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Ghrelin tissue distribution: Comparison between gene

and protein expression
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ABSTRACT. Ghrelin, the natural ligand of the
GH secretagogue (GHS) receptor, was origi-
nally isolated from the stomach and detected
in several tissues, but a systematic study of its
tissue distribution has not been performed. In
the present investigation, we evaluated ghre-
lin gene expression (by RT-PCR technique) and
ghrelin protein concentration (by enzyme im-
munoassay technique) in tissues obtained from
control rats as well as in rats subjected to 48-h
fasting. The ghrelin gene was expressed in stom-
ach, small intestine, brain, cerebellum, pituitary,
heart, pancreas, salivary gland, adrenal, ovary
and testis, with maximum expression occurring
in the stomach, while no significant expression
was detected by standard RT-PCR in liver, lung,
kidney and skeletal muscle. Ghrelin protein was

INTRODUCTION

Ghrelin is the endogenous ligand for the GH secreta-
gogue (GHS) receptor, first identified from rat stom-
ach by Kojima et al. (1) as a 28-amino acid endocrine
peptide, n-octanoyled in serine 3 residue.

Ghrelin is secreted into the bloodstream mostly by
stomach fundus (2) and in small amounts by placen-
ta, kidney, pituitary and hypothalamus (3-5).

To date, ghrelin has been said to stimulate GH se-
cretion, feeding and adiposity (6), and to regulate
energy homeostasis (7). Non-endocrine actions
have also been reported (8, 9). Several findings
indicate that ghrelin is an important stomach hor-
mone, which is sensitive to nutritional intake and
may connect enteric nutrition with secretion of GH,
insulin and gastrin (10).

In humans, ghrelin plasma levels increase before
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detected in stomach, small intestine, brain,
cerebellum, pituitary, lung, skeletal muscle pan-
creas, salivary gland, adrenal, ovary and testis, at
concentrations ranging from 0.05 to 1.43 ng/mg
of homogenate protein (the highest concentra-
tion occurred in the lung, followed by the brain).
Ghrelin was not detectable in the heart, liver
and kidney. Therefore, gene and protein expres-
sion were dissociated. Fasting did not produce
significant changes in ghrelin gene expression,
while the distribution of ghrelin between differ-
ent tissues was significantly modified: protein
concentration increased in the brain, cerebel-
lum, lung and salivary gland, while it decreased
in the stomach.

(J. Endocrinol. Invest. 29: 115-121, 2006)
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and decrease after every meal, indicating that gh-
relin could play a physiological role in meal initia-
tion and hunger (11, 12).

In rodents, ghrelin plasma concentration increases
with prolonged fasting, and its blood levels are
reduced by re-feeding or infusion of nutrients (13),
while intracerebroventricular ghrelin administra-
tion increases food intake and body weight (14).
In anorexia nervosa, hyperghrelinemia has been
detected, indicating that ghrelin is related to food
intake in disease-associated malnutrition (15). Gh-
relin has recently also been found to play a role in
determining the type of metabolic substrate (16,
17), and circulating ghrelin levels are influenced by
the ratio of fat, protein and carbohydrate content
in the ingested diet (10, 18).

Highly sensitive techniques such as real-time
PCR suggest that in humans the ghrelin gene is
expressed in most tissues (19) but the functional
relevance of such findings is unclear, and the cor-
relation between gene and protein expression
has not been extensively studied. In the present
investigation, we decided to carry out a compari-
son between ghrelin gene expression and ghrelin
protein concentration in several rat tissues, under
control conditions and after 48-h fasting.
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MATERIALS AND METHODS
Experimental protocol

Wistar rats of both sexes (275-300 g body weight) were used
(no.=16). Control rats (no.=8) were fed ad libitum with standard
chow and free access to water. Some rats (no.=8) were subjected
to fasting, obtained by food deprivation for 48 h with free access
to water. All rats were anesthetized with a mixture of ether and
air and sacrificed by decapitation. Tissue samples were quickly
excised, washed with ice-cold saline, immediately frozen in liquid
nitrogen and stored at -80 C until use.

