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1. INTRODUCTION

1.

Mediators affecting mucosal defense
Numerous endogenous substances affect the defense mechanisms of the small

and large intestine. The balance between the generation of aggressive and protective
mediators is the rate-limiting step in the maintenance of intestinal mucosal integrity.
In the present work, the involvement of endogenous estrogens, nitric oxide (NO) and
capsaicine-sensitive innervation are described in this complex system.

1.1.

Estrogens and duodenal ulceration
On the basis of experimental and clinical observations, it is known that

ulceration of the duodenal mucosa shows sexual dimorphism. For example, in the
fertile age, peptic ulcer disease occurs more frequently among men than in women
(Aston et al., 1991; Michaletz-Onody, 1992). In experimental models of mucosal
damage, this sexual difference of mucosal injury has also been found. Oral
administration of ethanol generated more severe gastric mucosal erosions in male rats
than in females (László et al., 1992, 1993). In this model of mucosal damage,
gonadectomy protected the stomach against ethanol-induced injury only in male rats,
but not in females (László et al., 1992). Moreover, administration of the testosteronesynthase inhibitor, cyproterone acetate attenuated gastric haemorrhagic erosions in
intact male rats following ethanol challenge (László et al., 1992). By contrast, in a
different model of gastroduodenal ulceration (induced by restraint and activity stress),
the stomach of male rats was revealed to be less sensitive to mucosal damage
compared to that in females (Robert et al., 1966; Robert & Nezamis, 1975). In
conjunction with these findings, it can be suspected that sex hormones might possibly
play a role in the development of duodenal mucosal ulceration.

1.2.

Helicobacter pylori infection and nitric oxide generation
Infection with Helicobacter pylori (H. pylori) is a dominant pathogenic factor

in peptic ulcer disease (Baldwin et al., 1991). This bacterium colonises in the gastric
antrum and in the sites of gastric metaplasia in the duodenum, and induces local
inflammation (Carrick et al., 1989; Blaser, 1990). H. pylori infection may provoke
damage in the stomach and duodenum by releasing soluble cytotoxic factors that
activate inflammatory cells such as neutrophils, that are implicated in tissue damage
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including superoxide (Mooney et al., 1991) and nitric oxide (NO) (McCall et al.,
1989). High concentration of NO are known to be cytotoxic, and in combination with
the superoxide radical, leads to the subsequent formation of the moities, peroxynitrite
and the hydroxyl radicals, which are highly injurious to cells (Beckman et al, 1990;
Ischiropoulos et al., 1995). Indeed, it has been previously shown that administration
of a long-lasting conjugate of superoxide dismutase (SOD-PEG), which scavenges
superoxide, reduced the injury provoked by NO donors in the rat gastric mucosa
(Lamarque & Whittle, 1995).
The inducible isoform of NO synthase (iNOS) is capable of sustaining high
levels of NO, and can be expressed in gastrointestinal epithelial cells and is associated
with cytotoxicity (Tepperman et al., 1993, 1994; Brown et al, 1994). Since H. pylori
can synthesize an endotoxin (Moran et al., 1992), expression of iNOS in the duodenal
epithelial cells could also play a role in the pathogenesis of mucosal lesions related to
infection by this organism.
Recent studies have shown that challenge with a water extract of H. pylori can
express iNOS and lead to epithelial injury in the rat duodenum. These effects were
inhibited by polymixin B, suggesting the involvement of a lipopolysaccharide (LPS)
(Lamarque et al., 1998). However, although in vitro studies have shown that H. pylori
LPS can lead to the expression of iNOS in murine and human macrophage cell lines
in culture, it was only weakly active (Perez-Perez et al., 1995).
All over the world, the incidence of H. pylori infection is high, e.g. it
approaches 50-80% in European adults. Although the clinical impact of a better
understanding how H. pylori affects gastrointestinal mucosa can not be a concept of
debate, only few investigations have been carried out by using its purified endotoxin
for exploring its systemic effect, e.g. in the gut or in other organs. For example, in
chronic inflammatory diseases of the gut (e.g. in inflammatory bowel diseases [IBD]),
the overproduction of NO by the expression of the iNOS is cytotoxic, and has
pathological impact (Whittle et al, 1995). It is known that the excess of NO by iNOS
increases small and large intestinal vascular permeability, adhesion of neutrophils to
the vascular endothelium and leads to vasocongestion (Moncada & Higgs, 1993).

1.3.

Capsaicine-sensitive innervation and intestinal inflammation
IBD is the collective term used to describe the two gastrointestinal disorders,

ulcerative colitis and Crohn's disease. Although these diseases have distinctive
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pathophysiological characteristics, they are frequently considered together due to several
clinical and therapeutic similarities (Riis, 1990; Molnar et al., 2003). Implication of a
causal factor remains elusive, and there is no known cure (Riis, 1990; Hay & Hay,
1992).
Capsaicin-sensitive sensory nerves (CSN) play an important role in the
maintenance of the structural and functional integrity of the gastrointestinal mucosa
(Holzer, 1988). There is ample evidence that this effect is mediated by neuropeptides
released from afferent nerve endings. Capsaicin selectively stimulates these nerves and
causes the release of vasoactive peptides, such as calcitonine gene-related peptide
(CGRP) and substance P (SP). Hence, mucosal application of capsaicin at low
concentrations may affect mucosal protection by releasing peptides (e.g. CGRP), which
increase mucosal blood flow (Holzer & Sametz, 1986; Holzer, 1988,1991). In contrast,
systemic administration or local application of capsaicin at higher concentrations results
in a selective destruction of CSN (for a review see Jancso, 1992). Thus, pre-treatment
with capsaicin may lead to aggravation of tissue damage. Available experimental
evidence indicates that sensory nerves may be involved in the development of colonic
IBD (Evangelista & Meli, 1989; Reinshagen et al., 1994).
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2. OBJECTIVES

1.

Estrogen effect on duodenal ulceration
The aim of our studies was to evaluate the actions of the female sex steroid,

estradiol on the generation of duodenal ulceration and vascular endothelial damage
provoked by cysteamine in rats. Therefore, in female rats, we examined the effects of
ovariectomy and exogenous oestradiol on the severity of macroscopically detectable
lesions as well as the changes in microvascular permeability in the duodenal tissue.

