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Abstract

AIM: To examine the influence of ghrelin on the re-
generative potential of gastrointestinal (GI) epithelium.

METHODS: Damage to GI epithelium was induced in
mice by two intravenous injections of doxorubicin (10
and 6 mg/kg). Some of the doxorubicin-treated mice
received a continuous subcutaneous infusion of ghrelin
(1.25 pg/h) for 10 d via implanted mini-osmotic pumps.
To label dividing stem cells in the S-phase of the cell cy-
cle, all mice received a single intraperitoneal injection of
5’-bromo-2"-deoxyuridine (BrdU) one hour before sacri-
fice. The stomach along with the duodenum were then
removed and processed for histological examination and
immunohistochemistry using anti-BrdU antibody.
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RESULTS: The results showed dramatic damage to
the GI epithelium 3 d after administration of chemo-
therapy which began to recover by day 10. In ghrelin-
treated mice, attenuation of GI mucosal damage was
evident in the tissues examined post-chemotherapy.
Immunohistochemical analysis showed an increase in
the number of BrdU-labeled cells and an alteration in
their distribution along the epithelial lining in response
to damage by doxorubicin. In mice treated with both
doxorubicin and ghrelin, the number of BrdU-labeled
cells was reduced when compared with mice treated
with doxorubicin alone.

CONCLUSION: The present study suggests that ghre-
lin enhances the regenerative potential of the GI epi-
thelium in doxorubicin-treated mice, at least in part, by
modulating cell proliferation.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION

Ghrelin is a novel 28-amino acid peptide which was si-

multaneously discovered by two independent research
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groups more than 10 years ago“’zl. It was initially found
to be a secretory product of a subset of enteroendo-
crine cells predominantly present in the stomach with
a decreasing gradient toward the small intestine and
the colon'™. Tt was also found to be produced in small
amounts by several other organs such as the brain, pan-
creas, pituitary, kidney, lung and placentam‘

Functional studies revealed that ghrelin is involved
in a wide variety of biological activities including growth
hormone release!, stimulation of food intake and body
weight gain™” gastrointestinal (GI) motility”, and mod-
ulation of cardiovascular function'”. Furthermore, it has
been shown that ghrelin may also control proliferation
and differentiation programs of neuronal and mesenchy-
mal stem cells” and modulate cell proliferation of some
tissue progenitorslm’“J and cell lines"* .

In the stomach, while ghrelin has been shown to
modulate the secretory activity of patietal cells"™"" it is
not known whether this hormone is involved in the reg-
ulation of epithelial cell proliferation. It was shown ear-
lier that parietal cells are the source of some instructive
signals and their ablation in mice modulates the prolif-
eration and differentiation program of gastric epithelial
stem/progenitor cells'” and with age cause gastric carci-
noma' . Therefore, modulation of the secretory activity
of these cells might also affect the proliferation/dif-
ferentiation program of the epithelial progenitors. Sut-
prisingly, when ghrelin knockout mice were examined,
no abnormalities were reported in the GI mucosa'”.
Recently, there has been increasing evidence to suggest
a role for ghrelin in protection against gastric mucosal
damage[zo’21 . The mechanism of mucosal protection was
mainly attributed to the release of nitric oxide™.

The aims of this study were to determine whether
ghrelin can be used to protect against GI mucosal dam-
age induced by doxorubicin, and to test whether ghre-
lin protection, if any, is associated with modulation of
cell proliferation in the progenitor cell zone of the GI
epithelium.

MATERIALS AND METHODS

Animals

In this study, female BALB/c mice (2-3 mo old) were
evaluated after being housed in sterile microisolator
cages with sterile bedding, food, and water ad libitum.
The animals were kept under a 12-h light/dark cycle
and at room temperature (22-24°C). The protocols
described in this study were approved by the Animal
Research Ethics Committee of the Faculty of Medicine,
UAE University.