Plasma and tissue concentration

Blood samples were collected and allowed to clot at 4 C, then
centrifuged at 1000xg for 10 min to collect plasma. Tissue sam-
ples were obtained from brain, cerebellum, pituitary, heart, hind
leg muscle, lung, stomach, small intestine (jejunum), liver, pan-
creas, salivary gland (submaxillary gland), kidney, adrenal, ovary
and testis. The samples were homogenized in five volumes of
buffer containing 0.9% NaCl, 50 mM Tris-HCI, 12 pM leupeptin,
100 pM PMSF, 10 pM peptin, using a Potter-Elvejheim homog-
enizer set at 800 rpm and cooled in ice. The homogenate was
filtered on cheesecloth and stored at -80 C until use. Plasma and
tissue ghrelin levels were measured using a ghrelin enzyme im-
munoassay (EIA) kit (Phoenix Pharmaceuticals Inc., Belmont, CA,
USA). This assay evaluates total (ie acylated and desacyl) ghrelin.
The minimum detectable concentration was 0.1 ng/ml. Results
were normalized for protein concentration, which was assessed
by the Lowry method.

Gene expression

Ghrelin gene expression was determined by RT-PCR. Total RNA
was extracted from rat brain, cerebellum, pituitary, heart, hind
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leg muscle, lung, stomach, small intestine (jejunum), liver, pan-
creas, salivary gland (submaxillary gland), kidney, adrenal, ovary,
and testis using TRIzol Reagent (Invitrogen Life Technologies,
Paisley, UK) and quantified spectrophotometrically. DNAsel
(Sigma-Aldrich, St.Louis, MO, USA)-treated RNA was used as
template in a one-step RT-PCR (SuperScript One-Step RT-PCR
with Platinum Taq kit, Invitrogen Life Technologies, Paisley, UK).
Primers based on rat ghrelin cDNA sequences were used to de-
tect respective mRNAs.

Rat glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
cDNA was used as an internal standard. The forward primers for
ghrelin and GAPDH were 5'-TAAACTGCAGCCACGAGCTCT-3',
and 5-TGGCTTATGGCGACCCCTCTTT-3', respectively. The
reverse primers were 5-TTGAACCTGATTTCCAGCTCCT-3', and
5'-CCGCAATGGCCAAGAACACAT-3', respectively. The lengths
of amplified fragments were 93, and 135 bp, respectively. Each
reverse primer was labeled at 5’ terminal with 5-carboxyfluores-
cein (FAM) fluorochrome so that RT-PCR products could be de-
tected on ABI 310 Genetic Analyzer (Applied Biosystems, Foster
City, CA, USA) and measured by Gene Scan fragment analysis
software. The identity of the amplified fragments was confirmed
by sequencing, and they corresponded to the coding region of
each gene. Ghrelin signals were normalized on the basis of the
GAPDH signal.

Ghrelin and GAPDH RT-PCR were performed according to the kit
protocol. Primer concentrations were 0.2 pM for ghrelin and 0.4
pM for GADPH; 50 pg of total RNA was used as template. One-
step RT-PCR was carried out with the following cycle profile: 30
min at 50 C (cDNA synthesis), 2 min at 94 C (cDNA denaturation),
26 cycles of denaturation at 94 C for 15 sec and annealing-exten-
sion at 68 C for 1 min (amplification), followed by 5 min at 68 C of
final extension. These conditions were chosen on the basis of the
results of preliminary experiments, in which increasing amounts of
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Fig. 1- Representative results of RT-PCR as-
says. Ghrelin and glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) mRNAs
were amplified by RT-PCR. The amplified
fragments were separated by capillary
electrophoresis and detected fluorimetri-
cally in an ABI 310 GeneticAnalyzer. The
area underlying each peak was calculated
through Gene Scan fragment analysis soft-
ware. Representative fluorometric tracings
obtained from brain, cerebellum, heart and
stomach tissues are shown. RFU: relative
fluorescence units.