2.

Helicobacter pylori endotoxin-provoked induction of nitric oxide synthase,
and its actions on the intestinal vasculature and on epthelial cell viability
The first objective of our investigations was to examine the ability of a

purified H. pylori LPS to induce iNOS activity in duodenal epithelial cells following
its administration in vivo, and determine its association with cell damage in the rat.
The effects of a novel highly selective inhibitor of iNOS, 1400 W (Garvey et al.,
1997; László & Whittle, 1997) on the cytotoxic actions were evaluated. In addition,
the involvement of the superoxide, and hence peroxynitrite, on epithelial cell injury
provoked by the H. pylori LPS was investigated using a long-lasting conjugate of
superoxide dismutase (SOD-PEG).
Our second proposal was to explore 1./ whether systemic administration of a
purified H. pylori endotoxin (LPS) leads to the expression of iNOS in other parts of
the small and large intestine, and 2./ whether H. pylori LPS is capable to provoke
jejunal or/and colonic inflammation, and how they relate to each other.

3.

Capsaicine-sensitive

innervation

in

colonic

mucosal

defense

under

physiological and pathological circumstances
The present experiments were initiated in an attempt to reveal a possible
participation of local capsaicin-sensitive sensory innervation in changes of colonic
vascular permeability under physiological and pathological conditions, i.e. in
experimental colitis provoked by trinitrobenzene-sulphonic acid (TNBS) in the rat.
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MATERIALS AND METHODS
3.1.

Animals
Wistar rats (10-12 week-old) were used throughout our studies. Rats were

housed 5 per cage in a room under constant conditions of illumination (12 hours lightdark cycle), temperature (22±2 °C) and humidity (20-25%). Standard diet and tap
water were available ad libitum. After a week of habituation in the facilities, animals
were admitted to the experimental sessions. All experiments were carried out
according to the directives of the local Ethical Committee of the University and also
of the European Communities Council Directive 86/609/EEC. Efforts were made to
minimize animal suffering and to reduce the number of animals used.
3.2.

Ovariectomy
Bilateral ovariectomy and sham-operation have been performed under

ketamine and medetomidine (75 mg/kg and 0,5 mg/kg, respectively; i.p.) narcosis.
Animals were allowed to recover over two weeks.
3.3.

Provocation of duodenal, jejunal and colonic damage

3.3.1. Duodenal mucosal ulceration and vascular leakage
Female Wistar rats (200-220 g) were injected with cysteamine (400 mg/kg,
s.c.). Twenty-four hours after cysteamine administration, the animals were killed by
ether overdose, and their duodenum was removed. During this 24-h period, rats were
deprived of food, but received water ad libitum. In some groups of rats, ovariectomy
was performed. For additional groups of rats, a depot injection of oestradiol (1-5
mg/kg, i.m.) was administered before cysteamine.
The area of damage and the total mucosal surface of the duodenum were
measured by a digital planimeter (Sokkia KP-82-N, Japan), and the injured area was
expressed as a percentage of the total mucosal surface. We determined vascular
leakage simultaneusly.

3.3.2. Jejunal inflammation induced by purified Helicobacter pylori endotoxin (LPS)
3.3.2.1. Preparation of H. pylori LPS
Biomass of H. pylori (NCTC 11637 strain) was grown in brain-heart infusion
containing 2% foetal calf serum to ensure expression of high molecular weight LPS.
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Extraction of LPS was performed using a phenol-water procedure. Subsequently,
extracted LPS was purified by treatment with RNase A, DNase II and proteinase K,
and by ultracentrifugation at lOO.OOOxg at 4°C for 18 h (Moran et al., 1992). For
suspension, purified LPS was dispersed in endotoxin-ffee water sonication.

3.3.2.2. Provocation of jejunal vascular leakage
We used male Wistar rats (230-250 g). They were fasted overnight, but
received water ad libitum. Under transient ether anaesthesia, purified H. pylori LPS (3
mg/kg) was administered intravenously. In a separate experiment, we administered a
bisisothiourea derivative selective iNOS inhibitor, N-(8-(aminomethyl)-benzyl)acetamidine (1400W; 0.2-1 mg/kg, s.c.; [Garvey et al., 1997]) concurrently with
endotoxin. For the measurement of vascular permeability or iNOS enzyme activity,
segments of the jejunum and colon were removed from standard sites 4 h following
treatments.

3.3.3.

Colonic mucosal injury

3.3.3.1. Defunctionalization of colonic capsaicin-sensitive neurons (CSN-depletion)
Rats were anaesthetised with urethane (1 g/kg, i.p.). A small piece of gelfoam
was moistened with capsaicin (1%, 100 pi) and placed onto the serosal surface of the
lower part of the colon (1-4 cm from the anus) for 30 min. Sham-operated rats were
treated with the solvent of capsaicin. For the determination of vascular permeability
changes, tissues samples of the lower and upper colon were removed 2 months later.
This examination period was chosen, since among capsaicin-treated (CSN-depleted) rats
moderate diarrhoea occurred during the postoperative survival time. The sham-operated
group did not show this symptom of inflammation.

3.3.3.2. Induction of colitis in CSN-depleted and CSN-intact rats
Colonic inflammation was induced with TNBS according to the method of
Morris et al. (1989). TNBS (30 mg/rat) or/and ethanol (50%) were administered through
the anus via a plastic tube advanced 8 cm into the colon of CSN-depleted or control
(CSN-intact) rats. Plasma leakage, in the upper and lower colon, was determined in
TNBS-alone and TNBS+ethanol groups one week later.
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3.3.3.3. Colonic inflammation induced by purified H. pylori LPS
We used male Wistar rats (230-250 g). They were fasted overnight, but
received water ad libitum. Under transient ether anaesthesia, purified H. pylori LPS
(from Prof. Moran's laboratory, Ireland; 3 mg/kg) was administered intravenously. In
a separate experiment, we administered a bisisothiourea derivative selective iNOS
inhibitor,

1400W (0.2-1 mg/kg, s.c.) concurrently with endotoxin. For the

measurement of vascular permeability or iNOS enzyme activity, segments of the
jejunum and colon were removed from standard sites, 4 h following treatments.

3.4.

