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Ghrelin protects human umbilical vein endothelial cells 
against advanced glycation end products-induced  
apoptosis via NO/cGMP signaling
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Abstract: Objectives: The aim of this study was to investigate the intracellular mechanism involved in the anti-
apoptotic effect of ghrelin on human umbilical vein endothelial cells (HUVECs). Methods: HUVECs were pretreated 
with ghrelin before exposure to 200 μg/ml advanced glycation end products (AGEs)-BSA for 48 h. Cell viability and 
apoptosis were determined by MTT assay and Annexin V/PI staining. Intracellular cGMP levels evaluation and cGMP 
analogs were employed to explore possible mechanisms. Results: The inhibitory effect on AGEs induced HUVECs 
apoptosis could be exerted by ghrelin and co-incubation with growth hormone secretagogue receptor (GHSR)-1a an-
tagonist [D-Lys3]-GHRP-6 abolished this inhibition. Decreased cGMP level in AGEs induced HUVECs apoptosis was 
restored by ghrelin pretreatment and abolished by [D-Lys3]-GHRP-6 co-incubation. cGMP analogs (8 Br-cGMP and 
DB-cGMP) pretreatment also exhibited inhibitory effect on AGEs induced HUVECs apoptosis. Conclusions: Our re-
sults demonstrated that ghrelin produces a protective effect on HUVECs through GHS-R1a and cGMP/NO signaling 
pathway mediates the effect of ghrelin. These observations suggest a novel intracellular mechanism in the process 
of AGEs induced HUVECs apoptosis. 
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Introduction

Hyperglycemia is defined as a condition in 
which an excessive amount of glucose circu-
lates in the plasma [1]. Hyperglycemia is con-
sidered as a classic symptom in patients with 
diabetes mellitus (DM) [2]. Advanced glycation 
end products (AGEs) could be formed because 
of the reaction between blood glucose and 
amino group of proteins [3]. It is reported that 
AGEs play an important role in regulating the 
development of vascular lesion, inducing endo-
thelial dysfunction and accelerating vascular 
complications in DM patients [4, 5]. However, 
the pathophysiological process of vascular 
remodeling induced by AGEs remains elusive. 
Ghrelin, a 28-amino acid peptide hormone 
secreted by stomach, has been shown to be 
involved in several physiological processes, 
including growth hormone (GH) release stimula-
tion, energy balance induction and vascular 
tone regulation [6-8]. Zhao et al proved that 

ghrelin could regulate vascular endothelial cell 
function through inhibition of vascular endothe-
lial cell apoptosis [9]. However, the accurate 
molecular mechanism has not fully explored 
yet.

Here, we presented a study to investigate the 
intracellular mechanism involved in the protec-
tive effect of ghrelin in AGE induced human 
umbilical vein endothelial cells (HUVECs) apop-
tosis. Our results demonstrated that a novel 
cGMP/NO signaling pathway mediates the 
effect exerted by ghrelin.

Materials and methods

Cell culture 

Human umbilical venous endothelial cells 
(HUVECs) were purchased from American Type 
Culture Collection (ATCC, Rockville, MD, USA) , 
and maintained in Medium 200 (Life techn- 
ology, Carlsbad, CA, USA) containing low serum 
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growth supplement (LSGS; Life technology, 
Carlsbad, CA, USA), 1% penicillin-streptomycin 
at 37°C in a 5% CO2 incubator. HUVECs used in 
the experiments were between passage 2 and 
6.

Cell treatment

HUVECs were seeded equally into cell culture 
plated and allowed to grow until 90% con- 
fluence before the medium was changed to 
Medium 200. To determine the anti-apoptosis 
effect of ghrelin and its relationship with grow- 
th hormone secretagogue receptor (GHSR)-1a, 
cells were pretreated with pre-incubated with 
vehicle or [D-Lys3]-GHRP-6 (100 μM) for 1 h 
and the treated with vehicle or ghrelin (1 μM; 
Phoenix Pharmaceuticals Inc., Burlingame, CA, 
USA) for 24 h followed by exposure to AGE-BSA 
(200 μg/ml; Biovision, Milpitas, CA USA)) for 48 
h. To assess the effect of cGMP analogs pre-
treatment, cells were pretreated with 8-Br- 
cGMP (0.5 μM; Calbiochem, San Diego, CA, 
USA) and DB-cGMP (0.5 μM; Calbiochem) for 2 
h followed by exposure to AGE-BSA (200 μg/ml) 
for 48 h.

