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The pulsatile release of growth hormone (GH) from
anterior pituitary gland is regulated by the interplay of
atleast two hypothalamic hormones, GH-releasing hor-
mone (GHRH) and somatostatin, via their engagement
with specific cell surface receptors on the anterior pitu-
itary somatotroph. Furthermore, release of GH in vivo
may also be controlled by a third type of receptor, the
growth hormone secretagogue receptor, a G-protein-
coupled receptor, called GHS receptor type 1a (GHS-
R1a), which wasidentified in the pituitary and the hypo-
thalamus in humans using a nonpeptidyl growth hor-
mone secretagogue (MK-0677). Ghrelin, the endogenous
ligand for the GHS-R1a, is a 28-amino-acid peptide iso-
lated from human stomach that is modified by a straight
chain octanoyl group covalently linked to Ser?, which
is essential for its endocrine activity. This hormone, pre-
dominantly expressed and secreted by the stomach, has
a dual action on GH secretion and food intake, showing
interdependency between these actions. The finding that
fasting and food intake, respectively, increase and de-
crease the secretion of ghrelin suggests that this hor-
mone may be the bridge connecting somatic growth and
body composition with energy metabolism, and appears
to play a role in the alteration of energy homeostasis
and body weight in pathophysiological states such as
hypothyroidism and hyperthyroidism. Despite this, lit-
tle is known about the intracellular signaling through
which ghrelin exerts its regulatory actions. Activation
of intracellular calcium mobilization is one of the earl-
iest known cellular signals elicited by ghrelin. In HEK-
293 cells expressing the GHS-R1a, ghrelin induces a
biphasic cytosolic calcium elevation characterized by a
spike phase of the response, which reflects Ins(1,4,5)P,-
dependent calcium mobilization of intracellular stores,
and a sustained phase of the response, which is due to
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calcium influx across the plasma membrane triggered
by aperture of capacitative calcium channels (store-oper-
ated calcium channels). Upon repeated administration,
ghrelin showed a marked suppression of ghrelin-medi-
ated elevations of intracellular calcium. This homolo-
gous desensitization represents an important physiolog-
ical mechanism that modulates receptor responsive-
ness and acts as an information filter for intracellular
signaling system. The discovery of ghrelin adds a new
component to the complex machinery responsible for
regulation of GH secretion in connection with the reg-
ulation of appetite and energy homeostasis.
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Ghrelin: The Natural Ligand for GHS Receptor

The regulation of GH release from the pituitary appears
to be mediated by the interplay of hypothalamic, pituitary,
and circulating factors (/). GHRH and somatostatin, respec-
tively, are the two classical hypothalamic stimulatory and
inhibitory regulators of pulsatile GH release. On the other
hand, glucocorticoids, opiates, amino acids, free fatty acids,
and other agents also have effects on the GH release (2). In
addition to this complex regulatory machinery, GH release
may be elicited by a group of synthetic agents, known as
GH secretagogues (GHSs). The action of GHSs is medi-
ated through a specific seven-transmembrane G-protein-
coupled receptor called GHS receptor type 1a (GHS-R1a),
which was identified using a nonpeptidyl GHS (MK-0677)
in the pituitary and the hypothalamus in humans (3,4). The
identification of an endogenous ligand for this receptor, a
peptide isolated from the stomach and called ghrelin, sym-
bolizes one of major milestones in endocrinology (5). Ghre-
lin is a 28-amino-acid peptide with an n-octanoyl group
covalently linked to the hydroxyl group of serine 3 (Ser?)
residue, which is essential for its biological activity. In this
sense, ghrelin is the first known example of a secreted bio-
active peptide in mammals modified by an acyl acid (/4).
The discovery of this hormone is a good example of reverse
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Fig. 1. Schematic representation of ghrelin action. Circulating
ghrelin needs to reach the CNS to act in the afferent loop control-
ling energy homeostasis or GH secretion. In this sense, ghrelin
appears as the link signal between general metabolism and energy
homeostasis.

pharmacology, as starting with the synthetic analogs (GHSs)
it was possible to arrive at the identification of the natural
ligand, ghrelin, via the discovery of the GHS receptor (5).

