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The direct ghrelin (Ghr) involvement in cardiovascular (CV) system homeostasis has been
suggested by the expression of its receptor in CV tissues and by evidence that ghrelin
mediates CV activities in animals and in humans. Moreover, low Ghr plasma levels have
been reported in pathological conditions characterized by high cardiovascular risk. In the
present study, we investigated Ghr effect on proliferation of human aortic endothelial cell
(HAEC) and involved transduction pathways. Our results indicate that ghrelin elicited
proliferation in a dose-dependent manner (ECsp about of 5nmol/L) in cultured HAEC,
and that this effect was inhibited by the receptor antagonist (D-Lys3)-GHRP-6. Western
blot experiments documented an activation of external receptor activated kinases (ERK1/2)
and Aktin a dose-dependent fashion, as well as involvement of the cAMP pathway in ERK1/2
phosphorylation. Experiments conducted with appropriate pharmacological inhibitors to
investigate Ghr-induced HAEC proliferation confirmed the involvement of ERK1/2 and I3p/
Akt pathways, as well as the role of AMP cyclase/PKA pathway in ERK1/2 phosphorylation.
Our results indicate that Ghr promotes HAEC proliferation, and thus may be a protective
factor against vascular damage. The low ghrelin serum levels reported in insulin-resistant
states may not be able to effectively counteract endothelial cell injury.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Direct Ghr involvement in cardiovascular system home-
ostasis has been supported by the expression of its receptor in

Ghrelin (Ghr), an acyl-peptide consisting of 28 amino acids
esterified with octanoic acid on Ser3, is the natural ligand of
growth hormone secretagogue receptor (GHSR). Ghrelin
secretion is pulsatile, and it is related to feeding behavior
[31]. Ghr plasma levels are in the nanomolar range in humans
[6]. The largest amount of circulating ghrelin is produced by X/
A-like cells in the oxyntic mucosa of the stomach [18].
However, ghrelin and its mRNA were also detected in
cardiomyocytes [14], and immunoreactive ghrelin was
reported in endothelial cells [17].

heart and vessels and by evidence that ghrelin mediates
cardiovascular activities in animals and in humans. Ghrelin
administration in man-in normal subjects and in patients with
chronic heart failure - significantly decreases systemic
vascular resistance, and it increases cardiac index and stroke
volume index [22,11]. In addition, low Ghr plasma levels have
beenreported in pathological conditions characterized by high
cardiovascular risk, such as uncomplicated obesity, insulin-
resistant obesity, type 2 diabetes mellitus, and hypertension
[28,21,24].
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The characterized receptor of ghrelin is the G-protein-
coupled receptor GHSR-la, that mediates many of Ghr
biological actions [7,6,5,29]. GHSR-1a mRNA has been detected
in human brain and peripheral tissues [13,12], including
cardiovascular tissues such as myocardium [3] and vascular
endothelium [12]. The density of ghrelin receptors in the
vascular system is up-regulated with atherosclerosis [16].
Other binding sites, distinct from GHSR-la and not yet
characterized, have been identified in a large number of
tissues, including heart [19].

In a previous study we demonstrated that Ghr binds to
GHS-R 1a and inhibits angiotensin II-induced migration in
human aortic endothelial cells [25]. Conflicting data were
reported about ghrelin effect on cell proliferation. In thyroid
and breast cell lines, Ghr inhibits FCS-induced proliferation
[20], in other cell types, such us human hepatoma (HepG2)
prostate, adrenal, pancreatic, cardiac, adipose cells and
pituitary, ghrelin stimulates proliferation [19,15,10].

We investigated the ghrelin effect on human aortic
endothelial cell (HAEC) proliferation and the involved trans-
duction pathways.

2. Materials and methods

Ghrelin and (D-Lys3)-GHRP-6 were purchased from Bachem
AG (Italy). PD 98059 and wortmannin (specificity: ICso = 50 nM
and 300 nM, respectively, for PI3 and MAPK activation induced
by PDGF) were obtained by SIGMA (Milan, Italy). SQ22.536 and
KT5720 were purchased from Calbiochem (Milan, Italy). HAEC,
endothelial cell basal medium (ECBM) and medium supple-
ments were obtained by BioWhittaker (Europe). Primary
antibody for ERK1/2, p-ERK1/2 (phosphorylated Ser 473), Akt
and p-Akt, and secondary antibody HRP conjugated were
purchased from Santa Cruz Biotechnology, Inc. (Heidelberg,
Germany).

