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Abstract
Ghrelin is the natural endogenous ligand for growth hormone secretagogue receptors. This peptide regulates energy

homeostasis and expenditure and is a potential link between gut absorptive function and growth. We hypothesized that

ghrelin may induce a proliferative and antiapoptotic action promoting the recovery of the hypotrophic gut mucosa.

Therefore, the aim of the study was to determine the action of exogenous ghrelin following gut mucosal hypotrophia in

rats fed an elemental diet. An elemental diet provides readily absorbable simple nutrients and is usually given to patients

with absorptive dysfunction. Male Wistar rats (n ¼ 48) were fed the elemental diet for one week to induce mucosal

hypotrophy and then treated for another week with systemic ghrelin and pair-fed with either a normoproteic or

hyperproteic isocaloric liquid diet. Another group received a standard diet instead of the elemental diet and served as

control (normotrophy). The elemental diet induced intestinal hypotrophia characterized by decreased proliferation in the

ileum and increased apoptosis in jejunum and ileum. Ghrelin administration restored normal levels of proliferation in the

ileum and apoptosis in the jejunum, with partial apoptosis restoration in the ileum. Ghrelin levels in plasma and fundus

were increased in all groups, although the highest levels were found in rats treated with exogenous ghrelin. Ghrelin

administration has a positive effect in the hypotrophic gut, regulating both proliferation and apoptosis towards a

physiological balance counteracting the negative changes induced by an elemental diet in the intestines.
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Introduction

The current knowledge of intestinal physiology strongly
supports a key role for endogenous peptides and nutrition
in promoting an adequate trophic status in intestinal
mucosa to help maintain its absorptive and barrier func-
tions.1 Situations such as prolonged starvation or chronic
fasting, total parenteral nutrition, elemental diet nutrition
or intestinal injury like that produced by radiotherapy2 – 5

may lead to hypotrophy of the gut mucosa. An elemental
diet, a therapeutic diet containing simple readily absorbable
nutrients, is usually given to patients with Crohn’s disease
to facilitate nutrient absorption by the inflamed intestinal
mucosal.6,7

These factors, peptides and nutrition, have been con-
sidered therapeutic tools in gut diseases and some of

them, especially those, like growth hormone (GH), that
have a trophic action on the intestinal mucosa, have been
identified for their potential clinical use.8 Similarly, selected
nutrients and high-quality protein or amino acids, like glu-
tamine, may be given to enrich the diet and promote
mucosal growth in diseased intestines.

Ghrelin, a 28-amino acid peptide, is the natural endogen-
ous ligand for GH secretagogue receptors (GHS) originally
isolated from rat and human stomach,9 and subsequently
identified in various tissues, including the small bowel.10

It is generally assumed that the GHS receptor subtype 1a
(GHS-R1a), a G-protein-coupled receptor localized predo-
minantly in the pituitary gland and hypothalamus,11,12

mediates ghrelin actions. Acylated ghrelin, through ghrelin
O-acyltransferase,13 is the biologically active form, since
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unacylated ghrelin is unable to bind to GHS-R1a.13,14

Ghrelin was initially identified as a potent circulating orexi-
gen involved in the control of GH secretion, energy expen-
diture and adiposity.9,15,16 Caloric intake and a chronically
positive energy balance suppress ghrelin expression and
secretion, whereas weight loss and restriction of caloric
intake increase ghrelin expression and secretion.15,17,18

Ghrelin is mainly secreted in the stomach,19 and also in
the intestines,10 suggesting a link between nutrition and
growth. Ghrelin may have a pleiotropic action since it pro-
motes a direct proliferative action,20,21 which might be
favored with a high protein content diet.22

Diseases of the intestines, including inflammatory pro-
cesses, can modify ghrelin levels.23,24 Ghrelin secretion
can be nutritionally manipulated,25,26 and protein-enriched
diets may increase its levels,27 suggesting a relation
between this peptide and the trophic action of a high-
protein diet.2 Since increased levels of ghrelin may be asso-
ciated with improved gut mucosa following hypotrophy,2

we hypothesized that exogenous administration of ghrelin
might be beneficial to recovery from hypotrophy in the rat
intestine.

