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relatively slowly (Fig. 1). At term birth, the infant GIT is
thus sufficiently mature to digest significant amounts of
nonmilk carbohydrates and proteins in addition to the
nutrients contained in milk. From a ‘‘gut point of view,’’
humans and primate species have a ‘‘precocious’’ mode of
development. In contrast, most small rodents (e.g., rats and
mice) and most carnivorous species (e.g., mink and cats)
have very immature GITs at the time of birth, reflecting an
‘‘altricial’’ mode of GIT development. In these species, adult
diets are poorly tolerated until relatively late into postnatal
life, and adult-type GIT functions develop mainly post-
natally and rapidly. In the pig, sheep, cattle, and horse, the
timing and the rate of GIT maturation are intermediate, and
major developmental events in the gut take place both pre-
and postnatally (Fig. 1). The scientific evidence supporting

these general contentions is derived from studies on GIT
ontogeny during the last decades (16–24).

In addition to the gradual maturational process
determined by the postconceptual age in each species,
GIT maturation is particularly rapid at birth (a birth cluster
of maturational changes) and at weaning (a weaning cluster
of maturational changes). At these time points, the dietary
habits change dramatically, and are accompanied by marked
changes in the endocrinology, microbiology, and immunity
of the GIT. A number of earlier studies have attempted to
delineate the influences of external determinants of matura-
tion at these two time-points (i.e., how endocrine factors like
cortisol, or changes in diet at birth and weaning, modify the
intrinsic GIT developmental program [16, 22–26]). From
this information, it is evident that both diet and endocrine

Figure 1. The timing of GIT maturation in three different groups of mammalian species. In humans and other primates, GIT development is slow
and maturation starts early (in fetal life). In most small rodents and carnivorous species, the developmental changes occur relatively quickly and
late (postnatally around weaning). GIT maturation in large domestic animals (pigs, sheep, cattle) is intermediate (i.e., maturation is rapid during
the period from shortly before birth to shortly after weaning). Around weaning (black areas) and birth (dark grey areas), maturation is particularly
rapid, resulting in a weaning cluster and a birth cluster of maturational changes. Birth of viable preterm neonates occurs over a wider range of
gestational ages in humans compared with domestic animals like the pig (light grey areas).
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1. Introduction

Ghrelin can be found in rat stomach and was regarded as
the endogenous ligand specific for growth hormone secretago-
gue receptor (GHS-R), which was then purified and reported to
have stimulating effect on growth hormone (GH) release both in
vivo and in vitro [68]. With the discovery of ghrelin,
many scholars and their teams aimed at this peptide study on
different species like humans, rodents, livestock species, birds
and fish. They indicated that ghrelin was the gut hormone with
direct effects [86], and it was also a multifunctional peptide
including regulation of feeding behavior [8,18,81,108], neu-
roendocrine response to stress and hormone secretion [9], tissue
growth and development [35,76,113,129], increasing GI motility
[5,112], control of cell proliferation [11], energy homeostasis
[70,100], hormone secretion [63,67], and modulation of the
reproductive axis [32,104]. Recently, the ghrelin peptide was
reported that it played an important biological role in
attenuating the development of some diseases in rats
[22,55,58] and was closely related to human diseases
[1,57,72,74,85,110]. In pigs, ghrelin also showed its specific
functions compared with other animals. Thus, relevant
researches on ghrelin structure, distribution, GHS-R receptor,
physiological functions and its regulatory mechanisms in pigs
were reviewed in the paper.

2. Structure and distribution of ghrelin

2.1. Structure of ghrelin

Ghrelin is a peptide of 28 amino acids which has two major
endogenous forms: a des-acylated form (des-acyl ghrelin) and a
form acylated at serine 3 (ghrelin). Acylation is indispensable for
ghrelin to bind GHS-R1a and serine 3 residue is n-octanoylated
with the n-octanoylation at Ser-3 which is essential to stimulate
GH release [68]. Ghrelin is found in mammalian species as well as
nonmammalian species. Moreover, ghrelin structure, particularly
that of the acyl-modification regions, is highly conserved
throughout vertebrate species [25,69]. Porcine ghrelin is derived
from a 118-residue prepro-peptide by post-translational clea-
vage, and it is the 25–52 peptide segment of prepro-ghrelin
(Fig. 1).

