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GHRELIN Is MuLTIFACETED HORMONE
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Ghrelin is one of the most studied hormones with regards to its effects on growth hormone release and appetite
regulation. Although many additional functions of ghrelin have been described this review focused on the data re-
garding regulation of ghrelin and its receptors, some information regarding the effect of ghrelin on the pain, growth

and appetite regulation.
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INTRODUCTION

Ghrelin is a 28 amino-acid peptide with a fatty
acid chain modification on the N-terminal third
amino acid - serine. Ghrelin, identified as an en-
dogenous ligand for the growth hormone secreta-
gogue receptor (GHS-R) was isolated from rat sto-
mach (Kosima et al., 1999). The gastric endocrine
X/A-like cells in rats and P/D, cells in human are
the major source of circulating desacyl, acyl and
n-decanoyl ghrelin (Hiesmva et al., 2009). It must
be also noticed out that about 80-90% of circula-
ting ghrelin is not acylated (des-acyl-ghrelin), and
it still remains unclear whether or not des-acyl-
ghrelin represents a precursor or a degradation
product of the acylated peptide. Moreover, des-
acyl-ghrelin does not replace radio labeled ghre-
lin at pituitary and hypothalamic binding sites,
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nor it seems capable of inducing growth hormone
(GH) release. Several in vitro studies have demon-
strated that radio labeled ghrelin and des-acyl-
ghrelin bind to the membranes of PC-3 prostate
tumor cells, H9C2 cardiomyocytes and isolated
adipocytes, none of which expressed the GHS-R
(Mucciou et al., 2004, Ferrivi et al., 2009).
Ghrelin is present in the circulation in the ac-
tive and inactive forms and is easily hydrolyzed by
proteases. In order to measure the plasma level
of ghrelin in the plasma or tissues, the samples
should be taken to EDTA tubes with aprotinin. It
must be also noticed that most of circulating ghre-
lin is in total form including acyl- and des-acyl
ghrelin. Enzymatic hydrolysis in vitro releases
free form of active ghrelin and the plasma level
of its peptide is increased from 150-200pg/ml to
2500-3000pg/ml in mice (Yanc et al., 2008). Pla-
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sma ghrelin concentration is increased in fasting
conditions and decreased after feeding, suggesting
that ghrelin may be as an signal for food intake.

The main source for circulating ghrelin is sto-
mach, particularly fundus with four types of endo-
crine cells —-ECL, D, enterochromaffin and X/A-li-
ke cells. Ghrelin immunoreactive cells were found
in the duodenum, jejunum, ileum, colon.

Ghrelin is expressed also in many brain struc-
tures, pituitary, immune cells, lung, placenta, ova-
ry, testis, kidney and pancreas as well as in dif-
ferent tumors (in review of Korsonirs et al., 2004).
The pancreas is a ghrelin-producing organ during
fetal development and during postnatal life. Ghre-
lin has been found in the hypothalamic arcuate
nucleus, ghrelin-containing neurons send fibers
to NPY neurons, AgRP and may stimulate the rele-
ase of orexigenic peptides.

The regulation of ghrelin secretion is under
many factors: upregulating- fasting (low BMI),
leptin, GHRH, thyroid hormones, testosterone
and downregulating- food intake, glucose, insulin,
somatostatin, GH, opioids (Korsonirs et al., 2004,
PierzcHALA-KozIEC et al., 2006).

Ghrelin displays strong growth hormone (GH)
releasing actions mediated by the activation of the
GHS-R type la. Apart from stimulating GH secre-
tion, ghrelin exhibits hypothalamic activity that re-
sults in stimulation of prolactin, ACTH secretion,
also influences the pituitary—gonadal axis, pitui-
tary-adrenal axis, stimulates appetite and positive
energy balance, influences behavior, controls ga-
stric motility and acid secretion as well as glucose
metabolism (reviewed in Korsonirs et al.,2004, Van
DER LELY et al., 2004, PierzcHaLA-KozIEC et al., 2006,
reviewed in StenGeL and TachE, 2012).

