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Growth hormone-releasing hormone (GHRH) and
somatostatin are the most important hypothalamic
neurohormones controlling growth hormone (GH) se-
cretion. Several neurotransmitters and neuropeptides
also play an important role in the control of GH secre-
tion, mainly acting via modulation of GHRH and so-
matostatin. In the past two decades, particular
attention has been given to a new family of substances
showing a strong GH-releasing effect: GH secreta-
gogues (GHSs). GHSs increase GH secretion in a dose-
and age-related manner after iv and even oral admin-
istration. The endocrine effects of GHSs, are not fully
specific for GH; they show, in fact, prolactin- (PRL),
adenocorticotropic hormone- and cortisol-releasing
effects. Specific GHS receptors are present in both the
central nervous system and peripheral tissues, where
they mediate several extraendocrine effects of GHSs.
The isolation of these “orphan” receptors suggested
the existence of an endogenous GHS-like ligand that
could be represented by a recently discovered gastric
peptide, named ghrelin. The interaction between GHSs
and GHRH at the central level and in the pituitary
gland, but not at peripheral level, has clearly been
shown. Because GHRH and GHS receptors share the
same localization in some peripheral tissues, they may
have some interactions even at this level.
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Introduction

Spontaneous growth hormone (GH) release is mainly
regulated by the tight interplay between hypothalamic
growth hormone-releasing hormone (GHRH), which
stimulates both GH synthesis and release, and somatosta-
tin, which inhibits somatotroph release and is aimed at
modulating somatotroph function (/—4). A central role of
GHRH in the control of GH secretion, as shown by experi-
mental models using passive immunization against GHRH,
GHRH antagonists, and transgenic animal models, has
clearly been shown (7,2,5).

GHRH immunoreactivity has also been detected in sev-
eral animal and human brain areas, such as the cortex, hip-
pocampus, and amygdala, according to the evidence that
GHRH also possesses extraendocrine central effects (7,6).
Moreover, GHRH has been identified in several extraneural
tissues, including the gastrointestinal tract, kidney, lung,
adrenal gland, heart, ovary, and testis (7—/2), which are
likely to mediate the peripheral endocrine and nonendocrine
tissue-specific GHRH activity (13-17).

About 20 yr ago, a new class of synthetic, non-natural,
small peptidyl molecules, denominated growth hormone—
releasing peptides (GHRPs), was shown to possess a
marked and dose-dependent GH-releasing effect (18-22).
Their stimulatory effect on somatotroph release was higher
than that of GHRH, and a true synergistic effect between
GHRPs and GHRH on GH secretion has clearly been
reported (18,20-22). Now, this class of molecules includes
both peptidyl and nonpeptidyl analogs and is denominated
the growth hormone secretagogue (GHS) family (/8-22).
The activity of GHSs is not fully specific for GH; in fact,
they also stimulate prolactin (PRL), adrenocorticotropic
hormone (ACTH), and cortisol secretion in both animals
and humans, at least after acute administration (2/7,23).
Moreover, GHSs also show both central and peripheral
extrahormonal activities: they have been reported to influ-
ence food intake and sleep (24-26), and evidence is
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increasing about direct effects of GHSs on cardiac function
(27-29). Furthermore, recently, it has been shown that
GHSs possess a direct antiapoptotic effect in
cardiomyocytes and antimitogenic effects in some endo-
crine tumors (30,31).

The endocrine activities of GHSs are mediated by spe-
cific receptors, located at both the pituitary and hypotha-
lamic levels; however, specific GHS receptors (GHS-Rs)
have also been identified in other central areas and in sev-
eral peripheral tissues, where they are likely to mediate the
extraendocrine actions of GHSs (3/-34). Recently, a gas-
tric peptide named ghrelin has been isolated in bothrats and
humans, characterized, and proposed as the natural ligand of
the “orphan” GHS-Rs (35).

Based on these premises, the aim of this chapter is to
focus on the endocrine, nonendocrine, central, and periph-
eral activities of GHRH and GHS-R ligands, with particu-
lar attention to human studies on the reproductive system.