Methods

Animals

Adult Wistar rats (n ¼ 48; Janvier; le Genest, Saint-Isle,
France) aged 12 weeks and weighing 237+ 12 g were
used in this study. The animals were allowed one week of
acclimatization and placed in individual wire floor cages
in a standard environment at 228C, 50% humidity and
12 h light/dark cycle (European Directive 609/86).

Study design

To determine the effects of exogenous ghrelin in hypo-
trophic intestines, rats were fed an elemental diet (hypotro-
phy, n ¼ 40) for one week and then treated with ghrelin and
fed with either a normoproteic or a hyperproteic diet for
another week. One further group was fed a standard
rodent chow for one week and served as a normotrophy
control group (n ¼ 8).

Intestinal hypotrophy (first week)

Before ghrelin administration, animals were randomly fed
for one week ad libitum with an isocaloric liquid elemental
diet giving a daily amount of 100 mL/rat (1 kcal/mL) as
described previously.2 An elemental diet means that the
food is given in the simplest formulation as follows:
protein as essential and non-essential amino acids; carbo-
hydrate as sugar and dried glucose syrup; fat as fatty
acids (canola, coconut and safflower oil); and vitamins, min-
erals and trace elements.28 The elemental diet is a nutrition-
ally complete liquid diet prepared daily from powder
(Elemental 028, SHS) and served to produce intestinal
hypotrophy. Animals had free access to water and were
not pair-fed. The total amount of food eaten was not
determined. Control normotrophic rats were fed for one

week ad libitum with a rodent chow (B&K Universal,
Barcelona, Spain).

Ghrelin treatment and dietary regimen (second week)

Ghrelin (ghrelin trifluoroacetate lyophilized salt, Cod.
G8903; Sigma-Aldrich, St Louis, MO, USA), at a dose
(40 mg/kg, intraperitoneally) that has been shown to
provide gastroprotection in the rat,29 or an equal amount
of saline were co-administered daily with dietary treatment
during 1 week, between 9:00 and 10:00 h. Rats were pair-fed
during the second week (305 kcal/kg/d) and received either
a standard liquid diet (normoproteic and normocaloric,
1 kcal/mL: Osmolitew HN Plus; Abbott Laboratories
SA, Madrid, Spain) or a high-protein liquid diet (hyperpro-
teic and normocaloric, 1 kcal/mL: Promotew HN Plus;
Abbott Laboratories SA). Isocaloric diets were given
daily for six days at 9:00 h so as to avoid potential
circadian changes in hormonal levels. On the seventh day
of ghrelin treatment, animals were sacrificed to collect
samples.

Groups

According to the variables employed (ghrelin and dietary
treatments), rats were randomly allocated to four groups
(n ¼ 8/group). Additionally, a further group of animals
(n ¼ 8), given an elemental diet for one week and then sacri-
ficed, served as an intestinal hypotrophy control, and one
final group of animals (n ¼ 8) fed a standard diet for one
week followed by the standard liquid diet for one further
week served as a normotrophy control.

Extraction of tissue and plasma samples

Animals were anesthetized with isoflurane (Foranew;
Abbott Laboratories SA) for laparotomy. Blood (4 mL) was
collected from the abdominal aorta into chilled polypropy-
lene tubes containing disodium ethylenediaminetetraacetic
acid (1 mg/mL blood) and aprotinin (500 units/mL blood;
Bayer, Leverkusen, Germany) and then centrifuged 15 min
at 3000 rpm, and plasma was stored at 2808C. Tissue
samples from the gastric fundus were also stored at
280ºC. The tissue was homogenized for the determination
of ghrelin levels by radioimmunoassay (RIA). Protein
concentration was determined as the reference standard
(bicinchoninic acid assay, BCA Protein Assay Kit,
Ref. 23227; Pierce, Rockford, IL, USA).

Intestinal morphometry

Since distal bowel is more sensitive to elemental
diet-induced hypotrophy,2 we selected jejunum and ileum
to study their morphometric parameters. A 1-cm section
of the intestine ( jejunum and ileum) was fixed in a 10% buf-
fered formaldehyde solution at 4ºC for 24 h. All samples
were sectioned (5 mm) and reoriented by successive slices
in the search for the sample with the longest villi. Sections
were stained with Harris’ hematoxylin and eosin. The
lengths of the 10 longest villi in each sample and their
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corresponding crypts were determined. The samples were
studied in an image analysis system (Image ProPlus;
Media Cybernetics Inc, Silver Spring, MD, USA).

