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The ghrelin‑GHSR‑1a pathway inhibits high 
glucose‑induced retinal angiogenesis in vitro 
by alleviating endoplasmic reticulum stress
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Abstract 

Background:  To investigate the effect of ghrelin, a brain-gut peptide hormone, on high glucose-induced retinal 
angiogenesis in vitro and explore its association with endoplasmic reticulum (ER) stress.

Methods:  Human retinal microvascular endothelial cells (HRMECs) were first divided into control and high-glucose 
groups, and the mRNA and protein expression levels of the receptor for ghrelin [growth hormone secretin receptor 
1a, (GHSR-1a)] in cells were determined. HRMECs were then treated with high glucose alone or in combination with 
ghrelin or siGHSR-1a, and cell viability, migration, tube formation and the expression of the ER stress-related proteins 
PERK, ATF4 and CHOP were detected. Finally, to clarify whether the effects of ghrelin are related to ER stress, tunica-
mycin, an inducer of ER stress, was used to treat HRMECs, and cell viability, cell migration, and tube formation were 
evaluated.

Results:  GHSR-1a expression in HRMECs at both the mRNA and protein levels was inhibited by high-glucose treat-
ment. Under high-glucose conditions, ghrelin promoted cell viability and inhibited migration and tube formation, 
which were blocked by siGHSR-1a treatment. Ghrelin inhibited the increases in the protein levels of p-PERK, ATF4 and 
CHOP induced by high-glucose treatment, and combination treatment with siGHSR-1a reversed this effect of ghrelin. 
When tunicamycin was added, the effects of ghrelin on cell viability, migration and tube formation were all weakened.

Conclusions:  This study experimentally revealed that ghrelin can inhibit high glucose-induced retinal angiogenesis 
in vitro through GHSR-1a, and alleviation of ER stress may be one of the mechanisms underlying this effect.

Keywords:  Ghrelin, GHSR-1a, Endoplasmic reticulum stress, Angiogenesis, Retinal neovascularization, Diabetic 
retinopathy
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Background
Diabetic retinopathy (DR) is the major eye complica-
tion of diabetes, causing irreversible blindness among 
working-age people worldwide [1]. Hyperglycemia and 
other factors lead to dysfunction of retinal microvascu-
lar endothelial cells, which eventually results in retinal 

neovascularization in the late stage of the disease, and 
to secondary retinal detachment and vitreous hemor-
rhage leading to vision loss [2]. Normal intercellular 
interactions are altered by diabetes leading to profound 
vascular abnormalities, loss of the blood-retinal barrier 
and impaired neuronal function [3]. Among the factors 
involved in the complex retinal pathophysiology of DR, 
oxidative stress, inflammation, and angiogenesis-related 
factors play critical roles [4]. At present, laser photoco-
agulation, anti-neovascularization drugs [5], anti-inflam-
matory drugs [6] and vitrectomy are the mainstays of DR 
treatment, however, a risk of damage to healthy retinal 
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tissues exists, and the efficacy of these treatment strate-
gies remains insufficient. Therefore, exploring the patho-
logical mechanism and new treatment strategies for DR 
has become increasingly attractive in recent years [7, 8].

Ghrelin is a growth hormone-releasing peptide that 
regulates physiological processes associated with energy 
homeostasis such as appetite, insulin signaling, glucose 
metabolism, and adiposity [9]. It is widely distributed in 
human cells, and mainly binds to the growth hormone 
secretagogue receptor-1a (GHSR-1a), a seven transmem-
brane G protein-coupled receptor. Recent studies revealed 
that ghrelin-GHSR-1a exert an increasing number of bio-
logical effects; therefore, ghrelin is a promising therapeutic 
agent for many diseases [10–12]. Ghrelin can reach ocular 
tissues through the blood-brain barrier [13, 14]. In addi-
tion, ghrelin and its receptors are also expressed in the 
iris, ciliary body, retina, and other ocular tissues, showing 
therapeutic potential in glaucoma and retinal neovascular 
diseases [14, 15]. Moreover, alterations in plasma ghre-
lin levels and the functioning of other components of the 
ghrelin system have been proposed as potential contribu-
tors to diabetes and its complications, and targeting the 
ghrelin system has been proposed as a novel therapeutic 
strategy for diabetes [16]. However, there are few reports 
on the effects of ghrelin in DR [17]. When the ability of cells 
to properly fold and post-translationally modify secretory 
and transmembrane proteins is impeded by various insults, 
accumulation of misfolded proteins in the endoplasmic 
reticulum (ER) occurs, a condition called ER stress [18]. 
Emerging evidence has demonstrated clear associations 
between ER stress-related physiological functions and the 
pathogenesis of DR [19]. In addition, recent studies point 
to the regulatory effects of ghrelin on ER stress in many ill-
nesses [20]. In this study, we aimed to observe the effects of 
ghrelin on retinal vascular endothelial cell angiogenesis as 
well as the association of ghrelin with ER stress under the 
influence of high concentrations of glucose in  vitro, with 
the purpose of laying a foundation for further study of the 
role and mechanism of ghrelin in DR.

