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Abstract. Exendin-4  (ex-4) is a long-acting glucagon-like 
peptide-1 receptor (GLP-1R) agonist which exerts beneficial 
effects on glycemic control and promotes cell viability. In 
the present study, we investigated the anti-apoptotic effects 
of ex-4, as well as the potential mechanisms responsible for 
these effects in rat bone marrow-derived mesenchymal stem 
cells  (BM-MSCs) under conditions of oxygen, glucose and 
serum deprivation (OGD). The apoptosis of the MSCs was 
induced by subjecting the cells to OGD conditions for 4 h and 
was detected by Annexin V/PI and Hoechst 33258 staining. 
The MSCs were pre-conditioned with ex-4 for 12 h prior to 
being subjected to OGD conditions, and the expression levels 
of an apoptotic marker (cleaved caspase-3), endoplasmic retic-
ulum (ER) stress markers [phosphorylated (p-)protein kinase 
RNA-like endoplasmic reticulum kinase  (PERK), PERK, 
binding immunoglobulin protein (BIP), activating transcrip-
tion factor 4 (ATF-4) and C/EBP homologous protein (CHOP)], 
as well as those of a survival marker (Bcl-2) were measured 
by western blot analysis. Furthermore, the mRNA levels of 
ATF-4 and CHOP were determined by RT-qPCR. ELISA 
was used to examine the activity of intracellular cAMP. 
Moreover, the GLP-1R antagonist, exendin9-39  (ex9-39), 
the protein kinase A (PKA) inhibitor, H89, and small inter-
fering RNA (siRNA) targeting rat ATF-4 and CHOP were 
co-incubated with the MSCs. The apoptotic rate was mark-
edly diminished following pre-conditioning with ex-4 in a 

dose‑dependent manner  (P<0.05). The ER stress markers, 
p-PERK, BIP, ATF-4 and CHOP, were upregulated in the 
cells subjected to OGD conditions. Ex-4 pre-conditioning 
significantly decreased the mRNA and protein levels of ATF-4 
and CHOP (P<0.05), and increased the activity of intracel-
lular cAMP (P<0.05). Furthermore, the anti-apoptotic effects 
of ex-4 were almost reversed by treatment with either H89 or 
ex9-39 (P<0.05); transfection with siRNA-CHOP significantly 
reduced the apoptotic rate of the MSCs and did not impair the 
cytoprotective effects of ex-4. Taken together, these findings 
suggest that ex-4 protects rat BM-MSCs from OGD-induced 
apoptosis through the activation of the PKA/cAMP pathway 
and the attenuation of the ER stress signaling pathway. Ex-4 
may thus prove to be a therapeutic agent with the potential 
to improve the viability of MSCs in the ischemic milieu, and 
consequently, to optimize the therapeutic effects of MSC 
therapy in acute myocardial infarction.

Introduction

Acute myocardial infarction (AMI) is caused by the sudden 
blockage of the coronary blood supply and leads to the hiber-
nation and irreversible death of cardiomyocytes. It is usually 
followed by myocardial fibrosis, which results in decreased 
ventricular compliance, ventricular dilatation, and eventu-
ally, heart failure (1). Cell therapy using mesenchymal stem 
cells (MSCs) to improve the viability of hibernated cardio-
myocytes and reduce fibrosis is an attractive prospect. Several 
clinical trials have highlighted the therapeutic effects of MSC 
transplantation, by reducing the size of the infarct area and 
improving the left ventricular ejection fraction (2,3). However, 
as previously demonstrated in a rat model of AMI, MSC-based 
therapy only achieved short-term benefits rather than a long-
term impact on cardiac function (4). This may be explained by 
the findings of an in vivo animal study which revealed that less 
than 1% of engrafted MSCs had survived by day 4 following 
transplantation (5). The ischemic microenvironment, together 
with risk factors, including anoxia, as well as serum and glucose 
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deficiency, contribute to the death of transplanted MSCs, by 
activating cellular signaling mechanisms, such as oxidative 
stress, endoplasmic reticulum (ER) stress and changes in mito-
chondrial permeability. ER stress triggered by ischemia is an 
important cause of cell death (6). Despite attempts to improve 
MSC survival with growth factors, drug pre‑treatment, a 
gene transfection-activated survival pathway and by reducing 
mitochondrial-mediated apoptosis (7-9), few of these therapies 
have exerted beneficial effects on ER stress-induced apoptosis.

Glucagon-like peptide-1 (GLP-1) is a peptide secreted from 
L-cells in the small intestine and the proximal colon. As a cognate 
receptor for GLP-1, GLP-1 receptor (GLP-1R) is expressed in 
various types of tissue, such as the brain and the pancreas tissue. 
Thus, GLP-1 exerts pleiotropic effects, including the enhanced 
synthesis and release of insulin, enhanced satiety, delayed 
gastric emptying and increased cellular survival (10). GLP-1 is 
rapidly cleaved by dipeptidyl peptidase IV (DPPIV) and thus, it 
has a short half-life. Exendin-4 (ex-4), a 39 amino acid agonist 
of GLP-1R, has similar biochemical effects to GLP-1; however, 
it has a longer half-life (11). At present, ex-4 is being used to 
increase insulin production for the clinical treatment of type 2 
diabetes (12). Apart from the insulinotropic effects of ex-4, it 
has been shown to protect the heart from ischemia-reperfusion 
injury (13), and it has also been shown to render cells resistant 
to ischemic‑related injury in an experimental model of transient 
cerebral ischemic damage (14). Previous research has demon-
strated that ex-4 attenuates atherosclerotic plaque formation 
by inhibiting the inflammatory response in macrophages (15). 
Moreover, ex-4 has been shown to improve the survival of 
several types of cells, such as β-cells, cardiomyocytes and 
cholangiocytes (16-18). A growing body of evidence supports 
the notion that ex-4 plays an important role in the regulation of 
ER stress, thus exerting cytoprotective effects (16,19). However, 
to the best of our knowledge, whether ex-4 protects MSCs from 
ischemia‑induced apoptosis and the involvement of ER stress 
in this process remains unknown.

