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Abstract: Ghrelin/GHS-R axis is known as its role in stimulating growth hormone release. Besides, it is also impli-
cated in the regulation of atherosclerosis (AS), a chronic vascular disease that has been recognized as the main 
cause of coronary heart disease and cerebrovascular disease. It has been reported that both Ghrelin and AMPK 
play protective roles in AS by inhibiting the inflammatory response as well as cell proliferation. However, it remains 
unclear whether AMPK pathway is involved in Ghrelin/GHS-R-mediated inhibition of the inflammatory response and 
cell proliferation in AS. Here, we established the GHS-R gene knockout mice (GHS-R-/-) and found that AMPK activity 
is notably down-regulated in endothelial cells (ECs) of GHS-R-/- mice and the ECs from GHS-R-/- mice possess higher 
proliferative capability than the ECs from wild-type mice. Moreover, AMPK is activated in primary ECs upon Ghrelin 
induction in vitro. Taking together, the present study unravels that Ghrelin/GHS-R could efficiently activate AMPK in 
ECs, suggesting a possible mechanism that the roles of Ghrelin/GHS-R in the inhibition of inflammatory response 
and cell proliferation in AS disease may be partially mediated by activating AMPK.
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Introduction

Atherosclerosis (AS) is a chronic vascular dis-
ease closely associating with a variety of risk 
factors such as high blood pressure, high cho-
lesterol, diabetes and obesity [1, 2]. On the 
basis of the inflammatory response, complex 
signaling pathways are activated to regulate 
the proliferation and apoptosis of specific cells, 
to facilitate the formation and development of 
atherosclerotic plaques [1, 2]. AS is the main 
cause of coronary heart disease and cerebro-
vascular disease, and is one of the leading rea-
sons for the death of elderly. Study of AS has 
been the focus of attention, even though exten-
sive progresses have been achieved in recent 
years, but the mechanisms remain elusive.

Ghrelin was first found and isolated by Kojima 
from the acid secreting part of rat stomach tis-
sue in 1999, capable of stimulating human and 
other mammals’ pituitary growth hormone (GH) 
release [3]. Ghrelin is identified as a small pep-
tide comprising 28 amino acids and often mod-

ified at a post-translational level. Especially, the 
octanoylation on Ser-3 of the N-terminal of 
Ghrelin is the mainly and most activated form in 
mammals [3]. The Ghrelin receptor, also known 
as the growth hormone secretagogue receptor 
(GHS-R) mediating the actions of Ghrelin 
belongs to the G protein-coupled receptor 
(GPCR) family. So when Ghrelin conjugates to 
the GHS-R, PKC kinase is activated and the 
intracytoplasmic concentration of Ca2+ would 
be elevated via the classical pathway, leading 
to the activation of relative physiological func-
tions [4]. Ghrelin is mainly secreted by the gas-
tric gland and the concentration of Ghrelin in an 
adult’s blood is 117.0 ± 37.2 pM/L [3, 5]. Ghrelin 
and GHS-R are widely distributed in many types 
of human tissues such as stomach, thyroid 
gland, heart, lung, pancreas, kidney, placenta, 
immune system, as well as ovaries and testis 
[6].

Recent studies have found that Ghrelin is mas-
sively distributed in the cardiovascular system, 
and its receptor GHS-R is highly expressed in 
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the myocardium, blood vessel and atrium. 
Especially in the atherosclerotic plaques, 
expression levels of GHS-R are significantly up-
regulated, and studies reveal that Ghrelin might 
have the putative therapeutic implications for 
AS [7]. Animal experiments showed that the 
treatment of Hexarelin, the agonist of GHS-R, 
can inhibit the occurrence of AS in the high-fat 
diet rats, and induction of Ghrelin can signifi-
cantly reduce the inflammatory response of the 
vascular wall in the LDLR-/- mice [8, 9]. In addi-
tion, subcutaneous injection of Ghrelin in mice 
significantly relieved the interstitial fibrosis of 
ventricular remodeling after myocardial infarc-
tion and non-infarcted area, and mitigated the 
myocardial ischemia-reperfusion injury, and 
these effects were growth hormone (GH)-
independent [10]. Clinical studies found that in 
the elderly patients of coronary syndrome, dia-