Methods
Cell culture and treatment
Human retinal microvascular endothelial cells (HRMECs; 
Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd., 
China) were cultured in M199 medium (Procell, Wuhan, 
China) containing 10% fetal bovine serum (FBS; Excell 
Bio, Shanghai, China) at 37  °C in humidified 95% room 
air with 5% CO2. To detect the expression of GHSR-1a 
in cells, HRMECs were randomly divided into a control 
group (C group; cultured in M199 medium with 5.5 mM 
glucose) and a high-glucose group (HG group; cultured 
in M199 medium with 30 mM glucose); the cells in both 
groups were treated for 48 h.

Then, the cells were treated with high glucose and dif-
ferent concentrations of ghrelin (0  nM, 2.5  nM, 5  nM, 
10 nM, 20 nM, and 40 nM) (Glpbio, Montclair, CA, USA) 
for 12  h, 24  h, 48  h and 72  h. The optimal concentra-
tion and action time of ghrelin based on the results of 
the cell counting kit-8 (CCK-8) assay (10 nM, 48 h) was 
used in the subsequent experiments. To evaluate cell 
viability, migration and tube formation, HRMECs were 
randomly divided into five groups and incubated for 
48 h: the C group, HG group, ghrelin group (cultured in 
M199 medium with 30 mM glucose and 10 nM ghrelin), 
ghrelin + siGHSR-1a group (transfected with GHSR-
1a-specific siRNA for 24  h and then cultured in M199 
medium with 30  mM glucose and 10  nM ghrelin) and 
ghrelin + NC-siGHSR-1a group (transfected with a non-
specific siRNA sequence for 24  h and then cultured in 
M199 medium with 30 mM glucose and 10 nM ghrelin).

Finally, tunicamycin (MedChemExpress, Newark,  NJ, 
USA), an inducer of ER stress, was utilized in the ghre-
lin + tunicamycin group (cultured in M199 medium with 
30 mM glucose, 10 nM ghrelin and 10 μM tunicamycin). 
Cell viability, migration, and tube formation of HRMECs 
in the C group, HG group, ghrelin group and ghre-
lin + tunicamycin group were compared.

Immunofluorescence staining of GHSR‑1a
HRMECs on a climbing slide were rinsed with PBS and 
fixed with 4% paraformaldehyde for 15 min. The slide was 
then treated with 0.5% Triton X-100 at room tempera-
ture for 20 min after rinsing with PBS. After washing and 
drying, goat serum was dripped onto the slide (Boster, 
Wuhan, China) at room temperature for 30 min. Then, a 
primary antibody against GHSR-1a (1:100, Affinity, OH, 
USA) was dripped onto each slide and incubated at 4 °C 
overnight prior to incubation with Cy3-labelled goat 
anti-rabbit IgG (1:100, Boster, Wuhan, China) as a sec-
ondary antibody at 37 °C for 1 h. The slide was then incu-
bated with DAPI (Beyotime, Shanghai, China) in the dark 
for 5  min and sealed with an anti-fluorescence quench-
ing sealing solution. Images were acquired under a fluo-
rescence microscope (Olympus BX53, Japan), and three 
images acquired under high-power (400 ×) magnification 
were selected from each group and used for analysis of 
the mean optical density with the IPP6.0 software (Media 
Cybernetics, Inc., USA).

Cell viability
The viability of HRMECs was determined by a CCK-8 
assay (Elabscience, Wuhan, China) according to manu-
facturer’s instructions. In brief, cells were seeded in 
each well of a 96-well plate at a density of 5 × 103 cells/
mL. Then, after different treatments for 48  h, 10 μL of 
CCK-8 reagent was added to each well. After incubation 
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at 37 °C for 4 h, the absorbance value (A) of each well at 
450 nm was estimated in a microplate reader. Cell viabil-
ity (%) was calculated as (Aexperiment group −  Ablank group)/
(Acontrol group  −  Ablank group) × 100, where Aexperiment group 
is the absorbance value of treated cells, Ablank group is the 
absorbance value of cell-free medium, and Acontrol group is 
the absorbance value of untreated cells.

siRNA transfection
Cells in the logarithmic growth phase were seeded in 
6-well plates and placed in an incubator at 37 °C for 24 h. 
At approximately 50% confluence, HRMECs were trans-
fected with a GHSR-1a-specific siRNA (20  μM; Tsingke 
Biotechnology Co., Ltd., Beijing, China) using Lipo-
fectamine™ 2000 Reagent (Invitrogen, Carlsbad, CA, 
USA) in accordance with the manufacturer’s instructions. 
Cells transfected with the GHSR-1a-specific siRNA and 
cells transfected with the nonspecific siRNA sequence 
(negative control) were set as the GHSR-1a-siRNA group 
and NC-siRNA group, respectively. Untransfected cells 
were used as the control group. The expression of GHSR-
1a was examined 24 h after transfection by using reverse 
transcription polymerase chain reaction (RT-PCR).