2.1. HAEC culture

After thawing according to the method suggested by Bio
Whittaker, cryopreserved cells were placed at density of
2500 cells/cm? in 75mL plastic flask (Falcon) with ECBM
supplemented with 1pg/mL hEGF (human recombinant
endothelial growth factor), 0.1% hydrocortisone, 50 mg/mL
gentamicin, 50 ng/mL amphotericin-B and 10% fetal calf
serum, and then maintained at 37 °C in 5% CO, atmosphere.
The medium was changed every 48 h. Cells were subcultured
at 70-80% confluence. All experiments were performed at cell
passage 4-5.

2.2 Western blotting

After stimulation, subconfluent HAECs were washed twice
with cold PBS on ice bed. Then, they were scraped and lysed in
RIPA buffer for 1h at 4°C, and lysate was centrifuged at
22,000 rpm for 12 min. The solubilized proteins were loaded on
a 10% SDS gel, and, after running, the gel was blotted on a
nitrocellulose paper. Aspecific binding on nitrocellulose paper
was saturated with free fatty milk for 18 h at 4 °C for non-
phosphorylated proteins or 3% bovine serum albumin for

phosphorylated proteins. After incubation with primary and
secondary HRP conjugated antibody, the proteins were
detected with ECL Western blotting detection systems.

2.3.  Cell growth analysis

To evaluate proliferation, subconfluent HAECs were subcul-
tured in 24-well plates (Falcon Plastic, Los Angeles, CA) at a
density of 20 x 10° cells/well and cultured overnight in M199
containing 10% FCS at 37 °C. Then, cells were made quiescent
by incubation for 24 h in serum-free medium. Adherent cells
were treated with graded concentration of ghrelin or with drug
solvent only. After 24h cells were rinsed with PBS and
removed by trypsin/EDTA treatment. Then, they were sus-
pended in PBS for counting in a cell counter chamber. Cell
viability was determined by trypan blue dye exclusion.
Antagonists and inhibitors were added to cell culture
20 min before ghrelin treatment.

The cellular growth was also evaluated by using the
sulforhodamine B based In Vitro Toxicology Assay Kit (TOX 6
assay kit Sigma-Aldrich, Milano, Italy). The sulforhodamine
B method is simple, accurate, and yields reproducible
results. It was applied as modified by Papazisis KT [23]. In
brief, cells were fixed using 50% TCA, then the plates were
layered with sulforhodamine B solution. The incorporated
dye was then solubilized in sulforhodamine B assay
solubilization solution (10 mM Tris), and absorbance was
spectrophotometrically measured at wavelength of 530 nm
using an Ultraspec 2100pro spectrophotometer (Amersham
biosciences, Milano, Italy). As in all the cellular growth
experiments the data obtained with sulforhodamine B were
strictly correlated with the number of cells detected in the
cell counter chamber (r=0.87), the results presented are
those with sulforhodamine B.

Mitogen-activated protein kinase (MAPK) and tyrosine
kinase involvement in the mitogenic effect of Ghr were
determined by adding the MAPK inhibitor PD 98059 (30 pM)
and PI3K inhibitor wortmannin (100 nM). SQ 22.536 (10 uM), a
specific inhibitor of AMP cyclase, and KT5720 (1 M), inhibitor
of cAMP-dependent protein kinase (PKA) were used to
investigate the involvement of cAMP.

2.4. Statistical analysis

Data are presented as means =+ standard error of mean
(S.E.M.). Statistical analysis was performed by using the
Student’s paired t-test for cell proliferation experiments.
One-way ANOVA with post-hoc Dunnet test was used with
the densitometric analyses of Western blot experiments.
P < 0.05 was taken as statistically significant.

3. Results
3.1.  Ghrelin effect on HAEC proliferation

In cultured HAEC, increasing concentrations (0.01-100 nmol/L)
of ghrelin elicited proliferation in a classic dose-dependent
manner, showing a ECsg of 5 nmol/L (Fig. 1). It was a receptor-
mediated event, as suggested by the curve morphology and
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Fig. 1 - Dose-response curve of HAEG proliferation induced
by increasing doses of ghrelin (closed circle). A single dose
(100 nM) of (D-Lys®)-GHRP-6 inhibited Ghr effect,
producing a significant rightward parallel shift in the
dose-response curve without affecting maximal response
(open circle). The results are expressed as percentage of
proliferation. Each point is expressed as the mean of three
separate experiments run in triplicate. Bars show S.E.M.

confirmed by experiments with (D-Lys®)-GHRP-6, a specific
ghrelin antagonist. (D-Lys®)-GHRP-6, at the dose of 100 nmol/L,
inhibited the ghrelin effect, producing a significant rightward
parallel shift in the dose-response curve without affecting
maximal response (Fig. 1). Performing experiments with
increasing doses of (D-Lys®)-GHRP-6 and ghrelin, a pA, value
of 7.91 (7.99-7.83, 95% confidence limits) and a slope of 1.03
(0.82-1.24, 95% confidence limits) were obtained by Schild
analysis of data, showing a typical receptor-antagonism.

