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Abstract

Ghrelin is a small peptide with important roles in the regulation of appetite, gut motility,
glucose homeostasis as well as cardiovascular protection. This review highlights the role
that acyl ghrelin plays in maintaining normal endothelial function by maintaining the
balance of vasodilator-vasoconstrictor factors, inhibiting inflammatory cytokine production
and immune cell recruitment to sites of vascular injury and by promoting angiogenesis.
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Ghrelin is a small peptide that was first noted for its
actions in central regulation of appetite, adiposity
(orexigenic pathways), gut motility and growth hormone
release (1, 2), but is now recognized as having important
protective roles in both the central nervous system and
the cardiovascular system and is particularly important
for the protection of endothelial cell function (3). The
gut is the largest producer of this peptide, but the heart
and vasculature also express ghrelin at much lower levels.
Dependent on metabolic status, most of the circulating
ghrelin is of the unacylated or desacyl ghrelin (DAG)
form, which was initially considered to be an inactive
form. Following cleavage of pre-proghrelin, ghrelin
O-acyltransferase (GOAT) catalyzes the attachment of
an acyl side branch at Serine 3 residue of proghrelin to
produce the acyl ghrelin (AG) form (Fig. 1), enabling it to
bind the growth hormone secretagogue receptor 1a (GHS-
R1a) (1). Neural and cardioprotective roles for endogenous
and exogenous AG have been described by numerous
research groups. Most of these actions have been attributed
or directly shown experimentally to be mediated by
activation of GHS-Rla or to a lesser extent, mediated
indirectly by release of growth hormone. However, it is
important to recognize that other endogenous peptides

are also considered to be released when pre-proghrelin is
cleaved. Obestatin is a peptide derived from this cleavage
that might have protective actions, particularly regarding
pancreatic function and glucose homeostasis, but is yet
to be clearly resolved (4). This brief review focuses on
the roles that AG and its known receptor pathway play
in modulating endothelial cell function and perfusion
during conditions when vascular function becomes
compromised and the known mechanisms involving
immune cells and the endothelium.

Ghrelin acts to preserve energy balance and
long-term regulation of body weight (5). Indeed, AG
has been consistently shown to negatively regulate
proinflammatory pathways and reduce oxidative and
nitrosative stress, as described below. Since both acute
and chronic inflammation and an excess of reactive
oxygen and nitrogen species impair metabolic, neural,
cardiac and vascular function, these important inhibitory
actions of AG can be considered to act to maintain
organ homeostasis and survival. Herein, we will focus on
the actions of ghrelin peptides that modulate vascular
function and describe briefly some of the studies that
have demonstrated the therapeutic potential of ghrelin
treatment, or pretreatmentin some cases, for cardiovascular
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Figure 1

Pre-proghrelin produced within ghrelin cells is cleaved to produce ghrelin
and obestatin. Ghrelin peptide is then present in these cells as unacylated
or desacyl ghrelin (DAG) or becomes acylated with an 8-carbon fatty acid
side chain (shown in red ring) at Serine 3 residue by ghrelin
O-acyltransferase (GOAT) to become acyl ghrelin (AG). Proteases are
responsible for the degradation of AG to DAG.

protection (summarized in Fig. 2 and Table 1). However, it
is important to state that the vascular protection potential
of exogenous ghrelin, and particularly AG, needs to be
weighed against the potentially maladaptive actions of
ghrelin signaling in promoting adiposity and reducing
glucose-stimulated insulin secretion and promoting
glucose intolerance (6, 7).

AG inhibits endothelin-1 and directly
reduces vasomotor tone

It was established in early studies following the discovery
of ghrelin that acute administration of AG lowers arterial
blood pressure (8, 9); however, there has been considerable
debate whether AG directly modulates vascular tone
or alternatively, evokes hypotension through direct
inhibition of either sympathetic outflow or sympathetic
afferent activity. Utilizing endothelium-denuded internal
mammary artery segments, it was shown that AG and
DAG both potently inhibit endothelin-1 (ET-1)-mediated
vasoconstriction and that AG protein was expressed
in endothelial cells of coronary microvessels (10, 11).
In contrast, in anesthetized pigs, net coronary flow
decreased during intracoronary AG infusion, which was
inhibited by phentolamine (12). The same authors later
showed that intracoronary DAG infusion evoked a nitric
oxide (NO)-dependent increase in coronary flow (13).
Furthermore, AG increased coronary perfusion pressure in

