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Abstract 

Objective: Apoptosis and autophagy of retinal cells, which may be induced by oxidative stress, 
are tightly associated with the pathogenesis of diabetic retinopathy (DR). The autophagy induced 
by oxidative stress is considered as excessively stimulated autophagy, which accelerates the 
progression of DR. This study aims to investigate the protective effect of GLP-1 treatment on 
alleviating apoptosis and autophagy of retinal cells in type 2 diabetic rats and reveals its possible 
mechanism. 
Methods: Type 2 diabetic rats were induced by fed with high sugar, high fat diet and followed with 
streptozotocin injection. GLP-1 was applied to treat the diabetic rats for one week after the onset 
of diabetes. The expressions of oxidative stress-related enzymes, retinal GLP-1R, 
mitochondria-dependent apoptosis- related genes, autophagy markers, and autophagy-associated 
pathway genes were studied by Western blotting or immunohistochemistry analysis. 
Results: GLP-1treatment reduced the levels of NOX3 and SOD2 in DR. The expression of BCL2 
was increased, while the levels of caspase3 and LC3B were reduced through GLP-1 treatment in 
DR. GLP-1 treatment restored the GLP-1R expression and decreased the levels of phosphorylated 
AKT and phosphorylated ERK1/2, which was accompanied with the reduction of the HDAC6 
levels in DR. 
Conclusions: GLP-1 treatment can alleviate autophagy which may be induced by oxidative stress; 
this protective effect is likely through GLP-1R-ERK1/2-HDAC6 signaling pathway. 
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Introduction 
Diabetes mellitus (DM) is an epidemic disease 

with extremely high morbidity [1]. There are more 
than 382 million people with diabetes worldwide, and 
the number of diabetic patients is dramatically 
increased [2]. Diabetic retinopathy (DR) is the most 
common diabetic complication which is a leading 
cause of vision loss in working population and the 

elderly [3, 4]. It was reported that 90% of diabetic 
people were affected by DR [5-7]. In the early stage of 
DR, it is characterized by a loss of pericytes and 
vascular endothelial cells, a breakdown of the 
blood-retinal barrier, vascular dysfunction and 
vascular-neuro inflammation [8]. Currently, the main 
strategies for treating DR are laser photocoagulation 
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or drugs like anti-VEGF, anti-inflammatory 
molecules, and PKC inhibitors [9, 10]. However, all 
these strategies have undesirable side effects. 
Therefore, options for treating DR remain limited and 
more effective methods are urgently needed.  

The pathogenesis of DR is complex, multiple 
processes are involved, including hyperglycemia, 
oxidative stress, advanced glycation end products 
(AGEs), protein kinase C, inflammation and 
poly-ADP ribose polymerase (PARP) activation [11]. 
However, the mechanism of DR is still not entirely 
clear. Recently, growing evidences suggest that 
apoptosis and autophagy of retinal cells induced by 
oxidative stress are tightly associated with the 
pathogenesis of DR.  

Previous studies showed that controlling DM 
could effectively inhibit the progression of DR [12, 13]. 
Glucagon-like peptide-1 (GLP-1) is an endogenous 
insulin tropic peptide secreted by L-cells in response 
to food ingestion[14], which can regulate glucose 
metabolism, and is considered as a potential 
treatment for diabetes when administrated with 
effective concentrations [15, 16]. Fan et al. showed that 
exendin-4, a GLP-1 receptor agonist, could alleviate 
retinal vascular leakage by protecting the 
blood-retinal barrier and reducing retinal vascular 
permeability in diabetic Goto-Kakizaki rats [17]. 
However, the molecular mechanism of GLP-1 
treatment in diabetic retinopathy has not been 
clarified clearly.  

As we known, diabetes will lead to increase of 
intracellular reactive oxygen species (ROS), 
subsequently inducing inflammation and apoptotic 
cell death [18, 19]. Besides the insulin tropic effects of 
GLP-1 on insulin-secreting cells, increasing evidences 
indicate that GLP-1 has antioxidant effect [20-22]. 
Recent study indicated that GLP-1 improved 
H2O2-induced cellular injury [23]. Thus, the molecular 
mechanism of GLP-1 treatment in diabetic 
retinopathy may be tightly associated with its 
antioxidant effect.  

