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Abstract  Ghrelin, a 28 amino acid octanoylated peptide predominantly produced 
by the stomach, was discovered to be the natural ligand of the type 1a growth hor-
mone (GH) secretagogue receptor (GHS-R1a). Thus, it was considered as a natural 
GHS additional to growth hormone-releasing hormone (GHRH), although later on 
ghrelin has mostly been considered a major orexigenic factor. Ghrelin activity at the 
pituitary level is not fully specific for GH, because it also includes stimulatory effects 
on both the lactotroph and corticotroph system. In fact, ghrelin in humans signifi-
cantly stimulates prolactin (PRL) secretion, independently of both gender and age 
and probably involving a direct action on somatomammotroph cells, and possesses 
an acute stimulatory effect on the activity of the hypothalamus-pituitary-adrenal 
axis, which is similar to that of the opioid antagonist naloxone, arginine-vasopressin 
(AVP) and even corticotropin-releasing hormone (CRH). Finally, ghrelin plays a 
relevant role in the modulation of the hypothalamus-pituitary-gonadal axis function, 
with a predominantly central nervous system (CNS)-mediated inhibitory effect upon 
the gonadotropin pulsatility both in animals and in humans.

Overall, ghrelin is a pleiotropic hormone with a wide spectrum of biological actions. 
Further studies are required to gain insights into the exact mechanisms involved in 
ghrelin physiology and pathophysiology and to define the potential therapeutic 
roles, if any, of ghrelin and its analogs.
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Introduction

Ghrelin is a 28-amino acid peptide initially isolated from human and rat stomach as 
an endogenous ligand for the growth hormone secretagogue receptor type 1a (GHS-
R1a) [1]. Apart from a potent growth hormone (GH)-releasing effect, ghrelin has 
other actions including stimulation of lactotroph and corticotroph function, inhibition 
of the gonadal axis at both the central and peripheral level, stimulation of appetite, 
control of energy balance, influence on sleep and behavior, control of gastric motility 
and acid secretion, influence on exocrine and endocrine pancreatic function and 
on glucose metabolism, cardiovascular actions, and modulation of proliferation of 
neoplastic cells, as well as of the immune system [2, 3].

Production and Structure of Ghrelin

Ghrelin derives from the 117 amino acid precursor preproghrelin encoded by the 
gene GHRL located on chromosome 3 (3p25-26) [4–6].

Ghrelin peptides exist in two major molecular forms, acylated ghrelin and unacylated 
ghrelin. The acylation occurs on the third residue (Ser) and is essential for binding to 
GHS-R1a, which is responsible for ghrelin GH-releasing and orexigenic central activi-
ties [7, 8]. Apart from the stomach, ghrelin protein has also been identified in several 
peripheral tissues, such as the gastrointestinal tract, adrenal gland, thyroid, breast, ovary, 
placenta, fallopian tube, testis, prostate, liver, gallbladder, fat tissue, human lympho-
cytes, spleen, kidney, lung, skeletal muscle, myocardium, vein, and skin [1, 9–14]. 
In the brain, ghrelin-producing neurones have been identified in the pituitary, in the 
hypothalamic arcuate nucleus, and in a group of neurones adjacent to the third ventricle 
between the dorsal, ventral, paraventricular, and arcuate hypothalamic nuclei [1, 15–17]. 
Ghrelin produced in tissues other than the gastrointestinal tract may have a range of still 
unidentified physiological autocrine or paracrine effects, since the expression of 
specific receptors is also detected in many of these tissues [18].

The Growth Hormone Secretagogue Receptor, GHS-R1a

The gastric hormone ghrelin was identified as an endogenous ligand for the former 
orphan receptor GHS-R 1a [1, 7, 19]. The discovery of this receptor followed by 
20 years that of synthetic GHS, which specifically binds it [1, 19–22]. This makes 
the discovery of ghrelin an example of reverse pharmacology.

Synthetic GHS are a family of peptidyl and nonpeptidyl molecules synthesized 
for the first time in the 1970s as met-enkephalin derivatives devoid of any opioid 
activity [22–25]. GHRP-6 was the first hexapeptide to actively release GH in vivo, 
in humans even more than in animals. One of its most remarkable properties was 
that GHRP-6 showed strong GH-releasing activity even after oral administration, 
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although with low bioavailability and short-lasting effects [19, 22, 23, 26]. Further 
research that aimed to select orally active molecules with better bioavailability and 
longer half-lives led to the synthesis of other GHRPs as well as the discovery of 
orally active nonpeptidyl molecules. The most representative of these nonpeptidyl 
GHS that was studied in humans was the spiroindoline L-163,191 (MK-0677) [3, 
19]. MK-0677 has been shown to possess a high bioavailability and is able to 
enhance 24-h GH secretion after a single oral administration [3, 19]. MK-0677 
resulted in the discovery and cloning of the GHS-R, the existence of which had been 
previously indicated by binding studies [3, 19, 25].

Studies focusing on the distribution of the identified GHS-Rs showed a particular 
concentration of these receptors in the hypothalamus-pituitary area. In fact, in the 
central nervous system (CNS), GHS-R1a expression is highest in several hypotha-
lamic nuclei, including the anterior and lateral hypothalamic areas, and the ventro-
medial and arcuate nuclei [27, 28]. Additionally, GHS-R mRNA is expressed in 
several extrahypothalamic regions, including the dorsal motor nucleus of the vagus 
and many parasympathetic preganglionic neurones [27, 28]. In the arcuate nuclei, 
GHS-R mRNA is coexpressed with both neuropeptide Y and GHRH [29, 30] and is 
thereby able to induce orexigenesis and facilitate GH secretion. In peripheral tissues, 
GHS-R1a is expressed in the anterior pituitary, pancreas [27], thyroid, spleen, myo-
cardium, and adrenal glands [11]. GHS binding has also been observed in several 
other peripheral tissues [31].

Control of Ghrelin Secretion

Spontaneous ghrelin secretion in rats is pulsatile and displays an ultradian rhythmicity 
with the major peak preceding the onset of the dark phase [32]. This pattern is not 
related to the underlying pattern of GH [33] or IGF-I [34] secretion, or to photic cues, 
but peaks of circulating ghrelin approximately coincide with the commencement of 
feeding at the beginning of the dark period [33]. In the absence of feeding, basal and 
episodic ghrelin secretion continues to rise, fasting also upregulating gastric ghrelin 
mRNA expression and hypothalamic GHS-R mRNA expression [35].

In humans, a diurnal and nocturnal rhythmicity of ghrelin levels has also been 
observed by some [36, 37] but not by other authors [38].

It is unclear whether aging is a determinant of serum ghrelin concentrations. 
Ghrelin secretion is reported to be sexually dimorphic in humans, with women in 
the late follicular stage having higher levels than men [38].

