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Abstract
Glucagon-like peptide-1 (GLP-1) analogues might exert the cardioprotective effects via attenuating apoptosis. This study aimed to

determine the protective effects and mechanism of exenatide, a GLP-1 analogue, on cardiomyocyte apoptosis using an in vitro

model of hypoxia/reoxygenation (H/R). H9c2 cells were employed to establish an in vitro model of H/R. 200 nM exenatide pre-

treatment significantly reduced apoptosis measured by flow cytometry. To further study the antiapoptotic mechanism of exena-

tide, we used flow cytometry in combination with laser confocal microscopy to determine the interaction between exenatide and

the process of mitochondria-mediated apoptosis. We found that exenatide pretreatment reduced the intracellular reactive oxygen

species (ROS) levels and decreased the mitochondrial calcium overload caused by H/R. Furthermore, an increase of total super-

oxide dismutase (T-SOD) levels, a decrease of malondialdehyde (MDA) levels, a preservation of mitochondrial membrane potential

(��m), a reduction of cytochrome-c release, a decline of cleaved caspase-3 expression, and caspase-3 activation were observed

in exenatide-pretreated cultures. These results suggest that exenatide exerts a protective effect on preventing against H/R-

induced apoptosis. Importantly, the protective effects of exenatide may be attributed to its role in improving mitochondrial function

in H9c2 cells subjected to H/R.
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Introduction

Cardiomyocyte loss due to ischemia/reperfusion (I/R)
injury is the major cause of cardiac dysfunction, left ven-
tricular remolding, and heart failure.1–3 Cell apoptosis
induced by I/R is a main type of cardiomyocyte loss, caus-
ing a gradual decline of the left ventricular function.4–6

Many studies have showed that blocking the apoptosis pro-
cess induced by I/R could reduce cardiomyocyte loss, min-
imize myocardial injury, and improve ventricular
performance.7 Therefore, the exploration of efficient thera-
peutic agents inhibiting cardiomyocyte apoptosis in I/R has
become a field of interests.8

The process of cardiomyocyte apoptosis can be regulated
by two main pathways, the extrinsic pathway involving the
death receptors9,10 and the intrinsic pathway depending on
mitochondria9,11,12 and endoplasmic reticulum stress.13–15

The latter pathway integrates a number of proapoptotic sig-
nals in the cardiomyocyte.9 During reperfusion, the
regained oxygen causes a burst of mitochondrial oxidative
stress, including a sharply increase of reactive oxygen

species (ROS) and reactive nitrogen species (RNS) produc-
tion.16,17 The oxidative stress results in a decrease of mito-
chondrial membrane potential (��m),18,19 an increase of
the mitochondrial calcium overload,19,20 an induction of
the mitochondrial permeability transition pore (mPTP)
opening21,22 and the release of proapoptotic proteins,23

and subsequently leads to apoptosis.9 Therefore, protection
of mitochondrial function is a promising therapeutic strat-
egy for inhibiting the cardiomyocyte apoptosis in I/R injury.

Exenatide, a glucagon-like peptide-1 (GLP-1) analogue,
is a novel drug for the treatment of type 2 diabetes melli-
tus.24 The cardioprotective properties of exenatide, espe-
cially in I/R injury, have recently been demonstrated in
both animal models and in clinical studies.25,26 Several stu-
dies have demonstrated an antiapoptotic effect of GLP-1 on
cardiomyocytes.27–30 However, little is known about the role
of exenatide in antiapoptotic effect and the underlying
mechanisms in I/R injury. In this study, we used hyp-
oxia/reoxygenation (H/R)-induced apoptosis in H9c2
cells, an established in vitro model which resembles I/R
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in vivo, in order to investigate whether exenatide protected
H9c2 cells from H/R-induced apoptosis by improving
mitochondrial function.