betes and high blood pressure, plasma Ghrelin 
levels are negatively correlated with carotid 
intima-media thickness, an important symbol 
of the AS, suggesting that plasma Ghrelin levels 
can be used as a new predictor for carotid ath-
erosclerosis [11, 12]. Moreover, our previous 
studies reveal that plasma Ghrelin levels are 
closely associated with stenosis severity and 
morphology of angiographically-detected coro-
nary atherosclerosis in patients with coronary 
artery disease and diabetes mellitus [13, 14].

AMP-activated protein kinase (AMPK) is a met-
abolic sensor directly sensing the cellular AMP/
ATP ratio in mammalian cells, comprising a cat-
alytic α subunit and the regulatory β and γ sub-
units. Under the moderate energy stress, ADP 
or AMP replaces ATP by binding to the γ subunit, 
promoting the phosphorylation of Thr-172 on 

Figure 1. Generation of GHS-R-/- mice. A: Vector map for gene targeting. PGK-neo on X-pPNT vector was replaced 
by TK-neo. The 5’ homologous chromosome arm was inserted into BamHI-EcoRI site while 3’ homologous chromo-
some arm was inserted into NotI-SalI site. B: The schematic diagram of GHS-R gene deletion. The exon 1, exon 2 and 
a part of exon 3 of GHS-R gene were replaced by TK-neo cassette on X-pPNT vector via homologous recombination. 
C: PCR identification of the 3’ homologous chromosome arm in recombinant ES cells after GHS-R gene knockout. 
The 6.4 kbp of PCR products were observed in lane 1, 2, 3 and 4 while another expected 4.2 kbp was observed 
only in lane 4 indicating the fourth sample (clone No. 120) was the positive clone. D: PCR identification of the 5’ 
homologous chromosome arm in recombinant ES cells after GHS-R gene knockout. The expected 3.8 kbp of PCR 
products were observed in all lanes indicating those samples were the positive clones.
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the α-catalytic subunit of AMPK by liver kinase 
B1 (LKB1), leading to an 100-fold increase in 
AMPK kinase activity [15]. CaMKKβ also can 
directly trigger the activation of AMPK kinase in 
response to the increased cellular Ca2+ without 
necessarily requiring the alternation of ADP or 
AMP levels. AMPK has been identified as a 
multi-functional kinase involved in regulating a 
variety of cell activities such as energy metabo-
lism, cell growth, cell cycle, cell structure, cell 
polarity and apoptosis [15, 16]. In recent years, 
studies have shown that AMPK signaling path-
ways are involved in the endothelial injury-
mediated inflammatory and proliferative 
responses in atherosclerotic plaques. 
Activation of AMPK by the AMP analogue AICAR 

may play protective roles in AS, including the 
improvement of endothelial function, inhibition 
of the inflammatory response as well as prolif-
eration and migration of SMCs [17].

As the reports above show, both Ghrelin and 
AMPK play protective roles in AS by inhibiting 
the inflammatory response as well as cell prolif-
eration, and it has been reported that Ghrelin 
exerts its roles in anti-inflammatory, anti-oxi-
dant and metabolic regulation via AMPK-
mediated pathway [18, 19]. However, it remains 
unclear whether AMPK pathway is involved in 
Ghrelin/GHS-R-mediated inhibition of the 
inflammatory response and cell proliferation in 
AS. In this regard, here we examined the AMPK 