MTT assay

HUVECs (5 × 103 cells/well) were seeded in 
96-well plate in quadruplicate overnight and 
were processed different treatment described 
above. Cell viability was determined by MTT 
assay at 492 nm wavelength and calculated  
as follows: Cell viability (%) = (OD value of ex- 
perimental group / OD value of control group) × 
100%.

Apoptosis assay

HUVECs cells (2 × 105/well) grown were in 
6-well plate were treated according to above 
description. After the treatment, HUVECs cells 
were harvested and analyzed for cell apoptosis 
by Annexin-V and propidium iodide (PI) staining, 
using FITC Annexin-V apoptosis detection kit 
(Life technology) according to the manufactur-
er’s instructions with a flow cytometry (Beckman 
Coulter, Miami, FL, USA).

Western-blot

HUVECs were processed according to above 
described treatment. After the treatment, cells 
were collected and counted. Approximate 1 × 
106 Cells were washed with ice-cold phosphate 
buffered saline (PBS) and lysed with lysis buffer 
(Cell signaling Technology, Danvers, MA, USA), 
and the following protease and phosphatase 
inhibitors: aprotinin (10 mg/mL), leupeptin ( 
10 mg/mL) (ICN Biomedicals, Asse-Relegem, 
Belgium), phenylmethylsulfonyl fluoride (1.72 
mM), NaF (100 mM), NaVO3 (500 mM), and 
Na4P2O7 (500 mg/mL) (Sigma-Aldrich, St.Louis, 
MO, USA). The protein concentration was deter-
mined by BCA assay (Pierce, Rockford, IL USA). 
Equal amounts of protein were separated by 
sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and then trans-
ferred onto PVDF. Immunostaining of the blots 
was performed using the primary antibodies, 
followed by secondary antibodies conjugated  
to horseradish peroxidase and detection by 
enhanced chemiluminescence reagent (Pierce, 
US). The primary antibodies used were anti-

Figure 1. Effect of ghrelin on advanced glycation end products (AGEs) induced apoptosis in HUVECs. HUVECs were 
pre-incubated with vehicle control or ghrelin (1 μM) for 24 h followed by exposure to AGE-BSA for 48 h. A. Cell viability 
analysis by MTT assay. B. Flow cytometry analysis of apoptotic cells using Annexin-V and propidium iodide staining. 
*P < 0.05 when compared with vehicle control. †P < 0.05 when compared with AGEs treated cells.
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Caspase-3 (total and cleaved; Cell Signaling 
Technology), anti-Bax (Cell Signaling Techno- 
logy), anti-Bcl2 (Cell Signaling Technology) and 
anti-beta-actin (Sigma-Aldrich). The secondary 
antibodies were purchased from Amersham 
Biosciences (Piscataway, NJ, USA). 

cGMP level measurement

HUVECs (1 × 104 cells/well) were seeded in 
96-well plate in quadruplicate overnight and 
were processed different treatment described 
above. To measure intracellular cGMP levels,  
a cGMP enzyme immunoassay (EIA) system 

(Amersham Biosciences) was used. The Briefly, 
200 ml of lysis reagent 1 (0.5% dodecyltrimeth-
ylammonium bromide) was added to each well 
and the plates were shaken for 10 min at RT, 
then 20 ml of acetylation reagent [acetic anhy-
dride : triethylamine (1:2 v/v)] was added, and 
the plates incubated for 5 min at RT to acety-
late the intracellular cGMP before 100 ml of 
anti-cGMP antiserum was added to each well 
and incubated for 10 min. A sample (50 ml) of 
the mixture was then transferred to a well of a 
96-well EIA plate coated with donkey anti-rab-
bit IgG antibody. After incubation for 2 h at 