Materials and methods
Cell culture and hypoxia/reoxygenation treatment

H9c2 cells (Chinese Academy of Medical Sciences,
Shanghai, China) were maintained in Dulbecco’s
Modified Eagle Media: Nutrient Mixture F-12 (DMEM/
F12, Thermo Fisher Biochemical Products, Beijing, China)
supplemented with 10% fetal bovine serum (FBS,
Invitrogen Life Technologies, Carlsbad, CA, USA) and
100mg/mL penicillin/streptomycin (Beyotime Institute of
Biotechnology, Haimen, China). Hypoxia/reoxygenation
(H/R) model was established according to the methods
described in previous studies with some modifications.31

Briefly, when cells were cultured to 70–80% confluence in
appropriate culture dishes, they were subjected to hypoxia
using DMEM/F12 without FBS and glucose in a hypoxia
chamber (Thermo Forma, USA), saturated with a gas mix-
ture (95% N2 and 5% CO2) at 37�C. After hypoxia treatment,
cells were cultured in the medium with 10% FBS DMEM/
F12 in the normal incubating condition. We divided them
into four groups: (1) Control group, cells were cultured in
the normal incubating condition. (2) Exenatide group, cells
were cultured with exenatide (Baxter Pharmaceutical
Solutions LLC, Deerfield, IL, USA) in the normal incubating
condition. (3) H/R group, cells were subjected to H/R with-
out pretreatment with exenatide. (4) H/Rþ exenatide
group, cells were pretreated with exenatide for 30 min
before subjected to H/R. For flow cytometric analysis,
cells were seeded in six-well plates, and for confocal cellular
images, cells were seeded onto glass coverslips.

Viability assay

Cell viability was assessed with the cell counting kit-8
(CCK-8, Beyotime Institute of Biotechnology, Haimen,
China) as described previously with some modifications.32

Approximately 1�104 H9c2 cells were seeded in 96-well
plates for 72 h. Then, cells were pretreated with or without
exenatide (0, 50, 100, 200, 400, and 600 nM, respectively) for
30 min before subjected to H/R treatment (4/2, 6/3, 12/4,
14/5, 16/6, 22/10 h). Cells were provided with fresh media
and 10 mL of CCK-8 solution was added into every well.
Plates were then incubated in the normal incubating condi-
tion for 2 h. The optical density values at 470 nm were mea-
sured using a microplate reader (Multiskan MK33,
Thermolab systems, Helsinki, Finland). Each experiment
was repeated for at least three times.

Flow cytometry

Cell apoptosis was detected using flow cytometry.33 H9c2
cells (2� 104) were seeded in six-well plates for 72 h. After
treatment, cells from four groups were collected, washed
twice with cold PBS by centrifugation at 400 g for 5 min,
and re-suspended at a density of 1�106/mL. Cells
(500 mL) were mixed with 5mL Annexin V-fluorescein iso-
thiocyanate and 10 mL propidium iodide (PI, 20 mg/mL) and

incubated for 20 min in the dark at room temperature and
acquired immediately on flow cytometer. Flow cytometric
analysis (Ex. 488 nm/Em. 530 nm) was performed with
FACSCalibur cell sorter (BD FACSvantage SE, Beckman
Coulter, Brea, CA, USA). The data of fluorescence intensity
were analyzed using the cellquestTM software. Each experi-
ment was repeated for at least six times.

In order to quantitative analyze the production of oxida-
tive stress, mitochondrial calcium ([Ca2þ]m) and ��m, we
measured the ROS and RNS generation, [Ca2þ]m, ��m
using flow cytometry as described previously with some
modifications.33–35 Cells were loaded, respectively, with
20,70-dichlorofluorescin diacetate (DCFH-DA, 10 mM,
60 min, Beyotime Institute of Biotechnology, China), dihy-
droethidium (DHE, 5mM, 30 min, Beyotime Institute of
Biotechnology, Haimen, China), Rhod-2 AM (2 mM,
30 min, Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA), and 5,50,6,60-Tetrachloro-1,10,3,30-tetraethyl-imidacar-
bocyanine iodide (JC-1, 10 mg/mL, 20 min, Beyotime
Institute of Biotechnology, Haimen, China) at 37�C. The
fluorescence intensity was measured using flow cytometry
and analyzed using the cellquestTM software. The experi-
ment was repeated at least for three times.

Confocal laser scanning microscope

In order to analyze the production of oxidative stress, we
measured the ROS and RNS generation using confocal laser
scanning microscope (Leica TCS SP2, Leica Inc.,
Germany).33 Cells were loaded with DCFH-DA (10 mM)
for 60 min at 37�C and DHE (5 mM) for 30 min at 37�C.
DCFH-DA was excited at 488 nm and emitted at 525 nm.
DHE was excited at 543 nm and emitted at 560 nm.