Figure 2. Identification of GHS-R-/- mice. A: Strategy for the PCR identification of GHS-R gene knockout mice. PCR 
primers (P1, P2 and P3) were designed targeted to the relative sites as shown in the schematic diagram. B: PCR 
identification of GHS-R gene knockout mice. Genomic DNAs extracted from tails of the hybridized mice were ana-
lyzed by PCR identification as described in Materials and Methods. The 1.2 kbp of PCR products observed in lane 
4, 7 and 9 represented the GHS-R+/+, and 1.9 kbp of PCR products observed in lane 8, 10 and 11 represented 
the GHS-R-/-, while both the 1.2 kbp and 1.9 kbp of PCR products observed in lane 2, 3, 5 and 6 represented the 
GHS-R+/-. C: RT-PCR identification of GHS-R gene knockout mice. Total RNA extracted from the hypothalamus of the 
hybridized mice was used for RT-PCR identification with specific primers targeting to GHS-R gene and β-actin. The 
levels of β-actin mRNA represented by 260 bp of PCR products were nearly equal in all the three lanes. The GHS-R 
mRNA expression represented by 217 bp of PCR products was observed in wild-type and heterozygote, while not 
detected in homozygote (lane 3). Moreover, the levels of GHS-R mRNA in heterozygote (lane 2) were lower compared 
with those in wild-type (lane 1). D: Analysis of GHS-R expression in hybridized mice by western blot. Total protein 
extracted from the hypothalamus of the hybridized mice was quantified and analyzed by western blot using specific 
GHS-R and GAPDH antibodies. GAPDH expression was detected with the nearly same quantity in all three lanes. 
GHS-R expression detected in wild-type and heterozygote were presenting in two bands, GHS-R-1a (upper) and GHS-
R-1b (lower). Moreover, the levels of GHS-R expression in heterozygote were lower compared with those in wild-type. 
However, GHS-R expression in homozygote was under detectable.
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activity in primary endothelial cells of GHS-R-/- 
mice, trying to elucidate the roles of AMPK in 
Ghrelin/GHS-R pathway.

Materials and methods 

Generation of GHS-R knockout mice (GHS-R-/-) 
mice

GHS-R knockout mice (GHS-R-/-) were generat-
ed in Shanghai Research Center for Model 
Organisms according to the approaches as 
described previously [20]. In brief, PGK-neo 
cassette on X-pPNT vector was replaced by 
TK-neo cassette to form the X-pPNT-TK-neo 
vector, and then 3.2 kb of 5’ homologous chro-
mosome arm and 2.5 kb of 3’ homologous 
chromosome arm of GHS-R gene were inserted 
into the X-pPNT-TK-neo vector to constitute the 
GHS-R gene targeting vector. Thereafter, the 
GHS-R gene targeting vector was transfected 
into ES cells of mice to perform the homolo-
gous recombination with the endogenous 
GHS-R gene, and the exon 1, exon 2 and a part 
of exon 3 of GHS-R gene were replaced by 
TK-neo cassette on X-pPNT vector via homolo-
gous recombination. Subsequently, the positive 
clones of recombinant mice ES cells were sub-
jected to transplantation into pseudopregnant 
mice to produce the heterozygote mice. After 
the hybridization between the heterozygote 
mice, the homozygote of GHS-R-/- mice were 
selected and identified. Mice were kept under 
specific pathogen-free conditions and all ani-
mal experiments were performed in accor-
dance with the Guide for the Care and Use of 
Laboratory Animals (the “NIH Guide”). The pro-
tocols for the use of animals were approved by 
Shanghai Jiao Tong University.

Primary endothelial cells (ECs) culture

8-week-old mice were killed and then dissected 
in biological safety cabinet. The lung tissues 
were removed and rinsed thoroughly with PBS 
containing penicillin and streptomycin antibiot-
ics, and then cut with scissors into small pieces 
of 1 × 1 × 1 mm3. These small pieces of lung 
tissues were placed into 24-well plate pre-
treated with gelatin. 2 h after the consolidation 
of gelatin, DMEM (Invitrogen) culture medium 
containing 20% FBS (Gibco) and 90 U/ml of 
heparin (Sigma) was added and cultured in a 
humidified incubator with 5% CO2 at 37°C. The 
culture medium was changed with fresh medi-

um everyday and 2-3 days later, many adherent 
cells spread around the tissues can be 
observed under a microscopy. Until the cells 
covered the well, tissues were then removed 
out and cells were washed 3 times with PBS 
containing penicillin and streptomycin antibiot-
ics and then passaged for further experi- 
ments.