Ghrelin is expressed and secreted mainly by the stom-
ach, with lower quantities by other segments of the intes-
tine (6). The X/A-like cells of the oxyntic gland located in
the fundus of the stomach are the main source of this hor-
mone (6,13). These cells have no contact with the lumen of
the oxyntic gland; rather they are closely associated with
the capillary network, suggesting a secretion toward plasma
and, thus, its endocrine role (Fig. 1). Other tissues express-
ing ghrelin are the pituitary (7), hypothalamus (4), heart, and
kidney (10), although the amount secreted and the physi-
ological relevance of its presence in these tissues is unde-
fined. Ghrelin has been detected in human and rat placenta
showing a pregnancy-related time course of expression, al-
though the physiological role of this hormone is not known
atpresent (8). More recently, ghrelin has been detected in rat
testis (9) and ovary (71). Testicular gene expression was dem-
onstrated throughout postnatal development being detected

in Leydig cells in adult testis. This expression appears to be
under hormonal regulation and dependent on pituitary lutein-
izing hormone (LH) (72), suggesting a possible involve-
ment of ghrelin as mediator on LH actions in rat testis. The
presence of ghrelin has been reported in the cyclic human
ovary showing distinct but partially overlapping patterns of
cellular location (71). These findings appear to open a new
field for ghrelin as a mediator of the reproductive axis.

This “new” hormone releases GH both in vitro and in
vivo, and the stimulatory effect on GH secretion is more
potent than that of either GHRH or GHSs (/7). Most prob-
ably ghrelin is involved in regulating the somatotroph sys-
tem along with GHRH and somatostatin. However, ghrelin
may be much more than a simply GH secretagogue, and
other central and peripheral actions (i.e., corticotroph secre-
tion, stimulation of lactotroph, influence on gastroentero-
pancreatic functions, energy homeostasis, sleep regulation,
reproduction, and cardiovascular actions) are continuously
emerging (12).

Synthesis

The human ghrelin gene is located on chromosome 3, at
the locus 3p25-26, and is made up of four exons and three
introns (Fig. 2) (/5). This genomic structure is identical to
the ghrelin in rat and very similar to that of the mouse (/6—
18). A common feature of mammalian ghrelin genes is the
promoter region including the short noncoding first exon
and its transcriptional regulation. Two types of ghrelin pep-
tides are produced by alternative splicing of a single gene,
ghrelin and a second, des-GlIn 14-grelin, a similar molecule
except for the deletion of GIn14 (79). This alternative splic-
ing is due to an intron between GIn13 and GInl4 of the
ghrelin sequence. The 3'-end of the intron has two tandem
CAG sequences, where AGs serve as the splicing signals.
When the first AG is used for the splicing signal, prepro-
ghrelin mRNA is produced and the second CAG is trans-
lated into GIn14. On the other hand, when the second AG
isused, prepro-des-Gln14-ghrelin mRNA is created to pro-
duce des-GInl14-ghrelin missing Glnl4 (76). In this way,
ghrelin appears as the first example of the production of
two different mature peptides from an alternative splicing
mechanism in the peptide-coding region. Furthermore, mul-
tiple ghrelin-derived molecules produced by posttransla-
tional processing have recently been identified (75).

The testis-specific expression of ghrelin gene transcript
in mouse, ghrelin gene-derived transcript (GGDT), has been
reported (/8). GGDT was expressed only in the testis, and
5'-unique sequence of GGDT was identified between exons
3 and 4 of the ghrelin gene, indicating that GGDT was gen-
erated by alternative usage of the 68 bp exon as the testis-
specific first exon. Furthermore, the expression of GGDT
appears to be regulated in testis-specific and developmen-
tal stage-specific manners although, at present, the physio-
logical functions have not been determined.
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Fig. 2. Model for ghrelin synthesis in human. Two mature isoforms of mRNA for proghrelin are produced by alternative splicing from
the gene: one for ghrelin and the other for des-Gln-14-ghrelin. The asterisk marks the boundary between the first intron and the second
exon where the alternative splicing occurs. Before secretion, the peptide undergoes an esterification step catalyzed by unknown enzy-

matic machinery in the cytoplasm.