In consideration of the above-mentioned findings, we 
hypothesized that ex-4 may confer resistance to apoptosis in 
MSCs. In this study, we investigated the potential protective 
effects of ex-4 in rat bone marrow-derived mesenchymal stem 
cells  (BM-MSCs) subjected to oxygen, glucose and serum 
deprivation  (OGD) conditions, as well as the underlying 
mechanisms.

Materials and methods

Animals and cell culture. This study was approved by the 
Institutional Animal Care and Use Committee of Harbin 
Medical University (Harbin, China) and was performed in 
strict accordance with the recommendations in the Guide 
for the Care and Use of Laboratory Animals of the National 
Institutes of Health  (20). Male Sprague Dawley  (SD) rats, 
2-4 weeks old and weighing 50-60 g, were used in the present 
study. The pancreases of the rats were isolated and RNA and 
protein were extracted from the pancreatic tissue. The extrac-
tion and culture of the rat MSCs was performed as previously 
described (9). Briefly, bone marrow was washed out from the 
tibia and femur marrow cavities of the SD rats, and suspended 
in sterile phosphate-buffered saline (PBS). Red cells were then 
lysed and removed, and 5x105 cells were plated in a 25 cm2 

flask with F12/Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10%  fetal bovine serum (both from 
HyClone, Logan, UT, USA) and 1% penicillin-streptomycin. 
Following culture for 48 h, the suspended cells and medium 
were removed, and the adherent MSCs continued to grow in 
medium that had been refreshed. The MSCs were cultured to 
80-90% confluence before passaging. All experiments were 
performed using MSCs at passages 3-5 and the MSCs were 
identified by their immunophenotypic characteristics. Briefly, 
the cells were harvested, washed with PBS and labeled with the 
following conjugated antibodies: phycoerythrin (PE)-labeled 
anti-CD45 (553091) and fluorescein isothiocyanate (FITC)-
labeled-CD29 (555005), CD44 (561859) and CD34 (560238; all 
from BD Biosciences, Franklin Lakes, NJ, USA). The labeled 
cells were detected by flow cytometry and analyzed using 
FACSDiva software (Becton-Dickinson, San Jose, CA, USA).

Cell treatments. To induce the apoptosis of the BM-MSCs by 
subjecting them to OGD conditions, the original medium was 
removed and replaced with glucose- and serum-free medium. 
The MSCs were then placed in an oxygen free incubator 
(855‑AC; Plas-Labs Inc., Lansing, MI, USA) at 37˚C, cultured 
for 0, 2, 4 and 8 h and then harvested for the analysis of 
apoptosis. To determine the possible mechanisms responsible 
for OGD-induced injury, the MSCs were subjected to OGD 
conditions for 0, 1, 2, 4 and 8 h before being harvesting for 
further experiments. To determine the optimal concentration 
of ex-4 (ProSpec-Tany TechnoGene, Ltd., Ness-Ziona, Israel), 
10, 50 and 100 nM ex-4 were added to the complete medium 
12 h before the cells were subjected to OGD conditions. Cell 
viability was examined to determine the optimal concentra-
tion of ex-4. To examine the anti-apoptotic effects of ex-4, the 
cells were incubated with ex-4 for 12 h and then subjected to 
OGD conditions for 4 h. To determine the role of GLP-1R, the 
cells were incubated with the GLP-1R antagonist, exendin9-39 
(ex9‑39; 50  nM; Aladdin Reagents (Shanghai)  Co.,  Ltd., 
Shanghai, China), and ex-4 for 90 min and then subjected to 
OGD conditions. To determine the involvement of protein 
kinase A (PKA) in the biological effects of ex-4, the PKA 
inhibitor, H89 (10 µM; Sigma-Aldrich, St. Louis, MO, USA), 
was added to complete medium with ex-4, 90 min prior to the 
cells being subjected to OGD conditions. After being subjected 
to the experimental treatments, the cells were harvested for use 
in subsequent experiments.

