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ABSTRACT

Helicobacter pylori infection of the stomach always results in mucosal
inflammation and a marked systemic immune response. Despite the profound
host defence reactions the bacterium avoids elimination and persists in the
mucosa. This results in chronic inflammation and an increased risk for peptic
ulcers and adenocarcinoma. Still a majority of infected individuals never
develop any symptomatic disease. Previous results from our laboratory indicate
that H. pylori reduces the power of host defence by restricting gastric NO
production by pathogen-derived competitive iNOS inhibitors. It was considered
of interest to further investigate not only the H. pylori associated inhibition of
nitro-radical formation, but also interactions with the oxy-radical formation in
gastric carcinogenesis. Furthermore, because the renin angiotensin system
(RAS) recently was ascribed immunomodulatory actions, it was considered of
interest to also explore if H. pylori influences the presence and location of this
regulatory system in the gastric mucosa. The H. pylori infected Mongolian gerbil
was used as the experimental model and was followed up to 18 months after
infection. A first aim of this thesis was to by use of histopathology validate the
model’s suitability for studies of H. pylori (strains SS1 and TN2GF4) induced
gastric mucosal pathology. The results indicate that the H. pylori infected
Mongolian gerbil cannot be confirmed as being a cancer model, but it is suitable
for studies of acute and chronic mucosal inflammation. The Mongolian gerbil
model was then used to elucidate H. pylori strain dependency on the expression
of the oxy- and nitro-radical forming enzymes, and to investigate whether H.
pylori infection results in inhibition of either or both of the nitro- and oxy-
radical formation. Western blotting was used to assess iINOS and MPO
expressions as representatives for nitro- and oxy radical forming pathways,
respectively. Radical formation was assessed as presence of nitrotyrosine or by
use of NO or H,0, sensitive microelectrodes. The results confirm that H. pylori
infection in Mongolian gerbils despite an up-regulation of nitro- and oxy-radical
forming enzymes results in inhibition of radical formation. Response patterns
differed over time in relation to the H. pylori strain under study. The results were
confirmed in human gastric specimens using similar western blot assessing
expression of nitro-and oxy-radical forming enzymes as well as nitrotyrosine.
Finally, gene transcripts and immunoreactivity to the angiotensin Il receptors
ATIR and AT2R were found present in the antral wall of the Mongolian gerbil.
The investigation indicated a possible H. pylori strain dependent influence on
the AT1R expression.
The present studies on experimentally infected Mongolian gerbils and
asymptomatic human tissues support strongly that H. pylori avoids to be
eliminated from the gastric mucosa by interfering with the nitro- and oxy-radical
formation. In addition the investigations also suggest the presence of a H. pylori
strain dependent influence on the ATIR expression constituting a novel
immunomodulatory principle.
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H. pylori, radicals and angiotensin Il receptors

FOREWORD

The Nobel Prize in Physiology or Medicine 2005 was awarded the Australian
physicians Barry J. Marshall and J. Robin Warren "for their discovery of the
bacterium Helicobacter pylori and its role in gastritis and peptic ulcer
disease"(1). This remarkable event was the culmination of an extraordinary
scientific process that had turned the widespread peptic ulcer-disease from a
condition with only symptomatic treatment options into a curable one. That
paradigm shift is one the greatest revolutions in modern medicine and was
dependent on a preceding detailed understanding of the production of
hydrochloric acid by the stomach. Although the peptic ulcer disease nowadays is
not of any great clinical concern H. pylori is still a cause of significant
morbidity. Being one of the most common infections worldwide and with a
strong association to the development of stomach cancer there is still a need for
understanding the pathophysiological processes following H. pylori infection.
One of the keys for H. pylori to become a successful pathogen is its outstanding
ability to survive in the gastric mucosa. It has to withstand not only the hostile
intragastric acidic and peptic activity but also the host defences induced
following infection. The reasons why the bacterium can persist in the stomach
despite a strong immune response are obscure. The host response to H. pylori
infection results in up-regulation of several enzymes involved in production of
reactive oxygen species (ROS) and reactive nitrogen intermediates (RNI). As
several nitro- and oxy-radicals have potent bactericidal effects, inhibition of
radical production would be beneficial for bacterial survival.

My thesis is based on 5 papers in which I have tested the hypothesis that H.
pylori has the ability to inhibit the activity of the up-regulated nitro- and oxy-
radical producing enzymes. Such an inhibition would cause a reduced or
imbalanced radical production of possible importance for the pathological
processes leading to chronic inflammation and malignant transformation.
Furthermore as the renin angiotensin system (RAS) is involved in both
immunomodulatory actions and has a strong relationship to radical formation I
found it of interest to also challenge the hypothesis that H. pylori influences the
presence and location of this regulatory system in the gastric mucosa.

Because the scientific literature is huge concerning both the H. pylori associated
effects on inflammatory radical formation and the RAS a brief review of parts
relevant for this thesis project is given below. Then the scientific approach is
considered after which novel results are reviewed and eventually discussed in
relation to the existing paradigms. My wish is that the research summarised in
this thesis may contribute to the understanding of the obscure development of H.
pylori related disease.