Circulating ghrelin is modulated by energy intake, increasing in fasting states 
and declining 60–120 min after meals [36, 39], suggesting that ghrelin may act as 
an initiation signal for food intake and that its secretion may be controlled by blood 
levels of some nutritional factors [6, 36, 39–41]. Among determinants of ghrelin 
secretion, the most important appear to be insulin, glucose, and SS [3]. Possibly, 
GH, leptin, melatonin, thyroid hormones, glucagon, and the parasympathetic nervous 
system also play a role in ghrelin metabolism [3].
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Unacylated Ghrelin and Obestatin

The nonacylated form of ghrelin is present in circulation in far greater amount than 
its acylated form, does not bind GHS-R1a, and is devoid of any neuroendocrine 
action. However, several recent studies have shown that unacylated ghrelin exhibits 
biological activities on cell proliferation and metabolism and binds to cell membranes 
of cardiomyocytes, adipocytes, prostatic, and skeletal muscle cells [42–45]. These 
effects are likely mediated through different GHS-receptor subtypes or completely 
different, unknown, ghrelin receptors [9, 42, 43, 46–48].

The 23-amino acid amidated peptide obestatin is a novel ghrelin gene product, 
which was identified as the G-protein-coupled receptor 39 (GPR39) ligand and claimed 
to be a physiological opponent of acylated ghrelin [49, 50]. However, these findings 
have lately been questioned and obestatin physiological relevance remains unclear 
[51]. Obestatin is mainly produced in the stomach by the same endocrine cells as 
ghrelin, and at lower level in the pancreas [52, 53]. Central activities have been 
reported for obestatin, i.e., inhibition of thirst, modulation of mnemonic functions, 
of anxiety and sleep, but also peripheral effects. At the cellular level, obestatin has 
been shown to regulate cell proliferation and survival [51, 52].

Physiological Actions of Ghrelin

In addition to its GH-releasing action, ghrelin exerts multiple endocrine and nonen-
docrine effects such as stimulation of prolactin (PRL) and adrenocorticotropic 
hormone (ACTH) secretion, inhibition of the gonadal axis at both the central and 
peripheral level, stimulation of appetite and of a positive energy balance, and influence 
on sleep and behavior, on gastric motility and acid secretion and on pancreatic 
exocrine and endocrine function as well as on glucose levels [3, 41, 46, 54].

In the following paragraphs, the role of ghrelin in the regulation of GH and other 
pituitary hormone secretion will be reviewed.

Growth Hormone-Releasing Action

The GH-releasing property was the first recognized effect of ghrelin [1]. Ghrelin 
possesses a strong and dose-related GH-releasing effect, both in vitro and in vivo, in 
humans and animals [1, 3, 46, 54, 55]. Natural and synthetic GHS stimulate GH 
release from somatotroph cells in vitro, probably by depolarizing the somatotroph 
membrane and by increasing the amount of GH secreted per cell [56, 57]. At the 
hypothalamic level, ghrelin and GHS act via mediation of growth hormone-releasing 
hormone (GHRH)-secreting neurons as indicated by evidence that passive immuni-
zation against GHRH, as well as pretreatment with GHRH antagonists, reduces their 
stimulatory effect on GH secretion [26, 38, 58]. At the hypothalamic level, ghrelin 
and GHS do not inhibit somatostatin secretion in vitro in rats; however, some inhibition 
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of hypothalamic somatostatin secretion after exposure to GHS was observed in vivo 
in pigs [59–61]. On the other hand, there is evidence, both in humans and in animals, 
that ghrelin may act as a functional somatostatin antagonist at both the pituitary and 
the hypothalamic level [3, 46].

The GH-releasing activity of GHS is clearly greater in hypothalamic-pituitary 
preparations than in pituitary preparations, in agreement with evidence that their 
stimulatory effect on GH secretion is greater in vivo than in vitro [26, 58]. Indeed, 
in vivo, GHS show synergistic effects on GHRH-stimulated GH release [26, 62] and 
prevent the normal cyclic refractoriness to GHRH [58]. To confirm that the most 
important action of ghrelin and synthetic GHS to release GH takes place at the 
hypothalamic level, the GH-releasing effect of GHS is markedly reduced in animals 
with lesions of the pituitary stalk [3].

The circulating levels and patterns of ghrelin and GH appear weakly related [33], 
whereas many studies have established strong correlations between ghrelin variations 
and food intake episodes. Ghrelin gene deletion in mice impairs neither growth nor 
appetite [63, 64], although deleting the GHS-R gene does abolish both ghrelin and 
synthetic GHS effects on these two functions [8]. Zizzari et al. [65] have demon-
strated that a novel analog of ghrelin, BIM-28163, developed as a full competitive 
antagonist of the GHS-R1a decreases spontaneous GH secretion without causing 
major changes in food intake. Moreover, BIM-28163 blunts the GH-releasing effect 
of ghrelin, but not the GHRH-induced GH rise [66]. These results indicate that 
ghrelin, acting through the GHS-R1a, appears to be an endogenous regulator of 
spontaneous GH secretion, but not necessarily of food intake. Interestingly, antagonism 
of the GHS-R1a in freely moving male rats does not impair the pulsatile pattern of 
GH secretion; however, it significantly lowers pulse amplitude, suggesting that 
endogenous ghrelin acts to amplify the basic pulsatile pattern of GH established by 
the interplay of hypothalamic GHRH and somatostatin [61].

Iwakura et al. [67] have recently generated a mouse model of ghrelinoma, which 
allows to investigate the chronic effects of ghrelin excess: adult mice showed elevated 
plasma ghrelin levels with preserved physiological regulation; IGF-I levels were 
elevated despite poor nutrition; basal GH levels were not changed while those after 
GHRH injection tended to be higher. These data indicate that chronic elevation of 
ghrelin activates the GH/IGF-I axis [67].

The GH-releasing effect of GHS undergoes marked age-related variations, 
increasing at puberty, reaching a plateau in adulthood, and decreasing during further 
aging. The mechanisms underlying these variations differ by age. The enhanced 
GH-releasing effect of GHS at puberty, for instance, is caused by the positive influ-
ence of increased serum estrogen levels, which increase GHS-R expression [68–70]. 
However, estrogen insufficiency does not fully explain the reduced GH response to 
GHS in postmenopausal women [25, 71–73]. The most important mechanism 
accounting for reduced GH-releasing activity of GHS in aging is probably represented 
by age-related variations in neural control of somatotroph function, including GHRH 
hypoactivity and somatostatinergic hyperactivity [25, 74].

As with GHS, the GH-releasing effect of ghrelin is independent of gender. 
Moreover, as a reduced expression of the hypothalamic GHS receptors has been 
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demonstrated in the aged human brain, an impairment of the ghrelin system could 
have a role in the age-related decrease of GH secretion [3].

Some diagnostic and therapeutic implications based on the strong and reproducible 
GH-releasing effects have been proposed for acylated ghrelin. Particularly when 
combined with GHRH, ghrelin and GHS could be used as a potent and reliable 
provocative test to evaluate the capacity of the pituitary to release GH for the diagnosis 
of GH deficiency [3, 75]. Veldhuis et al. [76] have recently shown that continuous 
sc ghrelin infusion elevates IGF-I concentrations and sustains physiologically 
pulsatile 24-h GH secretion in a cohort of adults of different ages and BMIs. These 
authors suggest the potential utility of prolonged ghrelin administration to amplify 
GH production in conditions of reversible hyposomatotropism, such as aging or 
obesity. On the other hand, long-acting and orally active ghrelin analogs might represent 
an anabolic treatment in frail elderly subjects or in catabolic patients. At present, 
however, there is no definite evidence that shows the therapeutic efficacy of ghrelin 
analogs as GH/IGF-I axis-mediated anabolic agents in humans.