RNA were subjected to different numbers of cycles (22 to 30) to
establish the linear range of amplification.

Statistical analysis

Results are expressed as means=SEM. Comparison between
groups was performed by one-way or two-way analysis of variance
(ANOVA), as appropriate. The threshold of statistical significance
was taken as p<0.05. GraphPad Prism version 4.01 for Windows
(GraphPad Sofware, San Diego, CA) was used for data processing
and statistical analysis.

RESULTS
Ghrelin mRNA tissue distribution

Representative fluorometric tracings showing ghrelin
mRNA amplification by RT-PCR are reported in Figure
1. Significant gene expression was observed in most
tissues, although ghrelin mRNA was undetectable in
skeletal muscle, lung, liver and kidney. Pilot experi-
ments showed that a high number of amplification
cycles (in excess of 30) allowed occasional detection of
the ghrelin gene also in these tissues, which were how-
ever excluded from the following statistical analysis.
The level of gene expression, as evaluated by compari-
son with GAPDH gene expression, showed remarkable
inter-tissue variability (p=0.0015 by one-way ANOVA).
Maximum expression occurred in the stomach, fol-
lowed by the intestine, while in the other tissues gene
expression was about one order of magnitude higher
than in the stomach. Interestingly, ghrelin mRNA levels
were slightly higher in the heart than in the brain or
cerebellum (Fig. 2).
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Fig. 2 - Ghrelin gene expression. Ghrelin mRNA was measured
by RT-PCR and normalized to glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) mRNA. Only tissues in which significant
gene expression was detected are shown here. Bars represent
mean=SEM of 4 tissue samples in each group, except for ovary
and testis, in which no.=2 (SEMs which are very low may not be
clearly visible). Analysis of variance (ANOVA) yielded p=0.0015
for differences among groups.
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Fig. 3 - Ghrelin protein concentration. Ghrelin concentration was
measured in tissue homogenate by enzyme immunoassay (EIA)
and expressed as ng/mg of total homogenate protein. Only
tissues in which ghrelin concentration exceeded the sensitivity
limit of the assay are shown here. Bars represent mean+SEM of
4 tissue samples in each group, except for ovary and testis, in
which no.=2 (SEMs which are very low may not be clearly visible).
Analysis of variance (ANOVA) yielded p=0.0006 for differences
among groups.

Ghrelin protein tissue distribution

The assays performed by EIA technique showed that
ghrelin was detectable in many tissues, although its
concentration was below the sensitivity of the assay
in the heart, liver and kidney. If ghrelin concentration
was normalized to tissue protein, significant inter-tis-
sue variability was observed (Fig. 3), and the highest
levels were measured in the lung, followed by the
brain (p=0.0006 by one-way ANOVA).

The average concentration of ghrelin in the above-
mentioned tissues ranged from 1.43 ng/mg in the
lung to 0.05 ng/mg in the pancreas. Stomach con-
centration averaged 0.14 ng/mg. Assuming tissue
protein concentration in the range of 100-200 mg/g
of wet weight (20), our findings imply tissue concen-
tration in the range of 5-280 ng/g of wet weight,
corresponding to 1.5-85 pmol/g of wet weight. By
comparison, in control animal plasma ghrelin con-
centration averaged 1.2+0.2 pmol/ml.

Effect of fasting

Fasting is known to be associated with increased
plasma ghrelin concentration (10, 11) and it is be-
lieved to be the major physiological stimulus to gh-
relin synthesis and secretion (15, 21, 22). Therefore,
it seemed interesting to evaluate the effects of fast-
ing on tissue ghrelin distribution.