2.2. Distribution of ghrelin

Ghrelin was expressed abundantly in stomach, pituitary [68]
and arcuate nucleus in rats [73]. By means of semi-quantitative
RT-PCR, Raghay et al. found that the ghrelin molecule was
expressed in adrenal gland and pheochromocytomas in humans
and rats [89]. Des-octanoylated ghrelin and n-octanoylated
ghrelin were both found in rat stomach [107]. The latest reports
showed that ghrelin producing cells had an abundant expression
in stomachs of cow, sheep, pig and horse, especially in the cardiac
and pyloric region of pig stomach [51], which was also found in
porcine GI tract [117].

Ghrelin mRNA expression was up-regulated 10 days after
weaning in the gastric fundus of piglets [28]. The distribution of
Ghrelin mRNA was discovered in hypothalamus, stomach,
duodenum, jejunum, ileum, liver, kidney, heart and pancreas
of pig aged 90 days and postnatal pig [121]. Following their
initial reports, Yang and his colleagues extracted a 282 bp
ghrelin mRNA fragment by RT-PCR from the tissue of pigs, and
they cloned this ghrelin gene [122]. Due to the wide expression
of ghrelin in human and animal bodies, the ghrelin could be
considered as a multifunctional peptide under many physiolo-
gical conditions.

3. Regulation of ghrelin expression and secretion

3.1. Ghrelin secretion and expression in fed or fasted animals

The previous reports showed that ghrelin mRNA expression
in the gastric fundus increased, but ghrelin peptide content
decreased after a 48 h fast. The plasma ghrelin concentration in
the gastric vein and systemic venous blood increased in 24 h
and 48 h fasted rats. Both values returned to control levels
after refeeding [107]. The plasma ghrelin concentration in
cows decreased significantly at the moment of 1 h after feeding,
and then recovered to pre-feeding levels [51]. Salfen et al.
tested the weaned pigs with feed deprivation, and the evidence
that while the level of ghrelin in serum became higher was
provided, the expression of ghrelin mRNA tended to be lower in
stomachs, pituitary glands, and hypothalami [95] of pigs.
Starvation increased plasma ghrelin level in prepuberal gilts
[44].

3.2. Nutrient and ghrelin secretion

Nutrient contents are much more important factors for the
regulation of ghrelin expression and release. Dietary supple-
mentation with zinc oxide enhanced ghrelin production from
gastric mucosal cells of piglets at the post-transcriptional level
[123]. With oral infusion of tryptophan in weanling pigs, Zhang
et al. revealed that ghrelin mRNA was increased in gastro-
intestinal mucous membrane and ghrelin level was increased in
the plasma [125]. Growing swine infused with a low dose of
morrhuate sodium selectively into the left gastric artery showed
a significant increase in serum ghrelin values, but at a higher
dose, the mean baseline ghrelin values decreased [3]. In 2008,
Arepally et al. took an intimate research and indicated that
catheter-directed gastric artery chemical embolization (GACE)
resulted in suppression of systemic ghrelin levels during the 4
weeks study [4].

3.3. Hormonal regulation of ghrelin expression and secretion

Hormones are important factors of regulating ghrelin
expression and secretion. The ghrelin mRNA level in the rat
stomach increased after the administration of insulin and leptin

Fig. 1. Gene and amino sequences of porcine ghrelin. Porcine ghrelin derives from a
118-residue ghrelin precursor by post-translational cleavage, and is a peptide from
25 to 52 segment of ghrelin precursor. Porcine ghrelin has 28 amino acidswhich can
be acylated at serine 3. Gene and amino sequences of porcine ghrelin are quoted
from GenBank accession (no. AF308930).
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juice. Leptin is then channelled to the duodenal lumen where 
it interacts with the transmembrane leptin receptor expressed 
on the apical membrane of the duodenal enterocyte. Upon 
binding this receptor, leptin is internalized by the duodenal 
enterocyte through its endosomal compartment. In the early 
intracellular stages, leptin gets separated from its receptor and 
continues its way to the trans-Golgi cisternae. In the Golgi 
cisternae, leptin binds a newly synthesized molecule of its 
soluble receptor to form again a new leptin-leptin receptor 
complex. The complex is then packaged in small secretory 
vesicles and discharged on the baso-lateral membrane of the 
enterocyte into the duodenal interstitial space. ! e complex 
di" uses and reaches the circulation crossing the blood capil-
lary endothelial cells.