RT–PCR
To determine the mRNA level of GHSR-1a, total RNA 
was extracted from HRMECs using an RNA extraction 
kit (Thermo Fisher Scientific, USA) according to the man-
ufacturer’s protocol. To synthesize cDNA, a total of 2 μg 
of mRNA was subjected to RT-PCR using HiScript® II 
Q RT SuperMix (Vazyme, Nanjing, China). Quantitative 
real-time PCR was performed using SYBR Green Master 
Mix (Vazyme, Nanjing, China) in a PCR system (Quant-
Studio 6.0, ABI, USA). The primers (Tsingke Biotech-
nology Co., Ltd., Beijing, China) used for target mRNA 
detection were as follows: GHSR (forward 5′-CTA​CAG​
TCT​CAT​CGG​CAG​GA-3′, reverse 5′-GAG​AGA​AGG​
GAG​AAG​GCA​CA-3′); GAPDH (forward 5′-TCA​AGA​
AGG​TGG​TGA​AGC​AGG-3′, reverse 5′-TCA​AAG​GTG​
GAG​GAG​TGG​GT-3′). The results are presented as val-
ues normalized to glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) expression using the 2−ΔΔCt method.

Cell migration
Cell migration was analyzed using Transwell cham-
bers (Corning, USA). HRMECs from each group were 
digested with 0.25% trypsin, and a single-cell suspension 
was prepared with serum-free M199 medium at a den-
sity of 3 × 105 cells/mL. Two hundred microlitres of the 
cell suspension was added to the upper compartment 
of the Transwell chamber, and M199 medium contain-
ing 10% FBS was added to the lower compartment. After 

24 h of incubation, the Transwell chamber was removed. 
The cells were carefully cleaned with PBS, fixed with 70% 
iced ethanol solution for 1 h and stained with 0.5% crys-
tal violet for 20  min. Nonadherent cells were removed 
by wiping with a swab, and the chamber was observed 
under a microscope. Five high magnification fields were 
randomly selected for counting the cells that crossed the 
membrane.

Tube formation
Each well of 24-well plates was coated with 200 μL of 
Matrigel (Corning, USA) and placed at 37 °C for 60 min. 
Treated cells were digested with 0.25% trypsin, and 
single-cell suspensions were prepared with serum-free 
M199 medium. After counting, the cells were seeded 
evenly into a 24-well plate precoated with Matrigel at 
1 × 105 cells/well and cultured at 37  °C for 12 h. Images 
were acquired (IX51 Olympus, Japan), and the tube-like 
structures were analyzed using ImageJ (NIH, USA) at 
100 × magnification.

Western blotting
Total protein was extracted from cells with RIPA lysis 
buffer (Beyotime, China) after incubation for 48 h. After 
quantification of the protein concentration with a BCA 
protein assay kit (Beyotime, China), proteins in the sam-
ples (40 μg) were separated by SDS-PAGE and transferred 
to polyvinylidene fluoride (PVDF) membranes. Then, 
the membranes were blocked with 5% fat-free milk and 
incubated with diluted primary rabbit polyclonal anti-
bodies, including anti-GHSR-1a (1:1000, Affinity, USA), 
anti-PERK (1:1000, Affinity, USA), anti-p-PERK (1:2000, 
Affinity, USA), anti-AFT4 (1:1000, Affinity, USA), anti-
CHOP (1:1000, Affinity, USA), and anti-GAPDH (1:1000, 
Hangzhou Xianzhi Biology Co., Ltd., China) antibodies, 
overnight at 4  °C. Then, the membranes were incubated 
with horseradish peroxidase-conjugated goat anti-rabbit 
IgG (1:10,000, Boster, China) as the secondary antibody 
for 2  h at room temperature. The bands were visual-
ized by ECL and quantified using Bandscan software 5.0 
(Glyko Inc., CA, USA).

Statistical analysis
Quantitative data are presented as the mean ± standard 
deviation (SD) of three independent experiments. SPSS 
19.0 (IBM, USA) was used for conducting a pairwise t 
test or one-way analysis of variance (ANOVA) followed 
by a LSD post hoc test. Differences between or among 
the groups were statistically significant when P < 0.05.
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Results
The expression of GHSR‑1a in HRMECs
To study the effects of ghrelin, we first observed whether 
its receptor GHSR-1a is expressed in HRMECs. Real-time 
PCR, immunostaining and Western blotting showed that 
GHSR-1a was present in HRMECs at both the mRNA 
and protein levels. In addition, high glucose markedly 
inhibited the expression of GHSR-1a when compared 
with that in the control group (Fig. 1).