PCR and RT-PCR

Genomic DNA was extracted from the tails of 
hybridized mice and used for GHS-R gene anal-
ysis by PCR using the following primers: P1 
(5’-GTGCGCACTGTCTCCTCTGATTTG-3’), P2 (5’- 
GTGCTTTGGGGTGCGTGTGATGGA-3’) and P3 
(5’-CACGCCCACCAGCACGAAGA-3’). PCR reac-
tions were performed as following: one cycle, 
95°C for 5 min; 35 cycles: 94°C for 50 s, 61°C 
for 50 s and then 72°C for 3 min; the final elon-
gation: 72°C for 10 min. For RT-PCR, total RNA 
was extracted from hypothalamus tissue of the 
hybridized mice with TRIzol Reagent (Invitrogen, 
USA) according to the manufacturer’s instruc-
tions. The cDNAs were synthesized by reverse 
transcriptase and subjected to PCR using spe-
cific primers for mouse GHS-R gene: RT1 
(CGACCTGCTCTGCAAACTC), RT2 (CACGCCCA- 
CCAGCACGAAGA) and primers for mouse 
β-actin gene: Actin1 (TACCCAGGCATTGCTG- 
ACAGG), Actin2 (ACTTGCGGTGCA CGATGGA). 
RT-PCR reactions were performed as following: 
one cycle, 95°C for 3 min; 40 cycles: 94°C for 
30 s, 55°C for 30 s and then 72°C for 2 min; 
the final extension: 72°C for 10 min. The PCR 
products were analyzed with 2% agarose gel 
electrophoresis. These experiments were per-
formed more than three times.

Western blot

The hypothalamus tissue and endothelial cells 
(ECs) were lysed with lysis buffer (20 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 2 mM EGTA, 1% 
Triton X-100, 1 mM PMSF, 10 nM phosphatase 
inhibitor microcystin, 1 µg/ml aprotinin and 1 
µg/ml leupeptin). Equal amounts of protein 
were separated on 10% SDS-PAGE and then 
transferred onto nitrocellulose (NC) mem-
branes (Amersham). After blocking with 1% BSA 
in TBST (0.05% Tween 20 in Tris-buffered 
saline) for 1 hour at room temperature, the 
membranes were separately incubated with 
anti-phospho-AMPK (Cell Signaling), anti-phos-
pho-ERK1/2 (Cell Signaling), anti-β-actin (Cell 
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Signaling), anti-GHS-R (Santa Cruz) and anti-
GAPDH (Cell Signaling) antibodies at a 1:1,000 
dilution in TBST for 1 hour at room tempera-
ture. Then membranes were incubated with 
HRP-conjugated secondary antibodies (Jackson 

ImmunoResearch, PA) at a 1:10,000 dilution 
for 1 h at room temperature before visualizing 
with ECL detection reagents. These assays 
were performed three times and similar results 
were acquired.

Figure 3. Morphology observation and cell growth analysis of endothelial cells (ECs) from GHS-R-/- mice. A:  Morphol-
ogy observation of in vitro cultivated ECs from GHS-R+/+ and GHS-R-/- mice. Primary ECs were acquired from GHS-R+/+ 
and GHS-R-/- mice and cultivated in vitro as described in Materials and Methods, and then observed with inverted 
phase contrast microscopy. ECs from GHS-R+/+ mice were not well adherent to the dish and presented as the round 
and slender morphology, whereas ECs from GHS-R-/- grew very well and the cytoplasmic membrane was largely 
spread on the dish. Bar = 100 μm. B: MTT analysis of proliferative rate of ECs from GHS-R-/- mice. The proliferative 
rate of ECs from GHS-R-/- mice significantly rose up at day 3 compared with that of ECs from wild-type mice. **P < 
0.01.
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MTT assay