ROS accumulation will induce autophagy [24], 
which plays a key role in the maintenance of normal 
cellular homeostasis [25, 26]. It is clear that basal 
autophagy can protect cells against oxidative stress by 
eliminating damaged intracellular materials [27]. 
However, it may cause autophagic death in retinal 
cells due to excessively stimulated autophagy. Russo 
et al. found that dysregulation of basal autophagy 
occurs under conditions of retinal transient ischemia 
which caused by dramatically elevated ROS induced 
through acutely increasing intraocular pressure in 
adult rats [28]. Herein, we hypothesize that GLP-1 
may exert its antioxidant effect to protect the retinal 
cells through preventing the ROS-induced autophagy.  

The mechanism of GLP-1treatment on 
preventing the ROS-induced autophagy remains 
unclear. It has been reported that epigenetic factor 
HDAC6 associates tightly with autophagy among all 
histone deacetylases [29]. In addition, HDAC6 
regulates various cellular processes, including 
endocytosis, cell motility, cell migration, aggresome 
formation and autophagy etc., by deacetylating 
cytoplasmic proteins, such as heat shock protein 90 
(HSP90), cortactin and α-tubulin [30].  

In present study, we first investigated the effects 
of GLP-1on improving diabetic retinopathy in type 2 
diabetic rats. We also revealed the possible 
mechanism of GLP-1 on alleviating apoptosis and 
autophagy in diabetic retinal cells. 

Materials and Methods 
Reagents and Animals 

Streptozotocin (STZ) was purchased from Sigma 
(St. Louis, MO, USA). Formaldehyde and xylene were 
purchased from Guangzhou Chemical Reagent 
Factory (Guangzhou, China). Caspase3 antibody, 
LC3B antibody, p-Akt antibody, p-ERK1/2 and 
HDAC6 antibody were purchased from Cell Signaling 
Technology. Inc. (Danvers, Massachusetts, USA). 

24 male SD rats (aged 6-8weeks, weighing 
160-180g) were purchased from Experiment Animal 
Center of Southern Medical University (Guangzhou, 
China). All rats were housed in 12 hour light/dark 
cycle with providing water and food ad libitum. All 
animal experiments were carried out in accordance 
with the guidelines of the Animal Ethic Committee at 
Southern Medical University. 

 Establishment of Type 2 Diabetic Rat Model 
24 rats were randomly divided into two groups: 

Diabetic group (n=16) and the normal group (n=8). 
The diabetic rats were established by fed with high fat 
and sugar (20% sucrose, 10% lard, 2.5% cholesterol, 
1% cholic acid and 66.5% conventional feed) for a 
month and intraperitoneally injected with STZ once 
with a dose of 40 mg/kg body weight. Animals were 
considered diabetic when glucose levels were higher 
than 16.7 mM for 3 consecutive days (reference range, 
5-8 mM). The normal rats were fed with the standard 
rodent chow.  

Drug Treatment 
35 days after the onset of diabetes, the diabetic 

rats were randomly divided into two groups (each 
group, n=8), including diabetic retinopathy group 
(DR), GLP-1 treatment group (DR+GLP-1). In GLP-1 
treatment group, GLP-1 was given via subcutaneous 
osmotic pump (30pmol/kg/min) for 7 days in 
diabetic rats. Meanwhile, in DR and normal control 
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groups, equal amount of normal saline were given to 
the rats for the same period.  

After treatment, all rats were anesthetized by 
pentobarbital (0.1mg/g intraperitoneal injection) and 
sacrificed. Then, the eyeballs were removed and retina 
tissues were separated for HE staining and 
immunohistochemistry analysis. 

HE Staining 
Retinal tissues were selected randomly from 

each group. The samples were fixed with 10% 
paraformaldehyde, decalcified with 20% EDTA 
solution, dehydrated with ethanol by gradient, and 
embedded in paraffin. Afterwards, these specimens 
were cut into sections (4.0~5.0μm thickness), stained 
with Hematoxylin-Eosin (HE) by a series of standard 
techniques. Histological changes were observed 
under light microscope.  

