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Abstract
Background. Microvascular dysfunction is one of the most serious complications of diabetic retinopathy 
(DR). As a novel treatment drug for type 2 diabetes, exenatide possesses protective properties against retinal 
neurodegeneration. Sphingosine-1-phosphate receptor 2 (S1PR2) could regulate blood glucose in diabetes, 
and inhibition of S1PR2 is involved in the treatment of diabetes. However, the mechanism of exenatide 
in human retinal vascular endothelial cells (hRVECs) has not been fully defined.

Objectives. We tested the hypothesis that S1PR2 plays a vital role in high glucose (HG)-induced hRVECs, 
and that exenatide could ameliorate HG-induced hRVEC injury by regulating S1PR2 production.

Materials and methods. The hRVECs underwent HG-stimulation. Quantitative real-time polymerase 
chain reaction (RT-qPCR) and western blot were performed to examine the expression of S1PR2. Oxidative 
stress levels, inflammatory markers and cell apoptosis were detected using reactive oxygen species (ROS) 
staining, enzyme-linked immunosorbent assay (ELISA) kits and TUNEL staining.

Results. High glucose increased the level of S1PR2 in hRVECs and reduced the expression of glucagon-like 
peptide-1 receptor (GLP1R) compared to the control group. Exenatide decreased the level of S1PR2 induced 
by HG. Sphingosine-1 blocked the effects of exenatide, alleviating the ROS and cell apoptosis induced by HG. 
JTE-013 treatment protected hRVECs from injury by HG. The inhibitory effects of exenatide on S1PR2 expres-
sion lessened HG-induced hRVEC injury.

Conclusions. The results demonstrate a possible mechanism of exenatide mediated inhibition of S1PR2 
synthesis, and support S1PR2 as a novel target for treating DR.
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Background

Diabetic retinopathy (DR) is a common complication 
of diabetes mellitus, which can lead to blindness in severe 
cases. The primary source of damage to retinal microves-
sels is peroxide damage caused by high glucose (HG).1 
Exenatide, a novel type 2 diabetes treatment drug, can 
simulate the activity of endogenous glucagon-like pep-
tide-1 (GLP-1) while resisting degradation by dipeptidyl 
peptidase IV. Studies have shown that exenatide shows 
similar effects to GLP-1. For example, exenatide stimulates 
insulin secretion in a glucose-dependent manner, reduces 
plasma glucagon levels, inhibits gastric emptying and food 
intake, reduces body weight, and delays β-cell dysfunction 
to a certain extent.2

Regulators of GLP-1/GLP-1 receptor (GLP-1R) signaling 
could also have parallel roles in S1P/sphingosine-1-phos-
phate receptor 2 (S1P/S1PR2) signaling.3,4 Human retinal 
S1PR2 is reported to be expressed in vascular endothe-
lial cells.5 In a high-sugar environment, increased S1P 
activates S1PR2, and, in turn, the intracellular signaling 
pathway, which plays important roles in cell proliferation, 
inflammation regulation and angiogenesis.6 The S1PR2 
antagonist JTE-013 can prevent cell damage and inhibit 
the elevation of blood glucose in diabetic mice due to its 
glucose reducing activity.7,8 Sphingosine-1 may also regu-
late Akt-eNOS signaling in lung endothelial cells and af-
fect vascular barrier functions in vivo.5 Therefore, the tar-
geted inhibition of S1PR2 is important for the treatment 
of diabetes.

Inflammation has been reported to be a cause of dia-
betic retinal damage in the early stages of DR.9 There-
fore, we  also analyzed the  effect of  exenatide on  in-
flammation. Reactive oxygen species (ROS) are greatly 
increased in  the  body during inf lammation, which 
can lead to direct damage to  lipid proteins and chro-
mosomal nucleic acids, triggering cell apoptosis and 
the occurrence and development of the disease. Hyper-
glycemia causes the overproduction of ROS through 
various mechanisms, along with the imbalance of nor-
mal physiological functions of cells.10,11 There appears 
to be a vicious positive feedback cycle involving ROS, 
inflammation and cell apoptosis.12 However, whether 
the long-lasting ligand GLP-1R is also involved in retinal 
vascular endothelial cell injury induced by HG through 
targeted inhibition of S1PR2 still needs to be confirmed. 
Preliminary experiments have shown that exenatide de-
creases S1PR2 levels in retinal vascular endothelial cells 
when induced by HG.

Objectives

This study explores whether exenatide reduces reti-
nal vascular endothelial cell injury by targeting S1PR2 
expression.