A.E.
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BACKGROUND

HELICOBACTER PYLORI
Epidemiology

H. pylori have been found in the stomachs of humans in all parts of the world. It
is one of the most common bacterial infections worldwide, infecting more than
half of the world’s population. There is a strong correlation between prevalence
of infection and socioeconomic status (2). In some low-income countries 70-90
% of the population is infected with H. pylori, whereas in high-income countries
the prevalence is 25-50%. Most infections are acquired in childhood (3, 4).
However, the incidence of H. pylori infection is declining, and today only 10 %
of the children in high income countries are infected (5, 6). The mode of
bacterial transmission of H. pylori is still not fully understood. Faecal-oral
transmission is probably the most important (7, 8).

Bacteriology

H. pylori is a spiral shaped micro-aerophil gram-negative bacterium, 2,5-5 um
long and 0.5-1.0 wm wide. It has four to six unipolar flagella that are essential
for bacterial motility (9).The bacteria produce a number of factors that are
important to the organism’s survival, virulence and induction of
pathophysiological effects in the host. The virulence factors mentioned below
are known to be important for bacterial colonization and development of disease.
H. pylori produces large amounts of urease, which represents about 10-15% of
the total bacterial protein synthesis. Urease exists both on the bacterial external
surface and internally in the cytoplasm. It acts by converting gastric urea into
ammonia (NH3) and carbon dioxide (CO,) that converts to bicarbonate (HCO5")
by carbonic anhydrase (10). The produced NH; and HCO;™ acts as a buffer
optimizing pH conditions in the medium surrounding the microbe. The external
urease used to be regarded as the most important in this aspect, as it generates a
cloud of ammonia around the bacteria that protect it against the acidity of the
stomach. However, it is now thought that in the conditions found in the stomach
low pH, cytoplasmatic urease rather than surface bound urease is essential for
the survival of the organism (10). At acidic pH an urea channel is activated and
the urea diffusion in to the cytoplasm can increase 300 fold, allowing maximal
production of NH; and CO, (11). NHj efflux from the cytoplasm then buffers
the bacterial periplasm to a pH consistent with bacterial viability. Bacterial
urease is important for bacterial colonization and virulence. The urease produced
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by H. pylori also acts as a potent stimulus of mononuclear phagocyte activation
and inflammatory cytokine production (12).

A well-established cluster of virulence 1is the cyfotoxin associated
pathogeneicity island (cag PAI) being a 27-gene locus that is present in a
majority of the clinical strains found in Europe and the USA. H. pylori strains
with the cag PAI have been shown to be more virulent, with an increased risk of
development of duodenal ulcers and gastric adenocarcinoma, than strains
lacking the gene complex (13). The cytotoxin associated gene A (cagA) is
located in the cag PAI, and encodes for the CagA protein. In the H. pylori
infected gastric mucosa the CagA protein is inserted into the host epithelial cells
(14). Inside the host cell the CagA interferes with cell signalling pathways and
induces cytoskeletal rearrangements (15). It has been suggested that cagPAI
positive strains are involved in the activation of transcription factor nuclear
factor -kB (NF-kB), resulting in production of inflammatory mediators such as
interleukin-8 (11-8) (16, 17). The cytotoxin associated gene E (cagE) is another
of the functional genes in the cag-PAI. The gene encodes for the protein CagE
and has been ascribed an important role in carcinogenesis following H. pylori
infection (18, 19). The in vitro observation of large vacuoles in the cytoplasm of
cells incubated with H. pylori led to the discovery of the Vacuolating cytotoxin
A (VacA) (20). VacA induces apoptosis in epithelial cells, but it is still not
clarified why vacuolation is required for this type of apoptosis (21).The VacA
gene is present in all isolates of H. pylori, but not all strains express the 95-kD
VacA protein. The VacA protein inserts itself into the epithelial cell membrane
and forms a channel through which bicarbonate and organic anions can be
released (22). Possibly this is a way to provide the bacterium with nutrients.

The gene babA2 encodes for the protein BabA, which is an outer-membrane
protein. H. pylori strains that possess the bab2 gene are associated with an
increased incidence of gastric adenocarcinoma. BabA-expressing strains adhere
more tightly to epithelial cells, which might promote pathogenesis (23).