Immunoblot analysis 
Retinal tissues were collected and homogenized 

in RIPA buffer with PMSF. After centrifugation at 
12000g for 15min, the supernatant was collected and 
the protein concentrations were determined using the 
BCA (bicinchoninic acid) method [31]. Thirty 
micrograms of total cell lysate was applied to an 
SDS-PAGE (10%) for separation and then transferred 
to a PVDF membrane. The membranes were then 
probed with primary antibodies (1:1000 dilution) at 4
℃  overnight, followed with a secondary antibody 
(1:5000 dilution) conjugated with the horseradish 
peroxidase (HRP) for 1 hour at room temperature, 
and then visualized by enhanced chemiluminescence 
reagents (ECL; Pierce, Rockford, USA). Bands of 
interest were quantified by a densitometry, using 
Gel-Pro analysis software. The protein expression 
levels of rat glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) served as the house 
keeping control. 

Immunohistochemistry 
Retinal tissues were selected randomly from the 

remaining tissues of each group. After formalin-fixed 
and paraffin-embedded, specimens were cut into 
sections with 4 micron, dewaxed and hydrated, 
incubated with 3% hydrogen peroxide solution in 
dark at room temperature (RT) for 25 minutes, 
washed with PBS. Subsequently, the sections were 
incubated in 3% BSA for 30 minutes at RT, and 
incubated with cleaved caspase 3 antibody (1:100), 
LC3B antibody (1:100), p-Akt antibody (1:100), p-ERK 
(1:100) and HDAC6 antibody (1:100) overnight, 
respectively. After that, the sections were washed 3 
times with PBS, each time for 5 minutes, and stained 
by DAB using a secondary antibody kits. The staining 

time was controlled under the microscope and 
stopped by water washing. Finally, sections were 
re-stained by Harris hematoxylin for 3 minutes, and 
then washed, dehydrated, treated with xylene and 
coverslipped. The results were evaluated by light 
microscopy. 

Result 
Blood glucose level  

 As shown in table 1, blood glucose levels of all 
rats were normal before the diabetic model 
established. After that, the blood glucose levels of 
diabetic rats were significantly higher than that of the 
normal group (23.8 ± 2.2 mmol/L vs. 6.6 ± 0.4 
mmol/L; p<0.01), the blood glucose levels of rats of 
DM+GLP-1 group were also significantly higher than 
that of the normal group (23.7±2.1 mmol/L vs. 6.6±
0.4 mmol/L; p<0.01).  

After GLP-1 treatment for 1 week, GLP-1 
reduced the blood glucose of the rats in the 
experimental group significantly, compared with the 
DM group (18.2±1.1 mmol/L vs. 25.1±1.4 mmol/L; 
p<0.01).  

These results indicated that the type 2 diabetic 
rats were established successfully and GLP-1 
administration was effective on controlling glucose. 

 

Table 1. Blood glucose levels of rats in different experimental 
groups 

Group n Blood glucose(mmol/L) 
Before model 
establishment 

Before treatment After treatment 

Normal 8 6.6±0.2 6.6±0.4 6.9±0.7 
DR 8 6.9±0.7 23.8±2.2** 25.1±1.4** 
DR+GLP-1 8 6.7±0.3 23.7±2.1** 18.2±1.1## 
Annotation: Compared with normal group before treated, **P＜0.01; Compared 
with DR group after treated, ##P＜0.01.  

 

The pathomorphology observation of retinal 
tissues 

 Under an optical microscope, the retinal tissues 
of HE-stained showed that the thicknesses of 
columnar and cone photoreceptors, OPL (outer 
nuclear layer), INL (inner nuclear layer), IPL ( inner 
plexiform layer) and GCL (retinal ganglion cell layer) 
were all significantly reduced in the DR group 
compared with the control group (Fig. 1). But the 
retinal morphology condition was improved 
effectively after treated with GLP-1 in DR rats. In 
addition, compared to other groups, the retina of 
normal group had a smoother surface, and RGCs 
(retinal ganglion cells), INL (inner nuclear layers) and 
ONL (outer nuclear layers), rod cells and cone cells 
were all arranged more regularly. 
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Figure 1. Photomicrographs of retinas from rats with hematoxylin-eosin (HE) staining of three groups: control, DR and DR+GLP-1. The scale bar represents 50μm.  