Prolactin and Adrenocorticotropic Hormone-Releasing Actions

Ghrelin activity at the pituitary level is not fully specific for GH, because it also 
includes stimulatory effects on both the lactotroph and corticotroph system [3, 46].

Acylated ghrelin significantly stimulates PRL secretion in vitro from pituitary cell 
cultures [77] probably acting on somatomammotroph cells [78]. Ghrelin significantly 
stimulates PRL secretion in humans and this effect is far less age- and gender-
dependent than the effect on GH secretion [79, 80]. On the contrary, an inhibitory effect 
on PRL secretion acting primarily at the hypothalamus has been shown in prepubertal 
male and female rats [81]. Although the reason for this discrepancy is unclear, the 
inhibition might be limited to the rat prepubertal period.

More recent data in mice have shown that different parts of the brain, including the 
hypothalamus, contain neurons that coexpress the dopamine receptor subtype 1 and 
GHS-R [82]. In such neurons, ghrelin had the capacity to amplify dopamine-induced 
cyclic adenosine monophosphate accumulation, thus providing temporal control over 
the magnitude of dopamine signaling [82]. Additional data have shown that ghrelin 
can activate the mesoaccumbal dopamine system in the ventral tegmental area of mice 
and rats [83–85] and protect nigral dopaminergic neurons by reducing apoptosis [86].

Messini et al. [87] have recently showed that the dopaminergic agent bromocriptine 
blocked the stimulating effect of ghrelin on PRL release and attenuated the GH response 
to the same stimulus in women. The same authors also evaluated the effect of exoge-
nous thyrotropin-releasing hormone (TRH) on ghrelin-induced PRL release in women. 
They showed that ghrelin induced a smaller PRL increase than TRH and that the stimu-
lating effect of ghrelin on PRL secretion is not additive to that of TRH [88].

The exact mechanism of ghrelin action on PRL secretion requires further 
investigation.

On the other hand, the stimulatory effect of ghrelin and synthetic GHS on the 
hypothalamus-pituitary-adrenal axis in humans is remarkable and similar to that of 
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the administration of naloxone, vasopressin, and even corticotropin-releasing hormone 
(CRH) [3, 46, 79]. Interestingly, the effect of ghrelin on ACTH secretion is even 
more pronounced than that elicited by synthetic GHS [3, 25, 79, 89–91].

The ACTH-releasing effect of GHS is acute, being attenuated during prolonged 
treatment, is independent of gender, and shows peculiar age-related variations, 
increasing at puberty, then reduction in adulthood followed by a trend toward an 
increase in aging, when the GH-releasing activity of GHS is clearly reduced [25, 71, 
80, 92, 93]. The age-related dissociation between the stimulatory effect of ghrelin 
on somatotroph cells on one hand and on lactotroph and corticotroph cells on the 
other hand suggests that ghrelin acts at different levels and/or on different receptor 
subtypes to modulate these hormones [80].

Under physiological conditions, the ACTH-releasing activity of GHS is entirely 
mediated via the CNS [25, 92, 94]. These mechanisms via the CNS not only include 
CRH and/or vasopressin-mediated actions [25, 92, 95], but also via neuropeptide Y 
and/or g-aminobutyric acid (GABA) [60, 96, 97]. The ACTH response to natural 
and synthetic GHS is generally sensitive to the negative cortisol feedback mechanism 
[25, 92, 97]. However, the stimulatory effect of ghrelin and GHS on corticotroph 
secretion is exaggerated and higher than that of human CRH in patients with pituitary 
ACTH-dependent Cushing’s disease, probably reflecting a direct action of ghrelin 
and GHS on the pituitary ACTH-secreting tumor cells [25, 71, 98–101]. Interestingly, 
the administration of CRH to humans does not induce any significant increase in 
ghrelin secretion [102]. In agreement with the presence of ghrelin and GHS-R 
expression in ectopic ACTH-secreting tumors, exaggerated ACTH and cortisol 
response to GHS has also been observed in patients with ectopic ACTH-dependent 
Cushing’s syndrome [92, 103]. These observations, however, reduce the potential 
use of GHS in testing ACTH secretion to distinguish patients with pituitary from 
ectopic ACTH-dependent hypercortisolism.

It seems unlikely that ghrelin plays a role in the regulation of corticotroph function 
in physiological conditions. In fact, twofold increments of plasma ghrelin, which 
reflect physiological fluctuations in healthy subjects, do not elicit ACTH levels in 
humans, whereas they stimulate GH secretion [104]. At least threefold increase in 
circulating ghrelin is required to stimulate corticotroph function [104]. Such a mag-
nitude of variation has been observed in pathological conditions associated with 
severe malnutrition and weight loss, such as anorexia nervosa, liver cirrhosis, cancer, 
cardiac cachexia, and end-stage renal failure [104].

Inhibitory Action of Ghrelin on Gonadotropin Secretion

A mounting body of evidence indicates that ghrelin participates in the regulation of 
reproductive physiology by two actions: (i) through systemic release of the stom-
ach-derived peptide, which acts at different levels of the reproductive system, and 
(ii) through biological actions on reproductive organs by locally expressed ghrelin 
[6, 105, 106].



24 F. Lanfranco et al.

Ghrelin and its receptor are expressed in various components of the reproductive 
system, such as placenta, testis Leydig cells, rat ovary, mouse embryo, and endome-
trium [6, 12, 107–110] and available data suggest that ghrelin regulates several aspects 
of reproductive physiology, at least partially, in a paracrine-autocrine manner [6, 18].

With regard to the effect of systemic ghrelin on gonadotropin secretion, several 
in  vitro and in  vivo animal studies indicate that the ghrelin system negatively 
influences the gonadal axis [105, 107, 109, 111–115]. Acylated ghrelin suppresses 
luteinizing hormone (LH) pulsatility in rodent, ovine, and primate models [105, 109, 
111–115]. Ghrelin decreases pituitary LH responsiveness to gonadotropin-releasing 
hormone (GnRH). However, ghrelin infusion decreased LH pulse frequency, but not 
pulse amplitude in adult ovariectomized rhesus primates, suggesting that ghrelin 
could inhibit the GnRH pulse activity [113].

In a recent study, we showed that a prolonged infusion of acylated ghrelin quan-
titatively and qualitatively inhibited LH secretion in healthy young males; in fact, the 
infusion of the peptide was associated with clear inhibition of LH mean concentra-
tion and pulsatility [116]. Our data agree with the observation by Kluge et al. [117], 
who reported that night-time spontaneous LH pulsatility in healthy males is delayed 
and inhibited after consecutive i.v. acylated ghrelin boluses.

