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Abstract. Cardiomyocyte apoptosis is a major event in the 
pathogenesis of diabetic cardiomyopathy. Currently, no single 
effective treatment for diabetic cardiomyopathy exists. The 
present study investigated whether advanced oxidative protein 
products (AOPPs) have a detrimental role in the survival of 
cardiomyocytes and if glucagon‑like peptide‑1 (GLP‑1) exerts a 
cardioprotective effect under these circumstances. The present 
study also aimed to determine the underlying mechanisms. 
H9c2 cells were exposed to increasing concentrations of AOPPs 
in the presence or absence of GLP‑1, and the viability and apop-
totic rate were detected using a cell counting kit‑8 assay and 
flow cytometry, respectively. In addition, a phosphatidylino-
sitol‑4,5‑bisphosphate 3‑kinase (PI3K) inhibitor, LY294002, 
was employed to illustrate the mechanism of the antiapoptotic 
effect of GLP‑1. The expression levels of the apoptotic‑associ-
ated proteins, Akt, B‑cell lymphoma (Bcl)‑2, Bcl‑2‑associated 
death promoter (Bad), Bcl‑2‑associated X protein (Bax) and 
caspase‑3 were measured by western blotting. It was revealed 
that GLP‑1 significantly attenuated AOPP‑induced cell toxicity 
and apoptosis. AOPPs inactivated the phosphorylation of Akt, 
reduced the phosphorylation of Bad, decreased the expression 
of Bcl‑2, increased the expression of Bax and the activation 
of caspase‑3 in H9c2 cells. GLP‑1 reversed the above changes 
induced by AOPPs and the protective effects of GLP‑1 were 
abolished by the PI3K inhibitor, LY294002. In conclusion, the 

present data suggested that GLP‑1 protected cardiomyocytes 
against AOPP‑induced apoptosis, predominantly via the 
PI3K/Akt/Bad pathway. These results provided a conceivable 
mechanism for the development of diabetic cardiomyopathy 
and rendered a novel application of GLP‑1 exerting favorable 
cardiac effects for the treatment of diabetic cardiomyopathy.

Introduction

The incidence and prevalence of diabetes mellitus (DM) are 
increasing globally (1). Cardiovascular complications are the 
leading causes of morbidity and mortality in patients with 
diabetes. Among them, diabetic cardiomyopathy (DCM) is 
defined as a distinct primary disease process, independent 
of coronary artery disease, hypertension or any other cardio-
vascular diseases, which leads to ventricular dysfunction and 
heart failure (2). However, the pathogenesis of DCM remains 
to be elucidated. To date, certain cellular and molecular 
defects are believed to be responsible for the pathogenesis of 
DCM, including glucotoxicity, altered lipid metabolism, lipo-
toxicity, oxidative stress, abnormal calcium handling, protein 
kinase C signaling, apoptosis/inflammation/fibrosis and mito-
chondrial dysfunction (3). In particular, growing evidence has 
demonstrated that apoptosis of cardiomyocytes is vital in the 
development of DCM (4,5). Therefore, inhibition of cardiac 
apoptosis is of great importance in the prevention and treat-
ment of DCM (6).

Advanced oxidative protein products (AOPPs) are the dity-
rosine‑containing and cross‑linking protein products, which 
are formed during oxidative stress by the reaction between 
proteins and chlorinated oxidants (7). AOPPs were initially 
discovered in the plasma of patients with uremia and under-
going dialysis, and are considered as a novel marker of oxidative 
stress. Increased levels of plasma AOPPs were demonstrated 
in patients with DM, coronary artery disease and metabolic 
syndrome (8‑10). In addition, AOPPs were significantly higher 
in the diabetic group with vascular complications compared 
with the group without complications (11). In vitro, incuba-
tion of AOPPs with human umbilical vein endothelial cells 
induced superoxide generation, activated NAD(P)H oxidase, 
extracellular‑signal regulated kinase (ERK)1/2 and p38, and 
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promoted nuclear translocation of NF‑κB, by bonding to the 
receptor for advanced glycation end products (RAGEs) (12). 
In experimental models, accumulation of AOPPs activated the 
p53/Bax/caspase‑dependent proapoptotic pathway via RAGE 
and resulted in podocyte apoptosis (13). However, the exact 
role of AOPPs in the myocardial cells of DCM remains to be 
elucidated.