Results of RT-PCR and EIA assays performed in
rats subjected to 48 h-fasting are shown in Figures
4 and 5. While no major change was observed
with regard to ghrelin mRNA expression, ghrelin
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protein concentration was significantly modified
in fasted rats (two-way ANOVA yielded p=0.04 for
the effect of fasting). In general, protein concen-
tration was increased in most tissues (particularly
lung, brain, cerebellum, and salivary gland), while
it was decreased in the stomach. As expected,
plasma ghrelin concentration was also increased
after fasting (4.9+1.1 vs 1.2+0.2 pmol/ml)

DISCUSSION

Ghrelin is an n-octanoylated 28-amino acid peptide,
which has been isolated from gastric tissue and
identified as the endogenous ligand for the GHS
receptor (1). Its chief effects are stimulation of both
GH secretion and feeding (23). In humans, ghrelin
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Fig. 4 - Effect of fasting on ghrelin gene
expression. Ghrelin mRNA was measured
by RT-PCR and normalized to glyceral-
dehyde 3-phosphate dehydrogenase
(GAPDH) mRNA in control rats and in rats
subjected to 48-h fasting. Bars represent
mean=SEM of 4 tissue samples in each
group, except for ovary and testis, in
which no.=2 (SEMs which are very low
may not be clearly visible). Two-way
analysis of variance (ANOVA) yielded
p=0.0006 for the effect of tissue and p=ns
for the effect of fasting.
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administration consistently produces hunger and
increases food intake (24). So ghrelin is regarded as
a gastric hormone which acts predominantly on the
pituitary and central nervous system (particularly on
the hypothalamus), although additional effects have
been observed in peripheral tissues, such as the heart
and blood vessels, which have been attributed to the
presence of peripheral GHS receptors (25, 26)
Extra-gastric ghrelin production has been observed,
particularly in the placenta, kidney, pituitary and hy-
pothalamus (3-5). Therefore, we decided to investi-
gate and compare the expression of ghrelin gene and
the presence of ghrelin protein in different tissues.
Since fasting is the major physiological stimulus to
ghrelin secretion, experiments were performed both
in control rats and in rats subjected to 48-h fasting.
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Fig. 5 - Effect of fasting on ghrelin protein
concentration. Ghrelin concentration was
measured by enzyme immunoassay (EIA)
in tissue homogenate obtained from
control rats and rats subjected to 48-h
fasting and it is expressed as ng/mg of
total homogenate protein. Bars repre-
sent mean*SEM of 4 tissue samples in
each group, except for ovary and testis,
in which no.=2 (SEMs which are very
low may not be clearly visible). Two-way
analysis of variance (ANOVA) yielded
p=0.0001 for the effect of tissue and
p=0.04 for the effect of fasting.
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We observed that ghrelin mRNA was detectable
by standard RT-PCR in most of the tissues which we
examined, with the exception of skeletal muscle,
lung, liver and kidney. However, by increasing the
number of amplification cycles, some signal could
also be obtained in these tissues. Therefore, our re-
sults are consistent with a widespread expression of
the ghrelin gene, as already suggested by previous
reports (5, 7, 9, 19, 27-30). The results obtained in
the cerebellum, heart and salivary gland are particu-
larly interesting, since ghrelin mRNA had not been
detected in these tissues.

EIA assays also showed that ghrelin was present in
most tissues. Negative results were obtained only in
the heart, liver and kidney, although we cannot ex-
clude that ghrelin may be present at very low concen-
trations which lie below the sensitivity limit of our as-
say, but might still produce some biological effects.
Some of our findings are consistent with previous
reports. Ghrelin peptide has been detected in several
extra-gastric tissues, including the small intestine, pi-
tuitary, hypothalamus, pancreas, ovary, testis (27-30),
as well as in fetal human lung (31), and in rhesus mon-
key muscle (32). On the other hand, the presence of
ghrelin in the cerebellum, adrenal and salivary gland
represents to our knowledge a novel finding.

Other results are at variance with previous reports.
In particular, we could not detect ghrelin in rat kid-
ney homogenate, while ghrelin has been identified
by radioimmunoassay (RIA) in mouse kidney by
Mori et al. (4), although at low concentration. In
addition, a much higher ratio of gastric to cerebral
ghrelin concentration has been reported in mouse
(33). Differences in species (eg mouse vs rat), sam-
ple processing, homogenization technique and
assay procedure might account for these discrep-
ancies. The lack of consensus about the “physi-
ological” range of plasma ghrelin is a well-known
issue that emphasizes the difficulty in identifying a
"“gold standard” for ghrelin assay.