Histopathology

The H. pylori infection is always associated with an inflammation in the gastric
mucosa. Classically “inflammation” is the somatic reaction to a noxious
influence e.g. an infection. The inflammatory reaction to H. pylori relates
primarily to the histopathologic picture of the inflamed stomach mucosa,
collectively termed gastritis. Experimental studies show that an acute gastritis,
characterized by the appearance of acute inflammatory cells including neutrophil
polymorphonuclear infiltration, appears shortly after colonization with H. pylori
(24-26). According to the Updated Sydney system gastritis can be divided into
three broad categories: acute, chronic, and special forms (the latter for example
NSAID- associated chemical gastritis and bile reflux gastritis) (27). Regardless
of the regional distribution of chronic gastritis, the inflammatory pictures consist
of a lymphocytic and plasma cell infiltrate in the lamina propria, occasionally



Anders Elfvin

accompanied by neutrophilic inflammation of the neck region of the mucosal
pits (28). Chronic inflammation may be accompanied by mucosal atrophy
defined as loss of the glandular structures. Chronic gastritis is separated into two
major categories based on the presence or absence and topographic distribution
of atrophy. H. pylori may cause chronic non-atrophic gastritis or a multifocal
atrophic gastritis (27). Most individuals with H. pylori infection have a more
prominent gastritis in the antrum compared to the corpus (27). Atrophic gastritis
is often associated with replacement of gastric epithelium with columnar and
goblet cells with the morphology of intestinal epithelial cells; intestinal
metaplasia (29). On the basis of morphology and enzyme histochemistry
intestinal metaplasia is divided into three main sub-types and into small
intestinal or colonic types (30-33). Presence of intestinal metaplasia is believed
to increase the risk of development of dysplastic changes in the gastric mucosa.
The term dysplasia is used to describe disorderly but non-neoplastic
proliferation. It means loss of uniformity of the individual cells, as well as a loss
in their architectural orientation. Dysplastic cells exhibit a considerable variation
in size and shape, and their nuclei are often hyperchromatic (28).

Approximately 15-20 % of the H. pylori infected population develop duodenal
ulcers (DU) (34-36). A H. pylori induced inflammation of the antral mucosa in
the presence of an intact oxyntic (acid producing) mucosa will result in acid
hypersecretion due to a blockage of mechanisms normally inhibiting the gastric
acid secretion (36, 37). H. pylori infection of the antrum results in an increase of
the release of gastrin. Gastrin has a stimulatory effect on the acid secreting
mucosa, which will result in a markedly increased maximal acid secretion
capacity (38, 39). Under normal conditions antral somatostatin acts as a
physiological inhibitor of gastrin release.The increase in gastrin release may be
due to a H. pylori induced inhibiton of somastostatin release in the antrum (37,
40). In the uninfected stomach acidification of the duodenal bulb will
immediately activate bicarbonate secretion from the duodenal mucosa
neutralizing the acid. Nitric oxide (NO) produced by iNOS is an activator of
bicarbonate secretion in the duodenum (41, 42). H. pylori infected DU patients
have markedly reduced bicarbonate secretion in response to acidification of the
duodenal bulb (43). The mechanism by which H. pylori infection is reducing
bicarbonate secretion may be by inhibiting iNOS activity which results in
reduced NO production (44). The increased acid load might lead to development
of gastric metaplasia in the duodenum (36). H. pylori colonize the metaplasias
that subsequently become inflamed and are considered to be the initial sites of
ulceration (45).

Individuals with DU following antrum-predominated gastritis and high acid
production seem less likely to develop gastric adenocarcinoma (46). However, if
the H. pylori inflammation also includes the oxyntic mucosa, the acid secretion
will instead be reduced due to H. pylori induced inhibition on the parietal cell
level e.g. via enhanced II-1B expression. This may start the development of
atrophic gastritis and increase the risk of gastric adenocarcinoma (45, 47).

10
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Many studies have demonstrated the close relationship between H. pylori
infection and the development of gastric adenocarcinoma (48, 49). In 1994 H.
pylori became classified as a class I carcinogen by WHO (49).

The two main sites of cancer in the stomach are the cardia region (the
esophagogastric junction) and the distal portion of the stomach. The
adenocarcionomas of the esophagogastric junction, and the more distal
adenocarcionomas (below termed gastric adenocarcinomas) have many
differences, and probably they represent two distinct diseases with different
etiologies (50)

An inverse relationship between H. pylori infection and the risk of development
of adenocarcinoma of the esophagus and the esophagogastric junction has been
proposed, but remains to be confirmed, and is outside the scope of this thesis
(51). Approximately 90% of gastric cancers are adenocarcinomas, and the
majority are located along the lesser curvature of the antro-pyloric region. The
remaining 10% are mostly made up of non-Hodgkin’s marginal B-cell
lymphomas (MALT-lymphomas) and leiomyosarcomas with a more diffuse
localisation. An interesting finding regarding MALT lymphomas is that a high
percentage of cases regress after antibiotic treatment (52). Being relatively rare
the lymphomas are not further discussed in this thesis. Gastric adenocarcinomas
can be divided into two groups, the well-differented (intestinal) type and the un-
differented (diffuse) type. The intestinal type of adenocarcinoma usually occurs
at high age, and is more common among men. The diffuse type more commonly
affects younger people, and occurs equally among men and women (53). H.
pylori significantly increase the risk of development of both subtypes of gastric
adenocarcinoma. The mechanisms of development of the intestinal type of
cancer are best characterized and is proposed to be related to corpus-dominant
gastritis, mucosal atrophy and intestinal metaplasia.