Glucagon‑like peptide‑1  (GLP‑1) is a multifunctional 
hormone secreted from intestinal endocrine L cells and is 
widely used for the treatment of diabetes. As well as its effects 
on glucose control, GLP‑1 reduces gastric emptying, inhibits 
appetite and exhibits a protective effect on cardiovascular 
diseases (14,15). The GLP‑1 receptor (GLP‑1R) was identified 
in the heart and vascular tissue, in addition to pancreatic α and 
β cells (16,17). A previous study demonstrated that the GLP‑1R 
agonist, liraglutide, inhibits endothelial cell dysfunction and 
alleviates atherosclerotic injury (14). In rats with chronic heart 
failure, subcutaneous infusion with GLP‑1 and its analogue, 
exenatide, improves cardiac function, cardiac remodeling and 
survival (18). Furthermore, GLP‑1 directly protects cardio-
myocytes from hypoxia/reoxygenation injury, predominantly 
by inhibiting their apoptosis (19) and protects vascular endo-
thelial cells against AGE‑induced apoptosis (20). However, 
whether GLP‑1  has a protective effect on AOPP‑treated 
cardiomyocytes remains to be elucidated.

Therefore, the present study aimed to investigate whether 
AOPPs have a detrimental role in the survival of cardio-
myocytes and if GLP‑1 exerts cardioprotective effects under 
certain circumstances. The present study focussed on the 
effect of GLP‑1 on the apoptosis of H9c2 myocardial cells 
induced by AOPPs and its underlying mechanism. It was 
demonstrated that GLP‑1 alleviates AOPP‑induced apoptosis 
via the PI3K/Akt/Bad pathway in H9c2 cells. In conclusion, 
these data presented a theoretical foundation and novel insight 
into the pathogenic and therapeutic strategy of DCM.

Materials and methods

Materials. Dulbecco's modified Eagle's medium (high 
glucose) and phosphate‑buffered saline (PBS) were purchased 
from Hyclone (Logan, UT, USA). Fetal bovine serum (FBS), 
penicillin‑streptomycin solution and 0.25% Trypsin‑EDTA 
were purchased from (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA). Dimethyl sulfoxide, diethyl pyrocarbonate, rat 
serum albumin (RSA), bovine serum albumin (BSA), para-
formaldehyde, Triton X‑100, 4',6‑diamidino‑2‑phenylindole 
(DAPI), GLP‑1 (7‑36 amide) and the amebocyte lysate assay 
kit were all purchased from Sigma‑Aldrich (St Louis, MO, 
USA). The following antibodies were purchased from Cell 
Signaling Technologies (Boston, MA, USA): Rabbit mono-
clonal phosphorylated (p)‑Akt (Ser473; cat. no. CST4060P), 
rabbit monoclonal anti‑Akt (cat.  no.  CST4695), rabbit 
anti‑B‑cell lymphoma (Bcl)‑2  (cat.  no.  CST2876) rabbit 
monoclonal p‑Bcl‑2‑associated death promoter (Bad; Ser136; 
cat. no. CST4366P), rabbit anti‑Bcl‑2 associated X protein 
(Bax; cat. no. CST2772) and rabbit anti‑caspase‑3 (cat. no
. CST9662). Mouse anti‑RAGE antibody (cat. no. SC33662) 
was provided by Santa Cruz Biotechnology, Inc. (Heidelberg, 
Germany). Rabbit anti‑GLP1R antibody (cat. no. ab39072) 
was purchased from Abcam (Cambridge, MA, USA). A 

Cell Counting kit (CCK)‑8  was purchased from Dojindo 
Laboratories (Kumamoto, Japan). LY294002  and a 
Hoechst 33258 Staining kit were purchased from Beyotime 
Institute of Biotechnology (Haimen, China). RNAiso plus, 
SYBR Premix EX Taq II kit and PrimeScriptTM RT reagent kit 
were purchased from Takara Biotechnology Co., Ltd. (Dalian, 
China). Hypochlorous acid (HOCl) was purchased from Fluke 
(Buchs, Swizerland). An annexin V‑fluorescein isothiocyanate 
(FITC) apoptosis detection kit was purchased from eBiosci-
ence (San Diego, CA, USA). A bicinchoninic assay protein 
assay kit was purchased from Keygen Biotech Co., Ltd. 
(Nanjing, China). Rabbit anti‑GAPDH antibody, anti‑rabbit 
or anti‑mouse horseradish peroxidase‑conjugated secondary 
immunoglobulin (Ig)G were obtained from Wuhan Boster 
Biological Technology, Ltd. (Wuhan, China). FITC‑labeled 
anti‑mouse IgG and anti‑rabbit IgG were purchased from 
EarthOx, LLC (San Francisco, CA, USA).