Vascular leakage
As an index of vascular endothelial damage, leakage of [125I]human serum

albumin was determined in the duodenum, jejunum (4 cm-long segment, 10 cm-far
from the pylorus) and in the upper and lower part of the colon (4-4 cm-long segments
from the coecum and anus, respectively). Under light ether anesthesia [125I]human
serum albumin (2 pCi/kg) was administered into the tail vein 2 hours before autopsy.
Immediately before autopsy (also under ether anesthesia) blood was collected from
the abdominal aorta into syringes containing trisodium citrate (final concentration
0,318%) and centrifuged (10 000 g, 10 minutes, 4°C). The [125I]human serum albumin
content of the stomach and plasma was determined in a gamma spectrometer (Nuclear
Enterprises NE1600). Control values (from rats that had received saline) were
subtracted from the values of treated animals and data were expressed as changes in
albumin accumulation (pi plasma/g tissue) as described previously (Boughton-Smith
etal., 1993).

3.5.

Investigation of H. pylori LPS-provoked duodenal epithelial cell damage

3.5.1. Animal preparation
Male Wistar rats, weighing 200-250 g, were fasted overnight but allowed free
access to water. The animals received 0.75-3 mg/kg of H. pylori purified LPS
dissolved in saline and administered via the tail vein under transient anaesthesia
induced by ether. In control experiments, rats were pre-treated with saline.
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3.5.2. Duodenal epithelial cell isolation
Duodenal epithelial cells were isolated as described previously (Roth et al.,
1985). A 5 cm segment of duodenum was slowly flushed with 50 ml of a solution
containing 0.15 M NaCl and 0.1 mM dithiothreitol (DTT). The segment was then
filled with 5 ml of a solution containing (in mM) 1.5 KC1, 96 NaCl, 27 sodium citrate,
8 KH2PO4, and 5.6 Na2HP04 (pH 7.3), and the proximal and the distal ends were
ligated. The segment was then immersed in phosphate-buffered saline (PBS) kept at
37°C, which was bubbled with 95% 0 2 -5% C0 2 . After 15 min, the instilled solution
was removed and another solution containing 1.5 mM EDTA and 0.5 mM DTT was
instilled over 5 min, as described previously (Tepperman et al., 1993). The epithelial
cells were collected in suspension in this solution. The cells were washed twice with
PBS (pH 7.4) and centrifuged for 5 min at 800 g. The cells were suspended in a buffer
containing HEPES (10 mM), sucrose (320 mM), DTT (1 mM), soybean trypsin
inhibitor (10 pg/ml), leupeptin (10 pg/ml), aprotonin (2 pg/ml).
To assess the purity in epithelial cells in the aliquots isolated from duodenum,
in some experiments the cells were fixed with formaldehyde, stained by hematoxylineosin-saffan (PIES) and counted under light microscopy and expressed as the
percentage of epithelial cells by fields. The percentage of epithelial cells in the cell
suspension isolated from the duodenum by dispersion was 98±1 % (n=8), as
determined by microscopy, the other cells identified by morphological analysis being
mastocytes.

3.5.3. Duodenal epithelial cell viability
The cell viability was determined in duodenal epithelial cells collected from
rats that has been challenged, 5 h previously, with purified H. pylori LPS or saline.
The viability of cells was determined by trypan blue dye exclusion (0.5%, trypan blue
in PBS) as described previously (Tepperman et al., 1991). The number of non-viable
cells was determined by light microscopy (x40 magnification) by counting those cells
that failed to exclude the dye. Cells were counted in a randomised manner using a
hemocytometer.
Duodenal epithelial cells viability was also determined by the conversion of
the tetrazolium salt (3-[4.5-dimethylthiazol-2yl]-2.5-diphenyl tetrazolium bromide,
MTT) in the formazan salt by mitochondrial dehydrogenases. Briefly, 300 pi of MTT
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was added to 50 pi suspension of the homogenised cells prepared as previously
described and suspended in a buffer containing HEPES (10 mM), sucrose (320 mM),
DTT (1 mM), soybean trypsin inhibitor (10 pg/ml), leupeptin (10 pg/ml), aprotonin (2
pg/ml). After 4 h of incubation at 37°C, the suspension was centrifuged for 2 min at
10,000 g, the pellet was solubilized in DMSO (1 ml) and centrifuged again for 2 min
at 10,000 g. The spectrophotometric absorbance of the formazan salt was measured in
the supernatant at 540 nm. Protein content was measured by the Bradford's method in
the initial suspension of homogenised cells. Results were expressed as OD/mg of
protein.

3.5.4. Effects of H. pylori LPS on NOS and viability in duodenal epithelial cells
At 5 hours after administration of H. pylori purified LPS (0.75-3 mg/kg), the
animals were killed by cervical dislocation, duodenum removed and duodenal
epithelial cells isolated as described above. In control experiments, rats were preheated with saline. The NO synthase activity was determined in epithelial cells. Cells
viability was estimated by MTT conversion and trypan blue exclusion.

3.5.5. Effects of N-(3-(aminomethyl)benzyl)acetamidine (1400W) on iNOS activity
and viability of duodenal epithelial cells
In further experiments, rats were treated with the selective iNOS inhibitor,
1400 W (0.2-1 mg/kg i.v.) or saline, concurrently administered with H. pylori LPS (3
mg/kg). The NO synthase activity was determined in the duodenal epithelial cells
isolated 5 h after challenge with H. pylori LPS. The doses and timing of
administration of 1400W was taken from previous studies on rat gastrointestinal
tissue (László & Whittle, 1997).
3.5.6. Effects of SOD-PEG on epithelial cell viability and NO synthase activity
In groups of rats, a systemically acting conjugate of polyethylene glycol and
superoxide dismutase (SOD-PEG; 125-500 IU/kg) or isotonic saline was administered
by an intravenous bolus injection, 15 min prior H. pylori LPS administration (3
mg/kg). The doses of SOD-PEG were taken from previous studies on its inhibitory
action on the inflammatory response in the rat skin following systemic administration
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(Boughton-Smith et al, 1993). The epithelial cells viability and NO synthase activity
were determined in duodenal cells, 5 h after H. pylori LPS administration.

3.6.