Growth Hormone—Releasing Hormone
Central Localization and Neuroendocrine Effects

Mediobasal hypothalamus is the main site of GHRH
immunoreactivity, in particular the ventromedial and arcu-
ate nuclei (36,37). Nerve fibers originating in these nuclei
mainly project to the median eminence and terminate on the
capillaries of the primary plexus of the hypothalamic-pitu-
itary portal vascular system (38—-40). GHRH mRNA is
expressed from a single GHRH gene, early during
ontogeny (41,42).

It is well known that hypothalamic GHRH has a crucial
role in the neuroregulation of pituitary GH synthesis and
secretion, while somatostatin has a time-dependent modu-
latory influence on somatotroph function (/). In fact, soma-
tostatin has an early inhibitory and a late stimulatory effect
on GH secretion, which, in turn, induces hypothalamic
somatostatin synthesis and release (43—48). A tight inter-
play between GHRH and somatostatin is needed to gener-
ate pulsatile GH secretion in both animals and humans. GH
pulses reflect GHRH pulses occurring at times of nadir of
somatostatinrelease, while “through periods” are concomi-
tant with high circulating somatostatin levels (46,48).
Time-dependent variations in endogenous somatostatin
levels, which modulate the GHRH-induced GH rise, seem
to account for the marked intrasubject variability in the GH
response to GHRH recorded in both men and women (49).
It has been demonstrated that the stimulatory effect of
GHRH on GH release is mediated by the activation of spe-
cific receptors on somatotroph cells and an increase in intra-
cellular cyclic adenosine monophosphate (/), whereas the
opposite effectis exerted by somatostatin, which also binds
to specific receptors on somatotroph cells (/).

GHRH secretion and activity have been shown to vary
during the life span of both animals and humans. GHRH
shows its maximally GH-releasing effect in newborns, and

the GH response to the neuropeptide is similar, although
lower than in newborns, in children and adults, then de-
creases thereafter, and is very low in aging (50,517). An age-
related reduction in hypothalamic GHRH expression and
release as well as impairment of pituitary GHRH receptor
and postreceptor mechanisms have been demonstrated (52—
55). Onthe other hand, the existence of aconcomitant hypo-
thalamic somatostatin hyperactivity seems to have amainrole
in the reduced GH-releasing effect of GHRH in aging (51,54).

Regulation of GHRH synthesis and activity is modu-
lated by central and peripheral factors. A short-loop
autofeedback mechanism mediated by GH and somatosta-
tin has been clearly demonstrated. In fact, GHRH has been
found able to trigger the increase in hypothalamic soma-
tostatin release, which, in turn, inhibits subsequent GHRH
release from the hypothalamus, while GH inhibits and in-
creases, respectively, hypothalamic GHRH and somatosta-
tin synthesis and secretion (/,56). Accordingly, in humans
a GHRH-stimulated rise in GH induces a refractoriness to
the GH response to a consecutive GHRH stimulus, which
is not owing to GHRH receptor desensitization, while it is
counteracted by pretreatment with substances inhibiting
somatostatinrelease (2,4). Also the long-loop negative GH
autofeedback, mediated by insulin-like growth factor-1
(IGF-1), hasbeenreported to involve hypothalamic GHRH.
Infact, an inhibiting effect of IGF-1 on both GHRH expres-
sion and release has been shown, associated with the well-
known stimulating effect on somatostatin release (57,58).

Among the neurotransmitters and neuropeptides con-
trolling GH secretion, catecholamines, through a2 recep-
tors, galanin and opioids stimulate GH release by increasing
GHRH secretion (2,4). In addition, GHSs have been found
to stimulate the activity of hypothalamic GHRH-secreting
neurons, probably antagonizing the inhibitory effect of
somatostatin at thislevel (2/). Among peripheral hormones,
gonadal steroids have been shown to play an important role
in the modulation of GH release, partially through GHRH-
mediated mechanisms (59-62). Spontaneous GH release
has been found higher in young women than in age-matched
men, positively related to estrogen levels, and a greater GH
response to GHRH has been observed by some researchers
(63) butnotby others (64,65). Moreover, thyroid hormones
and adrenal steroids influence GH release through mecha-
nisms involving the modulation of the activity of GHRH-
secreting neurons (3,62).

