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Central ghrelin gastroprotection involves nitric
oxide/prostaglandin cross-talk
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Background and purpose: Ghrelin, a gut-brain peptide, is considered a gastroprotective factor in gastric mucosa. We
investigated the role of prostaglandins (PG) and the possible interplay between PGs and nitric oxide (NO) in ghrelin
gastroprotection against ethanol (EtOH)-induced gastric lesions.
Experimental approach: We examined the effects of (1) central ghrelin (4 mg per rat) injection on PGE2 accumulation in
normal or EtOH–lesioned gastric mucosa, (2) pretreatment with indomethacin (10 mg kg�1, p.o.), a non-selective
cyclooxygenase (COX) inhibitor, and with a selective COX-1, SC560 (5 mg kg�1, p.o.) or COX-2 inhibitor, celecoxib
(3.5 mg kg�1, p.o.) on ghrelin gastroprotection against 50% EtOH (1 mL per rat)-induced gastric lesions, (3) the NO synthase
inhibitor, L-NAME (70 mg kg�1, s.c), on gastric PGE2 content in ghrelin-treated rats and (4) central ghrelin on the expression of
constitutive and inducible NOS and COX mRNA and on the localization of the immunoreactivity for COX-2 in the gastric
mucosa exposed to EtOH.
Key results: Ghrelin increased PGE2 in normal mucosa, whereas, it reversed the EtOH-induced PGE2 surge. Ghrelin had no
effect on mucosal COX-1 expression but reduced the EtOH-induced increase in COX-2 expression and immunoreactivity.
Indomethacin and SC560, but not celecoxib, removed ghrelin gastroprotection. L-NAME prevented the PGE2 surge induced
by ghrelin and, like indomethacin, reduced EtOH-induced PGE2 increase. Ghrelin enhanced eNOS expression and reduced
iNOS mRNA.
Conclusions and implications: This study shows that COX-1-derived PGs are mainly involved in ghrelin gastroprotection and
that the constitutive-derived NO together with PGE2 are involved in ghrelin gastroprotective activity.

British Journal of Pharmacology (2008) 154, 688–697; doi:10.1038/bjp.2008.120; published online 14 April 2008

Keywords: ghrelin; ethanol; gastric ulcers; prostaglandins; cyclooxygenase; nitric oxide; indomethacin; celecoxib; SC560

Abbreviations: CELE, celecoxib; EtOH, ethanol; INDO, indomethacin; L-NAME, N-onitro-L-arginine methyl ester; NO, nitric
oxide; PG, prostaglandin

Introduction

Ghrelin, initially isolated from the oxyntic mucosa of the

stomach, has also been detected in the central nervous

system and in various other tissues of the body (Rindi et al.,

2004; Kojima and Kangawa, 2005; Ghelardoni et al., 2006).

Ghrelin has been identified as the endogenous ligand for the

growth hormone secretagogue receptor-1a widely expressed

in central and peripheral tissues (Kojima et al., 2001).

Consistent with the distribution of the growth hormone

secretagogue receptor-1a, ghrelin influences a variety of

biological processes (Wang et al., 2002; Cocchi et al.,

2005; Ghigo et al., 2005; Cao et al., 2006), including

neuroendocrine, cardiovascular and gastrointestinal

functions. In the digestive tract, ghrelin has been shown to

affect gastric acid secretion (Masuda et al., 2000; Date et al.,

2001; Sibilia et al., 2002, 2006), gastrointestinal motility

(Trudel et al., 2002; Fujino et al., 2003) and development

of acute pancreatitis (Dembinski et al., 2005). Ghrelin is also

considered to be a gastroprotective factor in gastric

mucosa (Konturek et al., 2004), since we have previously

shown that central ghrelin prevents macroscopic and

morphological injury to the gastric mucosa caused by

ethanol (EtOH) (Sibilia et al., 2003). The gastric protection

elicited by central ghrelin requires integrity of

capsaicin-sensitive sensory neurons, which play an important
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role in gastric cytoprotection (Sibilia et al., 2003), and similar

results have been obtained with the peripheral administra-

tion of ghrelin (Konturek et al., 2004). Growing evidence

indicates that the mechanisms triggered by peptides to

increase resistance of the gastric mucosa to EtOH injury

involve changes in the release of gastric protective factors.

Two main gastric systems, prostaglandins (PGs) and nitric

oxide (NO), are involved in maintenance of mucosal

integrity (Ko and Cho, 1999). Our previous studies have

suggested endogenous PGs are involved in ghrelin

gastroprotection, since the peptide was ineffective in

counteracting indomethacin (INDO)-induced gastric lesions

(Sibilia et al., 2004). More recently, Brzozowski et al. (2006a)

have demonstrated that the protective activity of ghrelin

against ischaemia–reperfusion erosions involved generation

of PGs. With the exception of Konturek et al. (2004)

showing that peripheral ghrelin increases mucosal prosta-

glandin E2 (PGE2) production, the role of the PG system in

the protective action elicited by ghrelin in rats exposed to

EtOH has been little investigated. However, the source

of PGE2 (either derived by constitutive cyclooxygenase,

cyclooxygenase-1 (COX-1) or inducible COX-2) and the

possible involvement of PGs in the beneficial effect exerted

by central ghrelin on EtOH-induced gastric lesions are

unknown.