Chemotherapeutic treatment

To establish the experimental protocol of this study, we
initially injected age-matched mice (# = 40) with a sin-
gle dose of 5-fluorouracil (100 mg/kg body weight) or
doxorubicin (10 mg/kg). Mice were then sacrificed at
different time periods varying from 1 to 16 d. Gastro-
duodenal tissues were collected to identify any changes
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in mucosal integrity.

Experimental protocol

Mice (7 = 9) were divided into three equal groups. Mice
in the first group received ghrelin (Sigma, St. Louis, MO,
United States) through Alzet micro-osmotic pumps (Du-
rect Co, Cupertino, CA, United States) implanted subcu-
taneously which released ghrelin at a rate of 1.25 mg/h
for 14 d. The pumps were prepared for implantation
according to manufacturer’s instructions and our previ-
ously published procedure™. On the 8th and 9th day
of ghrelin perfusion, mice received two intravenous
injections of doxorubicin (10 and 6 mg/kg, respec-
tively). In the second group, mice were subcutaneously
infused with saline instead of ghrelin and then received
two intravenous injections of doxorubicin on two
consecutive days as in the first group. The third group
of mice served as controls and, instead of ghrelin and
doxorubicin, received only saline by infusion pump and
by intravenous injections, respectively. To label divid-
ing cells in the S-phase of the cell cycle, mice in all 3
groups received a single intraperitoneal injection of 5
-bromo-2’-deoxyuridine (BrdU, 120 mg/kg) one hour
before sacrifice. At day 4 post-doxorubicin (or saline)
second injection, the stomach along with the duodenum
were removed under ether anesthesia and processed for
morphological and immunohistochemical analysis.

Morphological analysis

To examine the histopathological changes that occurred
in the wall of the GI tract, the stomach and proximal
part of the duodenum were dissected from all mice
under anesthesia and immediately processed for conven-
tional histological examination™. The tissues were fixed
immediately in Bouin solution, dehydrated in ethanol,
and infiltrated/embedded in paraffin. Five-micron-thick
sections were mounted on slides and stained with peri-

odic acid schiff and hematoxylin.

BrdU immunolabeling

To examine cell proliferation and estimate the number
of cells in the S-phase of the cell cycle, paraffin tissue
sections from all mice were processed to determine the
localization of cells which incorporated BrdU™. Briefly,
tissue sections were first deparaffinized, hydrated, and
incubated with 3% hydrogen peroxide to block endog-
enous peroxidase. The anti-BrdU antibody used was goat
polyclonalm. Biotinylated anti-goat immunoglobulin G
was used as a secondary antibody which was identified by
avidin-peroxidase and then di-aminobenzidine as a color-
ing agent. Immunoprobed tissue sections were scanned
using the Olympus microscope to quantify BrdU-labeled
cells. In each mouse, the numbers of BrdU-labeled cells
per gastric gland or crypt-villus unit were averaged.

Statistical analysis

Data are presented as mean * SD. Differences between
groups were evaluated using the Student # test. P < 0.05
was taken as statistically significant.
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Figure 1 Light micrographs showing tissue sections obtained from the duodenum (A, D, G), pyloric antrum (B, E, H) and gastric corpus (C, F, I) of control
(A-C), doxorubicin-treated (D-F) and ghrelin-plus-doxorubicin-treated (G-I) mice. All tissue sections were stained with periodic acid schiff and hematoxylin. Note
that while there are apparent mucosal changes in D and E due to doxorubicin treatment, the tissues in G and H are more or less similar to control.

RESULTS

A single injection with chemotherapeutic agent induces
mild effects in the GI mucosa

The damaging effect of the chemotherapeutic agents on
GI mucosa was followed by microscopic examination of
tissue sections. The dose regimen used for 5-fluorouracil
showed inconsistent damaging effects in the mucosal
tissues in the form of occasional vacuolation of the lin-
ing GI epithelial cells. Doxorubicin treatment induced a
slightly more pronounced and consistent effect. There-
fore, it was decided to use two intravenous injections of
doxorubicin for the experimental protocol.