The [Ca2þ]m was measured by a mitochondria-permeate
calcium fluorophore, Rhod-2 AM (2 mM) for 30 min at 37�C.
Rhod-2 AM was excited at 543 nm and emitted at 560 nm.

The fluorescent, lipophilic and cationic probe, JC-1 was
employed to measure ��m as described previously.35 Cells
were loaded with JC-1(10mg/mL) for 20 min at 37�C.
Images of the intensities of green (JC-1 monomer) and red
(JC-1 aggregate) fluorescence were monitored by emission
wavelength at 530 nm and 590 nm. The red fluorescence
stands for polarized mitochondria and the green fluores-
cence stands for depolarized mitochondria in confocal ima-
ging. The confocal images were captured using confocal
laser scanning microscope. Each experiment was repeated
at least for three times.

Colorimetry

The intracellular total superoxide dismutase (T-SOD) and
malondialdehyde (MDA) levels were measured, respect-
ively, using T-SOD assay kit (Jiancheng Bioengineering
Institute, Nanjing, China) with 2-(4-Iodophenyl)-3-(4-nitro-
phenyl)-5 -(2,4-disulfophenyl)-2H-tetrazolium, monoso-
dium salt (2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium saltWST-1),
and lipid peroxidation MDA assay kit (Jiancheng
Bioengineering Institute, Nanjing, China) with thiobarbitu-
ric acid (TBA) according to the manufacturer’s instructions.
In brief, cells were seeded in 10 cm culture dish for 72 h.
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After indicated treatment, cells were collected and lysed by
cell lysis buffer and centrifuged at 1600 g for 10 min at 4�C.
The supernatants were collected and reacted, respectively,
with WST-1 and TBA. Then, the reaction products were
measured, respectively, at 450 nm and 532 nm using a spec-
trophotometer (721D, Pudong Shanghai Physical Optics
Instrument Factory, Shanghai, China). The concentrations
of T-SOD were expressed as U/mg protein. The concentra-
tions of MDA were expressed as nmol/mg protein. The
experiment was repeated at least for three times.

Western blot assay

The cell mitochondria isolation kit (Beyotime Institute of
Biotechnology, Haimen, China) was used to fractionate
the Cell Mitochondria Isolation Kitcytosol proteins and
mitochondria according to the manufacturer’s instructions.
In brief, cells were seeded in 10 cm culture dish for 72 h.
After indicated treatment, cells were collected and homo-
genated with mitochondria isolation buffer and centrifuged
at 600 g for 10 min at 4�C. The supernatants were collected
and centrifuged at 12,000 g for 10 min at 4�C. The super-
natants were collected as the cytosol fraction. The protein
concentration of cytosol fraction was measured using
enhanced BCA protein assay kit (Beyotime Institute of
Biotechnology, Haimen, China). Proteins were separated
by SDS-PAGE and transferred to membranes. Membranes
were blocked in 5% nonfat milk and incubated with pri-
mary antibody to cytochrome-c (1:1000, Cell Signaling
Technology Inc., Danvers, MA, USA), cleaved caspase-3
(1:1000, Cell Signaling Technology Inc., Danvers, MA,
USA), and GAPDH (1:1000, Beyotime Institute of
Biotechnology, Haimen, China). Membranes were incu-
bated with secondary antibody. Signals were detected
with the ECL system (Beyotime Institute of Biotechnology,
Haimen, China). Blots were scanned using Bio-Rad gel ima-
ging system (Bio-Rad, Hercules, CA, USA), and bands were
quantified with Quantity One software.

Detection of caspase-3 activity

The caspase-3 activity was measured using caspase-3 activ-
ity assay kit (Beyotime Institute of Biotechnology, Haimen,
China) according to the manufacturer’s instructions. Cells
were seeded in 10 cm culture dish for 72 h. After indicated
treatment, cells were collected and lysed by cell lysis buffer
and centrifuged at 1600 g for 20 min at 4�C. The super-
natants were collected and reacted, respectively, with
acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNAAc-
DEVD-pNA). Then, the reaction products were measured,
respectively, at 405 nm using a spectrophotometer (721D,
Pudong Shanghai Physical Optics Instrument Factory,
Shanghai, China). The experiment was repeated at least
for three times. Data were expressed as fold-change in
enzyme activity relative to the control group.