Cell culture. The H9c2 (2‑1) cells (21) were a generous gift from 
the Department of Cardiology, Nanfang Hospital (Guangzhou, 
China). The H9c2 cells were cultured in Dulbecco's modi-
fied Eagle's medium (high glucose), containing 10% FBS 
and 1% penicillin‑streptomycin solution in a 5% carbon dioxide 
atmosphere at 37˚C. The cells were subcultured every 2‑3 days 
at a ratio of 1:2 or 1:3.

AOPPs preparation and determination. AOPPs‑RSA 
was prepared in  vitro, as previously described  (7,13). 
Briefly,  20  mg/ml  RSA solution was mixed and placed 
with 40 mmol/l HOCl in PBS for 30 min at 37˚C. The prepared 
samples were dialyzed against PBS for 24 h to remove free 
HOCl and passed through a Detoxi‑Gel column (Pierce, 
Rockford, IL, USA) to remove contaminated endotoxin. A total 
of 20 mg/ml RSA solution was mixed with isometric PBS as 
a comparison. The content of AOPPs in the AOPPs‑RSA and 
unmodified RSA were 70.7 and 0.11 nmol/mg protein, respec-
tively. Endotoxin levels in the AOPPs‑RSA and unmodified 
RSA were measured with the amebocyte lysate assay kit and 
were determined to be >0.25 EU/ml.

Cell viability. The H9c2 cells were seeded into 96‑well plates at 
a density of 2.5x103 and were treated with the indicated concen-
trations of AOPPs‑RSA and GLP‑1. Following incubation 
for 24 h, the medium was replaced with 10% CCK‑8 solution 
for 2 h at 37˚C. The absorbance was measured at 450 nm with 
a microplate reader (EXL808; BioTek, Winooski, VT, USA), 
according to the manufacturer's instructions.

Cell apoptosis. Each group of cells were detected by double 
staining with FITC‑conjugated annexin V and propidium 
iodide (PI). The collected cells were washed twice with 
PBS and stained with 5 µl annexin V‑FITC for 15 min in 
the dark in binding buffer (eBioscience, San Diego, CA, 
USA). Subsequently, 10 µl PI was added at room temperature 
for 5 mins. Cell apoptosis was determined using a FACSVerse 
flow cytometer (BD Biosciences, San Jose, CA, USA) using 
the FACSuite program (BD Biosciences).

Hoechst 33258 staining. Following treatment, the H9c2 cells were 
fixed overnight at 4˚C, and were subsequently permeabilized 
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and stained with 10 µg/ml Hoechst 33258 for 5 min at room 
temperature. The morphological changes were observed under 
a fluorescence microscope (Axio Scope A1; Carl Zeiss, Jena, 
Germany) at a wavelength of 350 nm.

Immunofluorescence assay. Following treatment, the cells 
were fixed in 4% paraformaldehyde for 15 min and permea-
bilized with Triton X‑100 for 15 min at room temperature. 
Following washing the cells twice with PBS, the cells were 
blocked in 1% BSA for 30 min at room temperature. The 
cells were subsequently incubated overnight at  4˚C with 
primary antibody (RAGE, 1:100; GLP‑1, 1:100) in 1% BSA. 
Following washing twice with PBS, the cells were incubated 
with FITC‑labeled anti‑mouse or anti‑rabbit IgG secondary 
antibodies (1:200) for 1 h at room temperature. Finally, the 
cells were stained with 100 ng/ml DAPI for 2 min at room 
temperature and immunofluorescent images were captured 
using a fluorescence microscope (Axio Scope A1; Carl Zeiss).