Screening of ghrelin and siGHSR‑1a
To determine the optimal ghrelin concentration and 
application time for treating HRMECs, concentrations 
of 2.5 nM, 5 nM, 10 nM, 20 nM, and 40 nM and times 
of 12  h, 24  h 48  h and 72  h were evaluated. Based on 
the results of the CCK-8 assay (Fig. 2), treatment with 
10  nM ghrelin for 48  h was used for all subsequent 
studies. Then, to prove that ghrelin functions through 
its receptor GHSR-1a, siRNA transfection was used, 

Fig. 1  Representative immunofluorescence images (a, bar = 50 μm) and Western blotting (b) of the expression of GHSR-1a in human retinal 
microvascular endothelial cells (HRMECs) in different groups treated for 48 h. Statistical comparison of optical density (c), mRNA fold change (d), and 
relative protein expression of GHSR-1a (e) (n = 3, *P < 0.05 vs. C group). C, control; HG, high glucose

Fig. 2  Cellular viability of human retinal microvascular endothelial cells (HRMECs) at 12 h, 24 h, 48 h and 72 h of treatment by CCK-8 assay in 
different groups. C, control; HG, high glucose
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and successful silencing of GHSR-1a was achieved 
(Fig. 3).

The effects of ghrelin on the viability, migration, and tube 
formation of HRMECs under high‑glucose conditions
Under high-glucose conditions, the viability of HRMECs 
decreased significantly, and their migration and tube 
formation abilities increased. When ghrelin was added, 
viability was enhanced, while migration and tube forma-
tion were inhibited. When siGHSR-1a was added, these 
changes were reversed when compared with those in 
cells without ghrelin treatment or with combined ghrelin 
and NC-siGHSR-1a treatment (Figs. 4, 5, 6). These results 
suggest that Ghrelin protects the survival of HRMECs 
and inhibits high glucose-induced angiogenesis through 
GHSR-1a.

The effects of ghrelin on ER stress in HRMECs 
under high‑glucose conditions
Under high-glucose conditions, the protein levels of 
p-PERK, ATF4 and CHOP in HRMECs were increased, 
indicating that ER stress was significantly activated. How-
ever, when ghrelin was added, the levels of these proteins 
were decreased by almost half.

In addition, this effect of ghrelin was markedly sup-
pressed by knockdown of its receptor GHSR-1a, as 
shown by the higher levels of these proteins (Fig. 7).

The effects of ghrelin on high glucose‑induced 
angiogenesis of HRMECs and ER stress
To investigate the hypothesis that ER stress is a key target 
for the function of ghrelin as an inhibitor of high glucose-
induced angiogenesis, we used tunicamycin, an inducer 

of ER stress. As expected, the effects of ghrelin on cell 
viability, migration and tube formation under high-glu-
cose conditions were weakened by the addition of tunica-
mycin (Figs. 8, 9, 10). These results indicated that ghrelin 
could protect HRMECs and inhibit the process of angio-
genesis by inhibiting high glucose-induced ER stress.

Discussion
In 1999, Kojima et al. [21] was the first to identify ghrelin, 
a new brain-gut peptide hormone, in the endocrine cells 
of rat and human gastric mucosa and the arcuate nucleus 
of the hypothalamus and determined that it regulates 
growth hormone release. As a relatively novel multifac-
eted hormone, ghrelin was found in subsequent studies 
to exert a plethora of physiological effects. It is reported 
that ghrelin can increase food intake, affect sleep rhythm, 
regulate pancreatic endocrine function, regulate glucose 
metabolism and reduce fat utilization to finally achieve 
a positive energy balance in the body [10]. Ghrelin con-
sists of 28 amino acid residues and has an approximate 
molecular weight of 3314 Da. As an endocrine or parac-
rine factor, ghrelin acts on GHSR, which is widely dis-
tributed in the central nervous system and peripheral 
tissues [22]. GHSR is divided into types 1a and 1b, and 
GHSR-1a is currently the only known receptor that can 
bind to ghrelin [23]. To investigate the effect of ghrelin 
on HRMEC angiogenesis under high-glucose conditions, 
the expression of GHSR-1a in the cells was first evalu-
ated in this study. The RT-PCR, Western blotting and 

Fig. 3  The mRNA expression level of GHSR-1a in human retinal 
microvascular endothelial cells (HRMECs) using RT-PCR in different 
groups (n = 3,*P < 0.05 vs. C group; #P < 0.05 vs. NC-siRNA group). 
C, cells without transfection; NC-siRNA, cells transfected with 
nonspecific sequence (negative control); GHSR-1a-siRNA, cells 
transfected with GHSR-1a-specific siRNA

Fig. 4  Cellular viability of human retinal microvascular endothelial 
cells (HRMECs) at 48 h of treatment by CCK-8 assay in different groups 
(n = 3, *P < 0.05 vs. C group; #P < 0.05 vs. HG group; &P < 0.05 vs. ghrelin 
group; @P < 0.05 vs. ghrelin + siGHSR-1a group). C, control; HG, high 
glucose; siGHSR-1a, cells transfected with GHSR-1a-specific siRNA; 
NC-siGHSR-1a, cells transfected with nonspecific sequence (negative 
control) of siGHSR-1a
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immunofluorescence assay results showed that GHSR-
1a is expressed in HRMECs, similar to the findings in rat 
retinal vascular endothelial cells [15]. Previous studies 
have found that ghrelin and GHSR-1a are also expressed 
in the pigment epithelium of the ciliary body, retinal 

pigment epithelium (RPE) and iris in the human eye [24], 
and their expression can also be detected in the aqueous 
humor [25], suggesting that ghrelin plays a regulatory 
role in the physiological function of the eye and is closely 
related to the occurrence of eye diseases. In this study, 