The involvement of NO in the gastroprotective effect of

ghrelin has been widely assessed. The inhibition of NO

synthase activity has been found to completely reverse the

gastric protective effect of ghrelin against EtOH-induced

ulcers (Sibilia et al., 2003) as well as stress-induced gastric

injury (Brzozowski et al., 2004). Furthermore, in conditions

of stress, ghrelin increases luminal NO concentration,

inhibits expression of inducible NOS (iNOS) mRNA and

upregulates constitutive NOS (cNOS) mRNA (Brzozowski

et al., 2004).

The aims of the present study were (1) to examine the role

of the PG system in the effect of central ghrelin against EtOH

injury, (2) to characterize the COX isoforms involved and

(3) to evaluate the possible interplay between NO and PGs in

the gastroprotective action of ghrelin.

With this aim, we first examined the effects of central

ghrelin on PGE2 accumulation in normal or ulcerated

gastric mucosa ex vivo. We then determined whether the

protective effect of central ghrelin against 50% EtOH-

induced gastric erosion in rats could be antagonized by

pretreatment with selective COX-1 (SC560, 5-(4-chlorophe-

nyl)-1-(4-methoxyphenyl)-3-trifluoromethylpyrazole) and

COX-2 (celecoxib) and non-selective (INDO) COX inhibi-

tors. Furthermore, to study the possible interplay

between NO and the PG system in ghrelin gastroprotection,

we examined the effects of pretreatment with N-onitro-

L-arginine methyl ester (L-NAME), a nonspecific inhibitor

of NO synthesis, on the PGE2 content in normal

gastric mucosa and in mucosa previously exposed to

50% EtOH from rats that had been administered ghrelin

centrally.

On the basis of the results obtained, we finally studied the

possible influence of central ghrelin on the expression of

constitutive and inducible nitric oxide (NOS) and COX

mRNA, and the localization of the immunoreactivity for

COX-2 in the rat gastric mucosa exposed to EtOH injury with

or without ghrelin administration.

Methods

Animals

Male Sprague–Dawley rats weighing 200–250 g (Charles-

River, Calco, Italy) were housed in single cages, which had

wirenet bottoms to avoid coprophagy.

Before starting the experiments, all rats were deprived of

food for 24 h, but allowed free access to tap water until the

beginning of the treatments. Animals for intracerebroven-

tricular (i.c.v.) treatment were implanted with a polyethylene

cannula (PE10) in the left lateral ventricle, 5 days before the

experiment, as previously described (Guidobono et al., 1994).

At the end of the experiment, dye (0.5% Evans blue) was

injected through the cannula to confirm its position in the

ventricle.

All procedures were performed in accordance with the

Italian Guidelines for the use of animals in Medical Research

and conformed with the European Community Directive of

November 1986 (86/609/EEC), and were approved by the

Institutional Animal Care and Use Committee.

Drugs

Ghrelin was synthesized by conventional solid-phase synth-

esis and was purified to at least 98% purity by high-

performance liquid chromatography by Inbios (Pozzuoli,

Napoli, Italy). The peptide was dissolved in saline im-

mediately before the experiment and injected at a dose of

4mg per rat, i.c.v., in a volume of 5mL. The dose of ghrelin was

selected on the basis of previous studies (Sibilia et al., 2003).

Absolute EtOH (BDH, Poole, UK) was diluted 1:1 (vol./vol.)

in distilled water. Fifty percent EtOH was given in a volume

of 1 mL per rat.

INDO (Sigma, St Louis, MO, USA) was suspended in Arabic

gum and administered orally at the dose of 10 mg kg�1 at a

dosing volume of 5 mL kg�1. SC560 (Tocris Biosciences,

Bristol, UK) was dissolved in EtOH, diluted with saline and

was administered orally at a dose of 5 mg kg�1, volume of

5 mL kg�1. Celecoxib (CELE; SynFine Research Inc., Ontario,

Canada) was suspended in 0.5% carboxymethylcellulose and

administered orally at a dose of 3.5 mg kg�1, volume

5 mL kg�1. L-NAME (Sigma) was dissolved in saline and

administered at a dose of 70 mg kg�1, subcutaneously (s.c.),

in a volume of 2 mL kg�1.

Experimental procedure

EtOH-induced gastric ulcers. Acute gastric mucosal damage

was induced by oral administration of 1 mL of 50% EtOH, a

concentration considered relevant to alcohol ingestion in

man (Goso et al., 2007) and previously shown to cause gastric

mucosal microcirculatory disturbances (Saeki et al., 2004)

and induce deep gastric erosions (Sibilia et al., 2003;

Matsuhashi et al., 2007).

Rats were killed by CO2 inhalation 1 h after exposure to

EtOH; the stomachs were removed, opened along the lesser
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curvature, rinsed with saline and examined for severity and

the number of mucosal gastric lesions. The lesions were

blindly examined by two trained observers (V Sibilia and F

Pagani) according to a modified scoring system of Martin

et al. (1994) and graded as follows: 0, no lesions; 1, less than

five slight lesions; 2, more than five slight lesions; 3, from

one to three haemorrhagic bands of length o0.5 mm and

width 42 mm; 4, from one to three haemorrhagic bands

45 mm in length; 5, from four to more than six bands of

grade 4 and 6, complete lesions of the mucosa with

haemorrhage. The average scores for each group were

calculated and expressed as the ulcer index.