In contrast with in vitro data showing that ghrelin reduces the LH response to 
GnRH in rodents [114], the LH response to this neurohormone is not modified by 
the exposure to acylated ghrelin in humans [116]. These findings are therefore 
against the hypothesis that ghrelin plays any direct inhibitory role on pituitary 
gonadotropic cells. As acylated ghrelin inhibits the gonadotropin response to naloxone 
in humans, this clearly points toward a CNS-mediated inhibitory action through the 
opioid system on the human gonadal axis [116]. Furthermore, ghrelin and its receptor 
are expressed within the CNS acting as an orexigenic signal through neuropeptides 
such as neuropeptide Y, agouti-related protein, and orexin [109] that, in turn, are 
known to play an inhibitory role in the central control of the gonadal axis [118]. 
Thus, the inhibitory influence of acylated ghrelin on LH secretion could be mediated 
by these peptides.

On the other hand, ghrelin could, at least partially, affect reproductive capacity 
by negatively regulating hypothalamic Kiss1 and/or Kiss1r mRNA expression, having 
been previously demonstrated to have a countervailing effect on kisspeptin’s ability 
to induce LH secretion [119]. Forbes et al. [120] have recently demonstrated in rats 
that Kiss1 mRNA levels were significantly lowered in the medial preoptical area 
after i.v. ghrelin administration, fasting, or their combination, while Kiss1r mRNA 
was not affected. LH pulse frequency was significantly lowered by ghrelin in fed 
rats, an effect significantly enhanced by food deprivation. Thus, considering the 
pivotal role for kisspeptin signaling in the activation of the gonadal axis, the ability 
of ghrelin to downregulate Kiss1 expression may be a contributing factor in ghrelin-
related suppression of pulsatile LH secretion.

Finally, it has recently been demonstrated that ghrelin’s inhibition of LH secretion 
can also be mediated by CRH [121]. Administration of a CRH antagonist prevents 
the suppressive effect of ghrelin on LH pulse frequency in adult rhesus monkeys 
[121] and as the distribution of Kiss1 and Kiss1r mRNA overlaps with CRH and 
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its receptors, CRH-R1 and CRH-R2, in the medial preoptical area and the arcuate 
nucleus [122], it is possible that CRH could mediate this suppression by modulating 
kisspeptin signaling [120].

The actions of ghrelin on follicle-stimulating hormone (FSH) secretion in vivo 
remain less well characterized. A dissociation in LH and FSH secretion and response 
to GnRH during ghrelin administration has been reported in vivo and in vitro in 
animals [112]. In humans, we did not find a quantitative or qualitative effect of acylated 
ghrelin infusion on both basal and stimulated FSH secretion. We hypothesized that 
LH secretion is more sensitive to ghrelin inhibitory effect and that FSH might be 
sensitive to ghrelin modulation at different doses or different administration patterns 
than those used until now [116].

Finally, the central effects of ghrelin on the reproductive system also involve 
modulation of secretion of PRL that inhibits gonadotropin secretion. However, as 
previously mentioned, while stimulation of PRL secretion has been documented in 
adult humans [3], an inhibitory effect acting primarily at the hypothalamus has been 
shown in prepubertal male and female rats [81].

Whatever the mechanism may be, the inhibitory effect of a gastroenteropancreatic 
hormone, like ghrelin, on the gonadal axis fits well with clinical data in pathophysi-
ological conditions. Anorexia nervosa, malnutrition, and cachexia are generally 
associated with hypogonadism that reflects a functional impairment of neuroendo-
crine mechanisms [123]. Metabolic factors have a major impact on ghrelin secretion 
regulation, and the pathophysiological conditions mentioned above are not, by 
chance, associated with ghrelin hypersecretion [124, 125]. Since the reproductive 
axis is highly dependent on body energy status, ghrelin, by acting both at the central 
and the peripheral level, could be one of the signals linking the nutritional status to 
the hypothalamus-pituitary-gonadal axis [6].

Conclusions

Since its discovery in 1999, there has been a tremendous interest on ghrelin, so that 
it has become one of the most important subjects of scientific research. A mounting 
body of evidence shows that ghrelin is involved in GH physiology, participates in 
PRL and ACTH secretion, and regulates several aspects of reproductive physiology 
and pathology. Moreover, ghrelin is involved in the regulation of energy fluxes in 
situations of food deprivation and affects gastrointestinal, cardiovascular, pulmonary 
and immune function, cell proliferation and differentiation. Overall, ghrelin is a 
pleiotropic hormone with a wide spectrum of biological activities. It is likely that 
the peripheral actions of ghrelin play a relevant role in the modulation of the central 
effects of this peptide, particularly its neuroendocrine actions, which are tightly 
related to energy balance and nutritional status.

Further studies are required to gain insights into the exact mechanisms involved 
in ghrelin physiology and pathophysiology and to define the potential therapeutic 
roles of ghrelin and its analogs.



26 F. Lanfranco et al.

Acknowledgments  This work was supported by a grant from the Italian Ministry of University 
and Scientific Research (PRIN 2007, Protocol 2007RFFFFN_004) to E. Ghigo.

References

	 1.	Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K. Ghrelin is a growth-hormone 
acylated peptide from stomach. Nature. 1999;402:656–60.

	 2.	Broglio F, Gottero C, Arvat E, Ghigo E. Endocrine and non-endocrine actions of ghrelin. 
Horm Res. 2003;59:109–17.

	 3.	van der Lely AJ, Tschöp M, Heiman ML, Ghigo E. Biological, physiological, pathophysiological, 
and pharmacological aspects of ghrelin. Endocr Rev. 2004;25:426–57.

	 4.	Ukkola O, Ravussin E, Jacobson P, et al. Mutations in the preproghrelin/ghrelin gene associated 
with obesity in humans. J Clin Endocrinol Metab. 2001;86:3996–9.

	 5.	Ueno H, Yamaguchi H, Kangawa K, Nakazato M. Ghrelin: a gastric peptide that regulates 
food intake and energy homeostasis. Regul Pept. 2005;126:11–9.

	 6.	Lorenzi T, Meli R, Marzioni D, et al. Ghrelin: a metabolic signal affecting the reproductive 
system. Cytokine Growth Factor Rev. 2009;20:137–52.

	 7.	Howard AD, Feighner SD, Cully DF, et al. A receptor in pituitary and hypothalamus that 
functions in growth hormone release. Science. 1996;273:974–7.

	 8.	Sun Y, Wang P, Zheng H, Smith RG. Ghrelin stimulation of growth hormone release and appe-
tite is mediated through the growth hormone secretagogue receptor. Proc Natl Acad Sci USA. 
2004;101:4679–84.

	 9.	Date Y, Kojima M, Hosoda H, et al. Ghrelin, a novel growth hormone-releasing acylated 
peptide, is synthesized in a distinct endocrine cell type in the gastrointestinal tracts of rats and 
humans. Endocrinology. 2000;141:4255–61.

	 10.	Date Y, Nakazato M, Hashiguchi S, et  al. Ghrelin is present in pancreatic alpha-cells of 
humans and rats and stimulates insulin secretion. Diabetes. 2002;51:124–9.

	 11.	Gnanapavan S, Kola B, Bustin SA, et al. The tissue distribution of the mRNA of ghrelin and 
subtypes of its receptor, GHS-R, in humans. J Clin Endocrinol Metab. 2002;87:2988–91.