Materials and methods

Cell line

Human retinal vascular endothelial cells (hRVECs) were 
purchased from Shanghai Cell Bank, Chinese Academy 
of Sciences, Shanghai, China. They are adherent cells that 
can be passed on at a confluence rate of 80~90% in low-
glucose Dulbecco’s modified Eagle’s medium (L-DMEM; 
Gibco, Waltham, USA) containing 10% fetal bovine se-
rum (FBS), 100 U/mL of penicillin and 100 U/mL of strep-
tomycin (Sigma-Aldrich, St. Louis, USA). The hRVECs 
at  logarithmic growth stage were digested with pan-
creatin, and resuspended to a concentration of 3 × 104 
cells/mL in  L-DMEM medium containing 1% FBS. 
The cells were then divided into a control group (nor-
mal saline), mannitol group (MG, 25 mmol/L), HG group 
(HG, 25 mmol/L), MG+exenatide group, HG+exenatide 
group, HG+exenatide+S1P (1 µm) group, and HG+JTE-013 
(0.1 µm) group. Exenatide, S1P or JTE-013 were added 
to the cells as soon as the hyperglycemia cell model was 
established. After treatment for 48 h, further experiments 
were performed.

RT-qPCR

After 48 h of treatment, the total RNA of each group was 
extracted with Trizol reagent (Trizol, Waltham, USA), and 
reverse-transcribed into cDNA (TaKaRa, Tokyo, Japan). 
The synthesized cDNA was used as a template for quan-
titative experiments on an ABI 7100 quantitative fluores-
cence polymerase chain reaction (PCR) instrument (Ap-
plied Biosystems, Waltham, USA). The reaction system for 
RNA amplification was prepared as follows: RNase-free 
deionized water (10 μL), cDNA (1 μL), upstream and down-
stream primers (0.5 μL, respectively), and SYBR Premix 
(8 μL). GAPDH mRNA was used as an internal reference. 
The relative levels of S1PR1, S1PR2, S1PR3, and S1PR4 
mRNA were calculated using the 2−ΔΔCt method.

ELISA

The hRVECs were seeded into six-well plates. Cells were 
cultured as indicated above. After transfection for 48 h, 
cells were collected to detect the contents of tumor necro-
sis factor α (TNF-α), interleukin (IL)-1β and IL-6 protein 
in each group, using TNF-α, IL-1β and IL-6 enzyme-linked 
immunosorbent assay (ELISA) kits provided by Thermo 
Fisher Scientific (Waltham, USA).

ROS staining

Intracellular ROS were detected using dichloro-dihydro-
fluorescein (DCFH) fluorescent probe (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China). The hRVECs 
were seeded into six-well plates and 20 μmol of DCFH 
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fluorescence probes were added to  all cells except for 
the negative control group. The samples were incubated 
in darkness for 45 min, washed with phosphate-buffered 
saline (PBS) 3 times, then observed under an inverted fluo-
rescence microscope (Nikon Eclipse Ti; Nikon Corp., To-
kyo, Japan) and photographed. The fluorescence intensity 
was detected through a fluorescence microplate (Bio-Rad, 
Hercules, USA). The utilized excitation wavelength was 
488 nm and the emission wavelength was 525 nm.

TUNEL staining

Apoptotic cells were stained according to the instruc-
tions for the TUNEL kit (Beyotime, Shanghai, China). 
Cells were washed with PBS and then fixed with 4% para-
formaldehyde. Phosphate-buffered saline with 0.1% Triton 
X-100 was added for incubation in an ice bath for 2 min-
utes. The TUNEL solution was prepared and added to cell 
sections. The tablets were sealed with anti-fluorescence 
quenching solution and observed under a fluorescence 
microscope (Olympus Corp., Tokyo, Japan).

Western blot

Total hRVEC protein was extracted, and SDS polyacryl-
amide gel was prepared after routine quantitative and 
denaturation. Routine sampling, electrophoresis, mem-
brane transfer, and sealing were performed. The primary 
antibodies and GAPDH primary antibody (Abcam, Cam-
bridge, UK) were added and incubated at 4°C overnight. 
Tris-buffered saline with Tween (TBST) was used to wash 
the membrane 3 times; then, the membrane was incu-
bated with secondary antibody for 1 h. The membrane was 
washed using TBST 3 times. Electrochemiluminescence 
(ECL) solution was added for 20 s in a dark room. The grey 
value was analyzed using ImageJ software (National Insti-
tutes of Health, Bethesda, USA).

Statistical analyses

GraphPad Prism v. 6.0 (GraphPad Software, San Diego, 
USA) was used for statistical analyses of the data. Compari-
son among multiple groups of samples was performed using 
one-way analysis of variance (ANOVA), followed by Tukey’s 
test. All experiments were repeated at least 3 times. A value 
of p < 0.05 was considered as statistically significant.