Gene knockdown of activating transcription factor 4 (ATF-4) 
and C/EBP homologous protein (CHOP) by small interference 
RNA (siRNA). The MSCs were seeded in 6-well plates and 
cultured in serum-free medium for 24 h, and then transfected 
with siRNA for rat ATF-4/CHOP and non-target siRNA 
(scramble siRNA) using X-tremeGENE siRNA transfection 
reagent (Roche, Mannheim, Germany) according to the manu
facturer's instructions. The siRNA sequences for ATF-4 and 
CHOP were 5'-AUCGAAGUCAAACUCUUUCAGGUCC-3' 
and antisense, 5'-GGACCUGAAAGAGUUUGACUUCGAU-3'; 
and 5'-GGAAGAACUAGGAAACGGA-3' and antisense, 
5'-UCCGUUUCCUAGUUCUUCC-3', respectively. The siRNAs 
were dissolved in diethylpryocarbonate (DEPC)‑treated water 
and diluted to 0.2 µM with 250 µl Opti-MEM (obtained from 
Invitrogen, Carlsbad, CA, USA) for 10 min. A total of 10 µl of 
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X-tremeGENE siRNA transfection reagent (Roche) was also 
diluted with 250 µl Opti-MEM for 20 min. The siRNA and 
transfection reagent were then mixed (500 µl) and blended 
gently for 20 min and added to the cell plate with 2 ml culture 
medium. The MSCs transfected with the siRNAs were cultured 
for 48 h and then subjected to OGD conditions as described 
above. The cells were harvested for reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) and western 
blot analysis to determine the silencing rate, and for use in 
subsequent experiments.

MTT assay. The cells were seeded in 96-well plates at a 
starting density of 1x104 cells/well. After being subjected to the 
experimental treatments, the cells were washed and incubated 
with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide  (MTT) solution (Sigma-Aldrich) at 37˚C for 4 h. 
The supernatant was removed, and 150  µl dimethyl sulf-
oxide (DMSO) were added to each well. The absorbance (OD) 
of the reaction solution was examined at 490 nm. Five sepa-
rate experiments in triplicate were conducted with different 
concentrations of ex-4.

Detection of apoptosis by f low cytometric analysis. 
Apoptosis was assessed by Annexin  V-FITC/propidium 
iodide (PI) (BD Biosciences) double staining and measured 
by fluorescence-activated cell sorting (FACS). We obtained an 
Annexin V/PI apoptosis analysis kit and performed the experi-
ment according to the manufacturer's instructions. Briefly, the 
cells were collected and sorted into assay tubes at a density 
of 105-5x105  cells/tube. The cells were then stained with 
Annexin V-FITC and PI for 15 min and detected by FACS 
with FACSDiva Software (Becton-Dickinson)

Hoechst 33258 staining. The MSCs were seeded in 6-well plates. 
After being subjected to the experimental treatments, the cells 
were washed twice with PBS and incubated with Hoechst 33258 
staining solution (Beyotime Institute of Biotechnology, Haimen, 
China) for 30 min at 37˚C. Subsequently, the staining solution 
was removed and the cells were washed twice with cold PBS 
and images were captured using a fluorescence microscope 
(DMI4000B; Leica, Wetzlar, Germany). The cells with bright 
white fluorescent nuclei were considered to be apoptotic cells 
and those with homogeneous blue fluorescence in the nuclei 
were considered to be viable cells.

Intracellular cAMP ELISA assay. The MSCs were plated at a 
density of 5x104 cells in 48-well plates, and after being subjected 
to the experimental treatments, the cells were collected and 
lysed by freeze and thaw cycle 5 times. The intracellular cAMP 
concentrations were measured using a rat cAMP ELISA kit 
(Jiang Lai Biotechnology, Shanghai, China) according to the 
manufacturer's instructions. The absorbance (OD) of the reac-
tion solution was detected using a microplate reader (BioTek 
Instruments, San Jose, CA, USA) at 595 nm.

RT-qPCR. Total RNA was extracted from the MSCs using 
TRIzol (Invitrogen). The concentration of the RNA was 
measured by ultraviolet spectrophotometry and 1 µg RNA was 
reverse transcribed into first-strand cDNA using a Transcriptor 
First Strand cDNA Synthesis kit (Roche). Quantitative (real-

time)  (qPCR) was performed using FastStart Universal 
SYBR-Green Master according to the instructions provided by 
the manufacturer. The primer sequences were as follows: 
GLP-1R forward, ACCTGTCGGAGTGCGAAGAGT and 
reverse, ACAGTGCTCGGAGGATGAAGG; CHOP forward, 
AGGTCCTGTCCTCAGATGAAAT and reverse, CAGGG 
TCAAGAGTAGTGAAGGTTT; ATF-4 forward, CCTTCG 
ACCAGTCGGGTTTG and reverse, CTGTCCCGGAAAA 
GGCATCC; GAPDH forward, CATCAAGAAGGTGG 
TGAAGC and reverse, ACCACCCTGTTGCTGTAG. The 
threshold cycle (Ct) value was detected using an ABI Real Time 
PCR System (Applied Biosystems, Foster City, CA, USA. The 
ΔCt value was calculated by subtracting the Ct number of the 
target gene from that of the housekeeping gene, GAPDH. The 
fold-change in the transcript level was calculated based on the 
ΔΔCt method.