The human and rat ghrelin precursors are both composed
of 117 amino acids, where the ghrelin sequence is followed
by a signal peptide (/6). Before being secreted, the back-
bone peptide of ghrelin undergoes an esterification step cata-
lyzed by unknown enzymatic machinery in the cytoplasm.
After modification by n-octanoic acid, ghrelin and des-GIn14
ghrelin are secreted into blood vessels to circulate through-
out the whole body. In adult human plasma samples, the ghre-
lin concentration is around 100—120 fmol/mL and close to
90% of the total content is desoctanoylated ghrelin, devoid

of GH-releasing capacity (20). The remaining 10%, with
GH-releasing capacity, shows a short half-life as a bioactive
hormone, mostly due to the esterases and proteases thatcleave
the octanoyl group and the peptide chain, respectively.
Taking the high plasma level found for desoctanoylated
ghrelin into account, it would seem possible to speculate
about unknown, nonendocrine functions for it. In agree-
ment with this hypothesis, desoctanoylated human ghrelin
was found able to inhibit proliferation of breast carcinoma
cells (21).
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Ghrelin Secretion

Theregulation of ghrelin secretion is still largely unknown;
however, it is already clear that circulating ghrelin and/or
mRNA-expression levels are decreased by food intake (22,
23) and increased by food deprivation (24). This point sup-
ports the concept of ghrelin as a potential regulator of energy
homeostasis. In addition, ghrelin mRNA is up-regulated in
hypoglycemia or leptin administration with a parallel in-
crease of plasma ghrelin concentration (25). Plasma ghre-
lin is reduced in obese compared with lean subjects (26).
On the contrary, plasma ghrelin levels are markedly ele-
vated in patients with malnutrition due to anorexia nervosa
(27), returning toward normal after refeeding. Taking into
account that ghrelin is a GH-releasing peptide, these data
fit in well with the low GH values detected in obesity and
with the high levels observed in fasting and malnutrition
(2), ghrelin secretion being enhanced in situations of nega-
tive energy balance, while the contrary occurs in situations
of positive energy balance. However, this is not a general
role, given that in hyperthyroid rats, a negative energy bal-
ance state, ghrelin levels are decreased (28). Furthermore,
ghrelin levels are increased in hypothyroidism, which is
usually associated with decreased of food intake (Fig. 3).
This appears to suggest that hypothyroidism leads to a state
of resistance in relation to the orexigenic effects of ghrelin.

GHS Receptor

GH-releasing activity of ghrelin in the pituitary is medi-
ated through a specific receptor belonging to the family of
G-protein-coupled receptors, called GHS receptor (GHS-
R) (29). A single highly conserved gene, which is located
at chromosomal location 3q26.2, expresses this receptor
(30). However, two types of cDNAs for GHS-R have been
identified and designated as 1a and 1b (3/-33). The human
GHS-R type 1a consists of 366 amino acids with seven trans-
membrane regions whose molecular mass is approx 41 kDa.
On the other hand, type 1b consists of 289 amino acids with
only five predicted transmembrane regions. The type 1b
cDNA diverges in its nucleotide sequence and is fused to
ashort conserved reading frame of 24 amino acids. Type la
was demonstrated to confer high affinity, specific binding
of ghrelin and lead to intracellular calcium mobilization
through stimulation of the G protein subunit G11. In con-
trast, type 1b failed to bind ghrelin. This binding affinity
appears to be correlated with the GH stimulatory effect.
Among all known GPCRs, GHS-R does not show signifi-
cant homology with other known receptors; the closest rela-
tives are the neurotensin receptor (59% similarity), the TRH
receptor (56% similarity) and the motilin receptor (52%
similarity) (32).