Effect of COX-1 and COX-2 inhibition on ghrelin gastroprotec-

tion. To examine the involvement of COX-1- and COX-2-

derived PGs in the gastroprotective effect of ghrelin, three

series of experiments were performed. The following groups

of rats, each consisting of 8–10 animals, were used in

experiment 1: group 1 (saline) was pretreated orally with

vehicle 30 min before i.c.v. saline injection, followed 30 min

later by 50% EtOH (1 mL per rat, orally (p.o.)); group 2

(INDO) was pretreated with INDO (10 mg kg–1, p.o.), a non-

selective COX inhibitor, 30 min before i.c.v. saline injection,

followed 30 min later by 50% EtOH (1 mL per rat, p.o.);

group 3 (ghrelin) was pretreated orally with vehicle 30 min

before ghrelin (4mg per rat, i.c.v.), followed 30 min later by

50% EtOH (1 mL per rat, p.o.); group 4 (INDOþ ghrelin) was

pretreated with INDO (p.o.) 30 min before i.c.v. ghrelin

injection, followed 30 min later by 50% EtOH; group 5

(control) was pretreated with vehicle (p.o.) 30 min before

saline (i.c.v.), followed 30 min later by saline (1 mL per rat,

p.o.). The same experimental protocol was used in experi-

ments 2 and 3, designed to determine whether the gastro-

protection by ghrelin is affected by pretreatment with CELE

(3.5 mg kg�1, p.o.), a selective COX-2 inhibitor, or SC560

(5 mg kg�1, p.o.), a selective COX-1 inhibitor. At the doses

used in these experiments, none of the COX inhibitors had

any gastric lesions per se (data not shown), in agreement with

previous studies (Brzozowski et al., 2006a; Sibilia et al., 2007).

One hour after EtOH administration, the rats were killed and

the ulcer index was assessed as described above. Samples of

the oxyntic mucosa were obtained immediately after ulcer

index was assessed and used for determination of PGE2

content.

Measurement of PGE2 in the gastric mucosa. The effects of

ghrelin treatment (4 mg per rat, i.c.v.) on mucosal PGE2 levels

were measured with or without EtOH treatment. In the first

series of experiments, we examined the effects of ghrelin on

PGE2 content in normal gastric mucosa. Animals were killed

and stomachs were removed and opened as previously

described. The oxyntic mucosa was scraped with glass slides

and immediately frozen in liquid nitrogen. The tissue was

weighed and homogenized in 2 mL of EtOH (97%) contain-

ing INDO (100 mM) to inhibit any further PGE2 formation. An

aliquot (500 mL) of the homogenate was placed in an

Eppendorf vial and acidified to pH 4 using 2 M HCl. The

mixture was vortexed for 30 s and incubated for 15 min at

4 1C. The samples were centrifuged at 3099 g for 2 min. The

PGE2 in the supernatant was purified using 100 mg Amprep

C-18 minicolumns (Amersham Biosciences, Buckinghamshire,

UK) and eluted with ethyl acetate according to the Amersham

PGE2 enzyme immunoassay (EIA) protocol. Each fraction was

evaporated to dryness under liquid nitrogen and the dry

residue was resolved in EIA buffer and measured with an EIA

kit (Amersham Biosciences). PGE2 levels are expressed in

pg mg�1 wet tissue weight.

We then studied the effects of ghrelin on PGE2 production

under conditions of EtOH-induced gastric lesions in rats with

(or without) INDO, CELE or SC560. The stomachs were

removed 60 min after EtOH treatment and processed as

described previously.

The possible interplay between NO and the COX–PG

system in ghrelin gastroprotection was evaluated in both

normal gastric mucosa and in conditions where EtOH had

induced gastric lesions by using a non-selective inhibitor of

NO-synthase, L-NAME. L-NAME (70 mg kg�1, s.c.) was admi-

nistered 15 min before ghrelin (4 mg per rat, i.c.v.); the

stomachs were removed 90 min later and processed as

described previously. Control rats were treated with saline

s.c. and i.c.v. For examining the effects of L-NAME on PGE2

production induced by EtOH, L-NAME was administered

15 min before ghrelin, followed 30 min later by 50% EtOH.

The following groups of rats were used: group 1 (saline) was

pretreated with saline s.c. 15 min before injection of saline

i.c.v., followed 30 min later by 50% EtOH (1 mL per rat, p.o.);

group 2 (L-NAME) was pretreated with L-NAME (70 mg kg–1,

s.c.) 15 min before the i.c.v. saline injection, followed 30 min

later by 50% EtOH; group 3 (ghrelin) was pretreated with

saline s.c. 15 min before ghrelin (4 mg per rat, i.c.v.), followed

30 min later by 50% EtOH; group 4 (L-NAMEþ ghrelin) was

pretreated with L-NAME (70 mg kg–1, s.c.) 15 min before

ghrelin i.c.v., followed 30 min later by 50% EtOH; group 5

(control) was pretreated with saline s.c. 15 min before saline

i.c.v., followed 30 min later by saline (1 mL per rat, p.o.).