	 12.	Gaytan F, Barreiro ML, Chopin LK, et al. Immunolocalization of ghrelin and its functional 
receptor, the type 1a growth hormone secretagogue receptor, in the cyclic human ovary. J Clin 
Endocrinol Metab. 2003;88:879–87.

	 13.	Tortorella C, Macchi C, Spinazzi R, Malendowicz LK, Trejter M, Nussdorfer GG. Ghrelin, an 
endogenous ligand for the growth hormone-secretagogue receptor, is expressed in the human 
adrenal cortex. Int J Mol Med. 2003;12:213–7.

	 14.	Ghelardoni S, Carnicelli V, Frascarelli S, Ronca-Testoni S, Zucchi R. Ghrelin tissue distribution: 
comparison between gene and protein expression. J Endocrinol Invest. 2006;29:115–21.

	 15.	Korbonits M, Kojima M, Kangawa K, Grossman AB. Presence of ghrelin in normal and 
adenomatous human pituitary. Endocrine. 2001;14:101–4.

	 16.	Cowley MA, Smith RG, Diano S, et al. The distribution and mechanism of action of ghrelin 
in the CNS demonstrates a novel hypothalamic circuit regulating energy homeostasis. Neuron. 
2003;37:649–61.

	 17.	Kojima M, Kangawa K. Ghrelin: structure and function. Physiol Rev. 2005;85:495–522.
	 18.	Soares JB, Leite-Moreira AF. Ghrelin, des-acyl ghrelin and obestatin: three pieces of the 

same puzzle. Peptides. 2008;29:1255–70.
	 19.	Smith RG, Van der Ploeg LH, Howard AD, et al. Peptidomimetic regulation of growth hormone 

secretion. Endocr Rev. 1997;18:621–45.
	 20.	Momany FA, Bowers CY, Reynolds GA, Chang D, Hong A, Newlander K. Design, synthesis, 

and biological activity of peptides which release growth hormone in vitro. Endocrinology. 
1981;108:31–9.



272  Ghrelin and Pituitary Function

	 21.	Momany FA, Bowers CY, Reynolds GA, Hong A, Newlander K. Conformational energy studies 
and in vitro and in vivo activity data on growth hormone-releasing peptides. Endocrinology. 
1984;114:1531–6.

	 22.	Bowers CY. GH releasing peptides – structure and kinetics. J Pediatr Endocrinol. 1993;6:21–31.
	 23.	Bowers CY. Growth hormone-releasing peptide (GHRP). Cell Mol Life Sci. 1998;54:1316–29.
	 24.	Camanni F, Ghigo E, Arvat E. Growth hormone-releasing peptides and their analogs. Front 

Neuroendocrinol. 1998;19:47–72.
	 25.	Ghigo E, Arvat E, Giordano R, Broglio F, et al. Biologic activities of growth hormone secre-

tagogues in humans. Endocrine. 2001;14:87–93.
	 26.	Bowers CY, Sartor AO, Reynolds GA, Badger TM. On the actions of the growth hormone-

releasing hexapeptide, GHRP. Endocrinology. 1991;128:2027–35.
	 27.	Guan X-M, Yu H, Palyha OC, et al. Distribution of mRNA encoding the growth hormone 

secretagogue receptor in brain and peripheral tissues. Mol Brain Res. 1997;48:23–9.
	 28.	Zigman JM, Jones JE, Lee CE, Saper CB, Elmquist JK. Expression of ghrelin receptor mRNA 

in the rat and mouse brain. J Comp Neurol. 2006;494:528–48.
	 29.	Willensen MG, Kristensen P, Romer J. Co-localization of growth hormone secretagogue 

receptor and NPY mRNA in the arcuate nucleus of the rat. Neuroendocrinology. 
1999;70:306–16.

	 30.	Mondal MS, Date Y, Yamaguchi H, et al. Identification of ghrelin and its receptor in neurons 
of the rat arcuate nucleus. Regul Pept. 2005;126:55–9.

	 31.	Papotti M, Ghè C, Cassoni P, et al. Growth hormone secretagogue binding sites in peripheral 
human tissue. J Clin Endocrinol Metab. 2000;85:3803–7.

	 32.	Bodosi B, Gardi J, Hajdu I, Szentirmai E, Obal Jr F, Krueger JM. Rhythms of ghrelin, leptin 
and sleep in rats: effects of the normal diurnal cycle, restricted feeding, and sleep deprivation. 
Am J Physiol Regul Integr Comp Physiol. 2004;287:R1071–9.

	 33.	Tolle V, Bassant MH, Zizzari P, et al. Ultradian rhythmicity of ghrelin secretion in relation with 
GH, feeding behavior, and sleep-wake patterns in rats. Endocrinology. 2002;143:1353–61.

	 34.	Liu YL, Yakar S, Otero-Corchon V, Low MJ, Liu J-L. Ghrelin gene expression is age-
dependent and influenced by gender and the level of circulating IGF-1. Mol Cell Endocrinol. 
2002;189:97–103.

	 35.	Kim M-S, Yoon C-Y, Park K-H, et al. Changes in ghrelin and ghrelin receptor expression 
according to feeding status. Neuroreport. 2003;14:1317–20.

	 36.	Cummings DE, Purnell JQ, Frayo RS, Schmidova K, Wisse BE, Weigle DS. A preprandial rise 
in plasma ghrelin levels suggests a role in meal initiation in humans. Diabetes. 2001;50:1714–9.

	 37.	Koutkia P, Canavan B, Breu J, Johnson ML, Grinspoon SK. Nocturnal ghrelin pulsatility and 
response to growth hormone secretagogues in healthy men. Am J Physiol Endocrinol Metab. 
2004;287:E506–12.

	 38.	Barkan AL, Dimaraki EV, Jessup SK, Symons KV, Ermolenko M, Jaffe CA. Ghrelin secretion 
in humans is sexually dimorphic, suppressed by somatostatin, and not affected by the ambient 
growth hormone levels. J Clin Endocrinol Metab. 2003;88:2180–4.

	 39.	Tschop M, Wawarta R, Riepl RL, et al. Post-prandial decrease of circulating human ghrelin 
levels. J Endocrinol Invest. 2001;24:RC19–21.

	 40.	Ariyasu H, Takaya K, Tagami T, et al. Stomach is a major source of circulating ghrelin, and 
feeding state determines plasma ghrelin-like immunoreactivity levels in humans. J Clin 
Endocrinol Metab. 2001;86:4753–8.

	 41.	Klok MD, Jakobsdottir S, Drent ML. The role of leptin and ghrelin in the regulation of food 
intake and body weight in humans: a review. Obes Rev. 2007;8:21–34.

	 42.	Cassoni P, Papotti M, Ghè C, et al. Identification, characterization, and biological activity of 
specific receptors for natural (ghrelin) and synthetic growth hormone secretagogues and analogs 
in human breast carcinomas and cell lines. J Clin Endocrinol Metab. 2001;86:1738–45.

	 43.	Baldanzi G, Filigheddu N, Cutrupi S, et al. Ghrelin and des-acyl ghrelin inhibit cell death in 
cardiomyocytes and endothelial cells through ERK1/2 and PI 3-kinase/AKT. J Cell Biol. 
2002;159:1029–37.



