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Ghrelin, a nature ligand for the growth hormone secretagogue receptor (GHS-R),
stimulates a release of growth hormone, prolactin and adrenocorticotropic hormone.
Also, ghrelin increases food intake in adult rats and humans and exhibits
gastroprotective effect against experimental ulcers induced by ethanol or stress. The
aim of present study was to examine the influence of ghrelin administration on
gastric and duodenal growth and expression of pepsin and enterokinase in young
mature rats with intact or removed pituitary. Methods: Two week after sham
operation or hypophysectomy, eight week old Wistar male rats were treated with
saline (control) or ghrelin (4, 8 or 16 nmol/kg/dose) i.p. twice a day for 4 days.
Expression of pepsin in the stomach and enterokinase in the duodenum was
evaluated by real-time PCR. Results: In animals with intact pituitary, treatment with
ghrelin increased food intake, body weight gain and serum level of growth hormone
and insulin-like growth factor-1 (IGF-1). These effects were accompanied with
stimulation of gastric and duodenal growth. It was recognized as the significant
increase in gastric and duodenal weight and mucosal DNA synthesis. In both organs,
ghrelin administered at the dose of 8 nmol/kg caused maximal growth-promoting
effect. In contrast to these growth-promoting effects, administration of ghrelin
reduced expression of mRNA for pepsin in the stomach and was without effect on
expression of mRNA for enterokinase in the duodenum. Hypophysectomy alone
lowered serum concentration of growth hormone under the detection limit and
reduced serum level of IGF-1 by 90%. These effects were associated with reduction
in daily food intake, body weight gain and gastroduodenal growth. In
hypophysectomized rats, administration of ghrelin was without significant effect on
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food intake, body weight gain or growth of gastroduodenal mucosa. Also, serum
concentration of growth hormone or IGF-1 was not affected by ghrelin administration
in rats with removed pituitary. Conclusion: Administration of ghrelin stimulates
gastric and duodenal growth in young mature rats with intact pituitary, but inhibits
expression of mRNA for pepsin in the stomach. Growth hormone and insulin-like
growth factor-1 play an essential role in growth-promoting effects of ghrelin in the
stomach and duodenum.

K e y  w o r d s :  gastroduodenal mucosal growth, growth hormone, insulin-like growth factor-
1, pepsinogen, enterokinase

INTRODUCTION

Ghrelin is a circulating growth hormone-releasing peptide primarily isolated
from human and rat stomach. (1, 2). The stomach is a main source of ghrelin, but
this peptide has been also detected in other organs such as the bowel, pancreas,
kidney, pituitary and hypothalamus (1, 3, 4). Ghrelin is a natural ligand for growth
hormone secretagogue receptor (GHS-R) (1). GHS-Rs are predominantly
expressed in the pituitary and hypothalamus; however their presence has also
been shown in other central and peripheral tissues, but at much lower levels (4).
Ghrelin strongly and dose dependently stimulates release of growth hormone
from the anterior pituitary (1), as well as promotes a release of
adrenocorticotropic hormone, corticosterone, and prolactin (5, 6). Ghrelin
stimulates the appetite and fat deposition in rats (7) and humans (8). Plasma
ghrelin concentration is decreased in obese subjects (9, 10) and after food intake
(2, 10), whereas fasting or anorexia nervosa cause an increase in plasma ghrelin
concentration (2, 10). Moreover, fasting plasma level of ghrelin is negatively
correlated with body mass index (10).

Role of ghrelin in stomach physiology is not clear. Some studies with
anesthetized rats have shown that intravenous (11) or intracerebroventricular (12)
administration of ghrelin stimulates gastric acid secretion. Another study with
conscious rats has shown that central administration of ghrelin inhibits gastric
acid secretion (13); whereas a study performed in rats with chronic gastric fistulas
or ligation of pylorus suggests that ghrelin does not affect gastric acid secretion
(14). Other reports indicate that ghrelin stimulates gastric motility (11) and
protects gastric mucosa against ethanol-induced damage (15, 16). Brzozowski et
al. (17) have shown that gastroprotective effect of ghrelin co-exists with an
increase in gastric acid secretion. This last observation is in agreement with
numerous studies which have shown that physiological gastric secretagogues,
such as gastrin (18, 19), cholecystokinin (20), acetylcholine (21) or histamine
(22-24) enhance gastric defense mechanisms against injury caused by various
noxious agents.
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The study performed on fetal and neonatal rats has shown that ghrelin-
immunoreactive cells are present in the stomach starting from the 18th day of
pregnancy and the number of these cells increases in an age-dependent manner
from the neonatal to adult stage (25). Influence of exogenous ghrelin on gastric
and pancreatic growth in young animals is age-dependent. Ghrelin reduces gastric
and pancreatic growth in suckling rats; whereas in peribubertal animals, treatment
with ghrelin increases gastric (26) and pancreatic growth (27). 