The stomachs were removed 60 min after EtOH. L-NAME at

the dose used in this experiment did not itself cause any

gastric damage (data not shown).

Levels of COX-1 COX-2, eNOS and iNOS mRNA in the gastric

mucosa. To assess the effect of ghrelin on gastric mucosal m

RNA expression of COX-1 and COX-2, gastric specimens

were taken from the following three groups of rats (six rats

per group): intact rats, rats treated with saline i.c.v. followed

30 min later by EtOH and rats treated with ghrelin (4 mg per

rat, i.c.v.) followed by EtOH. Fundus samples were taken 1 h

after EtOH and stored at �20 1C in RNA-later (Ambion,

Austin, TX, USA). Total RNA was extracted from samples

using Trizol-like reagent; this is an improvement to the

single-step RNA isolation method developed by Chomczyns-

ki and Sacchi (1987). The integrity of RNA extracted from

cells was examined by electrophoresis. A 300-ng weight of

total RNA was incubated with rDNase I (Ambion) for 20 min

at 37 1C to digest contaminating genomic DNA. A 400-ng

weight total RNA of each sample was subjected to reverse

transcription with MMLV (Invitrogen, Carlsbad, CA, USA),

followed by amplification using specific primers based on

the published sequence of rat, COX-1 (50-GGTGCTGGATG

GAGAGTTGT-30 and 50-TAAGGATGAGGCGAGTGGTC-30),

COX-2 (50-AGACAGCCACCATCAACG-30 and 50-CACCTT
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CCTACGCCAGCA-30) endothelial NOS (eNOS) (50-TGCACC

CTTCCGGGGATTCT-30 and 50-GGATCCCTGGAAAAGGCG

GT-30) and iNOS (50-GCTACACTTCCAACGCAACA-30 and

50-ACAATCCACAACTCGCTCCA-30). Semi-quantitative PCR

analysis of total RNA yielded a DNA fragment of the expected

length for all specific mRNAs. To normalize results for

differences in RNA sampling, an aliquot of the same reverse

transcription reaction was used to amplify a glyceraldehyde-

6-phosphate signal (50-GCCATCAACGACCCCTTCATTG-30

and 50-TCTGTCATGAGGTTGGCTTTCAG-30). Negative con-

trols for the PCR reaction were prepared by omitting the

specific primers from the reaction mixture.

To assure that PCR was performed in the linear amplifica-

tion range, samples were initially analysed after 15, 17, 20,

25, 27, 30, 35 and 40 cycles (data not shown). For each

factor, we chose the number of cycles that gave half of the

maximal amplification.

Immunohistochemical localization of COX-2 in the gastric

mucosa. Immunohistochemical analysis was performed 1 h

after the last treatment on the glandular part of the stomach,

from three groups of rats (n¼3 per group): control rats with

intact mucosa; rats treated with saline (5 mL per rat, i.c.v.)

followed by EtOH; rats treated with ghrelin (4 mg per rat,

i.c.v.) followed 30 min later by EtOH. In brief, stomachs were

fixed by immersion in 4% buffered formalin, correctly

orientated, embedded in paraffin and cut. Serial paraffin

sections (2–4 mm) were hydrated, pretreated in a water bath

at 98 1C for 30 min in citrate buffer pH 6 for antigen retrieval

and incubated with antibodies specific for human COX-2

(mouse monoclonal, clone 4H12; Novocastra, Newcastle,

UK; dilution 1:100) using a universal peroxidase streptavi-

din–biotin complex (LSAB2; Dako, Glostrup, Denmark).

Controls consisted of samples with the first layer omitted,

and tissue with or without the pertinent antigen.

Statistical analysis

Statistical analysis was performed with a statistics package

(GraphPad Prism; GraphPad Software, San Diego, CA, USA).

All data are represented as the mean±s.e.mean. Differences

between groups were assessed by one-way analysis of

variance followed by Bonferroni test or when appropriate,

by means of nonparametric statistical analysis: Kruskal–

Wallis test followed by multi-comparison Dunn’s test. A

probability of Po0.05 was considered statistically signifi-

cant.

Results

PGE2 levels in gastric mucosa

As shown in Figure 1, an i.c.v. injection of ghrelin

significantly increased PGE2 levels in the normal gastric

mucosa. Exposure of gastric mucosa to 1 mL of 50% EtOH

caused, 60 min later, a significant increase in the PGE2

content of the gastric mucosa as compared with the PGE2

levels in the intact mucosa of control rats. Treatment with

ghrelin significantly reduced EtOH-induced gastric mucosal

PGE2 levels.

The increase in mucosal PGE2 content induced by EtOH

was completely suppressed by INDO, the values even

decreasing below basal levels detected in normal mucosa of

control rats. Both CELE and SC560 significantly reduced the

increased levels of PGE2 induced by EtOH. In rats receiving

ghrelin in combination with either INDO or CELE, no

change in the inhibitory effects of PGE2 was observed.