Measurement of nitric oxide synthase (NOS) enzyme activity
The NOS enzyme activity was determined as the conversion of L-[14C]-

arginine monohydrochloride to L-[14C]-citrulline based on the method described
previously [Salter et al., 1991; Boughton-Smith et al., 1993; Kiss et al., 2001,
Blanchard et al., 2001; Lamarque et al., 2003]. We sacrificed the animals by
decapitation, and immediately after autopsy, we prepared the fresh tissues for
measurements. The tissues were homogenized (15 s, Ultra-Turrax homogenizer, 5
mm blade) in buffer (250 mg/ml, 4°C) containing 10 mM Hepes, 32 mM sucrose, 1
mM dithiothreitol, 0.1 mM EDTA, 10 pg/ml soybean trypsin inhibitor, 10 pg/ml
leupeptin, and 2 pg/ml aprotinin at pH 7.4. Homogenates were centrifuged for 20 min
(10000 g, 4 °C). Supernatants were mixed with Dowex (AG 50W-8; 200-400, 8%
cross-linked, Na+ form) resin and centrifugated for a further 10 min (10000 g, 4 °C).
Sample supernatant (40 pi) was incubated for 10 min at 37°C in reaction buffer
comprising final concentrations of 50 mM KH2PO4, 10 pg/ml calmodulin, 2.5 mM
CaCI2, 50 mM valine, 1 mM dithiothreitol, 15.5 nM L-arginine, 1 mM L-citrulline,
0.3 mM NADPH, 3 pM FAD, 3 pM FMN, 3 pM THB4 and 0.17 pM of [l4C]Larginine. The reaction was arrested by the addition (0.5 ml) of a 1:1 v/v suspension of
Dowex:water. After addition of 0.85 ml distilled water and settling for 30 min, the
supernatant was removed for scintillation counting. Protein content was estimated via
spectrophotometry assay (Bio-Rad Protein Assay), and NOS activity was expressed
as pM/min/mg protein. Total NOS activity was defined as citrulline formation that
was abolished by incubation in vitro with N -nitro-L-arginine (L-NNA, 1 mM). Basal
L-NNA-sensitive activity that was abolished by EGTA, was taken as calciumdependent cNOS activity. Calcium-independent NOS activity (iNOS) was determined
as the difference between samples containing 1 mM EGTA and samples containing 1
mM L-NNA.

3.7.

Chemicals
L-[14C]arginine

monohydrochloride

was

purchased

from

Amersham

International (U.K.). [125I]human serum albumin was obtained from Izinta, Budapest,
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Hungary. The selective iNOS inhibitor, 1400W was a gift from Wellcome Research
Laboratories. Ketamine and medetomidine (Domitor) were purchased from a
commercial pharmacy. All other compounds were from the Sigma-Aldrich Chemical
Company.

3.8.

Statistics
The data are expressed as the mean ± S.E.M. of (n) rats or tissue samples per

experimental group. Data were analyzed with the Mann-Whitney non-parallel U-test,
one way ANOVA followed by the Tukey-Kramer or by the Bonferroni multiple
comparisons test, where appropriate. P<0.05 was taken as significant.
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4. RESULTS
7.1.

Actions of estrogen on duodenal ulceration
Administration of cysteamine (400 mg/kg, s.c.) provoked macroscopic injury

of the duodenal mucosa, and increased vascular permeability after 24 h. Ovariectomy
decreased, while exogenous oestradiol dose-dependently increased

cysteamine-

induced macroscopic lesion formation and vascular leakage, as demonstrated in
Figure 1.
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Figure 1.

Induction of vascular leakage of plasma (determined by using radiolabeled
albumin) and macroscopic injury by cysteamine (Cyst., 400 mg/kg, s.c.) after
24 h in the rat d u o d e n u m . The inhibition and potentiation of cysteamineprovoked microvascular and macroscopic lesion formation by ovariectomy
(Ovar.,

two

weeks

before

cysteamine

challenge)

and

by

oestradiol

pretreatment (1-5 mg/kg/week, i.m.), respectively. T h e c o l u m n s show the
extent of lesions (in % , lower panel) and the leakage of plasma (A pl/g tissue,
upper panel). Data are given as the mean±S.E.M. of 4-7 rats per group;
statistical significance is shown as *P<0.05: inhibition of cysteamine induced
macroscopic injury and vascular leakage; ^ < 0 . 0 5 : potentiation of cysteamine
induced macroscopic injury and vascular leakage.

20
4.2.

Actions of nitric oxide

4.2.1. Induction of iNOS in duodenal epithelial cells after H. pylori LPS
NO synthase activity, which was inhibited by L-NMMA but not by in vitro
incubation with EGTA (ImM), was determined in the supernatants of duodenal
epithelial cells. A significant dose-dependent increase in NO synthase activity was
detected 5 h after administration of LPS (0.75-3 mg/kg), as shown in Figure 2. This
Ca 2+ -independent activity remained at a similar level when determined 7 h after
challenge.
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Figure 2.
Dose-dependent

increase

in inducible nitric o x i d e ( i N O S ) activity

in

isolated d u o d e n a l epithelial cells, harvested 5 h f o l l o w i n g c h a l l e n g e with
H. pylori

l i p o p o l y s a c c h a r i d e administration ( L P S , 0.75-3 m g / k g , i.v.) in the

rat. Data, s h o w n as the C a 2 + - i n d e p e n d e n t i N O S activity
protein),

are

means±

S.E.M.

of 5-10 e x p e r i m e n t s ,

s i g n i f i c a n t d i f f e r e n c e f r o m the control g r o u p ( P < 0 . 0 0 5 ) .

(pmol/minmg

where

*

denotes
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4.2.2.

Effect of H. pylori LPS on duodenal epithelial cell viability
The proportion of epithelial cells in the cell suspension isolated from the

duodenum by dispersion was 98±2 % (n=4), as determined by microscopy, the other
cells identified by morphological analysis being mastocytes. The proportion of nonviable intestinal cells isolated from control rats, assessed by Trypan blue staining, was
13.1+1 % (n=12). Administration of H. pylori LPS (0.75-3 mg/kg, i.v.) provoked a
significant dose-dependent increase of the number of non-viable cells when assessed
by the dye exclusion 5 h later (Figure 3). Likewise, 5 h following H. pylori LPS (0.753 mg/kg, i.v.) administration, the percentage of non viable cells, estimated by MTT
conversion, dose-dependently increased, as shown in Figure 3.