Western blot analysis. The MSCs subjected to different exper-
imental treatments were washed with PBS and lysed in RIPA 
lysis buffer blended with protease and phosphatase inhibitors 
on ice for 30 min, and subsequently shattered by ultrasound. 
The cell extracts were centrifuged for 15 min at 12,000 x g 
and the supernatants were collected. Total protein in the 
supernatant was quantified using a Bradford protein assay kit 
(Beyotime Institute of Biotechnology). Proteins (20-30 µg) 
were separated by SDS-PAGE on a 10% polyacrylamide gel 
(15% polyacrylamide gel for caspase-3) and then transferred 
onto methanol-activated PVDF membranes. The membranes 
were blocked for 1 h in 5% skim milk diluted with TBS (50 mM 
Tris and 150 mM NaCl) containing 0.1% Tween-20 (TBST) 
at 37˚C and incubated overnight at 4˚C with the following 
primary antibodies: phosphorylated  (p-)  protein kinase 
RNA-like endoplasmic reticulum kinase (PERK; 3179), PERK 
(3192), binding immunoglobulin protein (BIP; 3183), ATF-4 
(11815), CHOP (2895), caspase-3 (9665) and Bcl-2 (2870; all 
from Cell Signaling Technology, Danvers, MA, USA) and 
GLP-1R (ab39072; Abcam, Cambridge, UK). The membranes 
were washed 3  times with TBST and then incubated for 
1 h with a secondary antibody conjugated with horseradish 
peroxidase (HRP) (anti‑rabbit; sc-25778;  Zhongshan Golden 
Bridge Biotechnology, Beijing, China). The membranes were 
washed with TBST 3 times. The immune complexes images 
were developed by ECL in the dark and images were captured 
using Bio-Rad ChemiDoc XRS equipment, and the protein 
band density was quantified and analyzed by Quantity One 
software (both from Bio-Rad, Hercules, CA, USA).

Statistical analysis. Experimental values are expressed as the 
means ± SD, and the difference between groups was analyzed 
by one-way ANOVA with Tukey's and Newman Keuls post 
tests. Statistical analysis was performed by SPSS 19.0 soft-
ware (IBM Corp., Armonk, NY, USA). P-values <0.05 were 
considered to indicate a statistically significant difference.

Results

Identification and characterization of BM-MSCs. BM-MSCs 
from passages 3-5 were collected for immunophenotypic identifi-
cation. The mesenchymal origin markers, CD29 and CD44, were 
highly expressed, whereas the hematopoietic origin markers, 
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CD45 and CD34, were minimally expressed (Fig. 1A and B). The 
MSCs were spindle-shaped (Fig. 1C). To examine the effects of the 
GLP-1R agonist, ex-4, we detected the expression of its specific 
receptor, GLP-1R, on the MSCs using RT-qPCR and western blot 
analysis. The results indicated that the MSCs expressed GLP-1R 
at the mRNA and protein level (Fig. 1D and E).

OGD mimics in vitro ischemic conditions and induces the 
apoptosis of MSCs. In the present study, the MSCs were 
subjected to OGD conditions for 0 to 8 h in order to induce 
typical apoptosis. The apoptotic ratio of the MSCs was 
detected using Annexin Ⅴ/PI staining and flow cytometry. As 

shown in Fig. 2A and C, the early‑stage apoptotic ratio within 
4 h increased in a time‑dependent manner. Subjecting the 
MSCs to OGD contitions for 4 h resulted in the most notable 
early-stage apoptotic rate compared with 2 and 8 h of being 
subjected to OGD contitions (4 h, 13.63±4.28 vs. 2 h 3.86±0.50; 
8 h, 7.07±2.69, P<0.05; Fig. 2C). The late-stage apoptotic ratio 
increased gradually and there was an evident increase in the 
cells exposed for 8 h to OGD compared with those exposed 
for 4 or 2 h. The numbers of Hoechst 33258‑positive stained 
cells at 4 and 8 h were significantly increased compared with 
those at 0 h (4 h, 7.40±0.40; 8 h, 9.20±1.20 vs. 2 h 3.90±0.61; 
P<0.05; Fig. 2D). However, there was no significant differ-

Figure 1. Characterization of mesenchymal stem cells (MSCs). MSC cell surface markers were detected by FACS. (A) Representative histograms of immuophe-
notypic assay for CD29, CD44, CD34 and CD45. (B) Quantitative analysis of cell surface marker expression. (C) Image of MSCs at passage 3 (P3) captured by 
microscopy at a magnification of x100. (D) The mRNA expression of glucagon-like peptide-1 receptor (GLP-1R) on MSCs was detected by RT-qPCR. Its expres-
sion on pancreas served as a positive control. (E) The protein expression of GLP-1R on MSCs was detected by western blot analysis. Its expression on pancreas 
was served as a positive control.
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ence observed in the number of Hoechst 33258-positive cells 
following 4 and 8 h of incubation (P>0.05; Fig. 2D).

Exposure to OGD in vitro triggers ER stress in MSCs. PERK 
is a critical ER stress sensor, and its activation suggests the 
involvement of ER stress (21). In the present study, PERK was 
phosphorylated at 1 h of OGD incubation and this lasted for 
4 h (Fig. 3A and B). The protein level of BIP, an ER chaperone, 
increased significantly following exposure to OGD for 2 h 
(P<0.05; Fig. 3A and C). ATF-4 protein expression increased 
gradually. There was a significant elevation at 4  and 8  h 

compared with that at 1 h (P<0.05; Fig. 3D and E), whereas no 
marked difference was observed between 4 and 8 h (P>0.05). 
Similarly, CHOP protein expression at 4 h was significantly 
increased compared with that at 1 and 2 h, whereas no signifi-
cant increase was observed between 4 and 8 h (Fig. 3D and F). 
The cleavage of caspase-3, a typical indicator of cell apoptosis, 
was significantly upregulated under OGD conditions in a time-
dependent manner (Fig. 3G and H). To determine the role of 
cAMP signaling in the OGD-induced apoptosis of MSCs, we 
examined the activity of intracellular cAMP, which was signif-
icantly decreased under OGD conditions. By 4 h, the activity 