Fig. 5  Representative images of migration of human retinal microvascular endothelial cells (HRMECs) at 48 h of treatment by Transwell assay in 
different groups (a, bar = 100 μm), and the statistical analysis for the number of migrated cells (b) (n = 3, *P < 0.05 vs. C group; #P < 0.05 vs. HG group; 
&P < 0.05 vs. ghrelin group). C, control; HG, high glucose; tunicamycin, an inducer of endoplasmic reticulum stress

Fig. 6  Representative images of tube formation (a, bar = 100 μm) of human retinal microvascular endothelial cells (HRMECs) at 48 h of treatment 
by Matrigel assay in different groups, and the statistical analysis for the total master segments length (b) and Nb meshes (c) (n = 3, *P < 0.05 vs. 
C group; #P < 0.05 vs. HG group; &P < 0.05 vs. ghrelin group; @P < 0.05 vs. ghrelin + siGHSR-1a group). C, control; HG, high glucose; siGHSR-1a, cells 
transfected with GHSR-1a-specific siRNA; NC-siGHSR-1a, cells transfected with nonspecific sequence (negative control) of siGHSR-1a
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Fig. 7  Representative Western blotting images of PERK, p-PERK, ATF4, and CHOP in human retinal microvascular endothelial cells (HRMECs) 
at 48 h of treatment in different groups (a, b), and the relative expression of PERK (c), p-PERK (d), ATF4 (e), and CHOP (f) after normalization by 
GAPDH (n = 3, *P < 0.05 vs. C group; #P < 0.05 vs. HG group; &P < 0.05 vs. ghrelin group; @P < 0.05 vs. ghrelin + siGHSR-1a group). C, control; HG, high 
glucose; siGHSR-1a, cells transfected with GHSR-1a-specific siRNA; NC-siGHSR-1a, cells transfected with nonspecific sequence (negative control) of 
siGHSR-1a; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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GHSR-1a was detected in HRMECs, and the expression 
of GHSR-1a in HRMECs under high-glucose conditions 
was significantly lower compared with the control group, 
indicating that the downregulation of ghrelin-GHSR-
1a signaling may be related to retinal vascular injury in 
diabetes.

To observe the protective effect of ghrelin on HRMECs 
under high-glucose conditions, the effects of different 

concentrations of ghrelin on cell viability were evalu-
ated. The results showed that a concentration of 10 nM 
and an application time of 48  h were the most appro-
priate conditions for ghrelin treatment. In subsequent 
studies, GHSR-1a siRNA was used to block the effect of 
ghrelin. The results showed that the viability of HRMECs 
in the high-glucose group was significantly reduced, 
consistent with our previous results [26]. The viability 
of cells treated with exogenous ghrelin was significantly 
greater than that of cells in the high-glucose group. How-
ever, after blockade of GHSR-1a, the promoting effect 
of ghrelin on cell viability was significantly attenuated. 
Angiogenesis reflects the early process of capillary for-
mation and is an indicator of endothelial cell (EC) func-
tion in vitro. The most commonly used assays to evaluate 
in  vitro angiogenesis are migration, proliferation, and 
tube formation assays of ECs in response to inhibitory 
or stimulatory compounds [27]. In this study, the migra-
tion and tube formation of HRMECs were investigated, 
and high-glucose treatment was found to significantly 
enhance the two steps of retinal angiogenesis, consistent 
with previous reports [28, 29]. When ghrelin was used 
in combination with high-glucose treatment, the migra-
tion and tube formation abilities of HRMECs were weak-
ened, and siGHSR-1a restored the promoting effects of 
high glucose on these two steps of angiogenesis. Similar 
to our study, some studies have shown that ghrelin can 
inhibit vascular endothelial cell angiogenesis [30, 31]; 
however, other studies have found opposite results sug-
gesting that ghrelin can boost angiogenesis [32, 33]. Tak-
ing these findings together, we hypothesized that ghrelin 

Fig. 8  Cellular viability of human retinal microvascular endothelial 
cells (HRMECs) at 48 h of treatment by CCK-8 assay in different groups 
(n = 3, *P < 0.05 vs. C group; #P < 0.05 vs. HG group; &P < 0.05 vs. ghrelin 
group). C, control; HG, high glucose; tunicamycin, an inducer of 
endoplasmic reticulum stress

Fig. 9  Representative images of migration (a, bar = 100 μm) of human retinal microvascular endothelial cells (HRMECs) at 48 h of treatment by 
Transwell assay in different groups, and the statistical analysis for the number of migrated cells (b) (n = 3, *P < 0.05 vs. C group; #P < 0.05 vs. HG group; 
&P < 0.05 vs. ghrelin group; @P < 0.05 vs. ghrelin + siGHSR-1a group). C, control; HG, high glucose; siGHSR-1a, cells transfected with GHSR-1a-specific 
siRNA; NC-siGHSR-1a, cells transfected with nonspecific sequence (negative control) of siGHSR-1a
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has a protective effect on vascular endothelial cells [34] 
and maintains cellular homeostasis under pathological 
conditions by regulating—either promoting or inhibit-
ing—angiogenesis [15], for cells to better adapt to the 
environment.