Statistical analysis

The SPSS 17.0 software was used for statistical analysis.
Data were presented as mean� standard deviation (SD).
Grouped data were analyzed using a one-way analysis of
variance (ANOVA) followed by the Student–Newman–
Keuls test. When the equal variance test failed, a Mann–
Whitney Rank Sum test was used. A P value of less than
0.05 was considered statistically significant.

Results
Exenatide increases the viability of H9c2 cells
subjected to H/R

To determine the most reasonable H/R time, cell viability
test was performed. After various time of H/R (4/2, 6/3,
12/4, 14/5, 16/6, 22/10 h), H9c2 cell viability was assessed
with CCK-8 kit. We found that cell viability was decreased
in all the treated groups compared to those in control group
(Figure 1(a)). Cell viability after 4/2 h, 6/3 h H/R reduced
to 96.58%, 92.24% compared with that in control group
(P< 0.05), while 12/4, 14/5, 16/6, and 22/10 h H/R
reduced cell viability to 70.68%, 60.54%, 53.20%, and

Figure 1 Effects of H/R on the cell viability in H9c2 cells and the protection effects of exenatide in H/R-injury. (a) H9c2 cells were exposed to hypoxia/reoxygenation

condition for different time (4/2, 6/3, 12/4, 14/5, 16/6, 22/10 h). (b) H9c2 cells were pretreated with exenatide (0, 50, 100, 200,400, and 600 nM, respectively) for 30 min

underwent 12 h hypoxia and then 4 h reoxygenation. After treatment, cell viability was assessed using CCK-8 kit. Data are expressed as percentage of control and

represented as mean�SD, n¼ 6.

*, P< 0.05; **, P<0.01 vs. control group. #, P<0.05 vs. the 0 group.
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35.56% of the control, respectively (P< 0.01). We selected
12/4 h H/R to investigate the potential effects of exenatide
on cardiomyocyte protection because it is the earliest time
point when cell viability showed significant difference
(P< 0.01).

To examine the possible effects of exenatide on H/R
injury, H9c2 cells were pretreated with exenatide (0, 50,
100, 200, 400, and 600 nm, respectively) for 30 min before
subjected to H/R treatment. We demonstrated that pretreat-
ment with 100, 200, and 400 nM exenatide could statistically
attenuate the loss of cell viability caused by H/R injury
(P< 0.05) (Figure 1(b)). This result strongly suggested that
exenatide did have cardiomyocyte protection ability against
the H/R injury in H9c2 cell line. Exenatide, at a concentra-
tion of 200 nM, achieved the best efficiency to protect cell
viability. Thus, we chose the concentration of 200 nM to
treat with cell line in the following experiment.

Exenatide inhibits the H/R-induced apoptosis of
H9c2 cells

We investigated the effect of exenatide on the H/R-induced
apoptosis in cultured H9c2 cell using flow cytometry. The
results of flow cytometry suggested that the apoptotic cells
in H/R treatment group were higher than those in control
group (P< 0.05, Figure 2). Pretreatment with 200 nM exena-
tide decreased the amount of apoptotic cells in comparison
to the H/R group (P< 0.05), suggesting that exenatide
could inhibit the H/R-induced apoptosis of H9c2 cells.

Exenatide reduces the H/R-induced oxidative stress
in H9c2 cells

It is known that increased oxidative stress can positively
regulate apoptosis, thus we examined the effect of exena-
tide on the H/R-induced oxidative stress in H9c2 cells. The
production of ROS and RNS was measured using flow

cytometry and confocal laser scanning microscope
(Figure 3). In the H/R group, the production of ROS
(green) and RNS (red) in the mitochondria was significantly
increased, and exenatide pretreatment suppress their pro-
duction (Figure 3(a) and (c)). Quantitative data from flow
cytometry agreed with qualitative findings from confocal
imaging (Figure 3(b) and (d)). We found that the production
of ROS and RNS was significantly elevated in the H/R
group compared with those of the control group
(P< 0.05). However, pretreatment with 200 nM exenatide
significantly decreased the H/R-induced ROS and RNS
generation (P< 0.05).

