the α subunit (only accounting for 10.6 and 0.08% of that of 
α, respectively, while γ is similar to α (37), it is assumed that the 
function of exendin‑4 in H/R‑injured cells is mainly mediated 
via the p38MAPKγ subunit. These results clearly demonstrated 
that the p38MAPK signaling pathway, particularly p38MAPKγ, 
may have an important role in exendin‑4‑mediated glycolysis 
in H9c2 cells subjected to H/R. The results of the present study 
differed from those of Bhashyam et al (34), which indicated that 
GLP‑1 increases myocardial glucose uptake cia p38MAPK in 
conscious dogs with dilated cardiomyopathy. Zhao et al (27) 
reported that the total expression of p38MAPK was increased 
in normal and postischemic isolated rat hearts after treatment 
with GLP‑1; however, information on changes in the levels of 
p38MAPK subunits were not available. The results of the present 
study contributed to the knowledge in the field of p38MAPK 
involvement in the modification of glucose uptake following 
H/R; however, as previous studies using various non‑uniform 
models and drugs have produced conflicting results, this mecha-
nism requires further elucidation. 

GLUT‑1 and GLUT‑4 have a critical role in glucose uptake 
in cardiomyocytes. Enhanced myocardial glucose uptake by 
upregulation of GLUT‑1 and GLUT‑4 may be one of the under-
lying mechanisms to explain the beneficial effect of GLP‑1 
and its analogues on reducing myocardial injury (16,38). In the 
present study, in accordance with the identified glucose uptake 
enhancement in H9c2 cells subjected to H/R, if was found that 
exendin‑4 increased the translocation of GLUT‑1 but not that 
of GLUT‑4, which was abolished by BIRB796. These results 
indicated that exendin‑4 enhanced glucose uptake by upregula-
tion of GLUT‑1. The p38MAPK signaling pathway, in particular 
the p38MAPKγ subunit, may have the most important role in 
this process.

The role of GLUTs in the action of GLP‑1 and its analogues 
has also been reported in several studies, but the results were 
contradictory among those reports (27,39‑41). Arnés et al (41) 
found that exendin‑4 increased the expression of GLUT‑4 in 
rat muscles and that of GLUT‑2 in rat livers. However, in this 
type 2 diabetes mellitus model, an increase of GLUT‑4 was not 
observed. Another study using a myocardial infarction‑induced 
heart failure model showed that GLP‑1 and exenatides analogue 
AC3174 exerted a cardioprotective function; however, this 
was not associated with the translocation of GLUT‑1 or 
GLUT‑4  (40). Furthermore, Zhao  et  al  (27) reported that 
GLP‑1 increased GLUT‑1 and GLUT‑4 translocation following 
ischemic treatment, while Bhashyam et al (34) found that only 
GLUT‑1 translocation was involved in a dog model of dilated 
cardiomyopathy, which was consistent with the results of the 
present study. Based on all of these findings, it remains difficult 
to draw a solid conclusion with regard to the role of GLUTs 
in the action of GLP‑1 and its analogues. However, it can be 
concluded that the modification of GLUTs by GLP‑1 or its 
analogues is different to that by insulin. 

In conclusion, the present study demonstrated for the 
first time, to the best of our knowledge, that GLP‑1 analogue 
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exendin‑4 improved the energy metabolism of cardio-
myocytes by activating the p38MAPK signaling pathway 
in H9c2  cells subjected to H/R treatment. Importantly, 
p38MAPKγ, one subunit of p38MAPK, was indicated to have 
an important role in this process. Of course, further studies 
in vivo are required to fully evaluate the cardioprotective 
effects of exendin‑4 and to determine the exact underlying 
molecular mechanism. 
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