Carcinogenesis

In 1992 Correa and colleagues presented a multi-step model for the development
of gastric cancer (54). Correa postulated that there is a temporal sequence of
precancerous changes that eventually leads to the development of gastric
adenocarcinoma. The so-called Correa’s cascade starts with a chronic active
gastritis, most commonly caused by H. pylori infection. This chronic gastritis
can develop to an atrophic gastritis, which allows transformation to intestinal
metaplasia, dysplasia and eventually to the development of adenocarcinoma.
This is now widely accepted as the route of cancer development in the stomach.
The Correa’s cascade is a good starting point for research, but probably the truth
is more complex than previously known. Metaplasia does not obligately follow
atrophy, it may actually be the opposite: intestinal metaplasia can lead to the
development of atrophy (55). Furthermore some types of intestinal metaplasia
might be a paracancerous phenomenon, and not necessarily precancerous (55).

11
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Regarding risk factors for cancer development, H. pylori is the primary cause of
gastric inflammation and the leading etiologic agent of gastric adenocarcinoma.
Virulence factors expressed by the bacteria such as CagA, VacA and BabA are
related to a higher incidence of gastric pathology (56, 57). Another factor that is
clearly related to increased risk of gastric adenocarcinoma is high salt
consumption (58). On the other hand lifestyle factors as smoking and obesity
that seem to be important for cancer in the esophagogastric junction are not so
for the H. pylori related gastric tumours (59).

Plasma levels of GI hormones and growth factors e.g. gastrin, as well as
cytokines such as IL-8, have been shown to be elevated in gastric cancer tissue
compared to controls (60). The cyclooxygenas-prostaglandin system (COX-2-
PGE,) is involved in gastric carcinogenesis by playing a role in cell
proliferation, apoptosis and angiogenesis (61, 62) .

In summary infections with virulent H. pylori strains are associated with a
markedly increased risk of development of gastric adenocarcinoma. Still a
majority of infected individuals never develop any neoplastic changes. Probably
it is a combination of bacterial factors, environmental insults and the
competence of the host immune response that spurs the initiation of mucosal
atrophy and gastric cancer. Hence, a deeper understanding of the host response
to H. pylori is important in understanding the carcinogenesis.

Immunology

Immunity is usually divided into innate and adaptive immunity. Innate immunity
refers to responses that do not require previous exposure to the immune
stimulus, whereas adaptive immunity involves immunologic memory and is the
response to a previously identified immunologic stimulus. However, the border
between the innate and the adaptive immunity is not always clear. Infection with
H. pylori causes a strong immune response and local infiltration by both
polymorphonuclear and mononuclear cells giving the characteristic picture of
mucosal inflammation. The cellular damage and grade of inflammation are
strongly associated to the presence of virulence factors in the H. pylori strain
infecting the mucosa. The most important virulence factors in this aspect are the
previously mentioned cag PAI and vacA. Activated macrophages are central
players in the first line of defence against infection. They are important
coordinators of both the innate and adaptive immune response (63). As shown in
Figure 1 macrophages also produce cytokines such as IL-12 that stimulate T-
helper 1 (Thl) cells resulting in production of other cytokines like interferon-y
(IFN-y) (63). The role of T-cells in the immune response to H. pylori infection
has been thoroughly studied and involves complex interactions with activation
of both Th and T regulatory cells (Treg) (64). One of the most important pro-
inflammatory cytokines in the defence against H. pylori infection is IL-1p.

12
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Increased production of IL-1f induces expression of many other pro-
inflammatory cytokine genes such as TNF-a,, IL-2, IL-6 and IL-12 (65).

The H. pylori activation of the host cellular immune response includes an
increased expression of nitro- and oxy-radical forming enzymes as a part of the
bactericidal defence. Despite a strong host immune response to the H. pylori
infection the microbe is not eradicated. The H. pylori induced immune response
is apparently ineffective and the bacterium remains in the stomach.

y Helicobacter Pylori

Urease and

Other HP
Factors \

R

) — 2
Neutrophil

IL-1

Macrophage

Fig 1: Schematic figure of the immune response to H. pylori. The infection activates
neutrophils and macrophages as well as T- and B-cells. A number of interleukins and
other cytokines are involved in the interplay between the cells.

The enigma

The reasons why the bacterium can persist in the stomach despite a strong
immune response are multifaceted. The inability to clear the infection may for
example be related to insufficient activation of dendritic cells (DC). It may be
that in chronic H. pylori infection DC’s become inhibited by the prolonged
antigen exposure leading to suboptimal Thl development (66). Furthermore H.
pylori persistence may be related to the presence of H. pylori-specific regulatory

13
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T cells that actively suppress CD4" T-cell responses resulting in an ineffective
immune response (Figl) (64).

In this thesis focus is on the possible ability of the microbe to inhibit the nitro-
and oxy-radical systems. To understand the interaction between the microbe, and
the radical forming systems a brief description of the latter is given below.