3.2. ERK1/2 and PI3K/Akt activation

To evaluate the Ghr effect on ERK1/2 and Akt, Western blotting
experiments were performed. Ghrelin stimulation of quies-
cent HAEC induced phosphorylation of both kinases in a dose-
dependent fashion compatible with the results of proliferation
experiments (Figs. 2A and 3A). The addition of (D-Lys®)-GHPR-6
markedly blunted the phosphorylation of both kinases
induced by Ghr (Figs. 2B and 3B). The effect of MAPK and
Akt pathway inhibition by SQ 22.536, KT5720, wortmannin and
PD 98059 was then tested. As shown in Fig. 2B, the specific
ERK1/2 inhibitor PD98059 completely abolished ERK phos-
phorylation, but activation was also blunted by cAMP pathway
inhibition by SQ22.536, an AMP cyclase inhibitor, and KT5720P,
aPKA inhibitor. As far as Akt was concerned, PI3K inhibition by
wortmannin very strongly reduced Akt phosphorylation,
whereas cAMP pathway inhibition did not influence it
(Fig. 3B).The involvement of PI3K/Akt and the ERK1/2 path-
ways in HAEC proliferation induced by Ghr was investigated
by using wortmannin and PD98059. Both compounds were
able to inhibit ghrelin-induced proliferation (Fig. 4). Inhibition
of cAMP formation by SQ 22.536 and of cAMP-dependent
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Fig. 2 - (A) Increasing Ghr doses enhanced ERK1/2
phosphorylation in dose-dependent fashion. Results are
representative of those observed in three independent
experiments. Bar graphs are representative of
densitometric analyses of five separate experiments
expressed as the fold increase from the control (untreated
cells) (means * S.E.) (P < 0.05, **P < 0.01, ***P < 0.005 versus
control). (B) Effect of (D-Lys®)-GHRP-6 and of
pharmacological inhibition of P I3 kinase, AMP cyclase,
PKA and ERK1/2 on Ghr-induced ERK activation. Bar
graphs are representative of densitometric analyses of five
separate experiments expressed as the fold increase from
the control (means * S.E.) (*P < 0.05, **P < 0.01, ***P < 0.005
versus ghrelin alone). One-way ANOVA with post-hoc
Dunnet test was used for the statistical analisys of data.
The relative level of ERK activation was determined by
densitometric scanning of the phospho-ERK bands and
normalized to the control (untreated cells) signal.

protein kinase A (PKA) activation by KT5720 were also able to
blunt the ghrelin effect (Fig. 4).

4, Discussion

In the present study, we document that ghrelin exerts a direct
effect on human aortic endothelial cell proliferation, which is
mediated by PI3K-dependent Akt activation and ERK1/2
activation.

The canonical ERK MAP kinase cascade is stimulated upon
the binding of extracellular growth factors, such as EGF and
PDGF, to their respective transmembrane receptor tyrosine
kinases, including Akt. The autophosphorylation of the
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Fig. 3 - (A) Increasing Ghr doses induced Akt
phosphorylation in dose-dependent fashion. Results are
representative of those observed in three independent
experiments. Bar graphs are representative of
densitometric analyses of five separate experiments
expressed as the fold increase from the control

(means * S.E.) (*P < 0.05, **P < 0.01, ***P < 0.005 versus
untreated cell). (B) Effect of (D-Lys®)-GHRP-6 and of
pharmacological inhibition of PI3 kinase, AMP cyclase,
PKA and ERK1/2 on Ghr-induced Akt activation. Bar graphs
are representative of densitometric analyses of five
separate experiments expressed as the fold increase from
the control (means + S.E.) (**P < 0.01, ***P < 0.005 versus
ghrelin alone). One-way ANOVA with post-hoc Dunnet
test was used for the statistical analisys of data. The
relative level of Akt activation was determined by
densitometric scanning of the phospho-Akt bands and
normalized to the control (untreated cells) signal.

cytoplasmic tails of the receptor on tyrosine leads to
recruitment and activation of the kinases Raf, MEK, and
ERK. Also Ghr has been reported to activate the ERK1/2 via a
G(i)-dependent pathway that involves PI3K/Akt [4]. The
activation of this pathway mediates the Ghr inhibitory effect
on endothelial cell apoptosis [2].