Both the adipose tissue and gastric leptins reach the hypo-
thalamic targets cells via the blood circulation to act either for 
the long term regulation of energy expenditure (the adipose 
tissue leptin), or for the regulation in the very short term of 
food intake (the gastric leptin).  

Leptin and obesity
Obesity has become a major global health problem. 

Although it may result from defective genes that trigger 
metabolic problems, in its majority, it results from an un-
healthy lifestyle in term of food intake and energy ex-
penditure. Few individuals bear homozygous nonsense 
muta tion of leptin or of the leptin receptor. Such mutations 
induce a lack in leptin-mediated satiety signal in the brain 
leading to hyperplasia and morbid obesity. Such situations 
are encountered in mice with the two mouse models, the ob/
ob mice that lack the leptin and the db/db mice lacking of 
the functional leptin receptor. In the case of leptin de# ciency, 
i.v. injections of leptin may help in reducing food intake, 
increase energy expenditure and eventually in losing body 
weight.  This has been successfully achieved in ob/ob mice 
[42, 43]. In the human, such total lack of leptin is quite rare 
and thus i.v. treatment of obese patients with leptin alone 
does not reach such successful results as in the mutated 
mice. Additional problems with obesity concern the various 
pathologies that are associated. Indeed severe obesity leads 
to the development of numerous other pathologies related 
to diabetes and coronary diseases. Novel approaches and 
additional knowledge on leptin secretion, leptin handling by 
tissues, leptin receptor expression and the most conspicuous 
roles played by the soluble isoform of the leptin receptor 
should contribute significantly to our understanding of the 

Fig. 19. Schematic drawing that illustrates the secretion of leptin by 
the adipocyte and the gastric chief cell. It also illustrates the fact that 
both types of cell secrete the leptin receptor. Both the leptin and the 
leptin receptor are synthesized in the rough endoplasmic reticulum, 
transferred to the Golgi apparatus and packaged into either small 
vesicles (adipocytes) or secretory granules (gastric cells). At the level 
of the trans-cisternae of the Golgi and in the secretory granules leptin 
binds its soluble receptor to form the leptin!leptin receptor complex. 
This complex is discharged by both cell types through an exocytotic 
event. ! e adipose tissue secretes towards the blood circulation while 
the gastric cells secrete in an exocrine fashion into the gastric juice. 
Leptin in the gastric juice is vehiculated to the duodenal lumen. In 
the duodenum leptin interacts with the leptin receptor present on the 
apical membrane of the duodenal enterocytes and is internalized by 
the cells. Within the intestinal epithelial cell, the leptin-leptin receptor 
complex is channelled within the early endosomal compartment and 
both molecules get separated. The leptin is channelled towards the 
trans!Golgi cisternae were it binds a newly synthesized soluble leptin 
receptor. ! is complex is then packaged and discharged on the baso!

lateral membrane to be released into the duodenal basal interstitial 
space to reach the blood circulation across the capillary endothelial 
cells. Thus, both the gastric and the adipose tissue leptins reach the 
blood and circulate as a leptin-leptin receptor complex. It is under 
this complexed form that it reaches the target hypothalamic cells. 
RER, rough endoplasmic reticulum; CNS, central nervous system; N, 
nucleus.
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/)1D+56&/B$5-0$1+DC&B)$,)652&+(B,$(-$3(1+)6B;$!"#$%&%$'()(*"E$J-(,5+$

$$

-"$$./.0,12E$X(5-Y(5-1$OE$R).(+0)$%E$S5-$T5D.5)/6$GXE$V/5-B)-$WE$H5,2DU@)/$KQE$

O5B6)+)U-$ OE$ S5-$ O/DCA6)-$ %$ 5-0$ S5-$ P(--):)-$ O$ =>!4;$ W-6)/(C$ 5-0$ B)/&+&1(C5+$

0(B6/(2D6(&-$ &'$ B)/&6&-(-$ 5-0$ (6B$ 3/)CD/B&/$ 6/U36&3A5-$ (-$ 3)/(-565+$ +&.$ 5-0$ -&/,5+$

.)(1A6$3(1+)6B;$J-(,5+E$"EZ7=FZ77$$

$

R)$S&B$GE$TDU1)+)-$SE$-"$$./.0,1E$V/5-B)-$WE$O5B6)+)U-$OE$S5-$O/DCA6)-$%E$G(CA()+B$

[$ 5-0$ S5-$ P(--):)-$ O$ =>!4;$ J/6('(C(5+$ /)5/(-1$ &'$ 3(1+)6B\$ )'')C6B$ &-$ B,5++$ (-6)B6(-5+$

,&/3A&+&1U$5-0$0(1)B6(&-$C535C(6U;$X(M)B6&C:$%C()-C)$!]7E$!8]F$!Z#;$$

$
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<3->?='1$@$41A$(41$BC11'D'1$<$EF!GH$B?3'0C1$C1$=?'$/4*=3)C1='*=C140$=34>=$41A$80))A$
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$