GHS-R1ais confined in somatotroph pituitary cells and
inavery limited region in the hipothalamic arcuate nucleus,
whichis known to control the appetite (5,29,34-36). Atmuch
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Fig. 3. Influence of thyroid status on ghrelin. Inrats, hypothyroid-
ismis associated with an increase in gastric ghrelin mRNA levels
(A,B). In contrast, hyperthyroidism resulted in a decrease in gas-
tric ghrelin mRNA levels (A,B). These results fit in well with the
plasma ghrelin levels detected (C). From 28 with permission.

lower levels GHS-R1a is expressed in the thyroid gland,
pancreas, spleen, myocardium and adrenal gland (37,38).
Recently, the expression of this receptor has been demon-
strated in rat testis (9,72,76), in ovary (71) and in prostate
cancer cells (74) where co-expression of the GHS-R1a and
ghrelin appears to provide evidence of autocrine/paracrine
pathways in these systems. On the other hand, GHS-R1b
expression is also widespread, showing high levels in skin,
myocardium, pituitary, thyroid, pancreas, ileum, colon,
somatotropinoma tumors, liver, breast, spleen, duodenum,
placenta, lung, adrenal, buccal mucosa, stomach, lymph
node, atrium lymphocytes and kidney (38). The role of this



Vol. 22, No. 1

Ghrelin Secretion / Camifia et al. 9

widespread expression is still unknown, although it is pos-
sible to think along the lines of a new possible ligand for
this receptor with physiological effects in endocrine and
non-endocrine tissues.

GHS-R1a transduces information provided by its own
endogenous ligand, ghrelin and by the group of synthetic
compounds, comprised as GHSs, although ghrelin is not
related structurally to the synthetic GHSs. This aspect is
related to the ongoing controversy about whether this recep-
tor is the sole receptor for GHSs or just one of a group of
receptors for such ligands. The existence of different re-
ceptors might be endorsed by the differences in the binding
activities reported for ghrelin and different GHSs. How-
ever, site-directed mutagenesis and molecular modeling
studies have demonstrated the existence of distinct regions
suggesting an overlapping in the agonist-binding site (30).
Added to this complexity, GHS-R1a appears to show other
binding site(s) different from the characterized GHS bind-
ing pocket, which was revealed by studies developed with
adenosine as an agonist of this receptor (39,40). In fact,
adenosine does not possess a biological counterpart, being
unable to stimulate GH secretion, consistent with the acti-
vation of GHS-R1a through a distinct binding site from the
ghrelin-binding pocket. These findings support the idea
that GHS-R1a activity might be modulated by different
ligands acting through distinct biding pockets on the same
receptor.

There is strong evidence suggesting the existence of dif-
ferent GHS-R subtypes. In fact, studies using a photoacti-
vatable ligand suggest a second subtype in pituitary cells
with a molecular mass of 57 kDa (41) and a third subtype
in heart with a molecular mass of 84 kDa (42). Although
the cDNAs of these additional subtypes have not yet been
isolated, characterization of new receptors might allow fur-
ther insight into the regulation of GH secretion and addi-
tional physiological roles.

Intracellular Signaling

It is currently known that ghrelin activates a phospha-
tidylinositol-specific phospholipase C (PI-PLC) through a
Gy o protein(29-31). InHEK-293 cells expressing the GHS-
R1a, this enzyme acts on phosphatidylinositol 4,5-biphos-
phate at the internal leaflet of the plasma membrane gener-
ating inositol 1,4,5-trisphosphate (IP5) and diacylglycerol
(DAG). IP; triggers the release of calcium from IP; intra-
cellular sensitive stores whereas DAG is responsible for the
activation of PKC. The IP3-sensitive calcium pools appear
to be dynamically coupled to extracellular calcium and, in
this way, when the calcium levels are reduced, a calcium
influx is triggered by the aperture of capacitative calcium
channels (or store operated channels) at the plasma mem-
brane (Fig. 4). The exposure of GHS-R1a to either ghrelin
or GHSs (as GHRP-6) results in a rapid attenuation of the

receptor responsiveness (Fig. 5), originating from a group of
cell biological events governing receptor signaling, desen-
sitization, and resensitization. These regulatory mechanisms
are fundamental for understanding the ability of cells to
respond to ghrelin and, in this sense, the regulation of its
intracellular signaling.