Figure 2. Oxygen and glucose deprivation (OGD) induces the apoptosis of mesenchymal stem cells (MSCs). MSCs were subjected to OGD conditions for 
the indicated periods of times, and the apoptotic ratio was detected. Apoptosis was assessed by Annexin V/propidium iodide (PI) double staining and FACS. 
(A) Representative FACS plots. (B) The nuclei of the MSCs were dyed with Hoechst 33258 and representative images of Hoechst 33258-stained cells were obtained 
under a fluorescence microscope; each experiment was performed 3 times, (C) Quantitative analysis of percentage of early-stage apoptotic cells (Annexin V+/
PI-) and late-stage apoptotic (Annexin V+/PI+) cells, each column represents the means ± SD of 3 independent experiments. Annexin V+/PI- cells: *P<0.05 vs. 0 h 
group; ^P<0.05 vs. 8 h group; Annexin V+/PI+ cells: $P<0.05 vs. 0 h group; #P<0.05 vs. 2 h group; &P<0.05 vs. 4 h group. (D) Quantitative analysis of Hoechst 33258 
stained‑cells, the cells were shown at magnification of x100, each column represents mean ± SD of 3 independent experiments. *P<0.05 vs. 0 h group.
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of intracellular cAMP had decreased by approximately 50%, 
which suggested that cAMP signaling was abrogated during 
the OGD-induced apoptosis of MSCs (Fig. 3I).

Ex-4 exerts anti-apoptotic effects on MSCs under OGD condi-
tions. In order to preliminarily evaluate the cytoprotective 
effects, as well as the corresponding optimal concentration of 
ex-4 in the MSCs under OGD conditions, an MTT assay was 
performed on the MSCs pre-treated with 0, 10, 50 and 100 nM 
of ex-4. As shown in Fig. 4A, pre-treatment of the MSCs with 
50 nM ex-4 for 12 h led to the restoration of cell viability by 

almost 50% compared with the OGD group (cells not treated 
with ex-4; 0.85±0.04 vs. 0.43±0.04, P<0.05). However, there 
was no significant difference observed between the 50 nM 
ex-4- and 100 nM ex-4-treated groups (P>0.05; Fig. 4A). Thus, 
for subsequent experiments, the MSCs were pre-treated with 
50 nM ex-4 in order to evaluate its cytoprotective effects.

The apoptotic ratio of the MSCs was detected by 
Annexin V/PI staining and flow cytometry. As indicated 
in Fig 4B, pre-treatment with ex-4 reduced the apoptotic 
ratio by 61.3%  compared with that in the OGD group 
(3.43±0.35 vs. 8.87±1.46, P<0.05). In a parallel experiment, 

Figure 3. Endoplasmic reticulum (ER) stress is involved in the oxygen and glucose deprivation (OGD)-mediated apoptosis of mesenchymal stem cells (MSCs). 
MSCs were incubated under OGD conditions for the indicated periods of time, and the protein was extracted and quantified by western blot (WB) analysis. All 
experiments were performed in triplicate. (A) Representative western blots of phosphorylated (p-)PERK, PERK, BIP and the loading control, GAPDH. Relative 
quantity of (B) p-PERK was estimated as fold-changes relative to PERK, (C) BIP was estimated as fold-changes relative to GAPDH. (D) Representative western 
blots of ATF-4 and CHOP. Quantitative analysis of (E) ATF-4 and (F) CHOP was estimated as fold-changes relative to GAPDH. (G) Representative western 
blots of cleaved caspase-3 and pro-caspase-3. (H) The expression of cleaved caspase-3 was estimated as fold-changes relative to pro-caspase-3. (I) MSCs were 
subjected to OGD conditions for the indicated periods of time and intracellular cAMP activity was assessed by ELISA, each column represents the means ± SD 
of 3 independent experiments. *P<0.05 vs. 0 h; ^P<0.05 vs. 1 h; #P<0.05 vs. 2 h.
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the apoptosis of the MSCs was assessed by Hoechst 33258 
staining. The number of Hoechst 33258-positive cells was 
also reduced by 51.6% in the OGD + ex-4 group compared 
with that in the OGD group (4.52±1.28  vs.  9.27±1.50, 
P<0.05; Fig. 4C). Moreover, it was demonstrated that the 
levels of cleaved caspase-3 were markedly reduced in the 
OGD + ex-4 group compared with those in the OGD group 
(2.00±0.36 vs. 4.37±0.42, P<0.05; Fig. 4D). Taken together, 
these findings indicated that ex-4 exerted anti‑apoptotic 
effects on the MSCs under OGD conditions.