Proliferation and apoptosis analyses

Proliferation was studied with a specific antiproliferation
antigen antibody (NCL-Ki67-MM1; Novo Castra
Laboratories, Newcastle, UK). Counts were carried out in
20 full-length crypts per section. Proliferating nuclei were
immunohistochemically stained dark brown by the Ki-67
antigen, whereas non-proliferating nuclei were stained
blue. The area covered by both types of nuclei in a full-
length section of crypt was determined by means of a com-
puterized system (CAS-200 Image Analyzer) in order to
obtain their ratio.

Apoptotic cells were detected using the TUNEL assay
(TdT-mediated biotin-dUTP nick end labeling; TdT-FragEL
DNA Fragmentation Detection Kit, Oncogene Research
Products; Calbiochem, San Diego, CA, USA). Visualization
was accomplished using diaminobenzidine. Apoptotic
nuclei were counted by means of direct visualization
and an apoptotic index (percentage of apoptotic
TUNEL-positive cells) was determined in 20 full-length
crypts from each sample. Non-apoptotic nuclei were
stained with methyl green.

Hormone determinations

Plasma aliquots were prepared to measure active ghrelin
with the RIA kit (Linco Research, St Charles, MO, USA).
Optimal sample dilution was determined and then
samples were assayed in triplicate. The test was repeated
when the interassay coefficient of variation (CV) was
.10%. The minimum detectable amount of ghrelin was
10 pg/tube, with 13% inter- and 7% intra-assay CV,
respectively.

Since the pulsatile changes in GH serum peptide levels
could not be detected with this experimental design, we
used insulin-like growth factor (IGF)-1 to screen ghrelin-
dependent GH plasma levels. Total serum IGF-1 was
measured by RIA after acid ethanol extraction with a com-
mercial kit (Diagnostic Systems Laboratories, Webster, TX,
USA). Interassay CV was 5.5% and the intra-assay CV
was 3%. The sensitivity of this assay is 0.8 mg/mL.

Statistics

Statistical analysis of data was performed with a commercial
computer program (Statview 4.5; Abacus Concepts, Berkeley,
CA, USA). The one-sample Kolmogorov–Smirnov test was
applied to the data to determine the normality of the distri-
bution of the data to be used in the parametric test.
One-way analysis of variance and the post hoc Fisher
least-squares difference test were used to compare the diet
groups and a P value ,0.05 was considered to indicate
statistically significant differences.

Results

Animals fed the elemental diet during one week before
ghrelin treatment had a reduced body weight (226+7 g)
compared with rats fed a standard diet (326+5 g; P ,

0.05). One week later, rats given a normoproteic or
hyperproteic diet similarly increased their body weight
(280+6 g and 280+6 g, respectively; P versus hypotrophic
rats fed the elemental diet ,0.05). Ghrelin administr-
ation further increased body weight (294+5 g and 292+
6 g in rats fed a normoproteic and hyperproteic diet, respect-
ively; P versus same groups not treated with ghrelin ,0.05).

The administration of an elemental diet reduced the
mucosal length (villous and crypt, P , 0.001). When rats
were fed for another week with a liquid diet containing a
normal amount of protein, morphometric figures were signifi-
cantly increased in the jejunum (villi), but decreased in the
ileum (P , 0.05). When a high-protein diet was given after
the elemental diet, villous and crypt lengths were improved
or not modified, i.e. no decrease was detected, in either of
the two intestinal segments analyzed (Figures 1 and 2).

The effect of ghrelin was variable and, whereas intestinal
parameters appeared to be slightly, although non-significantly,
improved in the proximal intestine, mucosal thickness was
increased in the ileum of ghrelin-treated rats that were fed a
normoproteic diet (P , 0.05; Figure 1). However, the largest
increase in villous and crypt lengths was observed when
ghrelin treatment was associated with a hyperproteic diet
and in the ileal segment (P , 0.05), suggesting both a selective
effect in the distal intestine as well as an additive or synergistic
action on mucosal growth. This selective action of ghrelin in the
ileum was associated with a significant increase in proliferation
(P , 0.001), i.e. the proliferative index in the ileum following an
elemental diet was two to three times lower than that found in
the jejunum and ghrelin administration fully corrected this
reduction (Figure 3).