Western blot analysis. Following treatment, the cellular 
proteins were extracted using radioimmunoprecipitation lysis 
buffer (Sangon Biotech Co., Ltd,, Shanghai, China) for 30 min 
at 4˚C and centrifuged at 250 x g for 20 min at 4˚C. The protein 
concentration was measured using a bicinchoninic assay kit on 
a EXL808 microplate reader. The proteins (50 µg) were sepa-
rated on 12% SDS‑polyacrylamide gels (Whiga, Guangdong, 
China) and were transferred onto polyvinylidene fluoride 
membranes (Bio‑Rad Laboratories, Hercules, CA, USA). The 
membranes were blocked in 5% non‑fat milk in Tris‑buffered 
saline, containing 0.1% Tween‑20 (TBST), for 2 h at room 
temperature and were subsequently immunoblotted with 
primary antibodies for 2 h at room temperature. Antibodies 
against p‑Akt (1:2,000), Akt (1:1,000) p‑Bad (1:1,000), Bax 
(1:1,000), Bcl‑2 (1:1,000), caspase‑3 (1:1,000), RAGE (1:100) 
and GLP‑1R (1:1,000) were used. Following washing three 
times with TBST, the membranes were incubated with 
anti‑rabbit or anti‑mouse horseradish peroxidase‑conjugated 
secondary IgG (1:2,500) at room temperature for 1 h. The 
protein bands were visualized using an enhanced chemilumi-
nescence kit (EMD Millipore, Billerica, MA, USA).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). The total RNA was extracted using RNAiso Plus, 
according to the manufacturer's instructions. The purity of 
each RNA sample was measured using a Nanodrop 2000 spec-
trophotometer (Thermo Fisher Scientific, Inc.). To remove 
genomic DNA contamination, the RNA samples were treated 
with gDNA Eraser (Takara Biotechnology Co., Ltd.) at 42˚C 
for  2  min. The complementary DNA was synthesized in 
a 20 µl reaction system, using the PrimeScript RT reagent 
kit at 37˚C for 15 min and 85˚C for 5 sec. The primers used 
were as follows: Rat RAGE, forward: 5'‑GGG​ACA​GTG​TGG​
CTC​GAATC‑3' and reverse:  5'‑TCC​CAA​GCC​TGT​TAG​
TTG​CC‑3'; rat GLP‑1R, forward:  5'‑AAT​GCA​GAC​TCG​
CGA​AGTCC‑3' and reverse:  5'‑TGA​CGA​AGC​GTA​GGG​
TTCCT‑3'; GAPDH (internal control), forward: 5'‑AGGGCT
GCCTTCTCTTGTGA‑3' and reverse 5'‑AAC​TTG​CCG​TGG​
GTA​GAG​TCA‑3'. RT‑qPCR was performed using the SYBR 
Premix EX Taq II kit on an ABI 7300 system (ABI, Foster 
City, CA, USA). The cycling conditions were 93˚C for 15 min, 

followed by 40 cycles of 93˚C for 15 sec, 55˚C for 25 sec and 
72˚C for 25 min. The data were normalized against GAPDH 
and the negative control. Data analysis was performed using 
the 2‑ΔΔCq method.

Statistical analysis. All data are expressed as the 
mean ± standard deviation. Differences between groups were 
assessed by one‑way or Welch analysis of variances (equal 
variances not assumed) once normality was confirmed. For 
pairwise comparison, a least significant difference test or 
Dunnett's T3 test was used when the equal variances were not 
assumed. Spearman's rank correlation was used for correla-
tion analysis. P<0.05 was considered to indicate a statistically 
significant difference. All analyses were performed with 
SPSS 13.0 software (SPSS Inc., Chicago, IL, USA).

Results

GLP‑1 attenuated AOPP‑induced toxicity in H9c2 cells. To 
confirm if AOPPs are toxic on cell viability, a CCK‑8 assay 
was performed in AOPP‑treated H9c2 cells. As shown in 
Fig. 1A, incubation with AOPPs‑RSA for 24 h significantly 
inhibited cell viability (84.2 to 64.5%) in a dose‑dependent 
manner (r=‑0.797, P=0.000) while RSA caused no effect. In 
addition, H9c2 cells were incubated with 1 µg/ml AOPP‑RSA 
for 24 h in the presence or absence of different concentrations 
of GLP‑1. Compared with AOPP‑RSA, GLP‑1 partly restored 
cell viability in a dose‑dependent manner (r=0.698, P=0.004), 
with a peak at 50 nmol/l (97.9%; Fig. 1B). Therefore, subse-
quent experiments were performed using 1 µg/ml AOPPs‑RSA 
and  50  nmol/l  GLP‑1. These results demonstrated that 
GLP‑1 protects AOPPs‑RSA‑induced toxicity in H9c2 cells.