RADICALS
What is a radical?

Oxidation is gain of oxygen or loss of an electron by a substance. Reduction is
loss of oxygen, the gain of an electron or hydrogen by a substance.

An oxidizing agent takes an electron or hydrogen from another chemical, or adds
oxygen. A reducing agent supplies electrons or hydrogen to another chemical, or
removes oxygen.

Electrons are most stable when they are paired in their orbits. Unpaired electrons
are more reactive as they are attracted to magnetic fields. The definition of a free
radical is a substance that has unpaired electrons and is capable of independent
existence (67).

By this definition atomic hydrogen (H) is a free radical because it only has one
electron, and O, is a radical because it has two unpaired electrons in its outer
orbital. Although O, is reactive it is a quite stable state of oxygen. Superoxide
(O,") has an additional electron, and is more reactive than O,.

The oxy-radical system

An often-used term is reactive oxygen species (ROS). This term includes true
radicals that have unpaired electrons as well as chemicals that do not have
unpaired electrons but still can take part in radical type reactions (gain or loose
electrons) (67). Examples of non-radical ROS are hydrogen peroxide (H,0,),
hypochlorous acid (HOCI) and ozone (O3).

Oxidative stress is a reality in most living organisms. Oxidative stress is a
general term used to describe the steady state of oxidative damage in a cell,
tissue, or organ, caused by ROS. The oxidative stress is caused by an imbalance
between the production of ROS and the system’s ability to detoxify the reactive
species or easily repair the resulting damage. In humans, oxidative stress is
involved in the development of many diseases e.g. atherosclerosis and cancer.
However, ROS are also beneficial as they are used in the immune response to
attack and eliminate pathogens. There are many different sources by which ROS
are generated. Reduction of molecular oxygen generates a mixture of O, and
H,0,, which represents the major sources of intracellular ROS (68). Among the
large number of enzymes and molecules involved in oxidative stress there are a
few enzymes and products playing a central role. As shown in Figure 2 the most

14
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important enzymes are nicotinamide adenine dinucleotide phosphate oxidase
(NADPH oxidase), superoxide dismutase (SOD), myeloperoxidase (MPO) and
nitric oxide syntase (NOS). These enzymes give rise to four products; O,", H,O,,
nitric oxide (NO) and hypocloric acid (HOCI). All the large number of oxidants
produced from phagocytes arises from reactions involving these four compounds
(69).

INTRACELLULAR PHAGOSOMAL OR EXTRACELLULAR

Z
N
o

7 ZZ o,
ADPH ONOO
Xxidase
Y 1 o,
o / Fe*/Fe? BAKTERIUM
_~  Ho

HOCL

.

77~ Chloramines  “OH

NO

NADP + H*

Figure 2: Schematic of the most important players in the nitro- and oxy-radical
systems. Several ROS and RNI have potent bactericidal effects.

The role of phagocytes in host defence was discovered and described by Elie
Metchnikoff in 1883 (70). The role of oxygen in phagocytosis was first
described by Baldridge and Gerrard as the “extra respiration of phagocytosis” in
1933 (71). They found that neutrophils demonstrated a dramatic increase in
oxygen uptake, a so-called “respiratory burst”, when phagocyting bacteria. In
1964 Rossi and Zatti proposed that NADPH oxidase was responsible for the
respiratory burst of phagocyte (72). In 1973 it was reported that the initial
product of the respiratory burst was O, (73). We now know that ROS are
produced as a consequence of NADPH oxidase activity (74). NADPH oxidase is
a transmembrane electron transport chain. It is found in phagocytes including
neutrophils, eosinophils, monocytes and macrophages. It was originally thought
that this system was restricted only to phagocytes and used solely in host
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defence (75). However it is now known that different members in the NADPH
oxidase family are present in a variety of nonphagocytic cells of leukocyte and
nonleukocyte origin (76). The most studied form is the phagocyte NADPH
oxidase. The enzyme is built up of five components P40P™*, p47P" p6 7P,
p22°"* and gp91”"* (Nox2). When inactive three of the components including
p47""* exist in the cytosol as a complex. When the cell is exposed to stimuli, the
cytosolic components become phosphorylated and migrate to the membrane and
form the active enzyme (77). The active NADPH oxidase catalyzes the
production of O, by the one-electron reduction of oxygen, using NADPH as the
electron donor. The O, produced serves as starting material for the production
of different ROS. O, reacts with one of the most fundamental antioxidant
enzymes superoxidedismutase (SOD). SOD catalyzes the reaction between two
0, and two H' to H,0, and O, (78, 79). The reaction is called dismutation,
because O, reacts with itself to give an oxidised product O, and a reduced
product H,O,. At high concentrations O, can dismute spontaneously, but the
presence of SOD results in a much lower steady state intracellular concentration
of Oy (69). The product H,O, is not a radical, but by definition a ROS and may
be responsible for many of the O, reactions.