The ER is an important organelle responsible for cal-
cium storage, calcium homeostasis and protein fold-
ing and processing. When the function of the ER is 
impaired by external stimulation, disruption of intra-
cellular calcium homeostasis and accumulation of mis-
folded or unfolded proteins can induce the ER stress 
response. At the early stage of ER stress, cells initiate 
the unfolded protein response (UPR) to protect cells 
from ER stress and maintain normal physiological 
functions. When stress is sustained, the homeostasis of 
the intracellular environment is destroyed, and apop-
tosis is induced via activation of the PERK, IRE1, and 
ATF6 pathways [35]. Many studies have shown that 
ER stress is related to the pathogenesis of DR, which is 
involved in the death of both retinal neurons and vas-
cular cells in diabetic eyes [19, 36]. Therefore, reducing 
or blocking ER stress may be a potential therapeutic 
approach for preventing the onset and progression 
of DR. Here, we explored whether the effects of ghre-
lin on HRMECs are related to ER stress under high-
glucose conditions. Ghrelin greatly decreased the high 
glucose-induced overexpression of ER stress marker 

proteins in the PERK pathway, including PERK, ATF4 
and CHOP [37], in HRMECs. When tunicamycin, an 
inducer of ER stress, was added, the promoting effect 
of ghrelin on cell viability was attenuated. The inhibi-
tory effects of ghrelin on the migration and tube forma-
tion of HRMECs were also attenuated by tunicamycin. 
These results suggested that the effects of ghrelin on 
HRMECs under high-glucose conditions were medi-
ated through inhibition of ER stress.

However, it is still unknown whether ghrelin can 
inhibit the development of DR as it does in other dia-
betic microvascular complications. Therefore, future 
studies are necessary to elucidate the protective role 
of ghrelin in DR and determine the molecular mecha-
nisms via in  vivo experiments. Currently, there have 
been no reports on the toxicity of ghrelin. In general, 
ocular drug delivery is an important issue; thus, the 
stability of ghrelin should also be considered. We per-
formed studies only in  vitro; therefore, to translate 
these promising findings into clinical practice, an inno-
vative ocular delivery nanosystem for ghrelin could be 
useful to develop in the future [38].

Conclusions
The results of this study preliminarily confirmed the 
protective effect of ghrelin on cell viability as well as 
its inhibitory effect on retinal vascular endothelial cell 

Fig. 10  Representative images of tube formation of human retinal microvascular endothelial cells (HRMECs) at 48 h of treatment by Matrigel assay 
in different groups (a, bar = 100 μm), and the statistical analysis of the total master segments length (b) and Nb meshes (c) (n = 3, *P < 0.05 vs. C 
group; #P < 0.05 vs. HG group; &P < 0.05 vs. ghrelin group). C, control; HG, high glucose; tunicamycin, an inducer of endoplasmic reticulum stress
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angiogenesis under high-glucose conditions. Inhibition 
of ER stress induced by high glucose may be one of the 
mechanisms by which ghrelin mediates.

Acknowledgements
Not applicable.

Author contributions
RL conceptualized the study, drafted, reviewed and edited the manuscript. 
GMY performed investigation and analysis as well as provided resources. LXZ 
performed investigation and provided resources. MZ curated the data and 
performed data visualization. JY supervised the study and performed data 
analysis. All authors read and approved the final version of the manuscript.

Funding
This study was funded by Medical Research Project of Xi’an Science Technol-
ogy Bureau (Grant No. 21YXYJ0127); the Science and Technology Program 
of Shaanxi Province (Grant No. 2021SF-157) and the Matching Funds of the 
National Natural Science Foundation of China (Grant No. XYFYPT-2020-01).

Availability of data and materials
The data sets used and/or analyzed during the current study are available 
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
We did not use human data or human tissues. The human retinal microvascu-
lar endothelial cell line was commercially purchased.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Ophthalmology, The First Affiliated Hospital of Xi’an Medical 
University, No.48 West Fenghao Road, Xi’an 710077, Shaanxi, China. 2 Depart-
ment of Endocrinology, The First Affiliated Hospital of Xi’an Medical University, 
No.48 West Fenghao Road, Xi’an 710077, Shaanxi, China. 3 College of Medical 
Technology of Xi’an Medical University, No.1 Xinwang Road, Xi’an 710021, 
Shaanxi, China. 