To determine the antioxidative effects of exenatide on
H/R injury, we further measured the intracellular levels
of T-SOD (a key antioxidant enzyme) and MDA (one prod-
uct of oxidative stress) in all groups (Figure 4(a) and (b)).
MDA level was significantly increased in H/R group com-
pared with control group, while T-SOD level was decreased
(P< 0.05). When compared with H/R group, pretreatment
with exenatide 200 nM decreased significantly MDA level
and increased T-SOD level (P< 0.05), suggesting the anti-
oxidative effects of exenatide.

Exenatide reduces the H/R-induced mitochondrial
calcium overload in H9c2 cells

Due to the known effect of oxidative stress on Ca2þ, we
tested the mitochondrial Ca2þ ([Ca2þ]m) using flow cytome-
try and confocal laser scanning microscope (Figure 5).
Unsurprisingly, H/R treatment enhanced the [Ca2þ]m in
the mitochondria compared with that of in control group,
while pretreatment with 200 nM exenatide showed oppos-
ite effect (Figure 5(a)). Meanwhile, quantitative analysis of
flow cytometry was in consistent with previous results
(P< 0.05) (Figure 5(b)).

Figure 2 Effects of exenatide on H/R-induced apoptosis in H9c2 cells detected by flow cytometry. H9c2 cells were pretreated with 200 nM exenatide for 30 min prior

to H/R treatment. (a) Representative images of flow cytometry. (b) Quantitative analyses of apoptosis ratio by the cellquestTM software. Values are mean�SD, n¼3.

*, P<0.05 vs. control group. #, P< 0.05 vs. H/R group
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Exenatide inhibits the mitochondrial apoptotic pathway

Opening of mPTP can lead to the release of proapoptotic
molecules, which initiate apoptosis via caspas-3 dependent
pathway. We observed the cytochrome-c release and

cleaved caspase-3 expression in H9c2 cells using Western
blot. The cytochrome-c release and cleaved caspase-3
expression were significantly enhanced in H/R group com-
pared with those in the control group (P< 0.05, Figure 6(a)

Figure 3 Effects of exenatide on ROS and RNS generation in H9c2 cells. Pretreated with 200 nM exenatide for 30 min, cells were subjected to H/R. The treated cells

were detected by confocal microscopy and flow cytometry. (a) ROS generation was estimated using the probe DCFH-DA (green fluorescence) by confocal microscopy.

Scale bar: 5mm. Images presented are representative of three independent experiments. (b) Quantitative analyses of DCFH-DA fluorescence intensity using flow

cytometry. Values are mean�SD, n¼ 3. *, P<0.05 vs. control group. #, P<0.05 vs. H/R group. (c) RNS generation was estimated using the probe DHE (red

fluorescence) by confocal microscopy. Scale bar: 5mm. Images presented are representative of three independent experiments. (d) Quantitative analyses of DHE

fluorescence intensity using flow cytometry. Values are mean�SD, n¼ 3. *, P<0.05 vs. control group. #, P<0.05 vs. H/R group. (A color version of this figure is

available in the online journal.)

Figure 4 Effects of exenatide on T-SOD and MDA levels in H9c2 cells. (a) Cellular T-SOD levels were measured using the WST method, and the concentrations of T-

SOD were expressed as U/mg protein. (b) Cellular MDA levels were measured using the TBA method, and the concentrations of MDA were expressed as nmol/mg

protein. Values are mean�SD, n¼6. *, P<0.05 vs. control group. #, P< 0.05 vs. H/R group
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and (b)), while both were markedly reduced by 200 nM
exenatide pretreatment (P< 0.05).

We further investigated the effect of exenatide on the
caspase-3 activation using the caspase-3 activity assay kit
(Figure 6(c)). We found that the caspase-3 activity in H/R
group was higher than that of the control group (P< 0.05),
and exenatide pretreatment significantly reduced the cas-
pase-3 activity compared with that of H/R group (P< 0.05).
Our results suggested that exenatide can repress the
activation of caspase-3 expression and its activity induced
by H/R.