The elemental diet induced a marked increase in apopto-
sis compared with the normotrophic intestine of rats fed a
standard diet. However, one week later differences were
found depending on the intestinal segment and the admin-
istration of exogenous ghrelin. This peptide reduced the
five-fold increase in apoptotic levels observed in elemental
diet-induced jejunal hypotrophic rats to baseline values or
below (P , 0.001). In the ileum, apoptosis levels were
lower than those observed in the jejunum and the largest
reduction was observed in the intestine of rats fed the high-
protein diet. Ghrelin did not provide any further reduction
in apoptotic levels in the ileum.

Ghrelin levels in the plasma of rats treated with this
peptide averaged two to three times higher than the levels
found in rats given either diet, but without the ghrelin treat-
ment (P , 0.0001). Feeding rats with the elemental diet
doubled the endogenous levels of ghrelin and these were
maintained following dietary treatment, although at levels
below the levels found with the exogenous administration
of ghrelin (P , 0.001). A similar pattern was observed in
fundic tissue (P , 0.0001), although levels for the ghrelin-
treated rats were comparatively higher (2–3-fold) compared
with non-treated rats (P , 0.0001). Finally, IGF-1 levels were
reduced in rats fed the elemental diet, regaining levels close
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to baseline in all groups given either diet with or without
ghrelin administration. However, the highest levels of
IGF-1 were found when both high-protein diet and ghrelin
were given (Figure 4).

Discussion

Ghrelin administration promotes mucosal proliferation and
reduces apoptosis in the elemental diet-induced

hypotrophic intestine. Actually, the proliferative and apop-
totic mucosal status suggest a differentiated effect of
ghrelin on the proximal and distal gut; while apoptosis is
clearly decreased in the jejunum, proliferation is promoted
in the ileum. A major functional difference between the
jejunum and ileum is the physiologically lower proliferative
status of the latter, probably as a result of a reduced amount
of the nutrients that are absorbed in the proximal gut. This
might be considered a physiologically adaptive hypotrophy

Figure 2 Microscopic sections of hypotrophic intestinal mucosa. Microscopic sections of the jejunum from rats with an elemental diet-induced hypotrophic

intestinal mucosa (left) and fed either a normoproteic (Np) or a hyperproteic (Hp) diet, and then treated with exogenous ghrelin (þ) or saline (2). Elemental

diet-fed rats are indicated with elemental diet. Fusion of adjacent villi is indicated by arrows. Hematoxylin–eosin

Figure 1 Intestinal mucosal morphometry. Morphometry of jejunal and ileal samples from rats with normal and elemental diet-induced mucosal hypotrophy fed

with either a normoproteic (Np) or a hyperproteic (Hp) diet, and then treated with exogenous ghrelin (þ) or saline (2). Data are expressed as mean+SD.

Significant differences: aversus saline-treated, normoproteic-fed group (P , 0.05, Fisher least-squares difference [LSD] test) and bversus saline-treated,

hyperproteic-fed group (P , 0.05, Fisher LSD test); �versus hypotrophy baseline group (P , 0.05, Fisher LSD test)
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of the distal bowel corroborated by the fact that surgical
transposition of the ileum to a proximal position promotes
a higher trophic level.30

Nutrients and trophic factors are generally regarded as
regulators of intestinal mucosal growth. Among nutrients,
high-protein diets promote mucosal growth and recovery
from injury, and when such diets are combined with
trophic factors, mucosal growth is further improved.22

Although mucosal morphometric changes were relatively
small, as was the moderate hypotrophia induced by the
elemental diet, in this study the hyperproteic diet improved
mucosal morphometry associated with increased prolifer-
ation. However, this effect was observed in the proximal
intestine, suggesting a direct effect for the high protein
content in the jejunal mucosa. Nevertheless, there was a
limited detectable effect of diet on apoptosis, which was
mostly decreased as a consequence of ghrelin adminis-
tration. In the distal bowel, an additive action of both the
high protein content in the diet and ghrelin administration
was seen on mucosal growth, suggesting a potent prolifera-
tive action for ghrelin and an antiapoptotic action of the
high-protein diet. The differential effects observed on the
proximal and distal intestines seem to promote a trend
towards normal baseline proliferation and apoptotic levels,
leading to normal mucosal growth. Ghrelin had a potent
antiapoptotic action in the proximal intestine of rats fed
on the elemental diet where apoptosis was 3–4 times
above the baseline values. Similarly, this peptide doubled

the proliferation index in the distal bowel. Overall, ghrelin
might be considered as an intestinal regulator of the
balance between proliferation and apoptosis.