Mpyeloperoxidase (MPO) is concluded to play an important role in the
microbicidal activity of phagocytes. MPO is a haeme containing enzyme similar
to that found in haemoglobin. Unlike haemoglobin however MPO is green not
red, and is the substance that gives the greenish colour to pus (69).MPO is
released from cytoplasmatic granules of neutrophiles and monocytes by a
degranulation process. It reacts with H,O, formed by the respiratory burst to
form a complex that can oxidise a large variety of substances. (80) The initial
product of the MPO-H,0,-chloride system is as mentioned the strong non-
radical oxidant HOCI.

The MPO induced bactericidal mode of action starts with the activation of
neutrophils. The primary function of the neutrophils is the phagocytosis and
destruction of microorganisms. The bacterium is ingested into the phagosome.
When MPO and H,O, are released into the phagosome the microbicidal effect is
often rapid, with bacterial dying within milliseconds. (80, 81). The targets, of
MPO system, on the bacteria include the adenosine triphosphate (ATP)
generating systems, and the origin of the replication site of DNA synthesis,
which appears to be the most sensitive area (82, 83). If MPO and H,O, are
released outside the cell they react with extracellular chloride. This reaction can
induce tissue damage and contribute to the pathogenesis of disease (80)

The most recognized of the oxy-radicals is superoxide (O;). The first step in the
metabolism of the oxygen molecule is addition of an electron forming O,". O, is
a radical, but it is not very reactive, nor is it a powerful oxidant. However,
because O, is formed in large amounts it has important impact.

In phagocytic cells the major source of O, is production via NADPH oxidase.
Several other enzymes contribute to the O, production, for example xanthine
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oxidase, which is present in the cytosol of many tissues, and in circulating blood
(84). Xanthine oxidase can be involved in the production of O, in
ischemia/reperfusion and sepsis (85). Cytochrome P450 enzymes can produce
O, during special conditions (67). Interestingly nitric oxide synthases (NOS)
can produce O, when L-arginine, the substrate for NO production, is insufficient
(86).

Hydrogen peroxide (H,0,) is more stable than O, and can diffuse across
membranes. Several enzymes can form H,O, some of these via a Oy
intermediate and others without the formation of O,. As H,O, is constantly
generated, has a relatively long biological half-life, and is highly biomembrane
permeable it must under normal conditions immediately be neutralized at the site
of production to prevent diffusion through the cell or to the extra cellular space.
Examples of H,0O, neutralizing anti-oxidant enzymes are catalase and
glutathione peroxidase (87).

If accumulated H,O, will diffuse from its site of production and be a part of the
generation of other powerful members of ROS. If MPO is present, for example
in the neutrophil phagosome, MPO will catalyze the formation of HOCI from
chloride and H,0,. Alternatively H,O, will react with free iron (Fe2+) to form the
powerful hydroxyl radical (°OH) in the following reaction:

H,0,+ Fe*" — Fe*" + OH + °OH

In biological fluids the concentration of free iron is limited. The free iron needed
can then be formed by reducing the ferric iron Fe*" by O, as follows:

02_+ Fe3+ i Fez+ + 02
Putting these two together, the sum of the reactions will be:
HzOz + 02_ e 02 + OH + °OH

This reaction is called the O, driven Fenton reaction or the Haber-Weiss
reaction (88) (89). Iron is required for the reaction, as H,O, and O, do not
interact directly in an appreciable rate (90). In summary H,0O, will react either
with MPO and chloride to form HOCI or with O2- to form °OH.

Kinetics of °OH and HOCI:. °OH is an extremely reactive radical, which will
react with essentially the first molecule it meets. It may cause DNA modification
and strand breaks, enzyme inactivation, lipid peroxidation and can result in
generation of secondary radicals (91). For °OH to be effective in the struggle
against microorganisms it needs to be formed in the immediate vicinity of the
target on the bacterial surface, because otherwise it will react before it ever gets
to the target (90). However, most of the H,O, will not react directly with O,
forming °OH, but be consumed by MPO to form HOCIL. HOCI is a non-radical
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oxidant with a wide range of ways to react. It is the most bactericidal oxidant
known to be produced by the neutrophil and is more selective in its reactions
than °OH (92). If HOCI reacts with O, the result will be production of °OH

o).

The nitro-radical system

The term reactive nitrogen intermediates (RNI) is used to describe another class
of oxidants. Principally RNI are oxidation intermediates of the nitrogenous
products of nitric oxide synthase (NOS), being mainly nitric oxide (NO),
nitrogen dioxide (NO,"), S-nitrosothiols (RSNO) and peroxynitrite (ONOO) (93,
94).

Oxidation of arginin by NOS creates the gas NO. Three distinct isoforms of
NOS have been characterized. Two are constitutively expressed, calcium
dependent isoforms: neuronal NOS (nNOS or NOS-1) and endothelial NOS
(eNOS or NOS-3) primarily involved in signal transduction. The third NOS is an
inducible, calcium independent isoform: inducible NOS (iNOS or NOS-2) and is
involved in host defence thus of particular interest in this thesis (95-97) .