The involvement of both MAPK and PI3K pathways does
not exclude the possibility that also a receptor type other than
a G-protein-coupled receptor is involved in signal transduc-
tion. In a recent paper, activation of ERK and PI3K/Akt
pathways was reported to be mediated not only by acylated
Ghr via GHS-Rla, but also by desacylated Ghr via other
unidentified receptor, unable to bind (D-Lys®)-GHRP-6 [8]. We
have already reported [25], and confirm in the present paper,
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Fig. 4 - Effect of pharmacological inhibition of ghrelin-
induced proliferation in HAEC. The ghrelin effect was
strongly inhibited by P I3 kinase inhibition with
wortmannin and ERK1/2 inhibition elicited by PD98095.
Also cAMP inhibition by SQ 22.536 and PKA inhibition by
KT5720 significantly blunted ghrelin effect. The results are
expressed as percentage of proliferation. Each histogram
represents the mean =+ S.E.M. of three separate
experiments run in triplicate. *indicates significant
difference (P < 0.05), ** (P < 0.01) versus ghrelin-treated
samples.

that Ghr binds (D-Lys®)-GHRP-6-responsive GHS-R1a in HAEC.
However, investigation of possible actions of desacyl-Ghr in
HAEC is in progress in our lab.

Our Western blot results document that SQ 22.536, a
specific AMP cyclase inhibitor, and KT5720, a specific inhibitor
of cAMP-dependent PKA, were able to markedly blunt ERK1/2
activation, suggesting that the cAMP pathway activates ERK1/
2 in HAEC. In addition, pharmacological inhibition of either
ERK1/2 and Akt or AMP cyclase and PKA effectively inhibited
ghrelin-induced proliferation.

This is consistent with the reported capability of cCAMP to
modulate cell proliferation by regulating the extracellular
signal-regulated kinase [30]. cAMP-mediated ERK activation
leads to the activation of transcription factor Elk-1 [34]. This
actionis independent of Ras and requires the expression of the
B-Raf isoform of serine/threonine kinase Raf [32]. In endothe-
lial cells, the major Raf isoform expressed is B-Raf [33].

PKA can activate ERKs by additional mechanisms that
enhance ERK signaling. PKA phosphorylation of a common
kinase interaction motif (KIM), within a family of ERK-directed
phosphotyrosine phosphatases (PTPases), results in the
release of bound ERK and subsequent increase in ERK activity
[5,27].

In HAEC, we already documented that ghrelin activates the
cAMP/PKA pathway [25] and inhibits Ang II-induced migra-
tion. With the present paper, another effect of cAMP/PKA
activation, namely HAEC proliferation, is added.

Conlflicting data have been reported about ghrelin effect on
cell proliferation. A large number of endocrine and none-
ndocrine neoplastic cells express Ghr and Ghr-receptor,
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suggesting that the hormone is likely to play an important
autocrine/paracrine role in neoplastic conditions. In thyroid
and breast cell lines, Ghr inhibits FCS-induced proliferation
[15], whereas in other cell types, ghrelin stimulates prolifera-
tion [19,10,15]. Regarding the Ghr effect on angiogenesis,
previous studies indicate that ghrelin inhibits basic FGF-
induced formation of capillary-like structures in HUVEC, and
angiogenic response to FGF-2 in the chick embryo chorioal-
lantoic membrane in vivo assay [1]. In rat brain microvascular
endothelial cells as well, ghrelin inhibits cellular proliferation
[9], whereas, more recently, Ghr was reported to stimulate
human microvascular endothelial cells [20]. Other studies
documented that Ghr prevents death of porcine aortic
endothelial cell and improves endothelial dysfunction in
patients with metabolic syndrome [2]. However, no studies
were conducted to investigate the role of ghrelin in prolifera-
tion of human aortic endothelial cells nor the signaling
pathways involved.

Correctly regulated endothelial cell proliferation is essen-
tial to maintain vessel anti-thrombogenic properties, and to
avoid smooth muscle cell proliferation, both important
components of atherogenesis. In this context, the Ghr
proliferation promoting effect in HAEC reported in the present
paper and Ghr inhibition of Angiotensin II-induced prolifera-
tion and contraction on vascular smooth muscle cells [26],
suggest that Ghr is involved in vascular wall homeostasis, and
that low ghrelin serum levels may contribute to the pro-
atherosclerotic state present in pathological conditions
characterized by insulin-resistance.
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