Received: 14 December 2021   Accepted: 17 May 2022

References
	1.	 Shan Y, Xu Y, Lin X, Lou L, Wang Y, Ye J. Burden of vision loss due to 

diabetic retinopathy in China from 1990 to 2017: findings from the global 
burden of disease study. Acta Ophthalmol. 2021;99(2):e267–73.

	2.	 Gui F, You Z, Fu S, Wu H, Zhang Y. Endothelial dysfunction in diabetic 
retinopathy. Front Endocrinol (Lausanne). 2020;11:591.

	3.	 Antonetti DA, Silva PS, Stitt AW. Current understanding of the molecu-
lar and cellular pathology of diabetic retinopathy. Nat Rev Endocrinol. 
2021;17(4):195–206.

	4.	 Al-Kharashi AS. Role of oxidative stress, inflammation, hypoxia and angio-
genesis in the development of diabetic retinopathy. Saudi J Ophthalmol. 
2018;32(4):318–23.

	5.	 Kutlutürk Karagöz I, Allahverdiyev A, Bağırova M, Abamor EŞ, Dinparvar 
S. Current approaches in treatment of diabetic retinopathy and future 
perspectives. J Ocul Pharmacol Ther. 2020;36(7):487–96.

	6.	 Bucolo C, Gozzo L, Longo L, Mansueto S, Vitale DC, Drago F. Long-term 
efficacy and safety profile of multiple injections of intravitreal dexameth-
asone implant to manage diabetic macular edema: a systematic review 
of real-world studies. J Pharmacol Sci. 2018;138(4):219–32.

	7.	 Ellis MP, Lent-Schochet D, Lo T, Yiu G. Emerging concepts in the treatment 
of diabetic retinopathy. Curr Diab Rep. 2019;19(11):137.

	8.	 Striglia E, Caccioppo A, Castellino N, Reibaldi M, Porta M. Emerging drugs 
for the treatment of diabetic retinopathy. Expert Opin Emerg Drugs. 
2020;25(3):261–71.

	9.	 Poher AL, Tschöp MH, Müller TD. Ghrelin regulation of glucose metabo-
lism. Peptides. 2018;100:236–42.

	10.	 Akalu Y, Molla MD, Dessie G, Ayelign B. Physiological effect of ghrelin on 
body systems. Int J Endocrinol. 2020;2020:1385138.

	11.	 Tokudome T, Kangawa K. Physiological significance of ghrelin in the car-
diovascular system. Proc Jpn Acad Ser B Phys Biol Sci. 2019;95(8):459–67.

	12.	 Shin A, Wo JM. Therapeutic applications of ghrelin agonists in the treat-
ment of gastroparesis. Curr Gastroenterol Rep. 2015;17(2):430.

	13.	 Banks WA. The blood-brain barrier: connecting the gut and the brain. 
Regul Pept. 2008;149(1–3):11–4.

	14.	 Can N, Catak O, Turgut B, Demir T, Ilhan N, Kuloglu T, et al. Neuroprotec-
tive and antioxidant effects of ghrelin in an experimental glaucoma 
model. Drug Des Devel Ther. 2015;9:2819–29.

	15.	 Zaniolo K, Sapieha P, Shao Z, Stahl A, Zhu T, Tremblay S, et al. Ghrelin 
modulates physiologic and pathologic retinal angiogenesis through 
GHSR-1a. Invest Ophthalmol Vis Sci. 2011;52(8):5376–86.

	16.	 Gupta D, Ogden SB, Shankar K, Varshney S, Zigman JM. A LEAP 2 conclu-
sions? Targeting the ghrelin system to treat obesity and diabetes. Mol 
Metab. 2021;46: 101128.

	17.	 Bai J, Yang F, Wang R, Yan Q. Ghrelin ameliorates diabetic retinal injury: 
potential therapeutic avenues for diabetic retinopathy. Oxid Med Cell 
Longev. 2021;2021:8043299.

	18.	 Oakes SA, Papa FR. The role of endoplasmic reticulum stress in human 
pathology. Annu Rev Pathol. 2015;10:173–94.

	19.	 Kong DQ, Li L, Liu Y, Zheng GY. Association between endoplasmic 
reticulum stress and risk factors of diabetic retinopathy. Int J Ophthalmol. 
2018;11(10):1704–10.

	20.	 Wang H, Dou S, Zhu J, Shao Z, Wang C, Cheng B. Regulatory effects of 
ghrelin on endoplasmic reticulum stress, oxidative stress, and autophagy: 
therapeutic potential. Neuropeptides. 2021;85: 102112.

	21.	 Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K. Ghrelin 
is a growth-hormone-releasing acylated peptide from stomach. Nature. 
1999;402(6762):656–60.

	22.	 Taub DD. Novel connections between the neuroendocrine and 
immune systems: the ghrelin immunoregulatory network. Vitam Horm. 
2008;77:325–46.

	23.	 Bednarek MA, Feighner SD, Pong SS, McKee KK, Hreniuk DL, Silva MV, 
et al. Structure-function studies on the new growth hormone-releasing 
peptide, ghrelin: minimal sequence of ghrelin necessary for activa-
tion of growth hormone secretagogue receptor 1a. J Med Chem. 
2000;43(23):4370–6.