Figure 2. Growth hormone secretagogue receptor (GHS-R)-1a mediated the protective effect exerted by ghrelin. A. 
GHS-R-1a protein expression assessed by Western blot analysis. Total protein extracted from human T cells and 
HepG2 cells was included as a positive control and a negative control, respectively. HUVECs were pre-incubated 
with vehicle or [D-Lys3]-GHRP-6 (100 μM) for 1 h and the treated with vehicle or ghrelin (1 μM) for 24 h followed by 
exposure to AGE-BSA for 48 h. B. Cell viability analysis by MTT assay. C. Flow cytometry analysis of apoptotic cells 
using Annexin-V and propidium iodide staining. D. Cleaved caspase 3 protein level was assessed by Western blot. E. 
Bcl-2 and Bax protein level were evaluated by Western blot. *P < 0.05 when compared with AGE-BSA treated cells. 
†P < 0.05 when compared with ghrelin treated group.
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48°C, 100 ml of peroxidase (PO)-conjugated 
cGMP was added to the well, and the plate 
incubated for 1 h at 48C, then non-bound 
PO-cGMP was removed by washing with 0.05% 
TweenTM 20/PBS, and 200 ml of the substrate, 
TMB (3, 3’, 5, 5’-tetramethyl benzidine/hydro-
gen peroxide in 20% dimethyl formamide) was 
added, and the plate incubated at RT for  
30 min. The cGMP concentration was then 
measured the absorption at 630 nm using  
n microplate reader (Molecular Device, Sun- 
nyvale, CA, USA).

Statistical analysis

Data were expressed as mean ± standard devi-
ation (SD). Statistical analysis was performed 
using one way ANOVA and an unpaired 
Student’s t-test. A p-value of 0.05 or less was 
considered statistically significant. Statistical 
calculations were performed using SPSS soft-
ware for the MS Windows operating system 
(Version 18.0; SPSS Inc, Chicago, IL, USA).

Results

Ghrelin protected HUVECs from AGEs induced 
cell apoptosis

We first examined the effect of ghrelin treat-
ment on AGEs induced HUVECs apoptosis. As 

ghrelin, therefore GHSR-1a antagonist [D-Lys3]-
GHRP-6 were employed. The MTT assay showed 
that the protection effect on cell viability  
was abolished after the pre-incubation with 
[D-Lys3]-GHRP-6 (Figures 2B, 5D) while the 
flow cytometry analysis revealed the protection 
effect on cell apoptosis was also diminished 
after the pre-incubation with [D-Lys3]-GHRP-6 
(Figures 2C, 5D). In addition, we also evaluated 
the expression level of molecules in apoptosis 
pathway. A consistent trend was found on 
cleaved Caspase 3 (Figure 2D), Bcl-2 and Bax 
(Figure 2E).

Involvement of cGMP/NO signaling pathway in 
the protection effect exerted by ghrelin

To determine the molecular mechanisms, we 
examined by the cGMP level in HUVECs treated 
with AGE and ghrelin. The cGMP level was sig-
nificantly decreased after AGE treatment [(4 ± 
3.75) fM vs. (25.5 ± 2.8) fM, P < 0.05]. Ghrelin 
pretreatment significantly increased the cGMP 
level when compared with AGE treated cells 
[(18.6 ± 3.54) fM vs. (4 ± 3.75) fM, P < 0.05] 
while [D-Lys3]-GHRP-6 pretreatment signifi-
cantly decreased cGMP level when compared 
with ghrelin treated cells [(8 ± 4.08) fM vs. 
(18.6 ± 3.54) fM, P < 0.05] (Figure 3).

Figure 3. Ghrelin prevents the decrease in cGMP level advanced glycation end 
products (AGEs) induced apoptosis in HUVECs. HUVECs were pre-incubated 
with vehicle control or ghrelin (1 μM) for 24 h followed by exposure to AGE-BSA 
for 48 h. cGMP level was determined by enzyme immunoassay. *P < 0.05 when 
compared with AGE-BSA treated cells. †P < 0.05 when compared with ghrelin 
treated group.

shown in Figure 1, ghrelin 
pretreatment could signifi-
cantly increase cell viability 
(78% ±10% vs. 50% ± 8%, 
P < 0.05) and decrease cell 
apoptosis (8% ± 3% vs. 
21% ± 5%, P < 0.05) com-
pared with AGEs treated 
cells (Figures 1, 5A-C).