GLP‑1 attenuates AOPP‑induced apoptosis in H9c2 cells. The 
proapoptotic effect of AOPPs on H9c2 cells was assessed. The 
morphological changes were detected by staining cells with 
Hoechst 33258 (Fig. 1C). An increase in the number of apoptotic 
cells was observed in the AOPP‑treated cells and a decrease in 
the AOPPs‑ and GLP‑1‑treated cells. Following co‑incubation 
with LY294002, the number of apoptotic cells increased. As 
shown in Fig. 1D, cells incubated with AOPPs‑RSA exhibited 
a significant increase in the apoptotic rate (15.8%) compared 
with the control group (1.3%; P<0.01). This increment was 
blunted in the presence of GLP‑1 (9.7%, P<0.01, vs. the AOPPs 
group). The PI3K inhibitor, LY294002, was used to determine 
the mechanisms behind the antiapoptotic effects of GLP‑1. 
The apoptotic rate of this group was significantly increased 
(18.4%, P<0.01, vs. the AOPPs + GLP‑1 group). These data 
indicated that GLP‑1 attenuates AOPP‑RSA‑induced apop-
tosis in H9c2 cells and this effect may be associated with the 
PI3K pathway.

GLP‑1  may protect AOPP‑induced apoptosis by down‑
regulating the expression of RAGE. Previously, AOPPs were 
confirmed to exert their proapoptotic effect via RAGE (22). 
It was confirmed that the expression of RAGE was upregu-
lated by exposure to AOPP‑RSA in a dose‑dependent manner 
(Fig. 2A) in H9c2 cells. In addition, GLP‑1 (50 nM for 24 h) 
significantly downregulated the protein and mRNA expression 
levels of RAGE (Fig. 2B and C). Therefore, GLP‑1 may protect 
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AOPP‑induced apoptosis by downregulating the expression of 
RAGE.

GLP‑1  exerts its protective function via the GLP‑1R in 
H9c2 cells. The presence of the GLP‑1R has been identified in 
different cells and the interaction of GLP‑1 with the GLP‑1R 
has been determined to be responsible for multiple function 
of GLP‑1 (23). Therefore, the present study confirmed that 
H9c2 cells express the GLP‑1R (Fig. 3A). In addition, the 
mRNA and protein expression levels of GLP‑1R were upregu-
lated by exposure to GLP‑1 itself (Fig. 3B and C). Therefore, 
it was speculated that GLP‑1 may exert its protective function 
via the GLP‑1R in H9c2 cells.

GLP‑1 prevents AOPP‑induced apoptosis via the PI3K/Akt/Bad 
pathway in H9c2 cells. The role of the PI3K/Akt/Bad pathway 
and GLP‑1 in preventing AOPP‑induced apoptosis in H9c2 cells 
was investigated. Firstly, AOPP‑RSA significantly inactivated 

Akt phosphorylation at Ser473 (Fig. 4A) and subsequently 
reduced Bad phosphorylation at Ser136 (Fig. 4B) compared 
with the control and RSA group. In addition, a decrease of 
the anti‑apoptotic protein, Bcl‑2 (Fig. 4C), and an increase of 
the proapoptotic protein, Bax (Fig. 4D), was demonstrated in 
AOPPs‑RSA treated cells. In addition, the elevated expression 
of caspase‑3 was demonstrated by western blotting (Fig. 4E).

However, these changes were reversed in the presence 
of GLP‑1  (Fig.  4). Furthermore, the effect of GLP‑1  was 
abrogated following treatment of the H9c2 cells with a PI3K 
inhibitor, LY294002 (Fig. 4). These results indicated that GLP‑1 
prevented AOPP‑induced apoptosis via the PI3K/Akt/Bad 
pathway in H9c2 cells.