In addition to the hypothalamic localization, GHRH-
like immunoreactivity has been detected in several other
central areas, such as the cortex, hippocampus and
amygdala, and extraendocrine central effects of GHRH
have been shown (/). GHRH increases food intake and
influences sleep pattern in animals (66). Similarly, in hu-
mans slow-wave sleep and rapid eye movement (REM)
sleep significantly increased whereas time awake decreased
after the administration of pulsatile GHRH (25). As GH
and GHRH have different effects on some sleep param-
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eters, according to the existence of central
extrahypothalamic receptors, a direct effect of GHRH on
sleep has been suggested.

Peripheral Localization and Activity

It has been demonstrated that mRNA and specific
immunoreactivity for GHRH were also present in several
peripheral tissues in both animals and humans, such as the
pancreas, duodenum, lung, heart, vascular system, adrenal
gland, kidney, testis, ovary, and placenta (6—12). The evi-
dence of the evolutionary conservation of this organ-spe-
cific expression suggested that the GHRH-like peptide in
peripheral tissues might be biologically important (67).
Among the various peripheral tissues, testis and ovary have
been demonstrated as major sites of GHRH production,
binding, and biologic activity.

Testis

Immunocytochemical studies in animals and humans
demonstrated the presence of GHRH-like immunoreactiv-
ity in early spermatogenic cells as well Leydig cells, but
neither in mature sperm nor Sertoli cells (6,11,15,16,68—
70). A GHRH-like peptide similar to the hypothalamic neu-
ropeptide as well as a larger but equally active molecular
form of GHRH have been detected in the testis (/1,68).
Recently, high concentrations of the carboxyl-terminal
peptide GHRH (GHRH-related peptide) has been identified
in rat germ cells, with specific intratesticular actions (71).

GHRH gene expression has been detected in all testicu-
lar cells positive for GHRH immunoreactivity (1/1,67,69—
72). The major testicular GHRH-like mRNA is larger than
thatin the hypothalamus, suggesting a tissue-specific alter-
native transcription or splicing of the GHRH gene
(11,67,69,70,72). The hypothesis of a specific role of local
GHRH in testicular function was supported by the evidence
that its mRNA expression is developmentally regulated. In
fact, testicular GHRH mRNA is not expressed in rat fetal
life: it becomes evident at birth, then increases at puberty,
and reaches maximal concentrations in adult life (67). The
control of GHRH gene expression seems to be differen-
tially regulated in different tissues; it has been supposed
that gonadotropins, which are known to stimulate, at the
testicular level, synthesis and release of other neuropep-
tides, such as corticotropin-releasing hormone (CRH),
vasopressin, and 3-endorphin, can also be mainly involved
in the control of testicular GHRH (15).

A specific activity of GHRH on male gonadal function
has clearly been demonstrated. Considerable amounts of
GHRH are secreted by Leydig cells under positive lutein-
izing hormone (LH) control (/5,16). Moreover, GHRH
seems to act as a direct stimulator of Leydig cell function
and facilitates LH/human chorionic gonadotropin-induced
steroidogenesis (15,16,71,73). GHRH has also been shown
to increase both basal and follicle-stimulating hormone
(FSH)-stimulated Sertoli cell functions (15,16,71,73). All
these effects are mediated by vasoactive intestinal polypep-

tide (VIP)/GHRH receptors present on the membranes of
both Leydig and Sertoli cells (/5). All this evidence strongly
suggests that local GHRH may be an important autocrine/
paracrine agonist and synergistic factor potentiating the
gonadotropin-induced hormonal and spermatogenetic
function. Accordingly, it has been reported that treatment
with exogenous GHRH improved sperm parameters in
oligozoospermic patients (74), through direct local action
of GHRH and/or activation of the GH/IGF-1 axis (15,75).

The interaction between GHRH and somatostatin to
modulate the male reproduction function has been shown.
Both somatostatin-14 (SS-14) and SS-28 immunoreactiv-
ity have been found in the testis, prostate, and semen (76).
Both stimulatory and inhibitory effects of somatostatin on
testicular steroidogenesis have been shown in animals
(77,78), and the acute injection of a long-acting somatosta-
tin analog has been demonstrated to induce a significant
increase in testosterone levels in adult men, without affect-
ing LH or FSH secretion (79).

Ovary

Similar to that observed in the testis, ovaries are a site of
GHRH synthesis, release, and action in both animals and
humans. GHRH immunoreactivity has been detected in
corpora lutea, granulosa cells, and follicular fluid (7,13,
14,17). As in the testis, ovarian extracts contain both hypo-
thalamic-like and larger GHRH molecules, which probably
represent the GHRH precursor (7,13,14).