INOS was first identified in macrophages, in which its formation was shown to
be induced by cytokines and other substances commonly associated to
infections. However it is now known that a variety of cells, including
macrophages, astrocytes, hepatocytes, and monocytes, can express iNOS in
response to exposure to cytokines, endotoxines and/or oxidative stress (98). The
iNOS gene has been localized to the region of chromosome 17q0-12. Expression
of the enzyme requires a combination of signals. IFN-y, lipopolysacharide
(LPS), interleukin-1 (IL-1) and cyclic adenosine mononucleotide phosphate
(cAMP) are examples of substances that may induce iNOS expression (99, 100).
iNOS gene expression is also regulated by the transcript factors NF-kB, the
Janus kinase (JAK), signal transducer and activator of transcription (STAT)
among others. Known inhibitors of iNOS include dexamethasone and
transforming growth factor-f (TGF-f) and others(101). NO itself is an inhibitor
of iNOS expression.

The traditional view of NOS is that the two constitutive forms produce NO in
low concentrations during physiological conditions, and that iNOS during
pathophysiolocial events, sometimes over a long period of time, produces NO in
very high “cytotoxic” concentrations (102). However, this is a much to
simplified picture of iNOS. There are several reports of iNOS expression during
non-stimulated conditions in for example the duodenum, jejunum and airways.
They are then involved in physiological regulatory processes, and thus not
associated to host defence or tissue restitution (42, 103-105).

Nitric oxide (NO) was brought to the attention of biomedical-scientists in 1985
when it was found that E-coli LPS induced the production of inorganic nitrate
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and nitrite by LPS-sensitive mouse macrophages (106). In 1987 it was found
that the endothelium-derived relaxing factor (EDRF) was in fact NO (107, 108).
Some years later it was demonstrated that NO and citrulline are the degradation
products of L-arginine, and that NO has its action in a large variety of
physiological processes such as neurotransmission, immune function, secretion,
haemostasis, vascular tone, cardiac contractility and intestinal peristalsis (96,
109) . NO also was ascribed important roles in pathologic conditions such as
septic shock, atherosclerosis, hypertension, ischemia/reperfusion injury, and
carcinogenesis (109). NO can be formed via enzymatic reactions as described,
but large amounts of NO is also produced non-enzymatically. High
concentration of nitrite from the saliva is reduced when it meets the extremely
low pH in the stomach. This results in the production of NO and a variety of
other nitrogen species (110). The non-enzymatic NO production is probably
important for intragastric clearance of digested microorganisms (111). NO reacts
rapidly with O, to produce the extremely active radical peroxynitrite (ONOO).
It may act as an oxidant, or isomerise to nitrate, or protonate and dissociate to
give nitrogen dioxide (NO,) and the hydroxyl radical (OH®) (98). ONOO™ has
effects on mitochondrial respiration and can potentially oxidise most vital
functions of the mitochondria. It causes oxidation and cross linking of proteins,
inhibition of mitochondrial complexes, nitration of tyrosine residues, oxidation
of non-protein thiols, oxidation of membrane lipids, and disruption of the
cell/organelle membranes (98). As an end product of the nitration of tyrosine
residues the more stable nitrotyrosine is formed (described in more detail
below). ONOO' is a primary trigger of multiple forms of DNA damage such as
base modifications, single strand breakage, and apoptotic double strand
breakage. The DNA damage, in turn, can lead to acute cellular injury via acute
cell necrosis or delayed apoptotic cell death (112). Persistent DNA damage,
during chronic inflammation, may contribute to increased risk of cancer
development.

Nitration of tyrosine results in nitrotyrosine. The nitrate is mainly donated by
ONOO'". However an important aspect about nitrotyrosine formation is that it is
not solely generated by ONOO™. Nitrite (NO,) can be oxidized to nitrogen
dioxide (NO;) or to nitryl chloride (NO,Cl). NO, and NO,Cl can then
nitrogenate tyrosine to form nitrotyrosine. As shown in Figure 3 both iNOS and
MPO activity may be involved in the formation of nitrotyrosine (113, 114).
Nitrotyrosine is a biologically active molecule, however it is much more stable
than the very reactive ONOO". Consequently nitrotyrosine can be used as a
marker of nitroradical and ONOO" activity (115). Nitrotyrosine appears as
tyrosine in both free and protein-bound forms.
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Figure 3: Nitrotyrosine can be used as a marker of nitroradical and ONOO™ activity.
Nitrotyrosine formation is not solely generated by ONOO'. Both iNOS and MPO
activity may be involved in the formation of nitrotyrosine.