28 F. Lanfranco et al.

	 44.	Muccioli G, Pons N, Ghè C, Catapano F, Granata R, Ghigo E. Ghrelin and des-acyl ghrelin 
both inhibit isoproterenol-induced lipolysis in rat adipocytes via a non-type 1a growth hormone 
secretagogue receptor. Eur J Pharmacol. 2004;498:27–35.

	 45.	Filigheddu N, Gnocchi VF, Coscia M, et al. Ghrelin and des-acyl ghrelin promote differentiation 
and fusion of C

2
C

12
 skeletal muscle cells. Mol Biol Cell. 2007;18:986–94.

	 46.	Ghigo E, Broglio F, Arvat E, Maccario M, Papotti M, Muccioli G. Ghrelin: more than a natural 
GH secretagogue and/or an orexigenic factor. Clin Endocrinol. 2005;62:1–17.

	 47.	Mackelvie KJ, Meneilly GS, Elahi D, Wong AC, Barr SI, Chanoine JP. Regulation of appetite 
in lean and obese adolescents after exercise: role of acylated and desacyl ghrelin. J Clin 
Endocrinol Metab. 2007;92:648–54.

	 48.	Giovambattista A, Gaillard RC, Spinedi E. Ghrelin gene-related peptides modulate rat white 
adiposity. Vitam Horm. 2008;77:171–205.

	 49.	Zhang JV, Ren PG, Avsian-Kretchmer O, Luo CW, Rauch R, Klein C, et al. Obestatin, a peptide 
encoded by the ghrelin gene, opposes ghrelin’s effects on food intake. Science. 2005;310:996–9.

	 50.	Zhang JV, Jahr H, Luo CW, et al. Obestatin induction of early-response gene expression in 
gastrointestinal and adipose tissues and the mediatory role of G protein-coupled receptor, 
GPR39. Mol Endocrinol. 2008;22:1464–75.

	 51.	Tang SQ, Jiang QY, Zhang YL, et al. Obestatin: its physicochemical characteristics and phys-
iological functions. Peptides. 2008;29:639–45.

	 52.	Granata R, Settanni F, Gallo D, et al. Obestatin promotes survival of pancreatic beta-cells and 
human islets and induces expression of genes involved in the regulation of beta-cell mass and 
function. Diabetes. 2008;57:967–79.

	 53.	Volante M, Rosas R, Ceppi P, et al. Obestatin in human neuroendocrine tissues and tumours: 
expression and effect on tumour growth. J Pathol. 2009;218:458–66.

	 54.	Broglio F, Prodam F, Riganti F, Muccioli G, Ghigo E. Ghrelin: from somatotrope secretion to 
new perspectives in the regulation of peripheral metabolic functions. Front Horm Res. 
2006;35:102–14.

	 55.	Arvat E, Di Vito L, Broglio F, et al. Preliminary evidence that ghrelin, the natural GH secret-
agogue (GHS)-receptor ligand, strongly stimulates GH secretion in humans. J Endocrinol 
Invest. 2000;23:493–5.

	 56.	Goth MI, Lyons CE, Canny BJ, Thorner MO. Pituitary adenylate cyclase activating polypep-
tide, growth hormone (GH)-releasing peptide and GH-releasing hormone stimulate GH 
release through distinct pituitary receptors. Endocrinology. 1992;130:939–44.

	 57.	Smith RG, Cheng K, Schoen WR, et  al. A nonpeptidyl growth hormone secretagogue. 
Science. 1993;260:1640–3.

	 58.	Clark RG, Carlsson MS, Trojnar J, Robinson IC. The effects of a growth hormone-releasing pep-
tide and growth hormone-releasing factor in conscious and anaesthetized rats. J Neuroendocrinol. 
1989;1:249–55.

	 59.	Drisko JE, Faidley TD, Zhang D, et  al. Administration of a nonpeptidyl growth hormone 
secretagogue, L-163, 255, changes somatostatin pattern, but has no effect on patterns of 
growth hormone-releasing factor in the hypophyseal-portal circulation of the conscious pig. 
Proc Soc Exp Biol Med. 1999;222:70–7.

	 60.	Korbonits M, Little JA, Forsling ML, et al. The effect of growth hormone secretagogues 
and neuropeptide Y on hypothalamic hormone release from acute rat hypothalamic explants. 
J Neuroendocrinol. 1999;11:521–8.

	 61.	Tannenbaum GS, Epelbaum J, Bowers CY. Interrelationship between the novel peptide ghrelin 
and somatostatin/growth hormone-releasing hormone in regulation of pulsatile growth hormone 
secretion. Endocrinology. 2003;144:967–74.

	 62.	Malozowski S, Hao EH, Ren SG, et al. Growth hormone (GH) responses to the hexapeptide 
GH-releasing peptide and GH-releasing hormone (GHRH) in the cynomolgus macaque: 
evidence for non-GHRH-mediated responses. J Clin Endocrinol Metab. 1991;73:314–7.

	 63.	Sun Y, Ahmed S, Smith RG. Deletion of ghrelin impairs neither growth nor appetite. Mol Cell 
Biol. 2003;23:7973–81.

	 64.	Wortley KE, Anderson KD, Garcia K, et al. Genetic deletion of ghrelin does not decrease food 
intake but influences metabolic fuel preference. Proc Natl Acad Sci USA. 2004;101:8227–32.



292  Ghrelin and Pituitary Function

	 65.	Zizzari P, Halem H, Taylor J, et al. Endogenous ghrelin regulates episodic growth hormone 
(GH) secretion by amplifying GH pulse amplitude: evidence from antagonism of the GH 
secretagogue-R1a receptor. Endocrinology. 2005;146:3836–42.

	 66.	Halem HA, Taylor JE, Dong JZ, et al. Novel analogs of ghrelin: physiological and clinical 
implications. Eur J Endocrinol. 2004;151:S071–205.

	 67.	Iwakura H, Ariyasu H, Li Y, et al. A mouse model of ghrelinoma exhibited activated GH-IGF-I 
axis and glucose intolerance. Am J Physiol Endocrinol Metab. 2009;297:E802–11.

	 68.	Arvat E, Camanni F, Ghigo E. Age-related growth hormone releasing activity of growth 
hormone secretagogues in humans. Acta Paediatr Suppl. 1997;423:92–6.

	 69.	Loche S, Colao A, Cappa M, et al. The growth hormone response to hexarelin in children: 
reproducibility and effect of sex steroids. J Clin Endocrinol Metab. 1997;82:861–4.

	 70.	Arvat E, Ceda GP, Di Vito L, et al. Age-related variations in the neuroendocrine control, more 
than impaired receptor sensitivity, cause the reduction in the GH-releasing activity of GHRPs 
in human aging. Pituitary. 1998;1:51–8.

	 71.	Arvat E, Ramunni J, Bellone J, et al. The GH, prolactin, ACTH and cortisol responses to 
hexarelin, a synthetic hexapeptide, undergo different age-related variations. Eur J Endocrinol. 
1997;137:635–42.