Fasting induces apoptosis and decreases cell proliferation
in the intestinal mucosa of rats, an effect prevented by
ghrelin administration.31 Feeding rats with an elemental
diet produces a similar effect where the elemental diet
model of hypotrophy is based on the lack of a sufficient
supply of complex nutrients to the intestinal mucosa.
Therefore, small, simple, readily absorbable molecules are
given to provide an adequate caloric intake, although the
absence of bulky material may induce increased apopto-
sis.32 In our study, all rats were pair-fed receiving the
same caloric intake during one week following the elemen-
tal diet. Therefore, the observed differences are unlikely to
be a consequence of changes in caloric intake.

Several factors may have modified ghrelin secretion in
the present work and may include the nutritional status,
the feeding pattern33 or exogenous ghrelin administration.
Animals fed an elemental diet during the first week
weighed 10–15% less than those receiving a standard diet
ad libitum. This may explain the elevated ghrelin levels
observed in rats with elemental diet-induced intestinal
hypotrophia, although the caloric intake of the elemental
diet given was .305 kcal/kg/d, which has been considered
adequate to meet rat energy requirements. Anyway, the
highest levels of ghrelin were observed in rats in which
supraphysiological doses of this peptide were given daily.

Figure 3 Effects of ghrelin in the hypotrophic intestine. Proliferative and apoptotic index of jejunal (left) and ileal (right) samples from rats with a normotrophic

intestinal mucosa and fed either a normoproteic (Np) or a hyperproteic (Hp) diet, and then treated with exogenous ghrelin (þ) or saline (2). Elemental diet-fed rats

are indicated with elemental diet. Data are expressed as mean+SD. Significant differences: aversus saline-treated, normoproteic-fed group (P , 0.05); bversus

saline-treated, hyperproteic-fed group (P , 0.05, Fisher’s least-squares difference [LSD] test); �versus hypotrophy baseline (ED) group (P , 0.05, Fisher’s LSD

test)
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Recent data suggest that ghrelin may act both indirectly,
e.g. through the stimulation of GH- releasing hormone, as
well as directly.9,34 It has been suggested that exogenous
ghrelin is involved in the mechanisms of gastric secretion,
mucosal defense and gastroprotection,29,35 although a
ghrelin-regulated somatotrophic hormone action cannot be
ruled out, since GH secretion is induced mainly by circulat-
ing ghrelin9 and GH receptor is widely expressed through-
out the intestinal mucosa. However, the relative lack of
effect of exogenous ghrelin on IGF-1 plasma levels does
not suggest a potent ghrelin stimulation of GH levels in
hypotrophic intestines. Only a moderate increase in IGF-1
levels was observed in rats given both a high-protein diet

and ghrelin, suggesting a synergistic action. Since ghrelin
may have a trophic action that is independent of its
GH-mediated action, this peptide may have a potential
clinical use in conditions of intestinal hypotrophy such as
total parenteral nutrition where a tissue-specific resistance
to GH action is suggested.36

A differentiated action of ghrelin on the intestines might
be a consequence of a variable expression of the ghrelin
receptor where the nutritional status may be involved.37 In
fact, this may act as an adaptive mechanism governing
intestinal growth and function. An increase in ghrelin
receptor expression has been observed in rats with
trinitrobenzene-induced mucosal damage, a condition that
resembles Crohn’s disease.24 Ghrelin and its receptors
were detected in immune system cells,38 suggesting a role
as an anti-inflammatory factor. However, some intestinal
and non-intestinal inflammatory states induce reduced
ghrelin levels,39,40 whereas other intestinal diseases actually
increase ghrelin levels, such as celiac and Crohn’s diseases
or ulcerative colitis.24,41,42 It has been suggested that the
inhibition of ghrelin secretion during inflammatory pro-
cesses might potentiate the ongoing inflammatory insult.24

Therefore, increased ghrelin levels, like those observed
with an elemental diet, may reduce an inflammatory
response by the gut.

In summary, the present study shows a trophic action
produced by exogenous ghrelin on the hypotrophic intesti-
nal mucosa, with selective regulatory actions on the prolif-
erative and apoptotic status. However, further work
should be carried out to determine the real physiological
relevance of these findings.
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