GHRH gene is expressed in the ovary: GHRH mRNA at
this level is larger than that detected in the hypothalamus,
but similar to that in the testis, suggesting also in the ovary
an alternative transcription initiation and splicing of the
GHRH gene (7,13,14).

Evidence that cultured rat granulosa cells secrete a
GHRH-Iike substance first suggested a role of this peptide
in the mediation of intercellular ovarian information and a
direct effect on ovarian function (/7). It has been demon-
strated that GHRH potentiates FSH-induced follicular
maturation and amplifies, in the luteinizing granulosa cells,
FSH-stimulated steroidogenesis and LH receptor expres-
sion (13,17). These effects are mediated by VIP/GHRH
receptors located on the membranes of the granulosa cells
(80,81). Because the expression of GHRH receptors in
granulosa cells is increased by FSH, a positive autoregula-
tory action of GHRH on FSH-induced follicular maturation
has been suggested (87). In addition, somatostatin was
detected in the rat granulosa ovarian cells (82) and a modu-
latory role, both inhibitory and stimulatory, on FSH-
induced steroidogenesis has been indicated (83-85).

Based on evidence of an in vitro positive effect of GHRH
on ovarian function, some clinical studies have suggested
the efficacy of the combined administration of exogenous
GHRH and gonadotropin in the treatment of female
infertility (/7).
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GHS-R Ligands

The first GHSs were synthesized in 1977 (86), well
before the isolation and characterization of GHRH, in 1982
(1); they were synthetic and nonnatural peptidyl molecules
with a strong GH-releasing effect.

During the last 20 yr, many peptidyl and nonpeptidyl
GHs have been developed (/8-22). In addition to GHRP-
6, the first GHRP showing a strong GH-stimulatory activity
after iv, sc, intranasal, and even oral administration, the
GHSs most studied in humans include peptidyl analogs,
such as GHRP-1, a heptapeptide; GHRP-2 and hexarelin,
two hexapeptides; Tyr-ala-hexarelin, an octapeptide;
ipamorelin, a pentapeptide; some tetra- and pseudo-tripep-
tides; as well as nonpeptidyl GHRP mimetics, such as
MK-677, a spiroindoline that showed marked bioavail-
ability and a long-lasting effect after oral administration
(18-22, 87,88).

The activity of GHSs is not fully specific for GH. In fact,
they also possess PRL- and ACTH/cortisol-releasing
effects, at least after acute administration (2/,23). More-
over, GHSs have central and peripheral extraendocrine
effects: they stimulate food intake, influence sleep pat-
tern, exert cardiotropic effects, and even influence
apoptosis and tumorigenesis, independently of the endo-
crine activity (24-31).

The effects of GHSs are mediated by specific receptors
subtypes that are mainly present at the pituitary and hypo-
thalamic levels, but also in other central areas and in pe-
ripheral tissues, suggesting the existence of a natural
GHS-like ligand (31-34).

In this regard, an endogenous ligand specific for the
“orphan” GHS-Rs, named ghrelin, has recently been iso-
lated from rat and human stomach (35). Itis a 28 amino acid
peptide showing a unique structure with an n-octanoyl
modification at its third serine residue, essential for its
marked GH-releasing effect (35). In fact, ghrelin has been
shown to strongly stimulate GH secretion in rat somato-
troph cells as well as inratin vivo (35), in a dose-dependent
manner (89). Human ghrelin is homologous to rat ghrelin
apart from two amino acids (35) and circulates in human
blood at considerable plasma concentrations (90). The
ghrelin mRNA as well as the immunoreactivity for this
peptide have also been found in the brain, in particular in
the hypothalamic arcuate nucleus, suggesting a neuro-
endocrine role of this substance in the regulation of GH
secretion (35). On the other hand, in addition to being local-
ized in the stomach, ghrelin transcripts have been detected
in several peripheral tissues, such as the small and large
intestines, pancreas, liver, kidney, heart, lung, bone, adi-
pose tissue, and placenta (9/-94), suggesting actions of
this peptide other than the GHS one.