Ex-4 protects MSCs from OGD-induced apoptosis by 
decreasing the ATF-4 and CHOP levels and by activating 
the GLP-1R/cAMP/PKA pathway. It has been demonstrated 
that ATF-4 and CHOP are critical factors that contribute to 
cell apoptosis induced by ER stress (22). In the present study, 
the ATF-4 mRNA levels decreased by 41.3% (2.73±0.25 vs. 
4.63±0.32, P<0.05; Fig. 5G) and the CHOP mRNA levels 
decreased by 59.2% in the ex-4 + OGD group compared with 
the OGD group (2.03±0.67 vs. 4.93±0.47, P<0.05; Fig. 5H). To 
further confirm the inhibition of the ATF-4/CHOP pathway, 

Figure 4. Exendin-4 (ex-4) protects mesenchymal stem cells (MSCs) from oxygen and glucose deprivation (OGD)-induced apoptosis. MSCs were pre-treated 
with ex-4 for 12 h and subsequently incubated under OGD conditions for 4 h. All experiments were conducted in triplicate. (A) Cell viability was detected by 
an MTT assay. *P<0.05 vs. control group; ^P<0.05 vs. OGD group; #P<0.05 vs. 10 nM ex-4 group. Apoptosis was detected by Annexin V/propidium iodide (PI) 
staining and FACS. (B) Representative FACS plots and quantitative analysis of the apoptotic ratio. The apoptotic ratio was the percentage summation of 
early‑stage apoptotic cells (Q4) and late-stage apoptotic (Q2) cells. (C) Representative images of Hoechst 33258-stained cells and quantitative analysis of the 
ratio of Hoechst 33258-positive cells. The cells were shown at magnification of x100. (D) The expression of cleaved caspase-3 and pro-caspase-3 detected by 
western blot analysis. For (B-D) *P<0.05 vs. control group; ^P<0.05 vs. OGD + ex-4 group.
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the ATF-4 and CHOP protein levels were examined by western 
blot analysis; ex-4 significantly reduced the protein expression 
of ATF-4 by 39.8% compared with the OGD group (2.53±0.61 
vs. 4.20±0.96, P<0.05; Fig. 5E), and CHOP protein expression 
decreased by 60% compared with the OGD group (2.07±0.40 

vs. 5.17±1.00, P<0.05;  Fig.  5F). There was no significant 
difference observed in the p-PERK protein levels between the 
ex-4 + OGD and the OGD groups (P>0.05; Fig. 5D).

To examine the role of GLP-1R in the MSCs pre-treated 
with ex-4, the MSCs were incubated with the GLP-1R 

Figure 5. Exendin (ex)-4 reduces apoptosis of mesenchymal stem cells (MSCs) by activating the glucagon-like peptide-1 receptor (GLP-1R)/PKA/cAMP pathway 
and inhibiting the activation of the ATF-4/CHOP pathway. MSCs were pre-treated with ex-4, the GLP-1R antagonist, ex-9-39 (50 nM), or the PKA inhibitor, 
H89 (10 µM), prior to exposure to oxygen and glucose deprivation (OGD) for 4 h. (A) The apoptosis of MSCs were detected by FACS. (B) The apoptotic ratio 
of MSCs was quantified. (C) The protein expression of phosphorylated (p-)PERK, PERK, ATF-4 and CHOP was detected by western blot analysis. (D) The 
expression of p-PERK was estimated as fold-changes relative to PERK. The expression of (E) ATF-4 and (F) CHOP was estimated as fold-changes relative to 
GAPDH. The mRNA expression of (G) ATF-4 and (H) CHOP was detected by RT-qPCR. All experiments were repeated 3 times. *P<0.05 vs. control group; 
^P<0.05 vs. ex-4 + OGD group; #P<0.05 vs. OGD group. (I) Intracellular cAMP activity was detected by ELISA assay, each column represents the means ± SD 
from 3 independent experiments, *P<0.05 vs. control group; ^P<0.05 vs. OGD group; #P<0.05 vs. ex-4 + ex9-39 + OGD group.
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antagonist, ex9-39, as well as ex-4, prior to incubation under 
OGD conditions. The apoptotic rate was much higher in the 
ex-4 + ex9-39 + OGD group than that in the ex-4 + OGD 
group  (5.37±0.50  vs.  2.64±0.65, P<0.05;  Fig.  5A  and  B). 
Following incubation with ex9-39, the abrogation of ATF-4 
(2.53±0.61 vs. 4.20±0.87, P<0.05;  Fig.  5E) and CHOP 
protein expression was inhibited (2.07±0.40 vs. 4.90±1.06, 
P<0.05; Fig. 5F). The mRNA expression of ATF-4 and CHOP 
was also significantly higher in the ex-4 + ex9-39 + OGD group 
than that in the ex-4 + OGD group (P<0.05; Fig. 5G and H).

The cAMP-dependent PKA pathway has been found to 
play a role in cell survival (23). Thus, to examine the involve-
ment of the cAMP/PKA pathway in the anti-apoptotic effects 
of ex-4, we conducted an intracellular cAMP activity ELISA, 
which showed that the cAMP activity in the ex-4 + OGD 
group was markedly increased compared with that in the OGD 
and ex9-39 + ex-4 + OGD group (ex-4 2.50±0.36 vs. OGD 
0.42±0.18, ex9-39 1.00±0.44, P<0.05; Fig. 5I), which suggested 
that ex-4 enhanced the activity of cAMP. In order to examine 
the role of PKA in the cytoprotective effects of ex-4, the MSCs 
were pre-incubated with H89. FACS analysis revealed that the 
apoptotic ratio in the ex-4 + H89 + OGD group was significantly 
increased compared with that in the ex-4 + OGD group (ex-4, 
2.64±0.65 vs. H89, 5.20±0.39, P<0.05; Fig. 5B), which suggests 
that PKA plays a major role in the anti-apoptotic effects of ex-4. 
As regards the role of PKA in the inhibitory effects of ex-4 on 
ATF-4/CHOP, the results revealed that there was no marked 
difference between the OGD and the ex-4 + H89 + OGD 
groups in the ATF-4/CHOP protein levels, as well as in the 
CHOP mRNA level (P>0.05; Fig. 5E, F and H), whereas there 
were prominent differences in the mRNA and protein levels 
of ATF-4 and CHOP between the ex-4 + OGD group and the 
ex-4 + H89 + OGD group (P<0.05; Fig. 5E-H). Taken together, 
these findings suggest that the activation of PKA may partici-
pate in the abrogation of ATF-4/CHOP levels by ex-4.