For MTT assay, primary ECs isolated from wild-
type and GHS-R-/- mice were placed into 96-well 
plate at a density of 5,000 cells per well and 
cultured in a humidified incubator with 5% CO2 
at 37°C. 24, 48 and 72 h later, 20 μl of 5 g/L 
MTT (Sigma) dissolved in PBS were added to 
each well and incubated for 4 h, followed by the 
addition of 100 μl dimethyl sulfoxide (DMSO) 
(Sigma) and left for 10 min in the incubator for 
color development. Optical density was deter-
mined using 570 nm filter on a microplate read-
er (Tecan, Austria). Each group was set in tripli-
cate and the experiment was repeated for three 
times.

Statistical analysis

All data were statistically analyzed by GraphPad 
Prism 5 software (GraphPad, San Diego, USA). 
Comparisons between two groups were per-
formed by Student’s t test, while comparisons 
among multiple groups were performed by one-
way analysis of variables (ANOVA). Statistical 
significance was defined as P < 0.05.

Results

Establishment of GHS-R-/- mice model

The gene targeting vector map is shown in 
Figure 1A as the previous PGK-neo cassette on 
X-pPNT vector has been replaced by TK-neo 
cassette. The 3.2 kb of 5’ homologous chromo-
some arm was inserted into X-pPNT-TK-neo 
vector by BamHI-EcoRI digestion while the 2.5 
kb of 3’ homologous chromosome arm was 
inserted into X-pPNT-TK-neo vector by NotI-SalI 
digestion (Figure 1A). Then the DNA of X-pPNT-
TK-neo vector containing 5’ and 3’ homologous 
chromosome arms was transfected into mice 
ES cells to perform the homologous recombina-
tion with the endogenous GHS-R gene as 
described in Figure 1B. The exon 1, exon 2 and 
a part of exon 3 of GHS-R gene were replaced 
by TK-neo cassette on X-pPNT vector via homol-
ogous recombination (Figure 1B). Then the ES 
cell clones survived in medium containing 
G418 and GANC were collected for further PCR 
identification by the strategy shown in Figure 
1B. For PCR identification of the 3’ homologous 
chromosome arm in recombinant ES cells, The 
6.4 kbp of PCR products were observed in lane 
1, 2, 3 and 4 representing the wild-type GHS-R 
gene, while another expected 4.2 kbp was 
observed only in lane 4 indicating the fourth 
sample (clone No. 120) was the positive clone 
with GHS-R gene deletion (Figure 1C). For PCR 
identification of the 5’ homologous chromo-
some arm, the expected 3.8 kbp of PCR prod-
ucts were observed in lane 1 (No. 120), lane 2 
(No. 200) and lane 3 (No. 237) presenting the 
positively recombinant clones and the 3.8 kbp 
fragments were confirmed by sequencing 
(Figure 1D). Then those positively recombinant 
clones of mice ES cells that were subjected to 
transplantation into pseudopregnant mice for 
further process to generate the GHS-R gene 
knockout mice.

Identification of GHS-R gene knockout mice

To investigate whether GHS-R gene was suc-
cessfully knocked out, the genomic DNA 
acquired from the tails of different genotype 
mice were used for PCR analysis using 3 prim-
ers (P1, P2 and P3) targeting to the relative 
sites as described in Figure 2A. As the PCR 
results shown, the 1.2 kbp of PCR product 
bands yielded by P1 and P3 primers were 
observed in lane 4, 7 and 9 representing GHS-