In any case, a remarkable and unexpected finding
is that protein expression appeared to be disso-
ciated from gene expression. Ghrelin could be
detected by EIA in tissues where ghrelin mRNA
was undetectable by standard RT-PCR, such as
the lung and skeletal muscle. On the other hand,
ghrelin concentration was below the sensitivity of
our assay in the heart, in spite of significant gene
expression. Notably, in the stomach gene expres-
sion was maximum, while protein concentration
was remarkably lower than in the lung.

These observations suggest that different tissues
may show significant differences in the rate of ghre-
lin mRNA translation, or in post-translational events.
The latter may be represented by ghrelin hydrolysis,
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secretion and storage. In particular, it might be spec-
ulated that tissue ghrelin concentration is largely de-
pendent on the presence of specific binding sites,
which ghrelin may reach from the bloodstream even
if it is not produced in situ.

GHS receptor represents an obvious binding site for
ghrelin, but GHS receptor density appears to be too
low to account for tissue ghrelin concentration. For
instance, in hypothalamic membranes, GHS receptor
concentration has been reported to be in the order
of 50 fmol/mg of protein (27), while according to our
results in unfractionated brain homogenate ghrelin
concentration is in the order of 0.7 ng/mg of protein,
corresponding to about 200 fmol/mg of protein. The
existence of different binding or storage sites is also
suggested by the absence of detectable ghrelin in
the heart, where GHS receptor density is higher than
observed in most other peripheral tissues (34, 35).
Assuming tissue protein concentration in the or-
der of 100-200 mg/g of wet weight, tissue ghrelin
concentration was estimated in the range of 1.5-85
pmol/g of wet weight. This value appears to be sub-
stantially higher than plasma ghrelin concentration,
which averaged about 1 pmol/ml, in good agree-
ment with previous reports (33, 36). The existence
of a tissue-plasma gradient further suggests that
ghrelin-containing tissues can either produce or ac-
cumulate ghrelin.

Alimit of our investigation is that we could not iden-
tify the specific cellular or subcellular localization of
ghrelin, since whole tissue homogenate was used.
Immunohistochemistry might provide the means for
direct evaluation of this issue.

Fasting is the best known stimulus able to increase
plasma ghrelin concentration (11, 37), as confirmed
in our study. We observed that 48 h of fasting were
associated with decreased ghrelin concentration in
the stomach and increased ghrelin concentration in
the lung, brain, cerebellum and salivary gland, while
gene expression was not significantly modified. De-
creased ghrelin levels have already been observed
in the stomach of fasting animals, which has been
interpreted as evidence that fasting mobilizes gastric
ghrelin (37). Our findings are in agreement with this
hypothesis. We also suggest that fasting favors ghre-
lin binding to or storage in extra-gastric tissues.

The functional implications of our findings remain to be
determined. Ghrelin accumulation in brain and salivary
glands might play a role in hunger and in other behav-
ioral responses to fasting. The high ghrelin concentra-
tion found in the lung, and its increase after fasting, are
more difficult to interpret. Since pulmonary capillaries
drain all blood coming from the splanchnic circulation,
it might be hypothesized that this is a temporary stor-
age site, or a sort of buffer in ghrelin redistribution.
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The lack of ghrelin gene overexpression after fasting
is surprising, and it is at variance with the findings
reported by Toshinai et al. (37). It is possible that in
our experimental model, 48 h of fasting may not
be sufficient to allow detection of changes in gene
expression. Investigations involving longer fasting
times are needed to clarify this issue.

In conclusion, ghrelin is a peptide hormone synthe-
sized and secreted mainly by the stomach but also
expressed in other tissues. Significant dissociation
between gene expression and protein expression
has been observed in control and fasting conditions,
suggesting that ghrelin metabolism and distribution
are a complex and still unresolved issue.
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