Exenatide prevents the H/R-induced the depolarization
of mitochondrial potential in H9c2 cells

To further investigate the effects of exenatide on the mito-
chondrial function, the ��m was determined using JC-1
probe by flow cytometry and confocal laser scanning

microscope (Figure 7). The JC-1 probe was detected in
both polarized (red) and depolarized (green) mitochondria
in confocal imaging (Figure 7(a)). Cells subjected to H/R
showed a decrease in polarized mitochondria and an
increase in depolarized mitochondria, and exenatide pre-
treatment reversed the changes in fluorescence signal. The
fluorescence ratio of red to green ��m was quantitated by
flow cytometry (Figure 7(b)), thus a low ratio suggested
mitochondrial depolarization. ��m was lower in H/R
group than in control group (P< 0.05), and exenatide pre-
treatment significantly increased the ratio compared with
that of H/R group (P< 0.05). These findings suggested that
exenatide prevented the �� depolarization in H/R.

Discussion

In this study, we investigated the effects of exenatide on
cardiomyocyte apoptosis and mitochondrial dysfunction

Figure 5 Effects of exenatide on mitochondrial calcium in H9c2 cells. Pretreated with 200 nM exenatide for 30 min, cells were subjected to H/R. The treated cells

were detected by confocal microscopy and flow cytometry. (a) Mitochondrial calcium was estimated using the probe Rhod-2 AM (red fluorescence) by confocal

microscopy. Scale bar: 37.5 mm. Images presented are representative of three independent experiments. (b) Quantitative analyses of Rhod-2 AM fluorescence intensity

using flow cytometry. Values are mean�SD, n¼3. *, P<0.05 vs. control group. #, P< 0.05 vs. H/R group. (A color version of this figure is available in the online journal.)

Figure 6 Effects of exenatide on cytochrome-c release, cleaved caspase-3 expression, and caspase-3 activity in H9c2 cells. (a) The cytochrome-c release was

measured by Western blot, and data were expressed as ratio of cytochrome-c to GAPDH. (b) The cleaved caspase-3 expression was measured by Western blot, and

data were expressed as ratio of cleaved caspase-3 to GAPDH. (c) The caspase-3 activity was measured using the caspase-3 activity assay kit, and data were

expressed as fold-change from the control group. Values are mean�SD, n¼6. *, P< 0.05 vs. control group. #, P<0.05 vs. H/R group
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in H9c2 cells subjected to H/R injury. We found that pre-
treatment of exenatide provided H9c2 cells a strong protec-
tion from H/R-induced apoptosis by improving the
mitochondrial function through reducing mitochondrial
oxidative stress, attenuating mitochondrial Ca2þ accumula-
tion, preserving ��m, and so on. This study firstly assesses
and demonstrates a relation between the antiapoptotic
actions of exenatide and mitochondrial function in H9c2
cells in response to the H/R injury.

I/R-induced cardiomyocyte apoptosis has been con-
firmed as a causative factor in the development of car-
diac dysfunction, and mitochondrial dysfunction has
been shown to participate in the induction of apop-
tosis.7,9 This study showed that apoptosis is important
in H/R injury, and H/R-induced apoptosis is closely
associated with mitochondrial dysfunction. Importantly,
the pretreatment of exenatide significantly inhibits the
H/R-induced apoptosis in H9c2 cells. The antiapoptotic
effects of GLP-1 on the cardiomyocytes via extrinsic path-
way have been examined in previous studies,27–30 while
our study focused on the mitochondria-dependent
pathway.

Mitochondria not only provide energy for cardio-
myocytes but also play vital role in cardiomyocyte
apoptotic signaling pathway.12 Mitochondria dysfunction
is a predominant cause of H/R-induced cardiomyocyte
apoptosis.11,35 This study showed the protective role of
exenatide in mitochondria via reducing mitochondrial
oxidative stress, attenuating mitochondrial Ca2þ accu-
mulation, and preserving ��m under the H/R
condition.