&'$ ()*$ +%$ <?'$ Q%$ ,-./'0'1$ (%$!"##$%$&' (%$ +C>?C'0*$ R%$ (41$ <3->?='1$ @$ 41A$ (41$

BC11'D'1$ <$ EF!GH$ S-=3C=C)140$ C1='3T'1=C)1*$ =)$ J3'T'1=$ 41A$ 3'43$ 0)KP8C3=?K'C/?=$

JC/0'=*H$R)-3140$)I$L1C740$U?.*C)0)/.$41A$S-=3C=C)1H$A)CN$!FH!!!!VWJ1H!E!GG$

$

&'$ ()*$+%$ <?'$ Q%$ ,-./'0'1$ (*' !"##$%$&' (%$ <4*='0'.1$ <%$ (41$ <3->?='1$ @$ 41A$ (41$

BC11'D'1$ <$ EF!GH$ X1>3'4*'A$ XB2P!$ *'3-7$ 0'T'0*$ 41A$ AC*>)3A41=$ J3)='C1$ 41A$7;SL$

XB2P!$ 3'>'J=)3$ 'YJ3'**C)1$ C1$ =?'$ *7400$ C1='*=C1'$ )I$ I)37-04PI'A$ JC/0'=*H$ QCT'*=)>D$

@>C'1>'$!Z#%$EE#PEE"H$

$

!"##$%$&'(%$<?'$Q%$&'$()*$+%$,-./'0'1$(%$6478-.9'3$:%$<4*='0'.1$<%$(41$<3->?='1$@%$

[?41/$ \$ 41A$ (41$ BC11'D'1$ <$ EF!EH$ U'3C14=40$ /3)K=?$ 3'*=3C>=C)1$ C*$ 1)=$ 3'04='A$ =)$

?C/?'3$ C1='*=C140$ AC*=3C8-=C)1$ 41A$ C1>3'4*'A$ *'3-7$ 0'T'0*$ )I$ ZP?.A3)Y.=3.J=47C1'$ C1$

JC/0'=*H$R)-3140$)I$L1C740$@>C'1>'$OF$]@-JJ0H$#^%$GFZPGFMH$

$

,-./'0'1$ (%$ &'$ ()*$ +%$ !"##$%$&' (%$ 6478-.9'3$ :%$ <4*='0'.1$ <%$ \14J'1$ &%$ (41$

<3->?='1$ @$ 41A$ (41$ BC11'D'1$ <H$ X1>3'4*'A$ C1='*=C140$ 8433C'3$ I-1>=C)1$ C1$ =?'$ *7400$

C1='*=C1'$ )I$ I)37-04PI'A$ 1')14=40$ JC/0'=*H$ R)-3140$ )I$ L1C740$ @>C'1>'$ OF$ ]@-JJ0H$ #^%$

G!ZPG!MH$$

$

!"#$%&'(&%#%)$*$+")#'

'

,-./'0'1$(%$&'$()*$+*'!"##$%$&'(%$<4*='0'.1$<%$(41$<3->?='1$@$41A$(41$BC11'D'1$<H$

X7J4>=$)I$0)K$8C3=?$K'C/?=$)1$/3)K=?$41A$A'T'0)J7'1=$)I$=?'$*7400$C1='*=C1'$C1$JC/*H$

!"#$ %&'("&)'*+&),$ -+&.("(&/($ +&$ 0++#$ 1*2(3'*+&4$ 5567!68759:5!67!687594$

;)2(&*&2(&4$<=($>('=(",)&#3$
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$
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$

,-./&0&1$ '+$ %&$ '()$ *+$ !"##$%$&' (+$ G3CE-.H&5$ I+$ 23)4&0&.1$ 2+$ N13@&1$ %+$ '31$
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$
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!J#K>$J&'()%*+'4$,-.,L10M1,03,4$A;+C9%4$A9BC*+'$
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