Control, 0.75

1.5

3.0

H. pylori LPS (mg/kg)
Figure 3.
Percentage

of v i a b l e

isolated

duodenal

epithelial

cells d a m a g e d ,

as

a s s e s s e d by T r y p a n blue exclusion (per cent cells e x c l u d i n g d y e ; u p p e r
g r a p h ) or M T T c o n v e r s i o n (per cent control, lower g r a p h ) , 5 h f o l l o w i n g
c h a l l e n g e with H. pylori

lipopolysaccharide ( L P S ; 0.75-3 m g / k g , i.v.) in

rats. D a t a are m e a n s ± S.E.M. of 5-12 e x p e r i m e n t s w h e r e * significant
d i f f e r e n c e f r o m the s a m e control g r o u p ( P < 0 . 0 1 ) .
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4.2.3. Effects of 1400W on H. pylori LPS-provoked

iNOS activity in rat duodenal

epithelial cells
The increase in iNOS activity, determined in the rat duodenal epithelial cells 5
h after intravenous challenge with H. pylori LPS, was inhibited dose-dependently by
concomitant administration of 1400W (0.2-1 mg/kg, i.v.), as shown in Figure 4. The
cNOS activity measured 5 h after LPS challenge was not significantly modified by the
treatment with 1400W (5 mg/kg, i.v.), being 6431234 and 6841176 pmol/min/mg
protein, respectively (n=8).
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Figure 4.
Inducible

nitric

oxide

(iNOS)

activity

f o l l o w i n g c h a l l e n g e with H. pylori

in

duodenal

epithelial

cells

lipopolysaccharide (LPS; 3 mg/kg,

i.v.) in the rat, and the actions of c o n c u r r e n t a d m i n i s t r a t i o n of N - ( 3 ( a m i n o m e t h y l ) b e n z y l ) a c e t a m i d i n e ( 1 4 0 0 W ; 0.2-1 m g / k g , i.v.).

Data,

s h o w n as ¡ N O S activity ( p m o l / m i n m g protein), are m e a n s 1 S . E . M . of 59 e x p e r i m e n t s , w h e r e * d e n o t e s significant d i f f e r e n c e f r o m L P S ( P < 0 . 0 1 ) .
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4.2.4. Effects of 1400W on the viability of rat duodenal epithelial cells exposed to
H. pylori LPS
Five hours after the H. pylori LPS injection (3 mg/kg, i.v.), the increase in
non-viable cells, estimated by Trypan blue dye exclusion or MTT conversion, was
reversed by concomitant treatment of the rats with 1400W (0.2-1 mg/kg, i.v.), as
demonstrated in Figure 5.

Control LPS , 0.2

0.5

1.0 ,

+1400W (mg/kg)

Figure 5.
P e r c e n t a g e o f v i a b l e isolated d u o d e n a l epithelial cells, as assessed by
T r y p a n blue e x c l u s i o n (per cent cells e x c l u d i n g dye; u p p e r g r a p h ) , or
M T T c o n v e r s i o n (per cent control; lower graph), 5 h f o l l o w i n g c h a l l e n g e
with H. pylori

l i p o p o l y s a c c h a r i d e ( L P S ; 3 m g / k g , i.v.) in rat treated

c o n c u r r e n t l y w i t h saline (control) or with

N-(3-(aminomethyl)benzyl)-

a c e t a m i d i n e ( 1 4 0 0 W ; 0.2-1 m g / k g , i.v.). Data are m e a n s ± S . E . M . of 5-9
e x p e r i m e n t s , w h e r e * d e n o t e s a significant d i f f e r e n c e f r o m the control
( P < 0 . 0 1 ) , and " s h o w s a significant d i f f e r e n c e f r o m the L P S a l o n e g r o u p
(P<0.05).
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4.2.5. Effects of SOD-PEG on H. pylori LPS-provoked

iNOS activity in duodenal

epithelial cells
Administration of SOD-PEG (500 IU/kg, i.v.), 15 min prior to challenge with
H. pylori LPS, did not significantly affect the increase in iNOS activity in duodenal
epithelial cells, determined 5 h after challenge (Figure 6). The cNOS activity
measured 5 h after H. pylori LPS challenge was likewise not affected following SODPEG administration (data are not shown; n=10).
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Figure 6.
I n d u c i b l e nitric o x i d e ( i N O S ) activity in d u o d e n a l epithelial cells, 5 h
f o l l o w i n g c h a l l e n g e with H. pylori

lipopolysaccharide (LPS; 3 mg/kg,

i.v.) in rat treated c o n c u r r e n t l y with saline or with s u p e r o x i d e d i s m u t a s e
c o n j u g a t e d with p o l y e t h y l e n e glycol ( S O D - P E G ; 2 5 0 - 5 0 0 I U / k g , i.v.).
Data s h o w n as i N O S activity ( p m o l / m i n / m g protein) are m e a n s ± S . E . M .
o f 5 - 1 0 e x p e r i m e n t s , w h e r e * d e n o t e s a significant d i f f e r e n c e f r o m the
control ( P < 0 . 0 1 ) . In control e x p e r i m e n t s , a g r o u p o f rats received S O D P E G ( 5 0 0 I U / k g , i.v.). T h e r e w a s no significant d i f f e r e n c e ( P > 0 . 0 5 )
b e t w e e n v a l u e s for L P S alone and L P S with either dose o f S O D - P E G .
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4.2.6.

Effects of H. pylori LPS and SOD-PEG on viability of epithelial cells
The proportion of non-viable intestinal cells, assessed by Trypan blue staining,

that was isolated from rats treated 5 h previously with SOD-PEG (500 IU/kg, i.v.)
alone, was not different from those of cells taken from control rats (12±1%, n=6
compared with 12.4±2%, n=5). However, the increase in non-viable cells 5 h after the
H. pylori LPS administration was prevented by pretreatment (15 min) of the rats with
SOD-PEG (250-500 IU/kg, i.v.). Likewise, the increase in non-viable cells assessed
by MTT conversion after H. pylori LPS challenge was prevented by pretreatment with
these doses of SOD-PEG, as demonstrated in Figure 7.

T r y p a n blue e x c l u s i o n
ÛD
C

uX
euu

20

£

0
M T T conversion
100

"3
so

"

80

*

CsJ 60

0N?