H98
ET-1 production / sensitivity < -
immune cell activation-infiltration { »
microvessel tone ? Unknown
large artery tone < receptor
Desacyl Ghrelin
Differ
between ,
vascular - zzgf‘o?e”rfgic
beds ? ./ antifibrotic
Acyl Ghrelin
ET-1 production / sensitivity{ - GHS-R1a
immune cell activation-infiltration {} | gng
microvessel tone unknown
large artery tone 4 4mp receptor

GLP-1 production 1>

Figure 2

Summary of the reported effects of endogenous and exogenous acyl
ghrelin (AG) and desacyl ghrelin (DAG) in the vasculature and their
receptor pathways. ET-1, endothelin-1; GHS-R1a, growth hormone
secretagogue receptor 1a; GLP-1, glucagon-like peptide-1.

the isolated rat heart and evoked constriction in isolated
coronary arterioles (14). Callaghan and associates (15)
have reasoned that AG does not directly alter vasomotor
tone, since mesenteric and aortic segments did not
dilate to AG, but rather AG might evoke hypotension by
inhibiting sympathetic afferent activity to release tonic
constrictor tone. Nonetheless, we have shown with in vivo
microangiography that vessel responses evoked by AG
appear to be dependent on vessel size as AG constricted
large conduit arteries while dilating arterioles in the
same vascular bed in rats following either induction of
myocardial infarction or sham procedure (16). Beta-
blockade with propranolol did not significantly alter
vessel responses to AG. However, selective GHS-Rla
inhibition blocked both dilator and constrictor responses
to AG in sham-treated rats (16). In the same study, AG
evoked dose-dependent dilation of human internal
mammary arteries. Interestingly, AG-mediated coronary
constrictor responses in canine arterioles were found to
be independent of GHS-R1a (17). Hence, AG appears to
evoke systemic hypotension but not all vascular beds
exhibit vasodilator responses to acute AG administration.
The reductions in coronary blood flow reported in
some studies might be the result of GHS-R1a mediated
vasoconstriction of the large arteries. In addition, there
appears to be significant differences between species in
GHS-R1a distribution and the acute vascular effects of AG
and DAG, with some responses likely to be mediated by
a yet unidentified receptor pathway. However, it needs to
be emphasized that the receptor pathway for DAG actions
remains to be identified.
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In patients with chronic heart failure repeated
intravenous AG infusion for 3 weeks improved left
ventricular function, muscle wasting and exercise
capacity (18). However, it is not known whether the
beneficial actions of AG treatment involved changes in
coronary function. Chronic AG treatment does appear
to ameliorate endothelial dysfunction and vascular
smooth muscle sensitivity to constriction by ET-1. In the
chronic hypoxia model of pulmonary hypertension, we
found that concurrent treatment with AG reduced the
exaggerated constrictor responses across the pulmonary
arterial bed, reduced ET-1 protein expression and vessel
rarefaction (19). Furthermore, chronic AG treatment
restored the impairment of acetylcholine-mediated
vasodilation in thoracic aortas in growth hormone-
deficient rats (20). Thus, chronic AG treatment improves
endothelium-independent and -dependent vasodilation
and the regulation of perfusion.

AG reduces vascular injury and
enhances angiogenesis

Various lines of evidence indicate that AG and DAG both
exert cytoprotective effects on endothelial cells, although
DAG is not well understood. Both ghrelin forms inhibit
cardiomyocyte and endothelial cell apoptosis through
activation of extracellular signal-related kinase 1/2
(ERK1/2) and an unknown ghrelin receptor pathway (3).
As noted earlier, we reported that AG prevented vessel
pruning in the lungs conceivably by reducing apoptosis
(19). Ischemia, septic shock and cardiopulmonary bypass-
induced injury all involve pronounced cytokine mediated
vascular inflammation and oxidative stress, which have
been shown to be ameliorated by AG treatment (21,
22, 23, 24, 25, 26). AG suppresses interleukin-6 and
tumor necrosis factor-a generation by lymphocytes and
monocytes in part through vagal efferent release of
acetylcholine, which turns off production (23, 27), and
in part by central inhibition of sympathetic potentiation
of cytokine release (28) and has been shown to suppress
immune cell recruitment to vascular injury sites following
endothelial activation (26). Indeed, T lymphocytes and
monocytes express both AG and GHS-R1a, which function
as negative regulators of these key cytokines (5). In the
gastric submucosa it has been shown by microdialysis
that local catecholamines evoke ghrelin release from
the abundant ghrelin cells (29). It is not clear if these
neurotransmitters regulate ghrelin secretion to a similar
extent in the cardiovascular system, but the autonomic

H100

nervous system clearly plays important and complex roles
in ghrelin’s actions.