The aim of present study was to investigate the influence of ghrelin
administration on gastric and duodenal mucosal growth in young mature eight
week old rats with intact or removed pituitary.

MATERIALS AND METHODS

Animals and treatment

Studies were performed on male eight week old Wistar rats weighing 180-200g. Experimental
protocol was approved by the Committee for Research and Animal Ethics of Jagiellonian
University. Animals were housed in cages with wire mesh bottoms at normal room temperature in
12-h light-dark cycle and supplied with standard laboratory chow and water, available ad libitum.
Two weeks before final experiments with ghrelin, six week old rats were anesthetized with
ketamine (50 mg/kg i.p., Bioketan, Vetoquinol Biowet, Gorzów Wielkopolski, Poland) and sham-
operated or hypophysectomized via the transauricular approach according to a method described
previously (28). After two weeks recovery, rats with intact or removed pituitary were treated for 4
days with saline or ghrelin (4, 8 or 16 nmol/kg/dose) given intraperitoneally twice a day, last
injection took place 1 h before the end of the experiment. Eight animals were used- in each
experimental group. Food intake was recorded once a day. Rat ghrelin was synthesized in Yanaihara
Institute Inc. by a solid phase methodology with Fmoc-strategy using peptide synthesizer (Applied
Biosystem 9030 Pioneer, Foster, CA, USA).

Determination of gastric and duodenal blood flow

At the end of experiment, animals were anesthetized with ketamine (50 mg/kg i.p., Bioketan,
Vetoquinol Biowet, Gorzów Wlkp., Poland) and weighed. Abdominal cavity was opened and
gastric and duodenal blood flow was measured by a laser Doppler flowmeter using PeriFlux 4001
Master monitor (Perimed AB, Järfälla, Sweden), as described previously (29). Data were presented
as percent of control value obtained in rats injected with saline.

Determination of serum concentration of growth hormone and insulin-like
growth factor-1

Immediately after measurement of gastric and duodenal mucosal blood flow, the abdominal
aorta was exposed and blood was taken for determination of serum growth hormone and insulin-
like growth factor-1 concentration. Serum level of growth hormone was determined by
radioimmunoassay, using Rat Growth Hormone RIA Kit (LINCO Research, St. Charles, Missouri,
USA). Serum insulin-like growth factor concentration was measured by radioimmunoassay, using
Mouse/Rat IGF-1 RIA Kit (Diagnostic System Laboratories, Inc., Webster, Texas, USA).
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Determination of gastric and duodenal mucosa weight, mucosal DNA synthesis
and gene expression for pepsinogen and enterokinase

After blood withdrawal, the stomach and duodenum were dissected out of the body, opened and
washed using a solution of 0.9% NaCl. The oxyntic gland area and a 2 cm segment of the upper
duodenum were dissected out and weighed. Gastric and duodenal mucosa was scraped and collected
for determination of DNA synthesis and expression of mRNA for pepsin and enterokinase. The rate
of DNA synthesis in gastric and duodenal mucosa was determined by measurement of [3H]thymidine
incorporation ([6-3H]-thymidine, 20-30 Ci/mmol, Institute for Research, Production and Application
of Radioisotopes, Prague, Czech Republic) into DNA as described previously (30). DNA synthesis
was expressed as [3H]thymidine disintegrations per minute per microgram DNA (dpm/µg DNA).