Protection of Gl mucosa by ghrelin against the damaging
effects of doxorubicin

Microscopic examination of gastroduodenal mucosa of
control mice revealed the expected histological features
of intact long oxyntic glands of the corpus region, short
mucous glands of the pyloric antrum, and the very long
crypt-villus units of the duodenum (Figure 1) as previous-
ly described™. In the second group of doxorubicin-treat-
ed mice, while little changes were observed in the oxyntic
glands in the form of a few scattered cells with vacuolated
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cytoplasm, the antral glands showed more aggressive
changes which induced dilatations of the glandular lumen.
Massive mucosal changes in the duodenum were observed
(Figure 1D-F). The villi appeared blunt or much shorter
and broader than those of control mice. In addition, the
integrity of the villus epithelium was not intact. Signs of
vacuolation and cell damage were evident throughout. In
the ghrelin-plus-doxorubicin-treated mice, the glands in
the corpus and antral regions appeared similar to those of
control mice. Even the duodenal villi appeared intact, long
and populated mainly by absorptive and goblet cells as in
control mice (Figure 1G-I).

Modulation of BrdU-labeling in doxorubicin- and ghrelin-
treated mice

To correlate the morphological changes with cell prolif-
eration, we used the BrdU labeling method. BrdU was
made available to cells in the S-phase of the cell cycle
one hour before sacrifice. Gastroduodenal tissue sections
were then immunolabeled using anti-BrdU antibody
(Figure 2). In control mice, BrdU-labeled cells in the
corpus and antral mucosae were located at the pit-gland
junction close to the luminal surface (corpus) or the
gland bottom (antrum). Counts revealed the presence of
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Figure 2 Immunohistochemical analysis of S-phase cells using anti-5’-bromo-2’-deoxyuridine antibody and tissue sections obtained from the duodenum
(A, D, G), pyloric antrum (B, E, H) and gastric corpus (C, F, I) of control (A-C), doxorubicin-treated (D-F) and ghrelin/doxorubicin-treated (G-I) mice. Note that
BrdU-labeled cells (brown nuclei) of doxorubicin-treated tissues in D, E and F appear more expanded when compared with control tissues in A, B and C. BrdU-labeled

cells in G and and H are still more expanded than in the control, but less prominent than in D and E.

3.5+ 0.18 and 5.5 £ 0.18 cells per gland in the corpus
and antrum, respectively (Figure 3). In the duodenum,
dividing BrdU-labeled cells were in the lower portion of
the crypts and averaged 10.7 £ 0.85 (Figure 3).

In doxorubicin-treated mice, the labeling pattern of
BrdU-immunoreactive cells was altered in the corpus, an-
trum and duodenum. There was a general increase in the
number of BrdU-labeled cells in the gastroduodenal mu-
cosa. In addition, the distribution of BrdU-labeled cells
was expanded and tended to be more scattered rather than
localized to the gastric isthmus (Figure 2E, F). Counts re-
vealed an increase in the number of BrdU-labeled cells up
to 31.2 £ 4.07,12.1 £ 0.59, 4.3 * 0.18 in the duodenum,
antrum and corpus, respectively. Each of these values was
significantly higher than its corresponding value in control
mice (P> 0.01).

Ghrelin-treated mice which also received doxorubicin
showed an usual pattern in the distribution of dividing
cells, however, the number of BrdU-labeled cells in the
antrum and duodenum remained at a higher level than
the control (Figures 2G, H, 3). These findings wetre con-
firmed when all mice were examined and BrdU-labeled
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cells were quantified. When compared with control,
the data showed a significant increase in the number of
BrdU-labeled cells in the pyloric antrum and duodenum
(9.6 £ 0.38 and 27.6 £ 2.75, respectively). However, when
these values were compared with those obtained from the
second group of mice (treated only with doxorubicin),
there was a decrease in S-phase labeled cells, but this was
only significant in the antrum (P > 0.02).