Ghrelin bounds to the typical GPCR with se-
ven transmembrane domains (GHS-R) expressed
in the brain structures and peripheral organs in
animals and humans (Howarp et al., 1996, CHunG
et al.,2008). Two distinct ghrelin receptor cDNAs
have been isolated. The first - GHS-R1a serves a
role as ghrelin’s receptor, the other GHS-R type 1b
is produced by an alternative splicing mechani-
sm (Howarp et al., 1996, HenDERsON and MCKNIGHT,
1997). The ghrelin receptor superfamily contains
receptors of ghrelin, motilin, neuromedin U and
neurotensin. All of these peptides were found in
the gastrointestinal system. The ghrelin receptor
is well conserved across all vertebrate species-
mammals, chicken, amphibian, fish. Ghrelin re-

ceptor mRNA is expressed in many brain areas
- arcuate nuclei, hippocampus, pituitary (Guan
et al., 1997). Method of RT-PCR showed ghrelin
receptor mRNA expression in peripheral organs:
heart, liver, lung, kidney, pancreas, stomach, in-
testine, adipose tissue and immune cells. The exi-
stence of ghrelin and its receptor in many organs
indicate that ghrelin has multiple functions in
these tissues (Masayasu and Kangawa, 2005).
Although many additional functions of ghrelin
have been described this review focused on the
data regarding regulation of ghrelin and its recep-
tors, some information regarding the effect of ghre-
lin on the pain, growth and appetite regulation.

Ghrelin and pain

The impact of ghrelin on the pain has been the
subject of very recent investigations, and curren-
tly available evidence indicates that ghrelin acts
as an antinociceptive signal at both peripheral
and central sites (Ferrmv et al., 2009).

The first convincing evidences that ghrelin may
has antinociceptive effects was provided by SiBiLLA
et al., (2006). These authors showed that ICV injec-
tions of the hormone dose-dependently reduce me-
chanical hyperalgesia and paw edema in rats model
of acute inflammatory pain. Because the action of
ghrelin was reversed by ICV injections of the opioid
antagonist naloxone, it was suggested that ghre-
lin centrally interacts with opioid neurons (Bobnar,
2011; Dykstra et al., 2011). They postulated that
peripherally administered ghrelin increased AgRP
synthesis and relase, what in turn, enhances rele-
ase of f-endorphins from POMC neurons. Also, it is
possible that increase of nitric oxide (NO) synthase
activity after ghrelin administration may stimula-
te the antinociceptive effects of endogenous opioid
peptides (HEmzen et al., 2005).

It was also shown that ghrelin significantly en-
hanced inhibitory (GABAergic/glycinergic) neuro-
transmission in a subpopulation of deep dorsal
horn neurons in mice. The effect was due to inte-
raction of ghrelin with GHS-R type 1a, and GHS-R
type la antagonist prevented the ghrelin effect
(VeraNamo et al., 2008, Ferrivi et al., 2009).

Considerable work is needed to proof the role
of ghrelin in pain central mechanisms. However,
the data reported suggest that interaction with
opioid /NPY expressing neurons should be further
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investigated to better understand the role of ghre-
lin as a pain modulator.

Ghrelin and growth hormone

The era of ghrelin started with the observation
that opioid like peptides and their chemical ana-
logs stimulate GH secretion through orphan re-
ceptor called GHS-R (Bowers et al., 1977, Bowers,
1993, Korsonits and Grossman, 19995). Isolation
and identification of endogenous ligand for this
receptor by Kosmma et al. (1999) led to named it for
its GH-releasing activity — ghrelin.

The target cells of ghrelin are somatotrophs in
the pituitary gland. In an in vivo assay, ghrelin
stimulated primary pituitary cells and increased
their intracellular Ca*" concentration, indicating
that the GHS-R is expressed in pituitary cells.
Also, ghrelin has been found in the pituitary gland
itself where it may influence the release of GH in
an autocrine or paracrine manner. The expression
level of ghrelin in the pituitary is high after birth
and declines with puberty. Pituitary tumors, such
as adenomas, corticotroph, and gonadotroph con-
tain ghrelin peptides.

It was found that GH-releasing activity of ghre-
lin is similar to that of GHRH i.v. injected to rats.
However, the maximal stimulation effected by ghre-
lin is two to three times greater than that of GHRH.
Ghrelin stimulates GH release both in vitro and in
vivo in a dose-dependent manner. Intravenous in-
jection of ghrelin induces potent GH release both
in rats and in humans (Arvar et al., 2000).