Expression of mRNA for pepsinogen and enterokinase was determined in RNA isolated from
homogenized mucosa by the guanidine thiocyanate-caesium chloride method (31). The quality of
RNA was confirmed by denaturing gel electrophoresis. The quantitative gene expression analysis was
performed by real-time PCR using GAPDH as the reference gene. For the cDNA synthesis 1 µg of
total RNA was reversely transcribed at 42°C for 50 min. in a total volume of 40 µL reaction buffer
containing 5 × First Strand Buffer, DTT, oligo(dT) (Sigma), deoxy-NTPs (Promega), and 200 units of
SUPERSCRIPT II reverse transcriptase (Invitrogen Life Technologies). The reaction mixture was
heated to 70°C for 15 min and immediately chilled on ice. Subsequently, cDNA was subjected to real-
time PCR in a reaction mixture containing QuantiTect SYBR Green PCR (Qiagen) mix and primers.
The sequences of the primers used in this study: GAPDH sense 5'GCAAGTTCAACGGCACAGT3'
antisense 5'GGTGAAGACGCCAGTAGACTC3'; pepsinogen sense
5'CCCCTCTTCGGAGTCTACCT3' antisense 5'CGCCTCCAAACACAATCTG3'; enterokinase
sense 5'GAGCCCTGGACCACACAA3' antisense 5'CCACCTCCAGTAGATAGTATTG3'. The
primers were designed to include an intervening intron between the sense and antisense primers,
thereby eliminating the possibility of amplifying any genomic DNA, and checked for specificity by
BLAST searches. All real-time PCR reactions were performed on the DNA Engine Opticon II (MJ
Research). The thermal profile included initial denaturation for 15 min. at 95°C, followed by 40
amplification cycles: of denaturation for 30 sec. at 94°C, annealing for 30 sec. at 60°C, and elongation
for 30 sec at 72°C. Following PCR amplification, melting curve analysis was performed with a
temperature profile slope of 1°C/s from 35°C to 95°C. A negative control without cDNA template was
run with every assay to ensure overall specificity. The expression rates were calculated as the
normalized Cτ difference between a control probe and sample with the adjustment for the
amplification efficiency relative to the expression level of the housekeeping gene GAPDH.
Calculation of gene expression data was performed using the program Calculation Matrix for PCR
Efficiency REST-XL (gene.quantification@wzw.turn.de). This program tests the significance of
differences between groups by Pair Wise Fixed Reallocation Randomization Test (32).

Statistical analysis

Results are expressed as mean ± S.E.M. Statistical analysis of data was carried out by one-way
analysis of variance (ANOVA) followed by Tukey's multiple comparison test using GraphPadPrism
(GraphPad Software, San Diego, CA, USA). Differences were considered to be statistically
significant when P was less than 0.05.

RESULTS

In young mature eight week old rats with intact pituitary (control), daily food
intake was 29.9 ± 1.8 g, whereas total body weight gain during 4 days of the study
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was 32.6 ± 1.5 g (Fig. 1). In these rats, treatment with ghrelin for 4 days at all
doses used significantly increased daily food intake and body weight. Maximal
stimulatory effect on food intake and body weight gain was observed after ghrelin
administered at the dose of 8 nmol/kg/dose. In saline treated rats,
hypophysectomy significantly reduced daily food intake and total body weight
gain by 21 and 45%, respectively. Administration of ghrelin was without effect
on appetite or body weight gain in hypophysectomized rats.

In control rats with intact pituitary and treated with saline, weight of the
gastric oxyntic gland area and a 2 cm duodenal segment reached 1115 ± 29 and
336 ± 15 mg, respectively (Fig. 2). Treatment with ghrelin increased weight of
the stomach and duodenum in rats with intact pituitary. In the stomach, this effect
was statistically significant after ghrelin administered at the dose of 4 and 8
nmol/kg, whereas in the duodenum only after the dose of 8 nmol/kg.
Hypophysectomy alone significantly reduced weight of the duodenum and
oxyntic gland area of the stomach. In these rats, treatment with ghrelin did not
significantly affect gastric and duodenal weight.

In control saline-treated rats with intact pituitary, DNA synthesis in gastric
and duodenal mucosa was 50.8 ± 2.4 and 61.5 ± 2.0 dpm/µg DNA, respectively

429

Fig. 1. Effect of ghrelin (G) administration (4, 8 or 16 nmol/kg/dose; twice a day for 4 days) and
hypophysectomy (HP) applied alone or in their combination on daily food intake and total body
weight gain in eight week old rats. Mean ± S.E.M. aP<0.05 compared to control with intact
pituitary; bP<0.05 compared to animals with the intact pituitary and treated with ghrelin at the dose
8 nmol/kg/dose; cP<0.05 compared to animals with the intact pituitary and treated with the same
dose of ghrelin.