Results

Exenatide regulates the expression  
of GLP-1R and S1PR2 in hRVECs

High glucose stimulated S1PR2 levels in  hRVECs 
(Fig. 1A). In contrast to the control group, S1PR1, S1PR3 
and S1PR4 levels showed only slight increases after HG 

induction (Fig.  1A). Mannitol had no effect on  levels 
of S1PR1, S1PR2, S1PR3, or S1PR4.

We examined whether exenatide affected the production 
of S1PR2 protein. The levels of S1PR2 protein and S1PR2 
mRNA in hRVECs stimulated by HG were both substan-
tially higher than in the control group (Fig. 1B). Mannitol 
was used as an osmotic pressure control. In the MG group, 
exenatide did not affect either S1PR2 protein or S1PR2 
mRNA levels. However, exenatide markedly reduced S1PR2 
protein and S1PR2 mRNA levels in hRVECs stimulated 
by  HG, relative to  the  HG group (Fig.  1C). Exenatide, 
as an agonist of GLP-1R, exerted positive effects on GLP-
1R expression in hRVECs. These findings suggest that 
exenatide reduced S1PR2 production in HG-stimulated 
hRVECs.

Exenatide decreased inflammatory  
marker levels through S1PR2 regulation

Inflammatory cytokines, such as IL-1β and TNF-α, are 
highly expressed in  the  retinas of DR patients, leading 
to an inflammatory response and damage to the blood–
retinal barrier, and thereby promoting the development 
of DR. We analyzed pro-inflammatory markers to assess 
inflammatory response induced HG in hRVECs. In con-
trast to the control group, HG markedly increased TNF-α, 
IL-1β and IL-6 expression (Fig. 2). Significantly, inhibitory 
effects on these pro-inflammatory factors were observed 
when hRVECs were treated with both exenatide and HG 
(Fig. 2), which indicated a possible protective effect of ex-
enatide against the inflammatory response. In addition, S1P, 
an agonist of S1PR2, counteracted the inhibition of inflam-
mation mediators by exenatide. We also found that hRVECs 
in  the  HG+JTE-013 group exhibited similar responses 
to those in the HG+exenatide group. These data implied 
that exenatide could decrease the inflammatory response 
induced by HG through regulation of S1PR2 protein activity.

Exenatide reduces ROS levels  
through S1PR2

Disruption of the balance between the formation and 
clearance rates of free radicals can produce oxidative stress 
and cell damage. Therefore, we analyzed the effects of ex-
enatide on ROS and explored the regulation mechanism, 
using either S1P or  JTE-013, an effective and selective 
S1PR2 antagonist. Exenatide reduced ROS levels, as re-
vealed through ROS staining and the detection of fluo-
rescence intensity (Fig. 3), whereas S1P counteracted ex-
enatide-mediated ROS downregulation in HG-stimulated 
hRVECs. When JTE-013 was utilized to block the functions 
of S1PR2, ROS levels were significant decreased in HG-
stimulated hRVECs relative to the HG group. The results 
were consistent with the reported effects of exenatide. 
These observations implied that exenatide decreased ROS 
levels through downregulation of S1PR2 production.
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Fig. 1. A. Treatment with HG (25 mM) for 48 h stimulated S1PR2 production in hRVECs, as seen with RT-qPCR and western blot; B and C. Exenatide 
(10 µg/mL) stimulated a decrease in S1PR2 production in hRVECs with HG. All results are presented as mean ±SD percentage of the control level, based 
on 3 independent tests

**p < 0.01; ***p < 0.001.

Fig. 2. Exenatide (10 µg/mL) reduced TNF-a, IL-1β and IL-6 expression through regulation of S1PR2. The results are expressed as mean ±SD of the mean

*p < 0.05; ***p < 0.001.
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Exenatide lessened cell apoptosis 
triggered by HG through S1PR2

TUNEL staining was performed to assess cell apop-
tosis levels, which revealed a dramatic increase of cell 
apoptosis in hRVECs exposed to HG (Fig. 4A,B). Simul-
taneously, exenatide treatment reduced HG-induced cell 
apoptosis, which could be blocked by addition of S1P. 
The  S1PR2 antagonist markedly decreased apoptosis 
in hRVECs compared with the HG group. These results 
indicated that exenatide protected hRVECs from apop-
tosis induced by HG through S1PR2. Next, we explored 
how exenatide regulated cell apoptosis caused by HG. 
The expression of a panel of established apoptosis-related 
proteins was analyzed using western blot assay. As shown 
in Fig. 4C, exenatide induced an increase of Bcl2, as well 
as  a  reduction of  Bax, cleaved caspase-3 and cleaved 
caspase-9.