Figure 4. Ghrelin induction activated AMPK in prima-
ry endothelial cells (ECs) cultivated in vitro. A: West-
ern blot analysis of AMPK activity induced by Ghrelin 
in primary ECs. ECs isolated from wild-type mice were 
cultivated in vitro and treated with 100 nM Ghre-
lin for 10, 20, 30, 45 and 60 min. Then cells were 
harvested for western blot analysis using β-actin, 
phospho-ERK1/2 and phospho-AMPK antibodies. 
AMPK and ERK1/2 activity increased significantly 
in 10 min after Ghrelin induction, and achieved the 
highest levels in 30 min. B: Statistical analysis of the 
AMPK activity induced by Ghrelin in primary ECs. The 
p-AMPK/β-actin values of each time point were cal-
culated and analyzed statistically compared to value 
of 0 min. **P < 0.01, ***P < 0.001.
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R+/+, while the 1.9 kbp of PCR product bands 
yielded by P1 and P2 primers were observed in 
lane 8, 10 and 11 representing GHS-R-/-, and 
both sizes of bands were observed in lane 2, 3, 
5 and 6 representing GHS-R+/- (Figure 2B). To 
further examine whether GHS-R gene was suc-
cessfully deleted, RT-PCR assays were per-
formed to analyzed GHS-R gene expression in 
hypothalamus of these hybridized mice. The 
β-actin mRNA expression represented by 260 
bp of PCR products were observed in all the 
three lanes and the levels were equal. The 
GHS-R mRNA expression represented by 217 
bp of PCR products were observed in wild-type 
(GHS-R+/+) and heterozygote (GHS-R+/-), while 
not detected in homozygote (GHS-R-/-). 
Moreover, the levels of GHS-R mRNA in hetero-
zygote were obviously lower compared with 
those in wild-type (Figure 2C). To make sure the 
GHS-R gene was thoroughly knocked out in 
GHS-R-/- mice, the hypothalamus tissues 
acquired from these hybridized mice were lysed 
for western blot analysis using GHS-R antibody 
to examine the GHS-R expression. Two main 
bands were observed in samples from wild-

type mice, presenting the two isoforms of GHS-
R, GHS-R-1a and GHS-R-1b. Obviously, the 
expression levels of GHS-R in samples from 
heterozygote mice (GHS-R+/-) were lower than 
those in wild-type mice (GHS-R+/+). No detect-
able signals were observed in samples from 
homozygote mice (GHS-R-/-), indicating that 
GHS-R gene was successfully knocked out in 
GHS-R-/- mice (Figure 2D).

Endothelial cells (ECs) from GHS-R-/- mice 
proliferate faster

The endothelial cells isolated from wild-type 
and GHS-R-/- mice were cultured in vitro and 
observed under the inverted phase contrast 
microscopy. Much more round and slender 
morphology of ECs were observed in wild-type 
group and these cells seemed not to well 
adhere to the dish. However, ECs from GHS-R-/- 
grew very well and the cytoplasmic membrane 
was largely spread on the dish (Figure 3A). 
Meanwhile, the cell density of GHS-R-/- group 
seemed higher than that of wild-type group. To 
confirm this, MTT assays were conducted to 
analyze the proliferative rate of ECs from wild-
type and GHS-R-/- mice. As the results shown, 
the proliferative rate of ECs from GHS-R-/- mice 
was kept at the same levels of ECs from wild-
type mice at day 1 and day 2, however, the pro-
liferative rate of ECs from GHS-R-/- mice signifi-
cantly rose up at day 3 (Figure 3B) (**P < 0.01).

AMPK is activated in ECs upon Ghrelin induc-
tion

It has been reported that Ghrelin exerts its 
roles in inhibition of vascular smooth muscle 
cells (VSMCs) proliferation and atherosclerotic 
plaques formation via classical Akt/ERK path-
way [21, 22], however, it remains unclear 
whether AMPK activation is involved in Ghrelin/
GHS-R pathway to exhibit the relative roles in 
AS disease. Here, we first try to explore whether 
AMPK is activated in ECs exposed to Ghrelin. 
Primary ECs isolated from wild-type mice were 
cultivated in vitro and incubated with 100 nM 
Ghrelin for 10, 20, 30, 45 and 60 min. Then 
cells were harvested for western blot analysis 
using phospho-ERK1/2 and phospho-AMPK 
antibodies. As shown in Figure 4A, the varia-
tions of activated AMPK protein expression 
were similar to the activated ERK, while no obvi-
ous changes were observed in β-actin expres-
sion (Figure 4A). The expression levels of both 