M

40
20
0

250

500

500 i

SOD-PEG (IU/kg)
+H. pylori

LPS

Figure 7.
P e r c e n t a g e o f viable isolated d u o d e n a l epithelial cells, as assessed by
T r y p a n blue e x c l u s i o n (per cent cells e x c l u d i n g d y e ; u p p e r g r a p h ) and by
M T T c o n v e r s i o n (per cent control, lower graph) 5 h f o l l o w i n g c h a l l e n g e
with H. pylori

l i p o p o l y s a c c h a r i d e ( L P S ; 3 m g / k g , i.v.) in rat treated

c o n c u r r e n t l y with saline or with s u p e r o x i d e d i s m u t a s e c o n j u g a t e d with
polyethylene

glycol

(SOD-PEG;

(250-500

IU/kg,

i.v.).

In

control

e x p e r i m e n t s a g r o u p o f rats received S O D - P E G a l o n e ( 5 0 0 IU/kg, i.v.).
D a t a are m e a n s ±
significant

S.E.M. of 5-10 experiments where

difference

from

the

control

s i g n i f i c a n t d i f f e r e n c e f r o m the H. pylori

(P<0.05)

and

* denotes a
" denotes

LPS group alone (P<0.05).

a
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4.2.7.

Effects of H. pylori LPS on jejunal and colonic expression of iNOS, and its
reversal by 1400W
Administration of H. pylori endotoxin led to the expression of iNOS in the

jejunum and colon (n=4, P<0.001) 4 h later, an effect which was abolished by the
administration of 1400W (p=4, P<0.001) in both intestinal tissues (Figure 8). Basal
cNOS activities remained unchanged throughout the experiments (n=4, data are not
shown).
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Figure 8.
E x p r e s s i o n o f i N O S (described in pmol/min/mg" protein units) in the rat
jejunal

and

Helicobacter

colonic
pylori

tissue 4 h after the a d m i n i s t r a t i o n

of

purified

e n d o t o x i n ( L P S ; 3 m g / k g , i.v.), and its reversal by the

selective i N O S inhibitor 1 4 0 0 W (1 m g / k g , s.c., c o n c u r r e n t l y with LPS).
D a t a are e x p r e s s e d as m e a n ± S . E . M . , w h e r e n = 4 rats in a g r o u p . * P < 0 . 0 5
m e a n s s i g n i f i c a n t increase in i N O S activity c o m p a r e d to the untreated
control ( C o n t . ) g r o u p ; *P<0.05 m e a n s s i g n i f i c a n t d e c r e a s e
activity c o m p a r e d to the L P S alone g r o u p .

in

iNOS
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4.2.8.

Effects of H. pylori LPS on jejunal and colonic albumin leakage, and its
reversal by 1400W
H. pylori endotoxin (3 mg/kg, i.v.) alone provoked significant small and large

intestinal albumin leakage 4 h later (Figure 9). Concurrent administration of the
selective inhibitor of iNOS, 1400W with H. pylori endotoxin dose-dependently
attenuated jejunal and colonic albumin leakage after 4 h (83±5% and 94±3% maximal
protection, respectively; n=4-6, PO.Ol) as demonstrated in Figure 9.
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Figure 9.
P r o v o c a t i o n o f j e j u n a l and colonic a l b u m i n leakage ( e x p r e s s e d as pi
a l b u m i n / g dry tissue) by the administration of a purified
pylori

Helicobacter

e n d o t o x i n ( L P S ; 3 m g / k g , i.v.) 4 h later, and its d o s e - d e p e n d e n t

attenuation by the c o n c u r r e n t administration of a selective i N O S inhibitor
( 1 4 0 0 W , 0.2-1 m g / k g , s.c.). Data are expressed as m e a n ± S . E . M . , w h e r e
n = 4 - 6 rats in a g r o u p . * P < 0 . 0 5 m e a n s s i g n i f i c a n t increase in a l b u m i n
leakage;

r,

P<0.05

means

significant

c o m p a r e d to the L P S a l o n e group.

decrease

in

albumin

leakage
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4.3.

Role of local capsaicin-sensitive nerves (CSN) in colonic defence

4.3.1. Effect of CSN-depletion on colonic albumin leakage
CSN-depletion in the lower colon led to a significant plasma leakage (P<0.005,
n=8) after two months. There was no difference in albumin extravasation in the lower
colon of sham-operated animals as compared to the intact control group (n=5 and 8,
respectively). In CSN-depleted and sham-operated animals, albumin extravasation in the
upper colon was unaffected, as demonstrated in Figure 10.
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Figure 10.
Plasma leakage in the lower part (1-4 cm from the anus; grey
column) of the rat colon induced by local capsaicin-sensitive nervedepletion (CSN-depleted). The plasma leakage values in the upper
part of the colon are demonstrated on hatched columns. Plasma
leakage was expressed as A pi plasma/g dry tissue. Data are shown as
means±S.E.M. of at least 5 experiments for each group, where
statistical significant increase is shown as *P<0.05.
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4.3.2. Effect of CSN-depletion on albumin leakage during colitis
In CSN-intact control rats administration of TNBS alone induced significant
albumin extravasation in the upper and lower colon after one week (PO.OOl, n=5). In
contrast, in CSN-depleted rats TNBS alone produced a more marked increase in vascular
permeability in the lower colon (P<0.001, n=5), while in the upper colon there was no
difference in albumin extravasation between CSN-depleted and CSN-intact rats
following the administration of TNBS-alone (n=5 and 8, respectively).
In CSN-intact rats administration of TNBS and ethanol caused marked plasma
leakage in the upper and lower colon (PO.OOl, n=5). In CSN-intact animals there was
no significant difference in the enhancement of vascular penneability between the upper
and lower parts of the colon. In the lower colon of CSN-intact rats TNBS+ethanol
brought about similar increase in plasma leakage as TNBS alone in CSN-depleted
animals (Figure 11).
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Figure 11.
Plasma leakage one week after intrarectal (8 cm from the anus)
administration of trinitrobenzenesulphonic acid (TNBS, 30 mg/rat)
or/and ethanol (50%) in lower (1-4 cm from the anus; white column)
and upper (5-8 cm from the anus; grey column) parts of the colon
following capsaicin-sensitive nerve-depletion (CSN-depleted) or in
control (CSN-intact) rats. Plasma leakage was expressed as A pi
plasma/g dry tissue. Data are shown as means+S.E.M. of at least 5
experiments for each group, where statistical significant increase is
shown as *P<0.05. #P<0.05 represents statistical difference vs. the
appropriate parts of the colon of TNBS in CSN-intact rats.
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5.