siRNA against CHOP (siRNA-CHOP) protects MSCs by upreg-
ulating Bcl-2 and does not impair the cytoprotective effects of 
ex-4. To further explore the role of the ATF-4/CHOP pathway 
in the anti‑apoptotic effects mediated by ex-4, the siRNA 
knockdown technique was adopted to reduce the expression of 
ATF-4 and CHOP. By silencing ATF-4, the mRNA expression 
of ATF-4 was reduced by 72% (P<0.05; Fig. 6A), and the protein 
expression was reduced by 73% (P<0.05; Fig. 6D); however, no 
significant difference in the apoptotic ratio and Bcl-2 protein 
expression was observed between the OGD + siRNA-ATF-4 
group and the OGD group (P>0.05; Fig. 6C and F). Treatment 
with Ex-4 combined with siRNA-ATF-4 significantly decreased 
the apoptotic ratio  (Fig. 6C) and the protein expression of 
CHOP (Fig. 6E). By silencing CHOP, its protein expression was 
reduced by 87% (Fig. 6H) and the apoptotic ratio was decreased 
by 50% (Fig. 6C). There was no significant change in the ATF-4 
protein levels (Fig. 6G); however, Bcl-2 protein expression was 
increased 1.23-fold (Fig. 6I). With ex-4 + siRNA‑CHOP treat-
ment, the apoptotic ratio was decreased (P<0.05; Fig. 6C), and in 
addition, the Bcl-2 protein levels were significantly upregulated 
compared with the OGD group (P<0.05; Fig. 6I). These results 
suggested that transfection of the cells with siRNA‑CHOP 
reduced the apoptotic rate in the MSCs without impairing the 
anti-apoptotic effects of ex-4.

Discussion

BM-MSCs originate from the mesodermal germ layer and 
perform a supportive function in the stroma, as well as giving 
rise to cells of multiple cell lineages, including adipocytes and 
osteocytes. Evidence suggests that MSCs possess the ability 
to differentiate into cardiomyocytes and to secrete a wide 
array of cytokines and growth factors to suppress the inflam-
matory response, inhibit fibrosis and enhance angiogenesis in 
the infarcted myocardium (24). These findings provide a solid 
theoretical basis for the application of MSC engraftment as a 
therapy in AMI; however, MSCs do not in fact survive for long 
following transplantation, which may explain the negligible 
effect on cardiac function one year after MSC engraftment (25). 
Based on findings from a bioluminescence imaging study by 
van der Bogt et al, all engrafted MSCs had died by week 6 (26). 
In addition, Mangi  et  al observed robust cell death early 
following transplantation after transfecting MSCs with the pro-
survival gene, Akt-1 (8). The ischemic microenvironment in the 
infarcted heart proves hostile to engrafted MSCs, resulting in 
decreased cell survival. To mimic the ischemic milieu in vitro, 
hypoxia and serum deprivation (H/SD) is a commonly used 
model, and our group previously found that the H/SD model 
induced the apoptosis of approximately 25% of MSCs for up 
to 24 h (7). As glucose is an indispensible energy nutrient for 
cells and is found in short supply in the ischemic context, the 
OGD model was adopted in the present study and exposure to 
OGD induced the apoptosis of approximately 40% of the MSCs 
within 4 h. In comparison, the OGD model represents a more 
time-saving and aggressive approach to mediate MSC death 
in vitro.

To date, studies aiming to find ways to protect MSCs from 
apoptosis have focused on maintaining the integrity of the 
mitochondria or activating survival signaling pathways (7). 
Few studies have highlighted the importance of ER stress 
induced by ischemia (27). As a matter of fact, ER stress plays 
a pivotal role in the pathophysiological mechanisms of AMI 
and ischemia-induced apoptosis (6). The ER is an organelle 
involved in protein folding, calcium homeostasis and lipid 
biosynthesis. Various factors that interfere with ER function 
lead to the accumulation of misfolded or unfolded proteins, 
including oxidative stress, ischemia and disturbances in calcium 
homeostasis. Okada et al demonstrated that ER stress-initiated 
apoptosis occurred in cardiomocytes in a mouse model of aortic 
constriction, and found that suppressing the ER stress pathway 
may diminish the death of cardiomocytes (28). Additionally, 
it was suggested to be the main mechanism responsible for 
the apoptosis of various types of cells in models of ischemia 
in vivo or in vitro (29,30). In line with these results, the present 
study demonstrated that the levels of p-PERK/BIP/ATF-4/
CHOP markedly increased and those of the apoptotic indicator, 
cleaved caspase-3, were upregulated, which strongly suggested 
that excessive and prolonged ER stress is an important mecha-
nism responsible for the apoptosis of MSCs in the setting of 
ischemia. ER stress serves as a predominant mechanism and 
a therapeutic target with which to improve the survival of both 
cardiomocytes and MSCs in AMI.