Discussion

The present study provides evidence that exenatide pro-
tects cells against ROS injury, inflammatory damage and 
apoptosis, based on composite results obtained in HG-
induced hRVECs. Our research also reveals the mech-
anisms underlying the  protective effect of  exenatide, 
whereby exenatide reduces S1PR2 expression. Our study 
identified the novel mechanism of action of exenatide, and 
the involvement of S1PR2 in HG-induced hRVEC injury. 
These provide the molecular basis for further investigation 
of exenatide functions and might show a potential new 
target for treating DR.

The effects of exenatide on HG-induced hRVECs was 
investigated through analyzing ROS, inflammatory mark-
ers and cell apoptosis in the present study. Our data shows 
that exenatide reduced the protein levels of inflammation-
related markers IL-1β, TNF-α and IL-6, ROS levels and 
cell apoptosis. These observations were consistent with 
a previous study implicating exenatide in the regulation 
of inflammation, apoptosis and oxidative stress.13 Reac-
tive oxygen species production is a part of the defense 
mechanism of the body, with a maintained balance be-
tween production and elimination. However, under certain 
pathological conditions, the antioxidant defense ability 
of the body decreases, and thus its oxidation capabilities 
exceed its antioxidant capabilities. Oxidative stress is con-
sidered to play a key role in DR development, which could 
destroy the integrity of the cell membrane, promote cell 
apoptosis and cause microvascular damage.14,15 In DR, hy-
perglycemia leads to abnormal production of ROS, which 
further contributes to local inflammation and cell apop-
tosis.12 Furthermore, there is a vicious cycle of positive 
feedback involving ROS, inflammation and cell apopto-
sis that is closely correlated with the development of DR. 
The present study reveals that overproduction of ROS 
caused by HG induction was decreased by exenatide, and 
that this repression was counteracted by S1P, an agonist 
of S1PR2. Moreover, JTE-013, an antagonist of S1PR2, also 
exhibited an inhibitory effect on ROS production. These 
observations show the involvement of S1PR2 in exenatide-
decreased ROS levels.

The S1PR2 has been reported to regulate phosphoryla-
tion of Akt and endothelial nitric oxide synthase (eNOS),5 
and AKT can also activate eNOS in endothelial cells,16 
suggesting S1PR2 could regulate Akt-eNOS, as 1 study 

Fig. 3. S1P (1 μm) blocked inhibition by exenatide of ROS 
production induced by HG (25 Mm). JTE-013 (0.1 μm) presented 
a similar effect to exenatide in suppressing ROS. The ROS 
levels were detected through ROS staining and the analysis 
of fluorescence intensity
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has indicated.5 The modulation of AKT signals is involved 
in the regulation of ROS and apoptosis in retinal endo-
thelial cells under HG exposure.17 Therefore, the effect 
of exenatide reducing S1PR2 expression, and in turn in-
hibiting ROS, inflammatory makers and cell apoptosis, 
might be mediated by the involvement of AKT signals, 
which requires further study.

A previous study demonstrated protective roles of GLP-1 
receptor agonists in preventing retinal neurodegeneration, 
including neural apoptosis.18 The GLP-1 receptor agonists 
reduce Bax expression and upregulate caspase-8 levels, 
while also increasing BCLxl levels.18 In addition, exena-
tide has been reported to protect retinal ganglion cells 
from HG-induced injury.19 Our study demonstrates that 

exenatide can also regulate Bcl2, Bax, cleaved caspase-3, 
and cleaved caspase-9 levels in hRVECs, which could be 
blocked by S1P. Similar results were also observed in HG-
treated hRVECs after JTE-013 treatment. Therefore, 
we conclude that exenatide reduced HG-activated apop-
tosis in hRVECs through suppression of S1PR2 production. 
The pro-apoptotic role of S1PR2 has been investigated 
in several studies.20–22

Limitations

The study of the regulatory role of S1PR2 was limited 
to in vitro hRVECs model of DR; in vivo models of DR still 
require further study.

Fig. 4. A and B. TUNEL staining was utilized to analyze cell apoptosis levels; C. Changes in apoptosis-related protein levels (Bcl-2, Bax, cleaved caspase-3, 
caspase-3, cleaved caspase-9, and caspase-9) after different treatments was visualized using western blot analysis. The results are shown as mean ±SD 
percentage of the control level based on 3 independent tests

*p < 0.05; **p < 0.01; ***p < 0.001.
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Conclusions

Presently, the main strategy for DR treatment is to pro-
tect retinal microvasculature from injury resulting from 
diabetes. Our study implies a possible mechanism for ex-
enatide and presents a S1PR2 as a novel molecular target 
for delaying DR progression.
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