Discussion

The major findings of the present study were as follows: 
i) AOPPs induced apoptosis in H9c2 cells; ii) GLP‑1 prevented 

Figure 1. GLP‑1 attenuated AOPPs‑RSA‑induced toxicity and apoptosis in H9c2 cells. The cell viability, morphological changes and apoptotic rates were 
assessed using a cell counting kit‑8 assay, Hoechst 33258 staining and flow cytometry, respectively. (A) The cells were incubated with RSA (1 µg/ml), 
or increasing concentrations of AOPPs‑RSA for 24 h. AOPPs‑RSA inhibited cell viability in a dose‑dependent manner. (B) The cells were incubated 
with 1 µg/ml AOPPs‑RSA for 24 h in the presence or absence of different concentrations of GLP‑1. GLP‑1 improved cell viability in a dose‑dependent manner. 
(C) The morphological changes in H9c2 cells were detected using a fluorescence microscope. Chromatin condensation and nuclear fragmentation represented 
apoptotic cells, while the diffuse blue fluorescence represented normal cells (magnification, x200). (D) The apoptotic rate of each treatment was determined. 
The data are expressed as the mean ± standard deviation of three independent experiments (*P<0.05 and **P<0.01, vs. control; #P<0.05 and ##P<0.01, vs. 
AOPPs‑treated cells; &&P<0.01, vs. AOPPs + GLP‑1‑treated group). GLP‑1, Glucagon‑like peptide‑1; AOPPs, advanced oxidation protein products; RSA, rat 
serum albumin.

  A   B

  C

  D
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AOPP‑induced cell apoptosis; iii)  GLP‑1  exerted these 
cardioprotective effects predominantly via the PI3K/Akt/Bad 
pathway. This is the first study, to the best of our knowledge, 
to confirm that GLP‑1 protected against AOPP‑induced apop-
tosis in H9c2 cells.

AOPPs, as novel markers of oxidative stress, have been 
explored in several cell types. Previous studies have investi-
gated the proapoptotic effect of AOPPs on vascular endothelial 
cells (12), podocytes (13), intestine epithelial cells (24) and rat 
osteoblast‑like cells (25). However, previous studies, which 
focus on the effect of AOPPs in cardiomyocytes are rare. 
Valente et al (26) demonstrated that AOPPs induce neonatal 
and adult mouse cardiomyocyte death via Nox2/Rac1/super-
oxide‑dependent TRAF3IP2/JNK signaling. In the present 
study, it was revealed that AOPP‑treatment significantly 
increased the apoptotic rate of a rat ventricular myoblast cell 
line, H9c2. In addition, AOPPs decreased the phosphorylation 

of Akt and subsequently reduced the phosphorylation of Bad. 
This data suggested that AOPPs induce H9c2 cell apoptosis 
and that the Akt/Bad pathway may be involved. Cardiomyocyte 
apoptosis is a major event in the pathogenesis of DCM (27,28). 
In addition, DM is associated with an increased production of 
AOPPs (8,11,29,30). In this regard, the present study hypoth-
esized that AOPP‑induced apoptosis may be involved in the 
development of DCM. Since adult cardiomyocytes possess 
a finite capacity to proliferate, the loss of cardiomyocytes 
results in cardiac dysfunction and heart failure (31). Therefore, 
suppression of cardiomyocyte apoptosis is a crucial strategy 
for the prevention of DCM.

GLP‑1  has been widely investigated in recent years. 
Numerous studies have confirmed that GLP‑1 has anti‑apop-
totic functions in different types of cell, including pancreatic 
β cells (32), cholangiocytes (33), neurons (34) and cardiomyo-
cytes (35). Consistent with previous reports, the present study 

Figure 2. GLP‑1 downregulates the expression of RAGE in H9c2 cells. (A) H9c2 cells were immunostained with anti‑mouse RAGE primary antibody and 
fluorescein isothiocyanate‑conjugated secondary antibody (green), and were counterstained with DAPI (blue). The expression of RAGE was upregulated by 
exposure of increasing concentrations of AOPPs‑RSA for 24 h (magnification, x400). (B) GLP‑1 significantly decreased the protein expression of RAGE, 
as determined by western blotting. (C) GLP‑1 significantly decreased the mRNA expression of RAGE as determined by reverse transcription‑quantitative 
polymerase chain reaction. The data are expressed as the mean ± standard deviation of three independent experiments (**P<0.01, vs. control; ##P<0.01, vs. 
AOPPs‑RSA‑treated cells). GLP‑1, Glucagon‑like peptide‑1; AOPPs, advanced oxidation protein products; RSA, rat serum albumin; RAGE, receptor for 
advanced glycation end product; DAPI, 4',6‑diamidino‑2‑phenylindole.