Ghrelin protected HUVECs 
from AGEs induced cell 
apoptosis via GHSR-1a 

After observation of the 
protection effect exerted 
by ghrelin, we examined 
the expression of its recep-
tor GHSR-1a on HUVECs. 
The Western blot analysis 
revealed GHS-R1a expres-
sion in HUVECs (Figure 2A). 
Then we further tested 
whether there is an interac-
tion between GHSR-1a and 
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Treatment with cGMP analogs exhibit similar 
protection effect as ghrelin

To identify whether there is protection effect 
exerted via cGMP/NO signaling pathway, we 
employed cGMP analogs pretreatment followed 
by AGE induced cell apoptosis. The results 
showed that pretreatment with cGMP analogs 
8-Br-cGMP and DB-cGMP could effectively 
increase the cell viability and decrease cell 
apoptosis in AGE-induced cell apoptosis 
(Figures 4, 5E, 5F).

Discussion

In present study, we investigated the effects of 
ghrelin on AGEs induced apoptosis in HUVECs 
and explored its underlying molecular mecha-
nism. Our results showed that ghrelin exerted a 
protective effect on AGEs induced apoptosis. 
The inhibitory effect of ghrelin was exerted 
through interaction with GHSR-1a and affecting 
the apoptosis signaling molecules including 
Caspase 3, Bcl-2 and Bax. Moreover, we found 
elevated cGMP level was also account for the 
protective effect of ghrelin and involvement of 
cGMP/NO signaling pathway was confirmed by 
using the cGMP analogs to rescue the cell 
apoptosis. To the best of our knowledge, this is 
the first study to claim the involvement of 
cGMP/NO signaling pathway in the protective 
effect of ghrelin in AGE induced apoptosis. 

Previous studies have shown that the biological 
actions of ghrelin are initiated through binding 
its receptor GHSR-1a [10, 11]. GHSR-1a, a 

G-protein coupled transmembrane receptor, is 
highly expressed in endothelial cells [12]. Here, 
we confirmed the expression of GHSR-1a on 
HUVECs by Western blot. Moreover, we used 
GHSR-1a selective antagonist [D-Lys3]-GHRP-6 
to abolish the effect exerted by ghrelin and the 
results showed that [D-Lys3]-GHRP-6 pretreat-
ment could reverse the protective effect of 
ghrelin, which is consistent to previous studies 
[13, 14].

Xiang et al previous demonstrated that PI3K/
Akt and ERK1/2 pathway were involved in the 
inhibitory effect of ghrelin in AGEs induced 
HUVECs apoptosis [15]. Recently, Zhu et al 
showed that mTOR/P70S6K signaling pathway 
was also involved in the protective effect of 
ghrelin [16]. However, the accurate signaling 
pathway regulation on ghrelin in AGEs induced 
HUVECs apoptosis has not been explored yet. 
Su et al [17] suggested PI3K/Akt dependent 
phosphorylation of endothelial nitric oxide syn-
thase (eNOS) could result in elevated cGMP 
level in endothelial cells. Zhang et al [18] sug-
gested that PI3K/Akt signaling pathway play a 
role in enhancement of the activity of eNOS in 
HUVECs. In other systems, cGMP was shown to 
exert the ability to activate p38 and ERK to initi-
ate its action [19, 20]. All these together gave 
us hints to test the cGMP level in AGE induced 
HUVEC apoptosis system. In the present study, 
we found that ghrelin caused an elevated cGMP 
level in HUVECs. We then examined the func-
tional involvement of cGMP/NO signaling path-
way in anti-apoptosis effect in HUVECs and did 
observe an improvement effect on cell viability 

Figure 4. cGMP analog 8-Br-cGMP (0.5 μM) and DB-cGMP (0.5 μM) protected HUVECs from advanced glycation end 
products (AGEs) induced apoptosis. A. Cell viability analysis by MTT assay. B. Flow cytometry analysis of apoptotic 
cells using Annexin-V and propidium iodide staining. *P < 0.05 when compared with AGE-BSA treated cells.
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and cell apoptosis after introducing the cGMP 
analog 8-Br-cGMP (0.5 μM) and DB-cGMP. 

In conclusion, we demonstrated here that ghre-
lin protected against HUVECs apoptosis 
induced by AGEs via binding its receptor GHSR-
1a. We also shown that ghrelin strongly 
increased cGMP level and protective effect 
ghrelin was mediated by the cGMP/NO signal-
ing pathway in HUVECs. Our findings provide 
clear evidence for the potential therapeutic 
application of ghrelin and cGMP analogs in the 
prevention and treatment of endothelial injury 
induced by high glucose in patients with 
diabetes.
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