In somatotroph cells, GHS-R 1a activation leads to a depol-
arization of the cell membrane potential, which in turn leads
to an increase in transmembrane L- and T-type calcium
currents via second messenger systems (43). The ion chan-
nels involved in this depolarization have not been fully
defined, although an inhibition of K* channels may play a
role in this effect. It has been proposed that GHS-R1a acti-
vation leads to a first increase of intracellular calcium fol-
lowed by a calcium influx due to an increase in membrane
calcium permeability. The latter may be due to a membrane
depolarization and the action of second messengers on cal-
cium channels.

Of particular relevance are the recent data showing that
ghrelin modulates the downstream of insulin signaling in
hepatoma cells (44). Ghrelin induces up-regulation of sev-
eral insulin-induced activities including tyrosine phospho-
rylation of insulin receptor substrate-1 (IRS-1), association
of the adapter molecule growth factor receptor-bound pro-
tein 2 with IRS-1, mitogen-activated protein kinase activ-
ity, and cell proliferation. Unlike insulin, ghrelin inhibits
Akt kinase activity as well as up-regulating gluconeogen-
esis through the inhibition of Akt kinase activity.

Regulation of GH Secretion

In a first approach, the observation that ghrelin induced
in vitro GH secretion in a dose-dependent manner (5) fits
in well with the specific effect demonstrated in freely mov-
ing rats (45). Therefore, it is possible that stomach-derived
ghrelin may participate physiologically in GH regulation
(Fig. 1). Ghrelin is a potent GH releaser in humans with
no side-effects after its administration (46—49). This GH
releasing capability is higher than that of GHRH, and is
comparable to that of GHSs (50). The normal functioning
of the GHRH receptor is necessary for ghrelin to be opera-
tive on GH secretion (51,52), an action that is partially
insensitive to the inhibitory action of either somatostatin or
of metabolic compounds, such as glucose or free fatty acids
(53). However, somatostatin exerts a strong inhibition on
ghrelin secretion that, as opposed to GH and insulin secre-
tion, remains inhibited even after stopping the infusion of
somatostatin (73). On the other hand, the gender-based dif-
ferences in the pattern of GH secretion do not appear to be
mediated by ghrelin, as no gender-based differences in
circulating ghrelin have been shown in humans (27,54). Fur-
thermore, adult patients with GH deficiency have ghrelin
levels similar to control subjects, both before and after GH
replacement (55).
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protein-coupled GHS receptor. PI-PLC hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP,) at the internal leaflet of the plasma
membrane generating inositol-1,4,5-trisphosphate (IP,) and diacylglycerol (DAG). IP, releases calcium from intracellular IP,-sensitive
calcium pools. When the calcium levels in the IP;-sensitive calcium pool are reduced after the activation of the IP;-calcium pathway by
ghrelin/GHRP-6, a calcium influx is triggered by aperture of capacitative calcium channels at the plasma membrane. The DAG generated
activates PKC. In contrast, GHRH activates adenylate cyclase (AC) through a G,-protein-coupled GHRH receptor resulting in a rise
inintracellular cAMP concentrations. The cAMP generated stimulates protein kinase A (PKA), which activates voltage-sentitive calcium

channels with the consequent influx of extracellular calcium.

The activity of ghrelin is not specific to GH and includes
stimulatory effects on prolactin and ACTH/cortisol secre-
tion (47,56), without altering the secretion of LH, FSH, and
TSH. These data appear to demonstrate that, at the pituitary
level, only nontumoral somatotrope cells have functional GHS
receptors, while, at the hypothalamic level and via other un-
defined pathways, ghrelin also activates ACTH and PRL
pathways. Ghrelin-induced ACTH secretion depends on
CNS-mediated mechanisms, which could include vasopres-
sin-mediated actions, although the involvement of neuro-
peptide Y, GABA, or putative endogenous ligands (57,58)
has been hypothesized. Nevertheless, these stimulatory ef-
fects have been observed with large doses of ghrelin, and
it remains to be observed what happens after more physi-
ological doses.