However, in SC560–ghrelin-treated rats, we detected marked

decrease in PGE2 content similar in extent to that observed

in INDO-treated animals (Figures 2a–c).

Interestingly, the non-selective inhibitor of NO synthase,

L-NAME, previously shown to abolish the gastroprotective

effect of central ghrelin (Sibilia et al., 2003), prevented

the increase of PGE2 levels induced by ghrelin in

normal gastric mucosa. In the presence of EtOH-induced

gastric lesions, L-NAME caused reduction of PGE2 levels

(�80%) comparable to that detected in INDO-treated rats,

which was significantly different (Po0.01) compared

with PGE2 levels measured in saline–EtOH-treated rats.

Treatment with ghrelin did not modify the inhibitory

action of L-NAME on the mucosal generation of PGE2

(Figures 3a and b).

Effects of COX-1 and COX-2 inhibition on ghrelin

gastroprotection

As expected, i.c.v. administration of ghrelin (4 mg per rat)

significantly reduced (�50.1%, Po0.01) gastric mucosal

injury caused by a subsequent challenge with 1 mL of 50%

EtOH (Figures 5a–c). Pretreatment with INDO (10 mg kg�1,

p.o.), or SC560, completely prevented the gastroprotective

effect of ghrelin (Figures 4a and c). In contrast, the selective

COX-2 inhibitor, CELE, did not affect the gastroprotective

effect of ghrelin. CELE, given alone, attenuated (�23.5%)

gastric mucosal injury induced by EtOH (Figure 4b),

although this effect was not significant.

Figure 1 Effects of ghrelin (4 mg per rat, i.c.v.) or saline injection on
gastric mucosal PGE2 levels in rats with or without oral administra-
tion of 1 mL 50% (vol./vol.) EtOH. The saline group received 1 mL of
distilled water instead of 50% EtOH. Gastric mucosal PGE2 levels
were measured 90 min after ghrelin injection. PGE2 was extracted
from homogenized gastric mucosa and measured by EIA. Each
column represents the mean±s.e.mean of at least 10 animals.
*Po0.05, ***Po0.001 vs the control group; JJJPo0.001 vs the
salineþ EtOH group. EIA, enzyme immunoassay; EtOH, ethanol;
i.c.v., intracerebroventricular; PGE2, prostaglandin E2.
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Gastric mucosal levels of mRNA for constitutive and inducible

COX and NOS isoforms

Gastric mucosal COX-1 mRNA, as assessed by reverse

transcription-PCR, was strongly expressed in intact mucosa

of control rats. The level of COX-1 mRNA was not affected by

EtOH administration, although the level in ulcerated tissue

was slightly lower than that in intact mucosa. Ghrelin

administration maintained COX-1 mRNA levels at values

comparable to those detected in the normal mucosa of

control rats. In contrast, expression of COX-2 mRNA was

only just above the detection limit in intact mucosa of

control rats, but was upregulated by EtOH administration.

Pretreatment with ghrelin significantly reduced this increase

in COX-2 expression (Figures 5a and b). When we examined

the effects of i.c.v. ghrelin on the expression of eNOS and

iNOS mRNA, we found that in saline-treated rats, EtOH

administration resulted in a significant increase in iNOS

mRNA levels, whereas levels of eNOS mRNA were not

affected. Central ghrelin injection significantly reduced

the increased expression of iNOS induced by EtOH and

significantly increased eNOS mRNA levels (Figures 6a and b).

Immunohistochemical localization of COX-2 in the gastric

mucosa

COX-2 immunoreactivity was negligible in the normal

gastric mucosa. In EtOH-treated rats, immunostaining for

Figure 2 Effects of ghrelin (4mg per rat, i.c.v.), with or without
pretreatment (30 min before) with (a) INDO (10 mg kg�1, p.o.), (b)
CELE (3.5 mg kg�1, p.o.) or (c) SC560 (5 mg kg�1, p.o.) on gastric
mucosal PGE2 levels determined 60 min after oral administration of
1 mL 50% (vol./vol.) EtOH. The saline group received 1 mL of
distilled water instead of 50% EtOH. PGE2 was extracted from
homogenized gastric mucosa and measured by EIA. Each column
represents the mean±s.e.mean of at least 10 animals. ***Po0.001
vs control group; JJPo 0.01, JJJPo0.001 vs salineþ EtOH
group; yPo0.05 vs ghrelinþ EtOH group, ##Po0.01 vs
SC560þ EtOH group. CELE, celecoxib; EIA, enzyme immunoassay;
EtOH, ethanol; i.c.v., intracerebroventricular; INDO, indomethacin;
PGE2, prostaglandin E2.