Figure 5. AMPK activity was attenuated in endothe-
lial cells (ECs) from GHS-R-/- mice. A: Western blot 
analysis of AMPK activity in endothelial cells (ECs) 
from GHS-R-/- mice. ECs isolated from two wild-type 
and two GHS-R-/- mice were subjected to western 
blot using anti-β-actin, and anti-phospho-AMPK an-
tibodies. B: Statistical analysis of AMPK activity as 
described in A. Compared to p-AMPK/β-actin ratio in 
wild-type mice 1 (WT1), the AMPK activity was nota-
bly down-regulated in ECs from GHS-R-/- mice 1 (KO1) 
and GHS-R-/- mice 2 (KO2), *P < 0.05.
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phospho-ERK and phospho-AMPK increased 
immediately in 10 min upon Ghrelin induction 
and achieved the highest levels in 30 min. 
Thereafter, the expression levels decreased 
drastically and arrived at the normal levels 45 
min after induction and declined to the lowest 
levels 60 min after induction (Figure 4B) (**P < 
0.01, ***P < 0.001). The results above revealed 
that AMPK is also activated upon Ghrelin induc-
tion in ECs, indicating that AMPK may be 
involved in Ghrelin/GHS-R-mediated regulation 
in AS disease.

AMPK activity declines in ECs from GHS-R-/- 
mice

Though previous studies have documented 
that AMPK could be activated under the 
Ghrelin/GHS-R pathway, the status of AMPK 
activity in ECs from GHS-R-/- mice have not been 
reported. Here, the ECs isolated for 2 wild-type 
mice and 2 GHS-R-/- mice were cultivated in 
vitro and then lysed for western blot analysis 
using specific phospho-AMPK (p-AMPK) anti-
body to investigate the AMPK activity. Results 
revealed that AMPK activities were kept at the 
same levels in wild-type mice (WT1 and WT2), 
however, the AMPK activities were notably 
attenuated in GHS-R gene knocked out mice 
(KO1 and KO2) (Figure 5A). The β-actin expres-
sion was set as a control and the statistical 
analysis showed that compared with p-AMPK/
β-actin value in WT1 group, the AMPK activity 
decreased significantly in GHS-R-/- mice (KO1 
and KO2 group) (Figure 5B) (*P < 0.05).

Discussion

Ghrelin associates with its receptor GHS-R to 
exert a multiplicity of physiological functions, 
including inhibiting cell proliferation and inflam-
matory response in atherosclerosis (AS) dis-
ease [23]. Although extensive studies have 
been focused on the roles of Ghrelin/GHS-R in 
regulating the AS, the mechanisms remain elu-
sive. Recent studies revealed that AMPK has 
the similar effects of Ghrelin/GHS-R that plays 
protective roles in AS by inhibiting the inflam-
matory response as well as cell proliferation 
[17], however, no reported studies verify wheth-
er AMPK is involved in the Ghrelin/GHS-R path-
way to regulate AS progression. It has been 
reported that Ghrelin/GHS-R could activate 
AMPK to exhibit the anti-inflammatory, anti-oxi-
dant and apoptosis-promoting effects in rat 

fatty liver models [19], but it is still unclear 
whether Ghrelin/GHS-R activates AMPK in 
endothelial cells (ECs). In the present study, pri-
mary ECs isolated from mice were cultivated in 
vitro and exposed to Ghrelin for relative time. 
Then cells were subjected to western blot anal-
ysis and results reveal that AMPK as well as 
ERK1/2 is highly activated upon Ghrelin induc-
tion immediately, indicating that AMPK func-
tions in the downstream of Ghrelin/GHS-R 
pathway in ECs. Meanwhile, we also observed 
that AMPK activity is notably attenuated in ECs 
of Ghrelin gene knockout (GHS-R-/-) mice, fur-
ther demonstrating that AMPK is involved in 
Ghrelin/GHS-R pathway in ECs. LKB1 and 
CaMKKβ are main upstream kinases responsi-
ble for AMPK activation, and previous studies 
have documented that Ghrelin/GHS-R could 
increase the intracellular Ca2+ level via phos-
pholipase C (PLC)-PKC pathway, subsequently 
activating CaMKKβ [24], so we hypothesize 
that Ghrelin/GHS-R could activate AMPK in ECs 
via CaMKKβ pathway.