 
Figure 2. Immunostaining of BCL2 and caspase-3 in rat retinas of three groups: control, DR and DR+GLP-1. (A) Levels of BCL2 were significantly reduced in DR and 
increased after GLP-1 treatment. (B) Levels of caspase-3 were significantly increased in DR and reduced after GLP-1 treatment. The scale bar represents 50μm. 

 

GLP-1 alleviates apoptosis and autophagy in 
retinal cells in diabetic rats 

We investigated the effect of GLP-1 on apoptosis 
of diabetic retinal cells. The levels of BCL2 and 
caspase 3, two mitochondria-dependent 
apoptosis-related genes, were examined in this study 
(Fig. 2). The levels of BCL2 were decreased 
dramatically in DR group, but upregulated after 
GLP-1 treatment. The levels of caspase-3 were 
increased notably in DR group, but reduced after 
GLP-1 treatment. 

Then, the effects of GLP-1 on autophagy of 
diabetic retinal cells were investigated through 

Western blot analysis. As shown in Fig.3A, LC3II/I 
levels were significantly increased in retinal cells of 
diabetic rats compare with those of healthy rats 
(p<0.01), which were attenuated by GLP-1 treatment 
(p<0.01).  

Furthermore, we examined changes in the levels 
of LC3B in retinas through immunohistochemistry 
(Fig.3B). Levels of LC3B in retinas were significantly 
increased in the DR group compared with those in the 
control group, which was attenuated through GLP-1 
treatment. These results suggested that GLP-1 
treatment could effectively suppress apoptosis and 
autophagy of retinal cells in diabetic rats. 
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Figure 3. Reduction of LC3B protein expression through GLP-1 treatment. (A) Western blot analysis of retinal LC3B expression in three groups. (B) 
Immunohistochemistry of retinal GLP-1R in three groups. Data are expressed as the means ± SEM. Statistical analyses were performed by one-way ANOVA 
followed by Tukey’s test. **P<0.01 versus the normal group, ## P<0.01 versus the DR group. The scale bar represents 50μm. 

 

GLP-1 treatment alleviates oxidative stress in 
retinas of diabetic rats 

As the oxidative stress is a crucial mechanism 
causing the occurrence of apoptosis and autophagy, 
we assess the changes in oxidative stress of diabetic 
rats. The levels of SOD2 and NOX3, which were 
oxidative stress-related enzymes, were investigated to 
evaluate the effect of GLP-1 on alleviating oxidative 
stress of retinal cells of T2D rats. As shown in Fig.4, 
immunohistochemistry results showed that the levels 
of SOD2 and NOX3 were upregulated in DR group 
compared with those of normal group, implying an 
oxidative stress response in diabetic rats. The levels of 
SOD2 and NOX3 were decreased in DR+GLP-1 group 
compared with those of DR group, which indicated 
that GLP-1 treatment could alleviate the oxidative 
stress in diabetic rats. 

GLP-1 treatment restored the GLP-1R 
expression in diabetic rats 

It is widely accepted that GLP-1 exerts its effect 
through GLP-1R. We hypothesize that GLP-1 
alleviating apoptosis and autophagy through GLP-1R. 
Thus, we examined the changes in GLP-1R expression 
in both retinas of healthy and diabetic rats treated 
with or without GLP-1. As shown in Fig.5A, GLP-1R 
level was decreased in DR group compared with 
those of the normal control group (p<0.01), but was 
restored under GLP-1 treatment (p<0.01). 