Regulation of Energy Homeostasis

The fact that ghrelin was an orexigenic agent received
a powerful boost after the report that in rodents ghrelin

stimulates food intake while reducing fat depot utilization
(59). This finding has been confirmed by other groups,
indicating the involvement of ghrelin in the regulation of
energy balance (35,59-61). Unlike other orexigenic agents,
such as neuropeptide Y, melanin-concentrating hormone,
and AGRP, which are solely active when are centrally in-
jected (62—-64), ghrelin exhibits orexigenic and adipogenic
effects when it is administrated either centrally or periph-
erally (60,65). In this sense, ghrelin is the most powerful
stimulator of appetite of all known peptides, and this action
is prevented by co-administration of neuropeptide Y blockers
or AGRP antagonists.

The effects of ghrelin appear to be opposed to those of
leptin and, in this sense, these hormones might be comple-
mentary players of one regulatory system that inform the
central nervous system about the current status of acute and
chronic energy balance (59,66,70). Leptin has been reported
to be able to reduce food intake and, at the same time, the
fat mass without altering lean body mass, while ghrelin
increases food intake and selectively enhances the fat mass.
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Fig. 5. Homologous desensitization of GHS-R1a. HEK-293 cells
expressing the GHSR 1a were stimulated with ghrelin (100 nM)
and GHRP-6 (200 nM), and changes in the intracellular calcium
were measured with the fluorescent probe fura-2. The repeated
administration of a saturating dose of (A) ghrelin or (B) GHRP-
6 caused homologous desensitization of GHS-R1a.

Furthermore, ghrelin can reverse the anorexigenic actions
of leptin, probably through the activation of the NPY/Y1
receptor pathway (67). In addition, a specific role for ghre-
lin might be to ensure the provision of calories that GH
recruits for growth and repair.

Human plasma ghrelin levels undergo relevant changes
in relation to food intake, rising nearly twofold shortly
before each meal, and falling to basal levels within 1 h after
eating (22,23). This profile appears to be consistent with a
physiological role for ghrelin in initiating individual food
intake. The temporal patterns of ghrelin and insulin are
reciprocal and are in phase with leptin. Ghrelin and leptin
decrease after meals, although the amplitude of this decline
was greater for ghrelin than for leptin (22).

Circulating ghrelin levels are decreased in obesity (26),
while they are increased in states as malnutrition, cachexia,
and anorexia nervosa (27,68). Obese subjects showed lower
plasma concentrations of ghrelin than lean control subjects.
In addition, ghrelin plasma concentrations are significantly
lower in Pima Indians, one of the populations with highest
prevalence of obesity (26). The decreased plasma ghrelin
concentrations observed in obesity mightrepresent a physio-
logical adaptation to the positive energy balance associated
with obesity. Considerable interest raised the possibility

that ghrelin might be implicated in the etiology of obesity
as mutations in the ghrelin gene are associated with obesity
in humans (69). In this sense, sequence variations in the pre-
proghrelin might change the cleavage site of endoproteases,
and would affect the mature ghrelin product. Conversely, in
anorexia nervosa, fasting plasma levels of ghrelin are ele-
vated, returning to normal after partial weight recovery (27).
These observations suggest the possible existence of ghre-
lin resistance in cachectic states, such as those caused by eat-
ing disorders. In any case, it would seem to be important to
perform further prospective studies to better understand the
physiological role of ghrelin for the regulation of body weight.
Atthis point ghrelin appears as the unknown link connecting
growth with metabolism and energy homeostasis (77).
Inconclusion, a third peptide component actively partic-
ipates in the regulation of GH secretion, although no proof
is available about a physiological role. In any case, ghrelin
actions on the regulation of appetite and energy homeosta-
sis are of paramount relevance and may well become the
mostactive area of research in the field of GH secretagogues.
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