Ex-4, a long-acting agonist of GLP-1, is known to regulate the 
perturbation of ER stress. As a GLP-1 agonist, ex-4 depends on 
GLP-1R to play its physiological role, and this study demonstrated 
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that GLP-1R was expressed on rat MSCs and played a key role in 
mediating the anti-apoptotic effects of ex-4. Tsunekawa et al (31) 
observed that ex-4 distinctly decreased the levels of the ER 
stress-related molecules, BIP and CHOP, in β-cell-specific 
calmodulin-overexpressing mice and reduced the apoptosis of 
β-cells. In agreement with these findings, the present study found 
that ex-4 markedly decreased the apoptosis of MSCs by inhib-
iting the activation of the ATF-4/CHOP pathway. Furthermore, 
in a rat model of myocardial infarction, pre-conditioning 

with ex-4 was shown to improve the adhesion and therapeutic 
efficacy of transplanted adipose‑derived stem cell transplanta-
tion therapy (32). In a previous study, the post-MI delivery of 
encapsulated GLP-1 MSCs that had been genetically modified 
increased angiogenesis and attenuated fibrosis than treatment 
with MSCs alone (33). Moreover, ex-4 aids in the survival of 
cardiomyocytes and endothelial cells, and the pro-inflammatory 
factors in the infacted myocardium were significantly decreased 
by ex-4 infiltration (15,16,34). Taken together, the findings from 

Figure 6. Small interfering RNA (siRNA) gene knockdown of CHOP increases the Bcl-2 protein level and reduces apoptosis without however, impairing the 
anti-apoptotic effect of exendin-4 (ex-4). Mesenchymal stem cells (MSCs) were transfected with siRNA scramble/siRNA ATF-4/siRNA CHOP or treated with 
ex-4 prior to incubation under oxygen and glucose deprivation (OGD) conditions. The mRNA level of (A) ATF-4 and (B) CHOP was detected by RT-qPCR. 
(C) The apoptotic ratio was analyzed by FACS. MSCs were transfected with siRNA scramble/siRNA ATF-4 or treated with ex-4 prior to incubation under 
OGD conditions and the protein expression of (D) ATF-4, (E) CHOP and (F) Bcl-2 was detected by western blot analysis. MSCs were transfected with siRNA 
scramble/siRNA CHOP or treated with ex-4 prior to incubation under OGD conditions and the protein expression of (G) ATF-4, (H) CHOP and (I) Bcl-2 was 
detected by WB analysis. All experiments were repeated 3 times. *P<0.05 vs. OGD group; ^P<0.05 vs. OGD + siRNA-scramble.
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previous studies and the present study indicate that ex-4 is a 
promising candidate for optimizing MSC therapy for AMI.

The ATF-4/CHOP pathway is an important branch of ER 
stress, and the present study demonstrated that ex-4 reduced 
the OGD-induced apoptosis of MSCs by suppressing the 
ATF-4/CHOP pathway. CHOP serves as a pivotal stimulus for 
cell death, and it is mainly induced by ATF-4 (35). The present 
study found that CHOP-siRNA significantly decreased the 
apoptosis of MSCs under OGD conditions. In line with these 
results, a previous study by Zinszner et al (36) demonstrated 
that embryonic fibroblasts derived from CHOP-/- mice exhibited 
significantly less apoptosis. CHOP mediated the transcription 
of various types of apoptotic-related molecules, including Bcl-2, 
GADD34 and ER oxidoreductin 1 (ERO1) (37). Bcl-2 promotes 
cell survival by restoring the mitochondrial potential, and the 
present study indicated that the Bcl-2 protein levels were signifi-
cantly increased following transfection with siRNA-CHOP and 
ex-4 preconditioning. This implied that Bcl-2 participated in 
the anti‑apoptotic effects of ex-4. Moreover, CHOP activated 
GADD34 to initiate or enhance apoptosis by increasing protein 
synthesis, which resulted in the aggravation of ER stress. By 
activating ERO1, CHOP promoted the oxidizing state in the 
ER and therefore increased the aggregation of hostile elements 
leading to cell death (37). Thus, the downregulation of CHOP 
in MSCs may be the principal mechanism responsible for the 
cytoprotective effects of ex-4.

The cAMP-dependent PKA pathway plays a role in the 
promotion of cell proliferation and in the inhibition of apop-
tosis  (23). The signal transduction to ER by ex-4 has been 
reported to be associated with the cAMP/PKA pathway in 
β-cells  (38). In the present study, the activity of intracel-
lular cAMP was impaired by OGD, and restored by ex-4. 
The protective effects of ex-4 were notably reversed by H89, 
whereas the attenuation of ATF-4 and CHOP levels by ex-4 
was partly restored. Thus, this study strongly suggested that 
the cAMP-dependent PKA pathway may also participate in the 
anti-apoptotic effects of ex-4 under OGD conditions.

In conclusion, the present study demonstrates that ex-4 
confers resistance to OGD-mediated apoptosis in BM-MSCs, and 
the possible mechanisms responsible for these effects involve the 
activation of the GLP-1R/cAMP/PKA pathway and the attenua-
tion of ER stress. These findings highlight ER stress as a pivotal 
target for protecting MSCs from ischemia and provide evidence 
of the cytoprotective effects of ex-4. Together with the reported 
protective effects against ischemia or ischemia-reperfusion 
injury in cardiomyocytes, ex-4 may represent a therapeutic agent 
with the potential to optimize MSC therapy in AMI.
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