  A

  B   C
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indicated that GLP‑1 (7‑36) inhibits AOPP‑induced toxicity 
and apoptosis in H9c2 cells. The present study next investi-
gated the mechanisms of this antiapoptotic effect of GLP‑1.

Cytoprotective actions of GLP‑1  have been substanti-
ated in the heart. Notably, GLP‑1  directly interacts with 
the myocardium due to the presence of the receptor of the 
GLP‑1R (36,37). The present results demonstrated that the 
GLP‑1R was expressed in H9c2 cells. Therefore, it is possible 
that GLP‑1 can exhibit protective effect on H9c2 cells. AOPPs 
and AGEs are similar in structure and biological activity. 
AOPPs are demonstrated to induce cardiomyocyte death by 
interacting with a member of the immunoglobulin superfamily 
of cell surface molecules, RAGE (26). In the present study, 
it was confirmed that the expression of RAGE occurred 
in H9c2 cells and was upregulated following exposure to 
increasing concentration of AOPPs‑RSA. In addition, it was 
revealed that GLP‑1  downregulated not only the mRNA 
expression of RAGE, but also the protein expression. These 
data may partly explain why GLP‑1 can inhibit AOPP‑induced 
apoptosis in H9c2 cells.

The mechanisms underlying the anti‑apoptotic effect of 
GLP‑1 on the heart have been investigated by in vivo and 
in vitro experiments. For instance, in murine HL‑1 cardiomyo-
cytes, GLP‑1 prevents the exposure of phosphatidylserine, the 
increase of the Bax:Bcl‑2 ratio, the activation of Bad, mitochon-
drial membrane depolarization, the release of cytochrome c, 
the activation of caspase‑3 and DNA fragmentation, induced 
by staurosporine (35). GLP‑1R agonist, exendin‑4, attenuates 

high glucose‑induced cardiomyocyte apoptosis in association 
with decreased endoplasmic reticulum stress and markers of 
enhanced SERCA2a activity  (38). Furthermore, exenatide 
increased the expression levels of p‑Akt and Bcl‑2, decreased 
the activity of caspase‑3, reduced infarct size, and prevented 
deterioration of systolic and diastolic cardiac function in a 
porcine model of myocardial ischaemia/reperfusion  (39). 
However, the mechanisms of GLP‑1 on the AOPP‑induced 
apoptosis remain to be elucidated. Therefore, the present study 
investigated the PI3K/Akt pathway as a candidate for the 
underlying mechanisms.

It has been reported that GLP‑1 and its analogues inhibit 
cardiomyocyte apoptosis by regulating numerous apop-
totic‑associated pathways, including the PI3K (40), cAMP (23) 
and ERK1/2 pathways (41). The present study demonstrated 
that when treated with a PI3K inhibitor, LY294002, the apop-
totic rate of GLP‑1 and AOPPs co‑treated cells was increased, 
indicating that GLP‑1  requires activation of the PI3K 
pathway to prevent AOPP‑induced apoptosis in H9c2 cells. 
PI3K is a type of cellular protein kinase, which is involved 
in cell survival, growth and proliferation. Activated PI3K 
subsequently phosphorylated its downstream Ser/Thr protein 
kinase, Akt, also known as protein kinase B. The activation of 
the Akt pathway provides cells with a survival signal, which 
allows them to withstand apoptotic stimuli (42). Numerous 
reports elucidated the important roles of activating the 
PI3K/Akt signaling pathway in competing cell apoptosis in the 
heart (43‑45). Bad, a Bcl‑2 family member, can combine with 

Figure 3. GLP‑1 exerts its protective function via the GLP‑1 receptor in H9c2 cells. (A) H9c2 cells were immunostained with anti‑rabbit GLP‑1R primary 
antibody and fluorescein isothiocyanate‑conjugated secondary antibody (green), and counterstained with DAPI (blue; magnification, x200). (B) GLP‑1 signifi-
cantly increased the expression of the GLP‑1R, as determined by western blot analysis. (C) The mRNA expression of GLP‑1R was increased following exposure 
to GLP‑1 (50 nM) for 24 h, as measured by reverse transcription‑quantitative polymerase chain reaction. The data are expressed as the mean ± standard devia-
tion of three independent experiments (**P<0.01, vs. control; ##P<0.01, vs. AOPPs‑treated cells). GLP‑1, Glucagon‑like peptide‑1; GLP‑1R, GLP‑1 receptor; 
AOPPs, advanced oxidation protein products; RSA, rat serum albumin; DAPI, 4',6‑diamidino‑2‑phenylindole.