Recent studies revealed that Ghrelin inhibits 
the proliferation of VSMCs, possibly through 
the cAMP/PKA pathway and the inhibitory 
effects of Ghrelin in VSMCs proliferation were 
also documented in our previous studies [25, 
26]. So in this study we examined the prolifera-
tive status of ECs from GHS-R-/- mice and 
results show that proliferative rate of ECs from 
GHS-R-/- is greatly enhanced, indicating that 
Ghrelin/GHS-R pathway also prevents the ECs 
growth. This study has unraveled that Ghrelin/
GHS-R could activate AMPK in ECs, so it is 
interesting to explore whether the inhibitory 
effects of Ghrelin/GHS-R are mediated by 
AMPK as mounting of evidence show that 
AMPK is able to strongly inhibit the proliferation 
of tumor cells and non-tumor cells [27]. Studies 
have revealed that AMPK can inhibit the prolif-
eration of VSMCs induced by angiotensin II and 
in the rat femoral artery injury model, sustained 
activation of AMPK by AICAR can significantly 
inhibit the neointimal formation at the site of 
vascular injury as well as the proliferation of 
ECs and VSMCs [28]. The roles of AMPK in 
inhibiting cell proliferation may be mediated by 
promoting the expression of cyclin-dependent 
kinase inhibitor CDKI as well as p21, and the 
activation of p53 to arrest cells in G1/S phase 
of the cell cycle [29]. In this regard, we hypoth-
esize that the roles of Ghrelin/GHS-R in inhibit-
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ing ECs proliferation may be partially mediated 
by AMPK.

Recent studies reveal that both Ghrelin/GHS-R 
and AMPK signaling pathways are involved in 
regulating endothelial injury mediated inflam-
mation and proliferative responses in the AS 
plaques. Many studies have demonstrated that 
Ghrelin improves endothelial function by 
increasing vascular endothelial nitric oxide syn-
thase (NOS) expression and Ghrelin also inhib-
its the inflammatory response of the vessel 
walls after endothelial injury, which is achieved 
by inhibiting NF-kappa B (NF-κB) activation [30, 
31]. In addition, NF-κB in endothelial cells (ECs) 
can be suppressed in vitro exposed to exoge-
nous Ghrelin [31]. Activation of AMPK by the 
AMP analogue AICAR can improve endothelial 
function and prevent the inflammatory 
response as well as SMCs proliferation [17]. It 
has been reported that AMPK can phosphory-
late and activate eNOS in vascular endothelial 
cells and cardiac myocytes to promote the pro-
duction and release of NO, thereby improving 
endothelial function [32, 33]. Moreover, the 
anti-inflammatory effects of AMPK in ECs are 
achieved by inhibiting NF-κB activation inde-
pendent of GH pathway [34, 35]. Taking togeth-
er those reports above with the evidence in this 
study that Ghrelin/GHS-R prevents the ECs cell 
proliferation and promotes AMPK activation, 
we hypothesize that Ghrelin/GHS-R plays the 
key roles in regulating endothelial injury medi-
ated inflammation and proliferative responses 
in the AS plaques via activating AMPK 
pathway.

In summary, this study unravels that Ghrelin/
GHS-R activates AMPK in ECs and AMPK activ-
ity is notably attenuated in GHS-R-/- mice, pro-
viding the theoretical and experimental basis 
for elucidating the mechanisms of Ghrelin/
GHS-R-AMPK axis in exhibiting protective roles 
in the AS disease.
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