The changes in GLP-1R expression indicated by 
immunohistochemistry analysis were consistent with 
those shown by western blot analysis. GLP-1R was 
expressed in the inner layers of the retina, primarily in 
the INL and ganglion cells. As shown in Fig.5B, 
GLP-1R expression was significantly decreased in 
retinal cells of diabetic rats compare with those of 
healthy rats, while GLP-1 treatment notably restored 
the expression of GLP-1R. 
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Figure 4. Detection of SOD2 and NOX3 in rat retinas of three groups: control, DR and DR+GLP-1. Levels of SOD2 (A) and NOX3 (B) were dramatically increased 
in DR and reduced after GLP-1 intervention. The scale bar represents 50μm. 

 
Figure 5. Maintenance of GLP-1R protein expression by GLP-1 stimulation. (A) Western blot analysis of retinal GLP-1R expression in three groups. (B) 
Immunohistochemistry of retinal GLP-1R in three groups. Data are expressed as the means ± SEM. Statistical analyses were performed by one-way ANOVA followed 
by Tukey’s test. **P<0.01 versus the normal group, ## P<0.01 versus the DR group. The scale bar represents 50μm. 
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GLP-1 alleviates apoptosis and autophagy of 
retinal cells via AKT/ERK pathway 

To reveal the possible mechanism underlying the 
effect of GLP-1 on alleviating apoptosis and 
autophagy of diabetic retinal cells, we investigated the 
AKT/ERK pathway in this study, which has been 
previous reported to associate with apoptosis and 
autophagy tightly. As shown in Fig.6, the 
immunohistochemistry results indicated that the 
levels of phosphorylated Akt and ERK1/2 were 
increased significantly in DR group compared with 
normal group, especially in the sections of GCL, INL 
and OPL of retina tissues, which were attenuated after 
GLP-1 treatment.  

 GLP-1 alleviates autophagy through 
modulating HDAC6 expression 

As final effectors of ERK-MAPK pathway, 
ERK1/2 was reported to interact with HDAC6 in vivo, 
which play a key role in oxidative stress response and 
autophagy. Herein, HDAC6 expression was 
investigated through Immunoblot analysis. As shown 
in Fig.7A, HDAC6 level was significantly increased in 
retinal cells of diabetic rats compare with those of 

healthy rats (p<0.01), while GLP-1 treatment notably 
reduced the expression of HDAC6 (p<0.05). 

The changes in HDAC6 expression indicated by 
immunohistochemistry analysis were consistent with 
those shown by western blot analysis. As shown in 
Fig.7B, HDAC6 expression was significantly 
increased in retinal cells of diabetic rats compare with 
those of healthy rats, while GLP-1 treatment notably 
reduced the expression of HDAC6. 

Discussion 
 Diabetic retinopathy is the leading cause of 

blindness in working population and the elderly [3, 
4]. It is well known that retinal degeneration in 
proliferative diabetic retinopathy is irreversible. In 
addition, current treatments for DR of advanced 
stages are linked to notable adverse effects [9, 10]. 
Therefore, new approaches for DR treatment at early 
stages are needed. 

It is clear that type 2 diabetes mellitus generates 
chronic and acute toxicity to vascular endothelium in 
patients, including dyslipidemia, hyperglycemia, and 
increased oxidative stress [32]. Oxidant injury or 
inflammation induced by diabetes often cause 
complications such as neuropathy, nephropathy and 
retinopathy. 

 

 
Figure 6. Reduction of p-Akt and p-ERK1/2 by GLP-1 treatment in diabetic rat retinas. Levels of p-Akt (A) and p-ERK1/2 (B) were significantly upregulated in DR and 
decreased after GLP-1 treatment. The scale bar represents 50μm. 
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Figure 7. Reduction of HDAC6 protein expression by GLP-1 treatment in diabetic rat retinas. (A) Western blot analysis of retinal HDAC6 expression in three 
groups. (B) Immunohistochemistry analysis of retinal HDAC6 in three groups. Data are expressed as the means ± SEM. Statistical analyses were performed by 
one-way ANOVA followed by Tukey’s test. **P<0.01 versus the normal group, # P<0.05 versus the DR group. The scale bar represents 50μm. 