  A

  B   C



MOLECULAR MEDICINE REPORTS  13:  1593-1601,  2016 1599

antiapoptotic factor Bcl‑2 or Bcl‑xL to form a proapoptotic 
complex. However, when Bad is phosphorylated at Ser136 by 
Akt, it is released from the proapoptotic complex and forms a 
complex with 14‑3‑3 proteins in the cytosol, therefore inacti-
vating its proapoptotic function (46). Bad is hypothesized to 
be a downstream target of Akt in promoting cell survival (47). 
The present data revealed that AOPP‑treatment inactivated 
Akt and Bad phosphorylation, while GLP‑1  restored this 
suppression. These effects of GLP‑1 were correlated with the 
attenuation of cell apoptosis. However, LY294002 abolished 
these effects of GLP‑1. Therefore, the antiapoptotic effects of 
GLP‑1 were associated with, at least in part, activation of the 
PI3K/Akt/Bad pathway.

Apoptosis is the process of programmed cell death, which 
is regulated through the balance between proapoptotic and 
antiapoptotic proteins. The Bcl‑2 family, as the key regula-
tors of apoptosis, consists of both proapoptotic proteins, 

including Bax and Bad, and antiapoptotic members, including 
Bcl‑2 and Bcl‑xL. The proapoptotic protein Bax is neces-
sary for mitochondrial outer membrane permeabilization, 
inducing cytochrome c release and leading to the activation 
of caspases  (48). However, Bcl‑2  inhibits this process by 
suppressing the translocation of Bax and therefore, reducing 
the activity of the caspases  (49). Caspase‑3  is a type of 
proteinase, which has a central role in the execution‑phase 
of cell apoptosis only when it has been activated. Activation 
of caspase‑3 requires proteolytic processing of its inactive 
zymogen into activated p17 and p12 fragments. Consistent with 
previous studies (35,50), the present study demonstrated that 
AOPPs decreased the expression of Bcl‑2, and increased the 
expression of Bax and activation of caspase‑3 in H9c2 cells. 
GLP‑1  reversed these changes. Nevertheless, the effects 
of GLP‑1 were partly abrogated by co‑incubation with the 
PI3K inhibitor, LY294002. These findings suggested that the 

Figure 4. GLP‑1 prevents AOPPs‑induced apoptosis via the PI3K/Akt/BAD pathway in H9c2 cells. The cells were exposed to AOPPs‑RSA (1 µg/ml), 
GLP‑1 (50 nM) or LY294002 (10 µM) for 24 h. The protein expression levels were detected by western blotting. GLP‑1 reversed AOPPs‑RSA‑induced 
(A) p‑Akt and (B) p‑bad inactivation. LY294002 significantly inhibited the effect of GLP‑1. AOPPs‑RSA decreased the expression of (C) Bcl‑2 and increased 
the expression of (D) Bax and (E) activated caspase‑3. GLP‑1 reversed these effects, however, was suppressed by LY294002. The data are expressed as 
the mean ± standard deviation of three independent experiments (*P<0.05 and **P<0.01, vs. control; #P<0.05 and ##P<0.01, vs. AOPPSs‑RSA treated cells). 
GLP‑1, Glucagon‑like peptide‑1; AOPPs, advanced oxidation protein products; RSA, rat serum albumin; p‑, phosphorylated; Bcl, B‑cell lymphoma; Bax, 
Bcl‑2‑associated X protein; Bad, Bcl‑2‑associated death promoter.
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mechanism by which GLP‑1 protects H9c2 cells against the 
apoptotic effects of AOPPs is by shifting the balance between 
proapoptotic and antiapoptotic proteins via the PI3K/Akt/Bad 
pathway.

The prominent finding of the present study was that 
GLP‑1  protected cardiomyocytes against AOPP‑induced 
apoptosis. The possible mechanism may be associated with the 
PI3K/Akt/Bad survival pathway. Currently, no single effective 
treatment exists for DCM. The present findings provided a 
conceivable mechanism of the development of DCM and 
rendered a novel application of GLP‑1  exerting favorable 
cardiac effects for the treatment of DCM.
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