Figure 3 Effects of ghrelin (4mg per rat, i.c.v. ) with or without
L-NAME (70 mg kg�1, s.c.) on gastric mucosal PGE2 levels deter-
mined in normal mucosa (a) or after oral administration (30 min after
ghrelin) of 1 mL 50% (vol./vol.) EtOH (b). The saline group received
1 mL of distilled water instead of 50% EtOH. L-NAME was
administered 15 min before ghrelin injection. Gastric mucosal PGE2

levels were measured 90 min after ghrelin injection. PGE2 was
extracted from homogenized gastric mucosa and measured by EIA.
Each column represents the mean±s.e.mean of at least eight
animals. *Po0.05, ***Po0.001 vs control group; JJPo0.01,
JJJPo0.001 vs salineþ EtOH group; yyPo0.01 vs ghrelin group.
EIA, enzyme immunoassay; EtOH, ethanol; L-NAME, N-onitro-L-
arginine methyl ester; i.c.v., intracerebroventricular; PGE2, prosta-
glandin E2.
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COX-2 revealed strong immunoreactivity for this enzyme,

which was distributed throughout the mucosa, with the

strongest immunoreactivity on the top of the oxyntic

mucosa. Ghrelin pretreatment attenuated the EtOH-induced

upregulation of COX-2 in the lower part of the oxyntic

mucosa (Figure 7).

Discussion

The present study adds new insights into the mechanisms

involved in ghrelin gastroprotection. In accord with the data

obtained by Konturek et al. (2004), we found that PGs are

involved in the protective effect elicited by ghrelin against

EtOH-induced gastric lesions, since this effect was comple-

tely attenuated by INDO, a non-selective COX inhibitor.

Consistent with this observation, ghrelin was not effective at

inhibiting INDO-induced gastric lesions (Sibilia et al., 2004).

As far as characterization of COX isoenzymes involved is

concerned, we found that COX-1-derived PGs are involved

in ghrelin gastroprotection. In fact, SC560, a specific COX-1

inhibitor, completely reversed the protective effect of

ghrelin, whereas CELE, a selective COX-2 inhibitor, was

Figure 4 Effect of pretreatment (30 min before) with INDO
(10 mg kg�1, os) (a), celecoxib (CELE, 3.5 mg kg�1, p.o.) (b) or
SC560 (5 mg kg�1, p.o.) (c) on the gastroprotective effect of ghrelin
(4 mg per rat, i.c.v.) given 30 min before inducing gastric lesions by
administration of 1 mL 50% (vol./vol.) EtOH, orally, in conscious rats.
Gastric lesions were monitored 60 min after EtOH treatment. Each
column represents the mean±s.e.m. of at least 10 animals.
**Po0.01,***Po0.001 vs control group; JPo 0.05, JJPo0.01 vs
salineþ EtOH group; yyPo0.01, yyyPo0.001 vs ghrelinþ EtOH group.
CELE, celecoxib; EtOH, ethanol; i.c.v., intracerebroventricular;
INDO, indomethacin; SC560, 5-(4-chlorophenyl)-1-(4-methoxyphe-
nyl)-3-trifluoromethylpyrazole.

Figure 5 Effects of ghrelin (4mg per rat, i.c.v.) on mRNA expression
of (a) COX-1 and (b) COX-2 in the gastric mucosa of rat instilled
with 1 mL 50% EtOH 60 min before. The saline group received 1 mL
of distilled water instead of 50% EtOH. Results are expressed as
arbitrary units calculated as the ratio between the OD of either COX-
1 or COX-2 and the OD of glyceraldehyde-3-phosphate dehydro-
genase in the same sample. Results are expressed as the mean±-
s.e.mean of six rats. Representative gel images are shown above each
column. **Po0.01 vs control group; JPo0.05 vs salineþ EtOH
group. COX, cyclooxygenase; EtOH, ethanol; i.c.v., intracerebro-
ventricular; OD, optical density.
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ineffective. These results differ, in part, from those found by

Brzozowski et al. (2006a); they showed that both COX-1 and

COX-2 inhibitors attenuated ghrelin-induced gastroprotec-

tion. The discrepancy between these data could be attributed

to different experimental conditions and methods em-

ployed. Brzozowski et al. (2006a) examined the effects of

peripheral ghrelin against gastric lesions induced by ischae-

mia–reperfusion. Interestingly, under their conditions, gastric

injury has been found to be aggravated by pretreatment with

COX-2 inhibitors (Peskar, 2001), whereas the present data

show that CELE is able to reduce EtOH-induced gastric damage.