DISCUSSION

5.1.

Aggressive actions of high doses of estrogens
This study confirms the previous observation (László et al., 1992) that

following ovariectomy the gastroduodenal mucosa is less sensitive to ulcerogenic
stimuli. The reduction by ovariectomy of cysteamine-induced ulcers of the duodenum
might relate to the decrease of endogenous plasma estradiol levels. Additionally,
mucosal damage of the duodenum was increased by exogenous administration of
oestradiol into intact female rats. Thus, our present findings indicate the involvement
of estrogens among the female sexual steroids in the pathogenesis of duodenal
mucosal ulceration.
For a better understanding of our results in relation to the pro-ulcerogenic
actions of high doses of exogenous oestradiol, it should be mentioned here that
administration of estrogens led to the inactivation of endogenous prostaglandins
(Elegbe, 1978). Prostglandins have key importance in the defence mechanism of the
duodenal mucosa (Robert, 1979; Robert & Kauffman, 1989). Furthermore, high doses
of estrogens sensitize the vasculature towards the actions of vasopressin (László et al.,
1991), a pituitary hormone which plays an aggressive role in the development of
experimental and human gastric and duodenal damage (Varga et al., 1998; László et
al., 1998; Pávó et al., 2000).
In the present study, we have shown that cysteamine provoked microvascular
plasma leakage, as a measure of vascular endothelial damage. Our finding is in
agreement with the previous suggestion that aggressive vascular factors are to be
involved in the generation of cysteamine-induced gastric and duodenal ulcers
(Bernardini et al.,

1989). On the other hand, it is well established that

microcirculatory injury and the consequent hypoxia are among those important
factors, which are considered to lead to mucosal ulceration (Robert & Kauffman,
1989). In the present work, it was also demonstrated that the reduction in endogenous
estradiol level by ovariectomy caused the attenuation of cysteamine-induced
microvascular leakage, which contrasts the harmful actions of exogenously
administered estradiol following cysteamine challenge. It should be known that there
are numerous biochemical and epidemiological evidences cumulated on the effects of
estrogens on factors involved in the coagulation system (Williams & Stancel, 1996).
A clear sense of the net effect on physiological or, more likely, pharmacological doses
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of estrogens on coagulation has not yet been emerged (Beller, 1994). However, a
focus should be given here that the vascular endothelium express oestrogen receptors
and a number of special oestrogen derivatives can be used in certain cases as
hemostatic agents (Williams & Stencel, 1996).

5.2.

Attenuation of the intestinal barrier by H. pylori endotoxin-provoked induction
of nitric oxide synthase

5.2.1. Actions of H. pylori LPS on duodenal epithelial cells
A dose-dependent elevation of Ca2+-independent NOS activity was observed
in rat duodenal epithelial cells 5h after challenge in vivo with a purified LPS of H.
pylori, considered to reflect the expression of iNOS. Furthermore the appearance of
this Ca2+-independent activity was prevented by the novel highly selective iNOS
inhibitor 1400W (Garvey et al., 1997; László & Whittle, 1997). In previous studies, it
has been suggested that circulating neutrophils are not the lonely source of the iNOS
activity detected in duodenal tissue after H. pylori

water extract challenge.

Administration of anti-neutrophil serum in doses that reduced the circulating
leukocytes count by 90% did not modify the level of the iNOS activity in duodenum
(Lamarque et al., 1998).
Induction of iNOS in colonic and small intestinal epithelial cells, that follows
E. coli endotoxin challenge, is associated with a reduction in epithelial cells viability
(Tepperman et al., 1993, 1994). Likewise, in the present study, a reduction in
duodenal epithelial cell viability, determined ex vivo, was observed four hours after H.
pylori LPS administration. This reduction in cell viability, which accompanied with
the expression of iNOS was inhibited by its highly selective inhibitor 1400W.
In the present study, intravenous administration of the systemically active
superoxide scavenger, SOD-PEG inhibited the cell damage induced by H. pylori LPS.
Such findings therefore, support the involvement of the superoxide anion in the tissue
damage induced by H. pylori endotoxin. Sonicates of H. pylori have been shown to
induce an oxidative burst in human polymorphonuclear and monocytes (Nielsen &
Andersen, 1992b). Moreover, an increased luminol chemiluminesence, which reflects
the generation of reactive oxygen species, has been found in the antrum of patients
infected by H. pylori (Nielsen & Andersen, 1992a; Davies et al., 1994). The local
release of these cytotoxic moieties has been suggested to play a role in the duodenal
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mucosal lesions observed in peptic ulcer disease associated with H. pylori. By
interacting with NO, such oxygen species may form further damaging products such
as peroxynitrite (Beckman etal., 1990). Such reactive species may provokes epithelial
cell injury by activating poly(ADP-ribose) synthase that depletes intracellular energy
store (Kennedy et al., 1998). Thus, by this mechanism, H. pylori could play a role in
the apoptosis of gastric epithelial cells described following application of LPS on rat
gastric mucosa (Piotrowski et al., 1997).
The present study thus shows that a purified LPS from H. pylori can provoke
the expression of iNOS in vivo. The expression of iNOS in duodenal epithelial cells
could reflect a host-defence mechanism against the colonisation of Hpylori, since NO
can exert bacteriocidal actions (Granger et al., 1988; Evans et al., 1996). However,
the release of H. pylori LPS and its passage into mucosa through damaged epithelium,
could also play a role in a number of disease states. Indeed, expression of iNOS in
gastric epithelial cells may stimulate apoptosis and contribute to induce gastric cancer
(Anti etal., 1998).
The current findings support the concept that the release of LPS stimulates the
local production of high concentrations of NO from the duodenal epithelium and other
cells through the expression of iNOS, which may play a role in the pathogenesis of
duodenal ulceration associated with H. pylori infection.
5.2.2. Provocation of jejunal and colonic inflammation by H. pylori LPS
Our present results confirm previous observations, when a H. pylori extract
was administered intravenously, and the expression of iNOS in the duodenal part of
the small intestine and in its epithelial cells had been found (Lamarque et al., 1998).
The expression of iNOS correlated with epithelial cell death, and could be reversed by
the administration of the non-selective iNOS inhibitor, dexamethasone, and by the
treatment with N°-nitro-L-arginine methyl ester, a non-specific NO synthase blocker
at the time of the expression of iNOS (Lamarque et al., 1998). Therefore, H. pylori
extract could damage the intestinal mucosa by its direct toxic effect on epithelial cells,
which is mediated by iNOS. The vascular injury is correlating with iNOS expression,
and their reversal by the selective iNOS inhibitor, 1400W following the challenge
with H. pylori purified endotoxin in our study suggests that, besides the damage of
epithelial cells, microcirculatory dysfunction can also participate in H. pylori-related
inflammation. Moreover, the induction of NO synthase and microvascular leakage in
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the jejunum and colon might focus the impact of H. pylori endotoxin-provoked
mucosal injury in other parts of the gastrointestinal tract.
5.3.