(Fig. 3). Treatment with ghrelin caused a significant increase in gastric and
duodenal mucosal DNA synthesis and in both organs maximal value of mucosal
DNA synthesis was observed, when ghrelin was administered at the dose of 8
nmol/kg. Hypophysectomy markedly reduced DNA synthesis in gastric and
duodenal mucosa and this effect was not reversed by administration of ghrelin.

Treatment with ghrelin significantly increased gastric and duodenal mucosal
blood flow in rats with intact pituitary (Fig. 4). Hypophysectomy alone tended to
reduce mucosal blood flow in the stomach and duodenum but this effect was
statistically insignificant. In these rats, administration of ghrelin was without
effect on gastric and duodenal mucosal blood flow.

In the stomach, expression of mRNA for pepsinogen was significantly
reduced by ghrelin administered at the dose of 8 nmol/kg, whereas expression of
mRNA for enterokinase in the duodenum was not affected by treatment with any
dose of ghrelin (Fig. 5).

In rats with intact pituitary, serum concentration of growth hormone and IGF-
1 was 128.5 ± 9.3 and 436.5 ± 21.9 ng/ml (Fig. 6). Administration of ghrelin
significantly increased serum level of growth hormone and IGF-1 in these rats.
Maximal stimulatory effect was observed after ghrelin administered at the dose
of 8 nmol/kg. Hypophysectomy reduced serum level of growth hormone below
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Fig. 2. Effect of ghrelin (G) administration (4, 8 or 16 nmol/kg/dose; twice a day for 4 days) and
hypophysectomy (HP) applied alone or in their combination on the weight of oxyntic gland area in
the stomach and a 2 cm duodenal segment of the duodenum in eight week old rats. Mean ± S.E.M.
aP<0.05 compared to control with intact pituitary; bP<0.05 compared to animals with the intact
pituitary and treated with the same dose of ghrelin.
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Fig. 4. Effect of ghrelin (G) administration (4, 8 or 16 nmol/kg/dose; twice a day for 4 days) and
hypophysectomy (HP) applied alone or in their combination on gastric and duodenal mucosal blood
flow in eight week old rats. Mean ± S.E.M. aP<0.05 compared to control with intact pituitary; bP<0.05
compared to animals with the intact pituitary and treated with ghrelin at the dose 8 nmol/kg/dose;
cP<0.05 compared to animals with the intact pituitary and treated with the same dose of ghrelin.

Fig. 3. Effect of ghrelin (G) administration (4, 8 or 16 nmol/kg/dose; twice a day for 4 days) and
hypophysectomy (HP) applied alone or in their combination on gastric and duodenal mucosal DNA
synthesis in eight week old rats. Mean ± S.E.M. aP<0.05 compared to control with intact pituitary;
bP<0.05 compared to animals with the intact pituitary and treated with ghrelin at the dose 8 nmol/kg/dose;
cP<0.05 compared to animals with the intact pituitary and treated with the same dose of ghrelin.
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Fig. 5. Influence of ghrelin administration at the dose of 4, 8 or 16 nmol/kg/dose on relative gene
expression for pepsinogen in gastric mucosa (A) and enterokinase in duodenal mucosa (B) analyzed
by quantitative real-time PCR. Mean ± S.E.M. aP<0.05 compared with control.

detection limit, whereas serum level of IGF-1 was reduced by 90%.
Administration of ghrelin was without effect on serum concentration of growth
hormone or IGF-1 in hypophysectomized rats. 

DISCUSSION

Previous studies have shown that effect of ghrelin on food intake is age
dependent. In adult rats and humans, administration of ghrelin increases food
intake (7, 8, 33), whereas in young chicks (34) and weaned rats (27) treatment
with ghrelin decreases appetite. Our present study has shown that ghrelin
administered in young mature rats evokes the same food intake-stimulating effect
as in adult rats and humans. This orexigenic effect of ghrelin in mature young rats
seems to be mainly dependent on possibility of ghrelin to stimulate the release of



growth hormone and IGF-1. This thesis is supported by our present observations
that: (a) administration of ghrelin increases growth hormone and IGF-1 release
and this effect is associated with increase in appetite; (b) hypophysectomy
eliminates growth hormone from the circulation and reduced serum level of IGF-
1 by 90%, and this effect is associated with reduction in food intake; (c)
administration of ghrelin is without effect on serum concentration of growth
hormone and IGF-1, as well as does not stimulate food intake in
hypohysectomized mature young rats.