The possible involvement of COX-1-derived PGs in

the gastroprotective action of ghrelin is indicated by the

present data showing that ghrelin increases PGE2 levels in

normal gastric mucosa where COX-1 accounts for the

majority of PGs synthesized (Peskar, 2001). To confirm this

hypothesis, additional experiments aimed to examine

whether ghrelin affects COX-1 expression in the normal

gastric mucosa are needed. However, according to our

results, SC560 pretreatment resulted in significant reduction

of PGE2 levels in ghrelin-treated rats, in the presence of

EtOH-induced gastric lesions. Thus, it is possible that ghrelin

exerts its gastroprotective effect by stimulating synthesis of

an amount of COX-1-derived PGE2 adequate for mainte-

nance of mucosal blood flow and epithelial secretion

of mucus and bicarbonate. Interestingly, we found

that 50% EtOH-induced gastric lesions were sensitive to

COX-1-derived PGs, since pretreatment with SC560, a

specific COX-1 inhibitor, made the lesions worse. This

finding is in line with previous data showing that COX-1-

derived PGs participate in gastric mucosal defence in the

presence of noxious agents (Mitchell et al., 1995; Ferraz et al.,

1997). Accordingly, we found that oral administration of

50% EtOH reduced the amount of COX-1 mRNA, and this

was not observed in ghrelin–EtOH-treated rats. Our results

on the role of PGs in ghrelin gastroprotection are in apparent

contrast to those obtained by Konturek et al. (2004) and

Brzozowski et al. (2006a). In these latter studies, ghrelin was

found to increase, rather than decrease, gastric mucosal PGE2

content. The reasons for this discrepancy could depend on

the experimental models used. For example, we measured

PGE2 levels after administration of 50% EtOH (1 mL),

whereas Konturek et al. (2004) used 75% EtOH administra-

tion (1.5 mL). Also, it has been shown that mucosal PG

content depends on the severity of the insult; more than

40% EtOH increases the PG levels (Boku et al., 2001), whereas

100% EtOH inhibits mucosal PGE2 (Ko and Cho, 1999). In

this regard, it is noteworthy that Konturek et al. (2004) found

similar PGE2 levels in controls administered EtOH as in rats

Figure 6 Effects of ghrelin (4mg per rat, i.c.v.) on mRNA expression
of (a) eNOS and (b) iNOS in gastric mucosa of rats instilled with
1 mL 50% EtOH 60 min before. The saline group received 1 mL of
distilled water instead of 50% EtOH. Results are expressed as
arbitrary units calculated as the ratio between the OD of either eNOS
or iNOS and the OD of glyceraldehyde-3-phosphate dehydrogenase
in the same sample. Results are expressed as the mean±s.e.mean of
six rats. Representative gel photographs are shown above each
column. *Po0.05 vs control group; JJPo0.01 vs salineþ EtOH group.
EtOH, ethanol; i.c.v., intracerebroventricular; OD, optical density.

Figure 7 Localization of COX-2 immunoreactivity in control rats
(C), in EtOH-treated rats (EtOH) and in rats treated with ghrelin (4mg
per rat, i.c.v.) and EtOH (EtOHþghrelin). Strong immunoreactivity
for COX-2 is detected throughout the mucosa 60 min after EtOH
instillation (EtOH). Ghrelin pretreatment restricts the EtOH-induced
expression of COX-2 to the mid-upper parts of the glands, with
significantly reduced immunoreactivity in the lower parts
(EtOHþghrelin). Comparison with basal COX-2 expression in the
glands of untreated rat (C). Immunoperoxidase, ABC method,
haematoxylin counterstaining; original magnification, �10. COX,
cyclooxygenase; EtOH, ethanol; i.c.v., intracerebroventricular.
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exposed to stress or to ischaemia–reperfusion injury

(Brzozowski et al., 2006a). These experimental models of

acute gastric lesion were accompanied by a marked reduc-

tion in gastric mucosal generation of PGE2 (Konturek et al.,

1990). It may be that, under conditions of reduced PGE2

synthesis, the inhibitory action of ghrelin is blunted and

obscures any further reductions in PGE2.

It is widely accepted that induction of the COX-2 enzyme

contributes to tissue inflammation during ulcerogenesis

(Kishimoto et al., 1997; Mizuno et al., 1997; Sawaoka et al.,

1997). At variance with the findings of Brzozowski et al.

(2006a), but in agreement with previous studies (Wallace and

Devchand, 2005; Tanaka et al., 2007), we found very low

levels of expression of COX-2 mRNA in the normal stomach,

but this was significantly upregulated in conditions of

inflammation such as those induced by 50% EtOH. In this

inflammatory condition, synthesis of PGs triggered by EtOH

seemed to be mediated by the COX-2 isoenzyme, because

pretreatment with a COX-2-selective inhibitor prevented

both increased expression of COX-2 and synthesis of PGE2

induced by administration of EtOH. In support of this

view, our immunohistochemical results showed that im-

munoreactivity for COX-2 was more marked in the gastric

mucosa of EtOH-treated rats compared with that in normal

gastric mucosa. One interesting finding of our study is the

effects of ghrelin on the spatial localization of COX-2

immunoreactivity; this was found to be restricted to the

mid-upper portion of the oxyntic glands. In contrast, after

EtOH ingestion COX-2 immunoreactivity was decreased

throughout the entire glands. Likewise in ghrelin-treated

rats, histological assessment studies have shown that EtOH

did not induce deep haemorrhagic erosions (Sibilia et al.,

2003) and this might account for the faint COX-2 signal

detected in the lowest part of the oxyntic glands. Evidence

has been obtained indicating that gastric irritants enhance

the levels of COX-2 mRNA and COX-2 protein present in

fibroblasts, monocytes/macrophages and granulocytes, all

cells recruited in the ulcerated tissue (Takahashi et al., 1998).

Thus, it is likely that the reduction in the expression of

gastric COX-2 mRNA detected in ghrelin-treated rats results

from an inhibitory effect of this peptide on the infiltration of

inflammatory cells. The possibility that ghrelin-induced

gastroprotection could be due, at least in part, to its anti-

inflammatory activity is supported by our previous studies

showing that central ghrelin injection reduces carrageenan-

induced paw oedema (Sibilia et al., 2006).