Central and Peripheral Human GHS-Rs

A specific human GHS-R has been cloned. It is encoded
by a rare mRNA with a predicted open reading frame of

366 amino acids with a transmembrane topography typi-
fied by the G-protein-coupled receptor family. The recep-
tor sequence does not show significanthomology with other
receptors known so far, and mRNA for this receptor is
expressed in the pituitary and hypothalamus (22,32).

As in animals (/8), the human hypothalamus and pitu-
itary gland show the highest specific GHS binding, which,
otherwise, is also present in other central areas, such as the
cerebral cortex, hippocampus, medulla oblongata, and
choroid plexuses, but notin the cerebellum, thalamus, stria-
tum, substantia nigra, and corpus callosum (37,95).

The existence of GHS-R subtypes at both the pituitary
and hypothalamic levels has been shown, which may medi-
ate the different endocrine and extraendocrine central GHS
activities (33,96,97). There is evidence that human GHS-
Rs are age but not gender dependent. They have been dem-
onstrated in fetal human pituitary, according to the finding
that GHSs stimulate GH release from human fetal pituitary
in vitro as well as in newborns (98,99). Moreover, we have
recently demonstrated that GHS-R density does not vary as
a function of sex in the pituitary, hypothalamus, and other
areas of human brain, while advancing age significantly
decreases hypothalamic GHS-R numbers (/00). Central
and pituitary GHS-R expression is modulated by several
hormonal factors; both gonadal steroids and glucocorti-
coids increase mRNA expression for GHS-R in the pitu-
itary whereas GH reduces rat hypothalamic GHS-R mRNA
expression (101-103).

Our recent studies demonstrate that GHS-Rs are also
present in peripheral tissues, such as the adrenal gland,
heart, vascular system, ovary, testis, lung, and skeletal
muscle, and are even more remarkable or overlapping in
the pituitary and the hypothalamus (37). Significant bind-
ing for peptidyl GHSs was also found in the kidney, epi-
physis, and thyroid gland but not in the smooth muscle,
pancreas, parotid gland, and spleen (3/). Note that MK-
677 but not peptidyl GHSs has specific binding in the pan-
creas (22,104). All these findings indicate the existence of
different GHS-R subtypes also at the peripheral level, some
specific for peptidyl and others for nonpeptidyl GHSs.

The functional significance of peripheral GHS-Rs is
mostly unknown. Interestingly, there is increasing evidence
showing that GHRPs have GH-independent cardiotropic
activities in both animals and humans (27-30). Moreover,
recent data suggest amodulatory role of GHRPs on cellular
apoptosis as well as on tumorigenesis (30,105,106).

Endocrine Activities of GHSs in Humans
GH-Releasing Activity

The GH-releasing effect of GHSs is dose dependent
after iv, sc, intranasal, and oral administration (/8-22).
After iv injection, GHSs show good intraindividual repro-
ducibility, differently from GHRH (21).

The GH-stimulatory effect of GHSs is higher in vivo
than in vitro, in humans than in animals (/8-22). Although



Vol. 14, No. 1

GHRH and GHS-R Ligands/Arvat et al. 39

they stimulate GH secretion from pituitary somatotroph
cells, data in humans and animals indicate that the most
important action of GHSs takes place at the hypothalamic
level (18-22).

GHSs and GHRH have a synergistic effect and even a
very low GHS dose has been found able to strongly poten-
tiate a GHRH-induced GH rise, indicating that these pep-
tides act, at least partially, via different mechanims of
action, in agreement with data in animals (/8,20-22). Nev-
ertheless, GHSs need GHRH activity to fully express their
GH-releasing effect. In fact, in humans the GH response to
GHSs is strongly inhibited by GHRH antagonists and
hypothalamopituitary disconnection, as well as in patients
with GHRH receptor deficiency (107-111).

It has been hypothesized that GHSs could act as func-
tional somatostatin antagonists at both the pituitary and
hypothalamic levels. In agreement with this assumption, in
humans the GH response to GHS is not modified by sub-
stances acting via somatostatin inhibition, which truly
potentiate a GHRH-induced rise in GH (2/,112). More-
over, the GH responsiveness to GHSs is only slightly
blunted, differently from that to GHRH, by substances
acting via stimulation of hypothalamic somatostatin, act-
ing directly on somatotroph cells, and is even partially
refractory to the inhibitory effect of exogenous somatosta-
tin(217,112). Interestingly, the effect of GHSs on GHrelease
is also partially refractory to the negative GH autofeedback
(113,114), while showing peculiar sensitivity to the nega-
tive IGF-1 feedback action (115).