Protection against colonic inflammation by local capsaicin-sensitive nerves
The present findings showed that local CSN-depletion led to a sustained increase

in vascular permeability of the colon in control rats. Moreover, in CSN-depleted rats
administration of TNBS produced a further increase in albumin leakage, which was
similar in magnitude to that found after the application of TNBS+ethanol in the lower
colon of CSN-intact animals. On the basis of these observations it appears that CSN are
involved in the modulation of colonic vascular permeability under physiological and
pathological circumstances.
Our

results

are

in

agreement

with

previous

findings,

where

the

defunctionalization of extrinsic CSN by systemic administration of capsaicin augmented
1./ immune-complex-induced colitis in rabbits (Reinshagen et al., 1994), 2./ rat colonic
inflammation provoked by acetic acid (Eliakim et al., 1995) and 3./ TNBS+ethanolinduced mucosal injury in the rat colon (Evangelista & Meli, 1989). It has been also
demonstrated that local activation of CSN by topical application of capsaicin protects
against an acute colonic injury provoked by TNBS+ethanol in rats, an effect which is
reversed by a competitive antagonist of capsaicin (Goso et al., 1993). Taken together,
these results suggest a protective role for CSN in experimental models of IBD.
It is known that CSN contain numerous neuropeptides (Holzer, 1991). The
release of these neuropeptides may be responsible for the protective function of this
neuronal system in IBD. During induction of colitis by acute immune complex exposure
in rabbits, an early reduction of the two most important CSN neuropeptides, i.e.
substance P (SP) and calcitonin gene-related peptide (CGRP) has been found (Eysselein
et al,

1991). These findings indicate that these peptides are released during

inflammation. Because of its pharmacological actions (Holzer, 1991; Whittle, 1993) and
of its predominant existence in the CSN of gastrointestinal tissues (Muldeny et al, 1988;
Reinshagen et al., 1994), CGRP seems to be the most important peptide involved in the
protective function of CSN in experimental models of IBD. Intravenous or intraarteriolar
infusion of CGRP increases resting gastric mucosal blood flow (Dipette et al., 1987;
Holzer & Guth, 1991; Whittle et al., 1992). In contrast, local infusion of the CSN
neuropeptides, SP and neurokinin A did not elevate resting mucosal blood flow (Holzer
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& Guth, 1991). Therefore, CGRP might promote mucosal integrity by increasing
intestinal blood flow.
In conclusion, our results suggest that CSN may play a significant
protective/anti-inflammatory role in the colon under physiological and pathological
conditions. Finally, involvement of an impaired capsaicin-sensitive innervation of the
intestine in the development of human IBD (especially Crohn's disease) can not be
excluded. Indeed, it has been demonstrated that in patients with Crohn's disease the
concentration of SP in rectal dialysates tends to be lower (Bernstein et al., 1993) and in
these patients the expression of SP receptors was shown to be increased in the intestinal
tissue (Mantyh et al., 1995).

6. SUMMARY
6.1.

Actions of estrogens on duodenal ulceration
Our findings indicate that estradiol appears to exert a pro-ulcerogenic activity

in the generation of macroscopic and microvascular injury in the duodenum. Thus,
inappropriate high levels of estrogen might possibly have detrimental effects in the
pathogenesis of duodenal ulceration.
6.2.

Effects of H. pylori endotoxin on the intestinal mucosal barrier function
The expression of iNOS by H. pylori endotoxin results in duodenal epithelial

cell injury by a process involving superoxide, suggesting the involvement of
peroxynitrite. These events may contribute to the pathogenic effect of H. pylori in
peptic ulcer disease.
On the basis of our present observations, H. pylori LPS seems to be capable to
provoke damage not only in the duodenum, but its endotoxin is also able to induce
jejunal and colonic microvascular albumin leakage, i.e. inflammation. This process is
mediated by the overproduction of NO originating from the activation of the inducible
NOS.

6.3.

Role of capsaicin-sensitive innervation in colonic mucosal defence
Our results suggest that CSN may play a significant protective/anti-inflammatory

role in the colon under physiological and pathological conditions, where the involvement
of CGRP component of CSN is most likely to be involved. Since CGRP-depletion may
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attenuate vasodilator tone and microvascular infarction(s) has significance in the
pathways leading to Crohn's disease, the impact of an impaired CSN of the intestine in
the development of human IBD (especially Crohn's disease) cannot be excluded.
7. PERSPECTIVES

Besides the injurious effect of H. pylori LPS in the duodenum, the induction of
NO synthase and microvascular leakage in the jejunum and colon might focus the
impact of H. pylori endotoxin-provoked mucosal injury in other parts of the
gastrointestinal tract. We suspect that transmucosal invasion or/and surface
translocation of H. pylori or its breakdown products might attenuate the mucosal
barrier function of the jejunum and colon. This process is mediated by iNOS. Thus,
the clinical implication of selective inhibitors of iNOS might have potential
therapeutic benefit in the prevention and treatment of H. py/on'-associated
gastrointestinal mucosal inflammation. Finally, our results give further support of the
importance of the eradication of H. pylori, even in asymptomatic cases.
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