Furthermore, since it is well documented that COX-2

enzymes are mainly involved in the ulcer-healing processes

(Takahashi et al., 1998; Schmassmann et al., 2006), it would

be interesting to examine the significance, if any, of the

location of COX-2 immunoreactivity in ghrelin-treated rats

during gastric ulcer healing.

The finding that even though CELE, like ghrelin, has an

inhibitory action on mRNA COX-2 expression and synthesis,

CELE does not prevent EtOH-induced gastric lesions,

indicates that other mechanisms, in addition to PGs, are

involved in ghrelin gastroprotection. It is noteworthy that

inhibition of the gastroprotective effect of ghrelin by INDO

or SC560 is comparable to that previously observed in rats

pretreated with L-NAME, a non-selective inhibitor of NOS

(Sibilia et al., 2003). This suggests an important link between

the NOS and COX pathways in ghrelin gastroprotection.

There is increasing evidence that endogenous NO acts in

concert with endogenous PGs in the maintenance of gastric

mucosal integrity (Whittle et al., 1990; Ko and Cho, 1999). In

particular, NO has been shown to be fundamental for the

activity of COX (Salvemini et al., 1993), and COX enzymes

represent endogenous targets for modulating the effects of

NO in the gastric mucosa (Cuzzocrea and Salvemini, 2007).

More interestingly, it has been shown that NO released from

constitutive NOS activates COX-1 (Cuzzocrea and Salvemini,

2007) and that iNOS selectively activates synthesis of COX-

2-derived PGE2 (Kim et al., 2005). Furthermore, inhibition of

NOS reduced not only NO but also PGs (Salvemini et al.,

1993, 1995). In agreement with these results, we found that

L-NAME, like INDO, inhibited gastric PGE2 formation, even

though the mechanisms involved in the inhibitory action of

L-NAME on mucosal PGE2 content remain to be clarified. We

suggest that ghrelin, by releasing small amounts of endo-

genous NO, ensures maintenance of COX-1 activity and this

is involved in its gastroprotective effect. Indeed, INDO, by

inhibiting COX-1, interferes with the positive interaction

between NO-COX-1 and so attenuates ghrelin-induced

gastroprotection. In support of this view, L-NAME prevented

the increased PGE2 levels induced by ghrelin in normal

gastric mucosa.

It is known that EtOH-mediated damage is associated with

an increase in iNOS-derived NO, which is considered to be

cytotoxic to the microvascular endothelium and to promote

neutrophil infiltration in the gastric mucosa (Chow et al.,

1998). As central ghrelin decreases iNOS mRNA expression

under conditions of EtOH-induced gastric lesions, it is

possible that the reduction of NO-derived from iNOS

contributes to ghrelin gastroprotection. Our data are also

in agreement with findings obtained in rats with gastric

lesions caused by restraint stress, administered peripheral

ghrelin (Brzozowski et al., 2004).

Furthermore, ghrelin-induced reduction of gastric iNOS

could be responsible for its inhibition of COX-2 activation,

resulting in a decreased PGE2 formation, observed in the

present study.

Taken together, these observations suggest that NO and

PGs represent part of a final common pathway by which

ghrelin enables gastric mucosa to withstand the damaging

effect of EtOH. The mechanism by which activation of

capsaicin-sensitive sensory neurons influences the gastric

NO and PG system proposed by Harada et al. (2003), could

also be applied to the case of ghrelin gastroprotection.

As regards the pathways mediating the central gastropro-

tective activity of ghrelin, it has previously been shown that

ghrelin activates the neuronal circuit involving sensory

nerves, calcitonin gene-related peptide (CGRP) and NO. In

fact, ghrelin gastroprotection against EtOH-induced gastric

lesions can be completely inhibited by either capsaicin

pretreatment, administration of a CGRP antagonist or by the

NOS inhibitor, L-NAME (Sibilia et al., 2003; Konturek et al.,

2004). Furthermore, the observation that vagotomy removes

the gastroprotective activity of the peptide indicates an

effect of the peptide on vagal efferent activity (Brzozowski

et al., 2006a, b).
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In conclusion, this study shows that maintenance of

COX-1-derived PGs is essential for the gastroprotective

action of central ghrelin against EtOH-induced gastric

lesions, since this effect was negated by INDO and by the

selective COX-1 inhibitor, SC560. As L-NAME also prevented

the ghrelin-induced gastroprotection and, like INDO, re-

duced gastric PGE2 formation, it is possible that an interac-

tion between NO and PGs is involved in the gastric

protective effect of ghrelin. In particular, we hypothesize

that ghrelin, by enhancing eNOS mRNA expression, assures

an adequate amount of constitutive-derived NO and PGE2,

thus resulting in ghrelin gastroprotection. The evidence that

ghrelin decreases the expression of gastric iNOS and COX-2

induced by EtOH, together with the observed spatial COX-2

immunoreactivity localization following EtOH administra-

tion, suggests that the anti-inflammatory activity of this

peptide could account, at least in part, for its gastroprotec-

tive effect. However, further studies are needed to examine

the effects of peripheral ghrelin administration on COX

activity, before it can be considered to have potential as an

anti-ulcer drug.
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