	 72.	Anderson SM, Wideman L, Patrie JT, Weltman A, Bowers CY, Veldhuis JD. E2 supplementa-
tion selectively relieves GH’s autonegative feedback on GH-releasing peptide-2-stimulated 
GH secretion. J Clin Endocrinol Metab. 2001;86:5904–11.

	 73.	Anderson SM, Shah N, Evans WS, Patrie JT, Bowers CY, Veldhuis JD. Short-term estradiol 
supplementation augments growth hormone (GH) secretory responsiveness to dose-varying 
GH-releasing peptide infusions in healthy postmenopausal women. J Clin Endocrinol Metab. 
2001;86:551–60.

	 74.	Giustina A, Veldhuis JD. Pathophysiology of the neuroregulation of growth hormone secretion 
in experimental animals and the human. Endocr Rev. 1998;19:717–97.

	 75.	Ghigo E, Arvat E, Aimaretti G, Broglio F, Giordano R, Camanni F. Diagnostic and therapeutic 
uses of growth hormone-releasing substances in adult and elderly subjects. Baillières Clin 
Endocrinol Metab. 1998;12:341–58.

	 76.	Veldhuis J, Reynolds G, Iranmanesh A, Bowers C. Twenty-four hour continuous ghrelin infusion 
augments physiologically pulsatile, nycthemeral, and entropic (feedback-regulated) modes of 
growth hormone secretion. J Clin Endocrinol Metab. 2008;93:3597–603.

	 77.	Rubinfeld H, Hadani M, Taylor JE, et al. Novel ghrelin analogs with improved affinity for the 
GH secretagogue receptor stimulate GH and prolactin release from human pituitary cells. Eur 
J Endocrinol. 2004;151:787–95.

	 78.	Bowers CY. On a peptidomimetic growth hormone-releasing peptide. J Clin Endocrinol 
Metab. 1994;79:940–2.

	 79.	Arvat E, Maccario M, Di Vito L, et al. Endocrine activities of ghrelin, a natural growth hormone 
secretagogue (GHS), in humans: comparison and interactions with hexarelin, a nonnatural 
peptidyl GHS, and GH-releasing hormone. J Clin Endocrinol Metab. 2001;86:1169–74.

	 80.	Broglio F, Benso A, Castiglioni C, et al. The endocrine response to ghrelin as a function of 
gender in humans in young and elderly subjects. J Clin Endocrinol Metab. 2003;88:1537–42.

	 81.	Tena-Sempere M, Aguilar E, Fernandez-Fernandez R, Pinilla L. Ghrelin inhibits prolactin 
secretion in prepubertal rats. Neuroendocrinology. 2004;79:133–41.

	 82.	Jiang H, Betancourt L, Smith RG. Ghrelin amplifies dopamine signaling by cross talk involving 
formation of growth hormone secretagogue receptor/dopamine receptor subtype 1 heterodimers. 
Mol Endocrinol. 2006;20:1772–85.

	 83.	Abizaid A, Liu ZW, Andrews ZB, et al. Ghrelin modulates the activity and synaptic input organiza-
tion of midbrain dopamine neurons while promoting appetite. J Clin Invest. 2006;116:3229–39.

	 84.	Jerlhag E, Egecioglu E, Dickson SL, Andersson M, Svensson L, Engel JA. Ghrelin stimulates 
locomotor activity and accumbal dopamine-overflow via central cholinergic systems in mice: 
implications for its involvement in brain reward. Addict Biol. 2006;11:45–54.

	 85.	Quarta D, Di Francesco C, Melotto S, Mangiarini L, Heidbreder C, Hedou G. Systemic 
administration of ghrelin increases extracellular dopamine in the shell but not the core subdivision 
of the nucleus accumbens. Neurochem Int. 2009;54:89–94.



30 F. Lanfranco et al.

	 86.	Jiang H, Li LJ, Wang J, Xie JX. Ghrelin antagonizes MPTP-induced neurotoxicity to the 
dopaminergic neurons in mouse substantia nigra. Exp Neurol. 2008;212:532–7.

	 87.	Messini CI, Dafopoulos K, Chalvatzas N, Georgoulias P, Anifandis G, Messinis IE. Blockage 
of ghrelin-induced prolactin secretion in women by bromocriptine. Fertil Steril. 
2010;94:1478–81.

	 88.	Messini CI, Dafopoulos K, Chalvatzas N, Georgoulias P, Anifandis G, Messinis IE. Effect of 
ghrelin and thyrotropin-releasing hormone on prolactin secretion in normal women. Horm 
Metab Res. 2010;42:204–8.

	 89.	Clark RG, Thomas GB, Mortensen DL, et al. Growth hormone secretagogues stimulate the 
hypothalamic-pituitary-adrenal axis and are diabetogenic in the Zucker diabetic fatty rat. 
Endocrinology. 1997;138:4316–23.

	 90.	Thomas GB, Fairhall KM, Robinson IC. Activation of the hypothalamo-pituitary-adrenal axis 
by the growth hormone (GH) secretagogue, GH-releasing peptide-6, in rats. Endocrinology. 
1997;138:1585–91.

	 91.	Takaya K, Ariyasu H, Kanamoto N, et al. Ghrelin strongly stimulates growth hormone release 
in humans. J Clin Endocrinol Metab. 2000;85:4908–11.

	 92.	Ghigo E, Arvat E, Camanni F. Growth hormone secretagogues as corticotrophin-releasing 
factors. Growth Horm IGF Res. 1998;8(Suppl B):145–8.

	 93.	Bowers CY. Unnatural growth hormone-releasing peptide begets natural ghrelin. J Clin 
Endocrinol Metab. 2001;86:1464–9.

	 94.	Shimon I, Yan X, Melmed S. Human fetal pituitary expresses functional growth hormone-
releasing peptide receptors. J Clin Endocrinol Metab. 1998;83:174–8.

	 95.	Ishizaki S, Murase T, Sugimura Y, et  al. Role of ghrelin in the regulation of vasopressin 
release in conscious rats. Endocrinology. 2002;143:1589–93.

	 96.	Dickson SL, Luckman SM. Induction of c-fos messenger ribonucleic acid in neuropeptide Y and 
growth hormone (GH)-releasing factor neurons in the rat arcuate nucleus following systemic 
injection of the GH secretagogue, GH-releasing peptide-6. Endocrinology. 1997;138:771–7.

	 97.	Arvat E, Maccagno B, Ramunni J, et al. Effects of dexamethasone and alprazolam, a benzo-
diazepine, on the stimulatory effect of hexarelin, a synthetic GHRP, on ACTH, cortisol and 
GH secretion in humans. Neuroendocrinology. 1998;67:310–6.

	 98.	Arvat E, Giordano R, Ramunni J, et al. Adrenocorticotropin and cortisol hyperresponsiveness 
to hexarelin in patients with Cushing’s disease bearing a pituitary microadenoma, but not in 
those with macroadenoma. J Clin Endocrinol Metab. 1998;83:4207–11.

	 99.	Barlier A, Zamora AJ, Grino M, et al. Expression of functional growth hormone secretagogue 
receptors in human pituitary adenomas: polymerase chain reaction, triple in-situ hybridiza-
tion and cell culture studies. J Neuroendocrinol. 1999;11:491–502.