Bearing in mind that circulating levels of ghrelin
are low (10-20fmol/mL) and that AG are lower than
DAG, the levels of production of these peptides varies
considerably among disease states, but various evidence
suggests exogenous AG administration is able to improve
endothelial dysfunction and promote angiogenesis.
Ghrelin levels are low in obesity but increase during
physiological and psychological conditions that evoke
sympathetic overactivation (30). Interestingly, plasma
levels of ET-1 and thromboxane have been reported
to be elevated in patients with coronary artery disease
and atherosclerotic coronary arteries show not only
elevated thromboxane receptor density but also four-
fold upregulation of GHS-Rla density in vascular
smooth muscle layer relative to non-diseased arteries
(31). As suggested by the authors of the latter study,
increased expression of the receptor for AG might reflect
a compensatory action of ghrelin signaling to ameliorate
ET-1-mediated vasoconstriction and vascular remodeling.
Furthermore, AG treatment was found to restore NO
bioavailability and endothelial function in small arteries
isolated from biopsies taken from essential hypertension
patients, in part by inhibition of superoxide generation
(32). In obese human subjects with metabolic syndrome
even an acute infusion of AG was shown to normalize
vasoconstrictor actions of ET-1 through increased
NO-mediated dilation, potentially restoring vasodilator—
constrictor balance (33). Indeed, chronic AG treatment
rescued endothelial function and promoted angiogenesis
in a hindlimb ischemia mouse model through potentiation
of proangiogenic, antifibrotic and antiapoptotic pathways
including activation of PI3K/Akt, vascular endothelial
growth factor and modulation of miRNA (potentiation of
miR-126, -132, -30a and inhibition of miR-21, -92a and
-206) (24). While the proangiogenic properties of ghrelin
are beneficial in pathological states where microvascular
density is reduced (25), it is also clear that ghrelin
signaling is central to the progression of some carcinomas
(34) even though AG treatment has shown benefits in
increasing body weight and reducing muscle wasting in
cancer cachexia.

Effects of AG on glucose homeostasis and
associated vascular complications

The roles of ghrelin peptides in glucose homeostasis have
been a hot area of research in recent years and is beyond
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the scope of this review on vascular protection. However, it
is noteworthy that ghrelin peptides have opposing effects,
as DAG promotes insulin secretion and insulin sensitivity
while AG inhibits glucose-stimulated insulin release and
increases lipogenesis, contributing to glucose intolerance
(6, 35); see recent review (7). For these reasons, based
on various experimental and clinical evidence, some
consider ghrelin antagonism to be a therapeutic target
for type 2 diabetes (7). Nevertheless, it is important to
understand that impaired incretin signaling contributes
to glucose intolerance and poor glycemic control in type
2 diabetes. It has been suggested that ghrelin might not be
the cause of metabolic dysfunction, but rather impaired
endogenous AG/GHS-Rla regulation of glucagon-like
peptide-1 (GLP-1) release following meal ingestion
(36). Indeed, these authors showed with multiple lines
of evidence that AG administration enhanced GLP-1
release and glucose tolerance. Here, it is important to
acknowledge that it is now well established that GLP-1
itself has been shown to have important cardiovascular
protective actions. Moreover, one study has shown that
AG infusion in patients with metabolic syndrome acutely
enhanced endothelium-dependent dilation (brachial
artery) (37). Whether sustained improvements in vascular
function can be obtained with ghrelin treatment remains
unknown. On a final note, while studies of ghrelin
effects on diabetic vascular complications are few, it
has been shown that DAG treatment in a mouse model
of glucose intolerance and hindlimb ischemia restored
antioxidant superoxide dismutase-2 expression, sirtuin
1 and proangiogenic miR-126 levels and hindlimb vessel
density while reducing inflammation (38).
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