DISCUSSION

Despite the tremendous effort in modern drug discovery
and development, dyspepsia and GI mucosal damage
remain frequent complications affecting life quality in
cancer patients receiving chemotherapy. The available
data demonstrate that ghrelin could be a potential pro-
tective agent against these complications. In rats treated
with cisplatin, it was demonstrated that ghrelin can be
used to prevent delayed gastric emptying, early satiety, an-
orexia, nausea and vomiting, all characteristic of cancer-
associated dyspepsia syndrome®. In the present study
we induced GI mucosal damage using doxorubicin and
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Figure 3 Analysis of 5’-bromo-2’-deoxyuridine-labeled cell counts in the
duodenum, antrum and corpus of control, doxorubicin-treated and ghre-
lin/doxorubicin-treated mice.

demonstrated that ghrelin administration can also prevent
the damaging effects of this chemotherapeutic agent.

Ghrelin appears to be a potent GI mucosal protec-
tive agent. Its effect on maintaining GI mucosal integrity
was achieved using different experimental animal mod-
els. A recent series of studies showed that administration
of ghrelin to rodents attenuated gastric mucosal lesions
induced by ethanol™ stress®' ischemia—reperfusion[27’28J
and even HCl administration™. The ghrelin effects on
ethanol and stress models were mediated by release of
nitric oxide as they were prevented by blocking nitric
oxide synthase activitylzzj. The effects of ghrelin on the
HCI-model was mediated not only by growth hormone
secretagogue receptor, but also histamine H3 recep-
tor, suggesting the involvement of histamine release in
ghrelin-induced protectionlzgj.

It has been suggested that ghrelin is involved in
several cell biological processes via different modes of
actions: endocrine, paracrine and autocrine. We specu-
late that ghrelin exerted its GI mucosal protection via
a paracrine effect. Examination of the GI mucosae of
mice treated with two intravenous injections of doxo-
rubicin revealed degenerative changes in their epithelial
cell lining. However, mice which received ghrelin by con-
tinuous subcutaneous infusion showed minimal effects
and appeared more or less similar to control mice when
treated with the same dosage regimen of doxorubicin.
The available data from the present study may suggest a
mechanism which involves modulation of the cell cycle
and induction of cell differentiation to substitute for the
damaging effect of doxorubicin.

Several lines of evidence suggest that ghrelin modu-
lates the proliferation of various cell types. It has been
demonstrated that ghrelin stimulates proliferation of
osteoprogenitor cells in bone tissue™ and neuronal
progenitor cells in the spinal cord™. Since cell prolifera-
tion and epithelial renewal are regarded as one of the
protective mechanisms against GI mucosal damage, the
question arises whether ghrelin also modulates prolifera-
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tion of GI epithelial cells and hence could protect their
integrity against noxious agents (such as chemotherapy).
To answer this question we injected all mice used in our
experiments with BrdU to label dividing cells during the
S-phase of the cell cycle using immunohistochemistry.
As expected, control mice showed BrdU-labeled cells in
the isthmus regions of gastric glands and at the bottom
of intestinal crypts. Doxorubicin-treated mice showed
many more BrdU-labeled cells in both the gastric glands
and intestinal crypts, probably to compensate for the
damaged cells. However, in the presence of excess ghre-
lin, the damaging effects of doxorubicin were minimal
and the number of BrdU-labeled cells was reduced,
perhaps due to enhancement of cell differentiation. The
other possibility is that ghrelin enhances cell differentia-
tion and the increased proliferating cells observed in
doxorubicin-treated mice were instructed by ghrelin to
differentiate and migrate to restore the normal organiza-
tion of the epithelium.

The protective effect of ghrelin against tissue damage
is not restricted to the GI mucosa. Recent studies sug-
gested that ghrelin promotes neuroprotective effects via
stimulation of the regenerative potential of hippocampal
neuroprogenitor cells to form new neurons. Incidentally,
the expression of GHS-R was also demonstrated in the
hippocampus[m’“].

In conclusion, this study demonstrates the protective
effect of ghrelin against GI mucosal damage induced by
doxorubicin and provides an addition justification for its
potential use during chemotherapy in cancer patients to
improve their quality of life.
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