Mitochondria are the major sources of oxidative stress
and play a crucial role in oxidative injury during H/R.36

Mitochondrial malfunction can induce the production of
oxidative stress and reduce the adenosine triphosphate
synthesis. ROS and RNS are products of mitochondrial
oxidative stress. Generation of ROS is an important step
in the mitochondria-dependent apoptosis pathway
induced by H/R.37,38 Consistent with previous studies,
the levels of ROS and RNS increased in the H/R treat-
ment H9c2 cells.31,35 Our results further demonstrated
that H/R-induced ROS and RNS generations were effi-
ciently attenuated by exenatide. In addition, we further
measured the intracellular levels of T-SOD (a key antioxi-
dant enzyme) and MDA (one product of oxidative stress)
in all groups to determine the antioxidative action of exe-
natide on H/R injury. We found that T-SOD levels
decreased and MDA levels increased in H/R-treated
H9c2 cells, while exenatide treatment increased T-SOD
levels and decreased MDA levels under the H/R condi-
tion. The mitochondrial respiratory chain at complexes I
and III have long been considered as the center site of
ROS production.39 Moreover, the endogenous free scaven-
gers such as SOD could suppress ROS levels.40 On the
basis of others and our data,39,40 we hypothesize that anti-
oxidative effects of exenatide should be accounted for its
ability to protect respiratory chain or improvement of the
endogenous antioxidant reserve.

Previous studies have reported that the mitochondrial
ROS production might be associated with the disruption
of mitochondrial Ca2þ homeostasis.16,20,41 In this study,
we demonstrated that not only ROS production but also

Figure 7 Effects of exenatide on mitochondrial membrane potential in H9c2 cells.

Pretreated with exenatide (200 nM) for 30 min, cells were subjected to H/R. The treated cells were detected by confocal microscopy and flow cytometry. (a) The probe

JC-1 was employed to measure ��m by confocal microscopy. Red fluorescence is from JC-1 aggregate in mitochondria with polarized inner mitochondrial mem-

branes, while green fluorescence is from JC-1 monomer and indicates ��m depolarization. Images presented are representative of three independent experiments.

Scale bar: 10 mm. (b) The fluorescence ratio of red to green was quantitated by flow cytometry. Values are mean�SD, n¼ 3. *, P<0.05 vs. control group. #, P<0.05 vs.

H/R group. (A color version of this figure is available in the online journal.)
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the influx of Ca2þ into mitochondria during H/R was sig-
nificantly induced. Importantly, we observed a significant
decrease of mitochondrial Ca2þ accumulation in exenatide
treated cells. Therefore, we suspected that exenatide might
reduce the H/R-induced ROS production by inhibiting the
mitochondrial Ca2þ overload.

mPTP is a nonspecific pore in the inner mitochondrial
membrane, which is permeable to small molecules.
Opening of mPTP is a key mechanism of mitochondrial
injury under I/R conditions.16,42 ROS generation and mito-
chondrial Ca2þaccumulation are key inducers of mPTP
opening. Moreover, the opening of mPTP can lead to the
collapse of ��m and the release of proapoptotic molecules
including cytochrome-c and apoptotic peptidase activating
factor-1(Apaf-1).43 After exenatide treatment, H/R-induced
��m depolarization was significantly alleviated, and the
release of cytochrome-c from mitochondrial matrix into
cytosol was effectively inhibited. After the cytochrome-c
releases into the cytosol, apotosomes are formed and sub-
sequently activate the procaspase-9, which in turn amplifies
the downstream caspases such as caspase-3 to initiate apop-
tosis.44 Here, we demonstrated that exenatide pretreatment
suppressed the caspase-3 expression and activity in H/R-
treated H9c2 cells. Recent studies have revealed that GLP-1
receptor agonist Exendin-4 participates in the intrinsic
apoptosis process by inhibiting the mitochondrial path-
way.45 Although the underlying mechanisms required fur-
ther work, our data clearly showed that exenatide preserves
the mitochondrial function and inhibits the mitochondria-
dependent pathway.

In conclusion, we document protective effects of exena-
tide against H/R-induced apoptosis in H9c2 cells via
improving mitochondrial function. Interactions between
exenatide and mitochondria provided a new strategy to
prevent the H/R-induced apoptosis by attenuating the
intrinsic apoptotic pathway. Of course, more intensive stu-
dies in vivo are required to evaluate the cardioprotective
effects of exenatide, and the exact molecular mechanism
will be clarified.
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