	24.	 Di Fonso A, Ghinassi B, Izzicupo P, Zappacosta R, Liberatore M, Gal-
lenga CE, et al. Novel evidence of ghrelin and growth hormone 
segretagogue receptor expression by human ocular tissues. Regul Pept. 
2014;190–191:18–24.

	25.	 Katsanos A, Dastiridou A, Georgoulias P, Cholevas P, Kotoula M, Tsironi EE. 
Plasma and aqueous humour levels of ghrelin in open-angle glaucoma 
patients. Clin Exp Ophthalmol. 2011;39(4):324–9.

	26.	 Li R, Chen L, Yao GM, Yan HL, Wang L. Effects of quercetin on dia-
betic retinopathy and its association with NLRP3 inflammasome and 
autophagy. Int J Ophthalmol. 2021;14(1):42–9.

	27.	 Moleiro AF, Conceição G, Leite-Moreira AF, Rocha-Sousa A. A critical 
analysis of the available in vitro and ex vivo methods to study retinal 
angiogenesis. J Ophthalmol. 2017;2017:3034953.

	28.	 Li R, Du J, Yao Y, Yao G, Wang X. Adiponectin inhibits high glucose-
induced angiogenesis via inhibiting autophagy in RF/6A cells. J Cell 
Physiol. 2019;234(11):20566–76.

	29.	 Yan H, Yao P, Hu K, Li X, Li H. Long non-coding ribonucleic acid urothelial 
carcinoma-associated 1 promotes high glucose-induced human retinal 
endothelial cells angiogenesis through regulating micro-ribonucleic 
acid-624-3p/vascular endothelial growth factor C. J Diabetes Investig. 
2021;12(11):1948–57.

	30.	 Wang L, Li G, Chen Q, Ke D. Octanoylated ghrelin attenuates angiogen-
esis induced by oxLDL in human coronary artery endothelial cells via the 
GHSR1a-mediated NF-κB pathway. Metabolism. 2015;64(10):1262–71.



Page 11 of 11Li et al. Eye and Vision            (2022) 9:20 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	31.	 Conconi MT, Nico B, Guidolin D, Baiguera S, Spinazzi R, Rebuffat P, et al. 
Ghrelin inhibits FGF-2-mediated angiogenesis in vitro and in vivo. Pep-
tides. 2004;25(12):2179–85.

	32.	 Wang X, Yang L, Chen Y, Zhang L, Fei H. Ghrelin promotes angiogenesis 
by activating the Jagged1/Notch2/VEGF pathway in preeclampsia. J 
Obstet Gynaecol Res. 2021;47(2):486–94.

	33.	 Wang J, He L, Huwatibieke B, Liu L, Lan H, Zhao J, et al. Ghrelin stimulates 
endothelial cells angiogenesis through extracellular regulated protein 
kinases (ERK) signaling pathway. Int J Mol Sci. 2018;19(9):2530.

	34.	 Pearson JT, Shirai M, Sukumaran V, Du CK, Tsuchimochi H, Sonobe T, et al. 
Ghrelin and vascular protection. Vasc Biol. 2019;1(1):H97-102.

	35.	 Qi Z, Chen L. Endoplasmic reticulum stress and autophagy. Adv Exp Med 
Biol. 2019;1206:167–77.

	36.	 Oshitari T, Hata N, Yamamoto S. Endoplasmic reticulum stress and dia-
betic retinopathy. Vasc Health Risk Manag. 2008;4(1):115–22.

	37.	 Kang X, Yang W, Feng D, Jin X, Ma Z, Qian Z, et al. Cartilage-specific 
autophagy deficiency promotes er stress and impairs chondro-
genesis in PERK-ATF4-CHOP-dependent manner. J Bone Miner Res. 
2017;32(10):2128–41.

	38.	 Amadio M, Pascale A, Cupri S, Pignatello R, Osera C, D Agata V, et al. Nano-
systems based on siRNA silencing HuR expression counteract diabetic 
retinopathy in rat. Pharmacol Res. 2016;111:713–20.


	The ghrelin-GHSR-1a pathway inhibits high glucose-induced retinal angiogenesis in vitro by alleviating endoplasmic reticulum stress
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cell culture and treatment
	Immunofluorescence staining of GHSR-1a
	Cell viability
	siRNA transfection
	RT–PCR
	Cell migration
	Tube formation
	Western blotting
	Statistical analysis

	Results
	The expression of GHSR-1a in HRMECs
	Screening of ghrelin and siGHSR-1a
	The effects of ghrelin on the viability, migration, and tube formation of HRMECs under high-glucose conditions
	The effects of ghrelin on ER stress in HRMECs under high-glucose conditions
	The effects of ghrelin on high glucose-induced angiogenesis of HRMECs and ER stress

	Discussion
	Conclusions
	Acknowledgements
	References