The GH-releasing effect of GHSs is generally gender
independent, with the exception of the pubertal period
(100). On the other hand, the GH response to GHSs under-
goes marked age-related variations, different from those
recorded after GHRH. In fact, while the rise in GH after
GHRH is maximal in newborns and then progressively
decreases with aging, that after hexarelin is low at birth,
strikingly increases at puberty, persists similar in adult-
hood and decreases thereafter, being in middle age already
similar to thatin elderly subjects (96). However, the reduc-
tion in the GH response to GHSs alone and combined with
GHRH has been found by some researchers (55,116,117)
but not by others (118).

The mechanisms underlying the age-related variations in
the GH-releasing activity of GHSs are, in turn, age-related.
The GH response to hexarelin in prepubertal girls and boys
is similar, whereas at puberty girls release more GH in re-
sponse to hexarelin than boys (/79). The evidence that in
prepubertal children the GH response to hexarelin is clearly
increased by estradiol and testosterone but not by
oxandrolone, a nonaromatizable androgen (/20), indicates
a critical role of estrogens in enhancing the somatotroph
sensitivity to the activity of GHSs during puberty. On the
other hand, the low GH response to hexarelin in postmeno-
pausal women is not modified by treatment with trans-
dermal estradiol (/21), suggesting that the reduced activity

of GHSs in aging does not seem to depend on the decline in
gonadal steroid levels.

The most important mechanism accounting for the
reduced GH-releasing activity of GHSs in aging is prob-
ably represented by the age-related hypoactivity of GHRH-
and hyperactivity of somatostatin-secreting neurons,
respectively (57). In fact, the reduced somatotroph respon-
siveness to hexarelin alone as well as combined with GHRH
is fully restored by arginine, which probably acts via inhi-
bition of hypothalamic somatostatin release (55,116).
Finally, the existence of an impaired secretion and activity
of the endogenous GHS-like ligand in aging cannot be
ruled out (55).

PRL-Releasing Activity

The stimulatory effect of GHSs on PRL secretion in
humans is slight and dose dependent, remaining within the
normal range of basal levels, and markedly lower than that
recorded after the administration of thyrotropin-releasing
hormone, metoclopramide, or arginine (20,27). The
lactotroph responsiveness to GHSs is not dependent on
gender and age (/00), in contrast to what is observed for the
somatotroph responsiveness (see before). The mechanism
underlying the PRL-releasing activity of GHSs does not
seem to be mediated by opioidergic, serotoninergic, and
histaminergic pathways, which mainly regulate PRL
release, but it may be mediated by direct stimulation of
somatomammotroph cells (20,21).

ACTH- and Cortisol-Releasing Activity

A stimulatory effect of GHSs on the activity of the
hypothalamo-pituitary-adrenal (HPA) axis in humans has
been shown. In fact, GHSs possess ACTH- and cortisol-
releasing effects similar to that of (Arg)®vasopressin or nalox-
one and are even similar to that of CRH (122, 123). The effect
of GHSs seems, however, to be an acute neuroendocrine
effect, being lost during prolonged treatment (/177).

The ACTH responsiveness to GHSs is not dependent on
gender but shows peculiar age-related variations. It is
present in childhood, significantly increases at puberty,
then shows a reduction in adulthood, and, again, a trend
toward increase in aging (/24). The age-related modula-
tory influence of GHSs on ACTH release is different from
that of GH, suggesting that GHSs are likely to act at differ-
entlevels and on different receptor subtypes. The increased
effect at puberty could depend on estrogens and the
rebounded effect in aging agrees with evidence showing
HPA hyperactivity owing to neuroendocrine changes in the
aging brain (125).

The stimulatory effect of GHSs on cortisol secretion is
owing to their ACTH-releasing activity, which, in turn,
mainly depends on CNS-mediated mechanisms, at least
under physiologic conditions. In fact, the stimulatory effect
of GHSs on the HPA axis is abolished by hypothalamo-
pituitary disconnection, and GHSs do not stimulate ACTH
release from both rat and human normal pituitary (109,126).
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In humans, the ACTH-releasing activity of GHS seems, at
least partially, independent of CRH or AVP, although
recent data indicate an AVP-mediated action of GHSs
(123,127). Neuropeptide Y—and y-aminobutyric acid—ergic
pathways are likely to be involved in the mediation of
GHS-induced ACTH release, but there is evidence that
neither serotoninergic nor histaminergic pathways are
involved in it (21,128,129).