 
Excessive ROS generation may accelerate 

pathophysiological progression in diabetes, which 
plays a pivotal role of oxidative stress in the onset and 
development of diabetes complications [24]. In 
present study, the NOX3 and SOD2, which were 
considered as the indicators of oxidative stress 
response in vivo, were investigated through 
immunohistochemistry analysis. Our results showed 
that GLP-1 could reduce the levels of the NOX3 and 
SOD2 induced by oxidative stress in T2D rats. Thus, 
GLP-1 is beneficial to alleviate the oxidative stress in 
DR.  

As we known, oxidant injury contributes to a 
major mechanism causing apoptosis in diabetes. The 
mitochondria-dependent apoptosis pathway plays a 
key role in diabetic-induced retinal cell apoptosis. In 
our study, the reduction of BCL2 levels and increase 
of caspase 3 levels indicated an occurrence of 
apoptosis in T2D rat retinas, while GLP-1 treatment 
could effectively alleviate apoptosis in DR.  

On the other hand, autophagy is a potent 
adaptive mechanism, which protects cells against 
oxidative stress-caused injury by the 
lysosome-mediated degradation of damaged or 
dysfunctional organelles and protein aggregates [25, 

26]. However, excessively stimulated autophagy in 
retinal cells may cause autophagic death, which may 
lead to advanced stages of DR. Therefore, preventing 
occurrence of excessively stimulated autophagy at 
early stages may be benefit to DR treatment. Our 
results showed that autophagy pathway was 
activated in diabetic retinas, which was mainly due to 
oxidative stress, might possibly become excessively 
stimulated autophagy and lead to autophagic death. 
This autophagy effect was significantly alleviated by 
GLP-1 treatment. To our best knowledge, it is the first 
report on the effect of GLP-1 on alleviating excessively 
stimulated autophagy of retinal cells.  

Up to date, the mechanism underlying the effect 
of GLP-1 treatment on alleviating apoptosis and 
excessively stimulated autophagy remains not clear. 
Previous study indicated that GLP-1exerted its 
function through GLP-1R. In line with our study, 
GLP-1R was diffusely distributed in the retina. The 
GLP-1R expression was decreased in diabetic retinas, 
while GLP-1 treatment could maintain the GLP-1R 
levels. In addition, previous study showed that 
autophagy was a key cellular process against 
oxidative stress mediated mitochondrial injury [33]. 
Our results showed that oxidative stress might 
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promote autophagy in retinas of diabetic rats through 
activation of Akt and ERK signaling pathway. The 
AKT and ERK were significantly activated in the type 
2 diabetic rats, and these tendencies were suppressed 
through GLP-1 treatment.  

As final effectors of ERK-MAPK pathway, 
ERK1/2 was reported to interact with HDAC6 in vivo 
[34]. One study indicated that overexpression of 
HDAC6 in HEK293T cells increased the 
phosphorylation level of ERK1/2 [35]. In our study, in 
DR group, ERK1/2 phosphorylation was increased 
accompanied with upregulation of the levels of 
HDAC6, which were attenuated by GLP-1treatment.  

Epigenetic factor HDAC6 has been reported to 
associate tightly with cell autophagy among all 
histone deacetylases. Previous study revealed that 
HDAC6 mediated retrograde transport of inclusion 
bodies containing aggregate to be degraded by 
autophagy through deacetylating ɑ-tubulin. In line 
with our study, HDAC6 levels were increased in 
retinas of diabetic rats compared with healthy rats, 
which were associated with autophagy induced by 
oxidative stress injury, was attenuated by 
GLP-1treatment. To our best knowledge, it is the first 
report that the protective effects of GLP-1against DR 
may be through modulating HDAC6 expression.  

In conclusion, we shed light on the mechanisms 
underlying the protective effects of GLP-1 against 
diabetic retinopathy in T2D rats. Our results suggest 
that GLP-1 treatment alleviates oxidative stress in DR. 
GLP-1 treatment alleviates apoptosis and autophagy 
of retinal cells in diabetic rats, the anti-autophagic 
effect of GLP-1 on retinal cells may be through 
GLP-1R-ERK1/2-HDAC6 signaling pathway. These 
findings reinforce the effect of GLP-1 in diabetic 
retinopathy. Thus, it may be an effective approach to 
treat DR by GLP-1. 
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