	100.	Leal-Cerro A, Torres E, Soto A, et al. Ghrelin is no longer able to stimulate growth hormone 
secretion in patients with Cushing’s syndrome but instead induces exaggerated corticotropin 
and cortisol responses. Neuroendocrinology. 2002;76:390–6.

	101.	Martínez-Fuentes AJ, Moreno-Fernández J, Vázquez-Martínez R, et al. Ghrelin is produced 
by and directly activates corticotrope cells from adrenocorticotropin-secreting adenomas. 
J Clin Endocrinol Metab. 2006;91:2225–31.

	102.	van der Toorn FM, Janssen JA, De Herder WW, Broglio F, Ghigo E, Van Der Lely AJ. Central 
ghrelin production does not substantially contribute to systemic ghrelin concentrations; a 
study in two subjects with active acromegaly. Eur J Endocrinol. 2002;147:195–9.

	103.	de Keyzer Y, Lenne F, Bertagna X. Widespread transcription of the growth hormone-releasing 
peptide receptor gene in neuroendocrine human tumors. Eur J Endocrinol. 1997;137:715–8.

	104.	Lucidi P, Murdolo G, Di Loreto C, et al. Metabolic and endocrine effects of physiological 
increments in plasma ghrelin concentrations. Nutr Metab Cardiovasc Dis. 2005;15:410–7.

	105.	Barreiro ML, Tena-Sempere M. Ghrelin and reproduction: a novel signal linking energy 
status and fertility? Mol Cell Endocrinol. 2004;226:1–9.

	106.	Tena-Sempere M. Ghrelin: novel regulator of gonadal function. J Endocrinol Invest. 
2005;28:26–9.



312  Ghrelin and Pituitary Function

	107.	Tena-Sempere M, Barreiro ML, Gonzalez LC, et al. Novel expression and functional role of 
ghrelin in rat testis. Endocrinology. 2002;143:717–25.

	108.	Caminos JE, Tena-Sempere M, Gaytán F, et al. Expression of ghrelin in the cyclic and pregnant 
rat ovary. Endocrinology. 2003;144:1594–602.

	109.	Kawamura K, Sato N, Fukuda J, et al. Ghrelin inhibits the development of mouse preimplan-
tation embryos in vitro. Endocrinology. 2003;144:2623–33.

	110.	Gaytan F, Barreiro ML, Caminos JE, et al. Expression of ghrelin and its functional receptor, 
the type 1a growth hormone secretagogue receptor, in normal human testis and testicular 
tumors. J Clin Endocrinol Metab. 2004;89:400–9.

	111.	Furuta M, Funabashi T, Rimura F. Intracerebroventricular administration of ghrelin rapidly 
suppresses pulsatile luteinizing hormone secretion in ovariectomized rats. Biochem Biophys 
Res Commun. 2001;288:780–5.

	112.	Fernández-Fernández R, Tena-Sempere M, Aguilar E, Pinilla L. Ghrelin effects on gonado-
tropin secretion in male and female rats. Neurosci Lett. 2004;362:103–7.

	113.	Vulliémoz NR, Xiao E, Xia-Zhang L, Germond M, Rivier J, Ferin M. Decrease in luteinizing 
hormone pulse frequency during a five-hour peripheral ghrelin infusion in the ovariectomized 
rhesus monkey. J Clin Endocrinol Metab. 2004;89:5718–23.

	114.	Fernández-Fernández R, Tena-Sempere M, Navarro VM, et al. Effects of ghrelin upon gonad-
otropin-releasing hormone and gonadotropin secretion in adult female rats: in  vivo and 
in vitro studies. Neuroendocrinology. 2005;82:245–55.

	115.	Iqbal J, Kurose Y, Canny B, Clarke IJ. Effects of central infusion of ghrelin on food intake and 
plasma levels of growth hormone, luteinizing hormone, prolactin, and cortisol secretion in 
sheep. Endocrinology. 2006;147:510–9.

	116.	Lanfranco F, Bonelli L, Baldi M, Me E, Broglio F, Ghigo E. Acylated ghrelin inhibits spon-
taneous LH pulsatility and responsiveness to naloxone, but not that to GnRH in young men: 
evidence for a central inhibitory action of ghrelin on the gonadal axis. J Clin Endocrinol 
Metab. 2008;93:3633–9.

	117.	Kluge M, Schüssler P, Uhr M, Yassouridis A, Steiger A. Ghrelin suppresses secretion of 
luteinizing hormone in humans. J Clin Endocrinol Metab. 2007;92:3202–5.

	118.	Vulliémoz NR, Xiao E, Xia-Zhang L, Wardlaw SL, Ferin M. Central infusion of agouti-
related peptide suppresses pulsatile luteinizing hormone release in the ovariectomized rhesus 
monkey. Endocrinology. 2005;146:784–9.

	119.	Martini AC, Fernández-Fernández R, Tovar S, et al. Comparative analysis of the effects of 
ghrelin and unacylated ghrelin on luteinizing hormone secretion in male rats. Endocrinology. 
2006;147:2374–82.

	120.	Forbes S, Li XF, Kinsey-Jones J, O’Byrne K. Effects of ghrelin on Kisspeptin mRNA in the 
hypothalamic medial preoptic area and pulsatile luteinising hormone secretion in the female 
rat. Neurosci Lett. 2009;460:143–7.

	121.	Vulliémoz NR, Xiao E, Xia-Zhang L, Rivier J, Ferin M, Astressin B. a nonselective corti-
cotropin-releasing hormone receptor antagonist, prevents the inhibitory effect of ghrelin on 
luteinizing hormone pulse frequency in the ovariectomized rhesus monkey. Endocrinology. 
2008;149:869–74.

	122.	Kinsey-Jones JS, Li XF, Knox AMI, et al. Down-regulation of hypothalamic kisspeptin and 
its receptor, kiss1r, mRNA expression is associated with stress-induced suppression of lutei-
nising hormone secretion in the female rat. J Neuroendocrinol. 2009;21:20–9.

	123.	Vanhorebeek I, Langouche L, Van den Berghe G. Endocrine aspects of acute and prolonged 
critical illness. Nat Clin Pract Endocrinol Metab. 2006;2:20–31.

	124.	Broglio F, Gianotti L, Destefanis S, et al. The endocrine response to acute ghrelin administration 
is blunted in patients with anorexia nervosa, a ghrelin hypersecretory state. Clin Endocrinol. 
2004;60:592–9.

	125.	Shimizu Y, Nagaya N, Isobe T, et al. Increased plasma ghrelin level in lung cancer cachexia. 
Clin Cancer Res. 2003;9:774–8.



http://www.springer.com/978-1-60761-316-9


	Chapter 2: Ghrelin in the Regulation of GH Secretion and Other Pituitary Hormones
	Introduction
	Production and Structure of Ghrelin
	The Growth Hormone Secretagogue Receptor, GHS-R1a
	Control of Ghrelin Secretion
	Unacylated Ghrelin and Obestatin
	Physiological Actions of Ghrelin
	Growth Hormone-Releasing Action
	Prolactin and Adrenocorticotropic Hormone-Releasing Actions
	Inhibitory Action of Ghrelin on Gonadotropin Secretion
	Conclusions
	References