The involvement of the hypothalamus in ghre-
lin-mediated stimulation of GH release has been
also strongly suggested (Kouva et al., 1999). Exo-
genous treatment with GH, somatostatin or its
analogs suppress plasma ghrelin level (KorBoniTs
et al., 2004).

Ghrelin has also been shown to induce GH re-
lease in chicken (Kaiva et al., 2002), fish (Karva et
al., 2003), and frog (Karva et al., 2001). In addition,
high doses of ghrelin in humans increase ACTH,
prolactin, and cortisol levels (Takava et al., 2000).

Ghrelin and food intake

Ghrelin secretion is regulated by many different
factors, but the strongest stimulator is feeding,

mainly lower level of glucose. On the other hand,
high-fat meal decrease plasma level of ghrelin.
Plasma ghrelin is increased during night sleep but
only in lean persons, and in patients with anore-
xia nervosa and bulimia nervosa.

Ghrelin is the only known hormone served as
a hunger signal from peripheral tissues. Intrave-
nous and subcutaneous injections of ghrelin in-
crease food intake; peripherally injected ghrelin
stimulates hypothalamic neurons and food intake
(Nakazaro et al., 2001).

Ghrelin has been found in the hypothalamic
arcuate nucleus, an important region for control-
ling appetite (KoJmva et al., 1999). Recent study has
reported the presence of ghrelin in hypothalamic
neurons adjacent to the third ventricle between
the dorsal, ventral, paraventricular, and arcuate
hypothalamic nuclei (DatE et al., 2001, Saro et al.,
2012). These ghrelin-containing neurons send ef-
ferent fibers to neurons that contain neuropeptide
Y (NPY) and agouti-related protein (AgRP) and may
stimulate the release of these orexigenic peptides.
The localization of ghrelin confirm a role in con-
trolling food intake. It was also found that injec-
tion of ghrelin into the cerebral ventricles of rats
potently stimulates food intake.

Central ghrelin action is of physiological rele-
vance in the control of adipocyte metabolism and
suggests that ghrelin could trigger meal prepa-
ration processes in the central nervous system
(CNS). It seems probable that ghrelin activates
metabolic pathways that would lead to a more ef-
ficient storage of calories. Intracerebroventricular
injection of ghrelin increases cumulative food in-
take and decreases energy expenditure what re-
sults in body weight gain (Suintant et al., 2001).
This orexigenic effect of hypothalamic ghrelin is
regulated through a neuronal network involving
food intake. On the other hand, to suppress the
release of the anorexigenic peptide, ghrelin-con-
taining neurons send efferent fibers onto pro-
opiomelanocortin (POMC) neurons (CowLey et al.,
2003). The ARC is also a target of leptin, an ap-
petite-suppressing hormone produced in adipose
tissues (FLER, 2004). Leptin inhibits appetite-sti-
mulating effects of NPY and AgRP, on the other
hand hypothalamic ghrelin augments NPY gene
expression and blocked leptin-induced feeding re-
duction. It may be suggested that ghrelin and lep-
tin have a competitive interaction in feeding regu-
lation.
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Ferissov et al. (2010) reviewed recent papers
about ghrelin involvement into regulation of ap-
petite and found that although ghrelin stimulates
feeding, it inhibits drinking and activates neurons
of the hypothalamic subfornical organ usually as-
sociated with dehydration. They suggest that cir-
culating ghrelin may signal to the brain via the
circumventricular organs not necessarily associa-
ted with the median eminence. Ghrelin interacts
with gastrointestinal hormones signaling satiety
such as cholecystokinin, bombesin, peptide YY,
glucagon-like peptide, pancreatic polypeptide,
and amylin which may inhibit ghrelin secretion
or antagonize its action in the appetite regulato-
ry neurons in the brain. Since plasma levels of
ghrelin normally fall after a meal, it is possible to
measure it as a marker to evaluate the satietoge-
nic properties of different macronutrients for the
development of various nutritional antiobesity ap-
proaches.

SUMMARY

The structure of ghrelin, and the tissue in which it
is produced, is unique in endocrinology.

Ghrelin exists in mammalian and in nonmam-
mals species maintaining GH release, energy ho-
meostasis, controlling pain, immune system and
stress reactions. Further research will answer
questions about the undiscovered roles of this
unique hormone and elucidate its biochemical
and physiological characteristics.
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