Ingestion of food affects body weight gain and plays the most important role
in the regulation of gastrointestinal mucosa growth (35, 36). Constituents of the
diet in the gastrointestinal tract may directly (37) and indirectly stimulate growth
of the mucosa. Indirect growth-promoting effect of food on gastrointestinal
mucosa involves a variety of evens, such as the release of hormones, stimulation
of nerves, and activation of exocrine secretion, motility and absorption (38). On
the other hand, fasting (36, 39) or total intravenous alimentation (40) produces
atrophy of gastric and intestinal mucosa. These data are in agreement with our
present study and explain, at least in part, the mechanism of growth-promoting

433

Fig. 6. Effect of ghrelin (G) administration (4, 8 or 16 nmol/kg/dose) twice a day for 4 days and
hypophysectomy (HP) applied alone or in their combination on serum concentration of growth
hormone (GH) and insulin-like growth factor-1 (IGF-1) in eight week old rats. Mean ± S.E.M.
aP<0.05 compared to control with intact pituitary; bP<0.05 compared to animals with the intact
pituitary and treated with ghrelin at the dose 8 nmol/kg/dose; cP<0.05 compared to animals with the
intact pituitary and treated with the same dose of ghrelin.



effect of ghrelin on gastroduodenal mucosal in rats with intact pituitary. In these
rats, administration of ghrelin stimulated food intake and this effect was
associated with an increase in body weight gain, gastric and duodenal weight, and
mucosal cell proliferation in the stomach and duodenum. Additionally, our results
bring a direct evidence that growth-promoting effect of ghrelin on gastric and
duodenal mucosa is mediated by growth hormone and IGF-1. Both hormones,
especially IGF-1 exhibit anabolic effects and can directly increase the rate of
protein synthesis in cells of the body (41, 42). In our present study, we have found
that administration of ghrelin stimulates growth hormone and IGF-1 release in
rats with intact pituitary, and this effect is connected with an increase in food
intake and stimulation of growth of mucosa in the stomach and duodenum. On the
other hand, in hypophysectomized rat, treatment with ghrelin was without any
effect on serum level of growth hormone or IGF-1, as well as on gastroduodenal
mucosa growth.

In the present study, administration of ghrelin significantly increased gastric
and duodenal mucosal blood flow in eight week old rats with intact pituitary. In
contrast, treatment with ghrelin was without effect on mucosal blood flow in the
stomach and duodenum in hypohysectomized rats. These differences are most
likely related to the influence of ghrelin on food intake in these two groups of rats.
In rats with intact pituitary, treatment with ghrelin, increases food intake leading
to the stimulation of gastric and duodenal exocrine secretion, motility and
metabolism of the mucosa. The final effect of these changes is gastric and
duodenal hyperemia. Other explanation of hyperemic activity of ghrelin in rats
with intact pituitary may be effect of ghrelin on the release of IGF-1. Previous in
vivo and in vitro studies have shown that IGF-1 causes vascular relaxation and
increases organ blood flow (43, 44). In hypophysectomized rats, treatment with
ghrelin was without effect on food intake and serum level of IGF-1, and for this
reason administration of ghrelin did not affect gastric and duodenal mucosal
blood flow.

Another important finding of our present study is the observation that
administration of ghrelin inhibits gene expression for pepsinogen in gastric
mucosa. Previous studies have shown ghrelin protects gastric mucosa against
damage evoked by ethanol or stress (15-17). Reduction in pepsinogen production
may, at least in part, explain the gastroprotective effect of ghrelin on gastric
mucosa.

In contrast to pepsinogen, gene expression of enterokinase in duodenal
mucosa was not affected by ghrelin administration. Enterokinase activates
inactive pancreatic trypsinogen to active proteolytic enzyme, trypsin, and
subsequently trypsin activates other pancreatic protelytic enzymes, as well as
changes procolipase to colipase. Our observation indicates that ghrelin
administration does not affect activation of pancreatic proteolytic enzymes in the
duodenum.
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Finally, our present study demonstrates that: (1) treatment with ghrelin
stimulates food intake, body weight gain and gastroduodenal growth in young
mature eight week old rats with intact pituitary; (2) in these rats, administration
of ghrelin inhibits expression of mRNA for pepsin in the stomach, but does not
affect gene expression for enterokinase in the duodenum; (3) growth-promoting
effect of ghrelin on gastric and duodenal growth seems to be mainly dependent
on the release of growth hormone and IGF-1.
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