The ACTH responsiveness to GHSs is generally sensi-
tive to the negative cortisol feedback mechanism under
physiologic conditions, being inhibited by dexamethasone
and enhanced by metyrapone (/29,130). In agreement with
these data, the ACTH-releasing effect of hexarelinis absent
in patients with adrenal cortisol-secreting adenoma (131),
whereas it is enhanced in patients with Addison disease
(130). Interestingly, in patients with Cushing syndrome,
owing to pituitary ACTH-secreting adenoma, the ACTH
responsiveness to hexarelin is exaggerated and clearly
higher that that to hCRH, in spite of their hypercortisolism
(131). Because specific GHS-Rs in human pituitary and
ectopic ACTH-secreting tumors have been demonstrated,
a direct action of GHSs on ACTH release in patients with
Cushing disease has been suggested (95,132,133).

Central and Peripheral Extraendocrine Activities in Humans

In addition to neuroendocrine effects, GHSs also pos-
sess pure central actions. In young adults, the iv adminis-
tration of GHRP-6 has been found able to increase stage D2
sleep, and prolonged oral MK-677 treatment significantly
increased REM sleep and decreased REM latency in aged
subjects (25,134). Moreover, there is evidence in animals
of a stimulatory effect of GHSs on food intake and in
humans increased appetite has occasionally been reported
after both acute and chronic administration (24,26,135).

In agreement with the existence of specific GHS-Rs in
peripheral tissues (see above), peripheral biologic activi-
ties of these compounds have been demonstrated. A cardio-
vascular activity of hexarelin has extensively been studied
in animals and humans. It has been shown that prolonged
treatment with hexarelin and other GHRPs dramatically
protects against cardiovascular damage in aged rats as well
as in GH-deficient rats with post-ischemic ventricular dys-
function, via a mechanism of action independent of GH-
releasing activity and probably mediated through cardiac
and endothelial receptor activation (27,28,31). In humans,
hexarelin, but not thGH, has been shown to possess inotro-
pic effects in normal young volunteers as well as in
hypopituitaric patients with severe GH deficiency in the
absence of any variations in mean blood pressure, heart
rate, or catecholamines, indicating once again a direct,
endocrine-independent peripheral action (29-31).

Recent data also demonstrate a direct antiapoptotic
effect of hexarelin on human cardiomyocytes (/05), medi-
ated by specific GHS-Rs, and a modulatory role of both
natural and synthetic GHRPs on tumoral growth has

recently been suggested (30,106). It has been shown, in fact,
that they possess a strong antiproliferative effect in malig-
nant follicular-derived thyroid tumors as well as in breast
cancer (30,106).

Conclusion

The crucial role of GHRH in the control of neuroendo-
crine GH release, as well as the need for a tight interplay
between GHRH and somatostatin to generate the pulsatile
GH secretion, is widely accepted. On the other hand, the
discovery of synthetic GHSs and their receptors, leading to
the isolation of ghrelin, an endogenous GHS-R ligand, has
allowed the hypothesis of the existence of a third major
neuroendocrine pathway mainly controlling somatotroph
function. It must be emphasized, however, that both GHRH
and GHSs possess central and peripheral extraendocrine
effects in humans and that Ghrelin was first isolated in a
peripheral tissue.

GHRH is present in several extrahypothalamic areas
of the brain and extraneural tissues, including the ovary
and testis. In both male and female gonads, GHRH seems
to represent an important factor modulating gonadotro-
pin-induced hormonal and germinal function, suggesting
a paracrine/autocrine, tissue-specific action of this neu-
ropeptide.

On the other hand, the existence of specific GHRP bind-
ing sites in central extrahypothalamic and peripheral human
tissues has been shown. GHRP binding activity has clearly
been demonstrated in both the ovary and testis, although its
biologic role at the gonadal level is, at present, unknown.
However, the possibility that GHRPs and GHRH have some
interactions even at the gonadal level in the regulation of
reproductive function cannot be ruled out.
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