THE RENIN-ANGIOTENSIN SYSTEM (RAS)

As mentioned H. pylori infection is obligately followed by a profound
inflammatory process of the infected mucosa. The nitro- and oxy-radical systems
are as described above important in the host defence trying to eliminate the
bacteria. During recent years it has become obvious that the renin-angiotensin
system (RAS) apart from its effect on body fluid homeostasis is also involved in
several pathological conditions e.g. inflammation, wound healing and
carcinogenesis (116, 117). The classical endocrine part of RAS with effects on
hemodynamic regulation is well described. Less is known about the tissue-based
and immuno-modulatory character of this system demonstrated in a number of
organs e.g. brain, kidney, adrenals, pancreas, liver and colon. It was considered
of interest to investigate if the RAS could be associated with H. pylori infection,
a brief overview of RAS is therefore given below.

Angiotensin II (Ang II) is the RAS primary biologically active peptide, although
other angiotensins exists and may exert biological actions. Ang II is an
octapeptide produced by the cleavage of the decapeptide Angiotensin I (Ang I)
by Angiotensin I-converting enzyme (ACE). Ang I is produced by cleavage of
Angiotensinogen by renin (Fig 4). Ang II works principally through two separate
receptors designated Ang II type 1 receptor (AT1R) and Ang II type 2 receptor
(AT2R). Well-described actions of Ang II such as vasoconstriction, aldosterone
release and cellular proliferation are mediated by the ATIR. In some species
(e.g. rodents) there are two types of AT receptors; ATla and ATlb, with
slightly different effects. The AT2R is known to be active mainly in fetal tissue
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but has been shown to influence adult tissues as well. The highest concentrations
of AT2 receptors are found in fetal mesenchymal tissue, adrenal medulla, uterus
and ovarian follicles. Several studies indicate that activation of the AT2R has
opposing effects to those mediated by the AT1R, thus modulating the responses
to stimulation with Ang II (118).

ANGIOTENSINOGEN

i

ANGIOTENSIN |

:

ANGIOTENSIN Il

N
e/

Vaso constriction Vasodilatation
Salt/water reabsorption Cell differentiation
Aldosteerone secretion Apoptosis
Sympathetic activstion Antiproliferation
Cell growt and proliferation Et.c.

Et.c.

Figure 4: The classical view of RAS. The proteolytic enzyme renin cleaves
angiotensinogen into angiotensin I, wich is transformed into angiotensin Il by ACE.
Angiotensin Il works principally trough two separate receptors ATIR and AT2R.

Angiotensin Il receptors and inflammation

Data are accumulating showing that the Ang II is to be recognised as a
modulator of inflammatory reactions. Local increase of vascular permeability is
the most important event in the initial phase of inflammation. Ang II increases
vascular permeability directly or via the release of cox-metabolits such as
leukotriene C4, prostaglandin E2 (PGE2) (116, 119, 120).

Furthermore, Ang II via the ATIR is involved in inducing synthesis of pro-
inflammatory mediators e.g. 11-6, 11-12, that participate in signalling pathways
via activation of the transcript factor NF-kB and various protein kinases (116). A
number of other vital molecules in inflammatory processes are induced by the
AT1 receptor, examples being IL1-f3 and tumour necrosis factor- alpha (TNF-a)
(121). Interestingly several of these factors are also active in various phases of
cancer development.

The AT2R is also involved in regulation of inflammation. In experimentally
induced glomerulonefritis both AT1R and AT2R have been shown participate in
the regulation of inflammation via the NF-kB pathway. It has been suggested
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that the AT2R activation attenuates inflammation to balance the ATIR activity,
but AT2R has also been reported to have some pro-inflammatory qualities.
Regulation of the antagonistic characteristics of ATIR and AT2R have been
suggested to be a central process in the management of inflammation and wound
recovery, and an imbalance in the expression of these receptors may lead to
disease (121-123).

Angiotensin Il receptors and cancer

Data are accumulating indicating a connection between the RAS and cancer
development (117, 121). Over-expression of AT1 is reported in association with
cancer of the breast, pancreas, kidney, skin, larynx, adrenal gland and lung
(121). AT2 overexpression has been described in at least one paper on colorectal
cancer (121). There seems to be a connection between hypoxia/oxidative stress
in the growing tumour and expression of different AT receptors. Poor blood
supply leads to hypoxia and necrosis, which leads to increased AT1b expression,
whereas re-oxygenation leads to oxidative stress and increased AT1a expression
in experimental carcinogenesis (121). Expression of both ATla and AT1b will
lead to inflammation- associated angiogenesis, immune suppression and
metastases.

Angiotensin Il receptors and gastric pathology

Until recently the role of RAS in gastric physiology and disease had been
sparsely explored. Some studies have reported actions of Ang II on mucosal
blood flow, acid secretion and smooth-muscle contraction. Others have
implicated the influence of RAS in gastric ulcer disease (124). However, several
recent reports have pointed out connections between the RAS and gastric cancer.
An association between polymorphism in the ACE gene and the incidence of H.
pylori related gastric cancer was recently reported (125, 126). Another study
shows that ACE is expressed locally in gastric cancer and that the ACE gene
polymorphism influences metastatic behaviour (127).

Oxy-radicals, nitro-radicals and angiotensin Il receptors

Ang II has a strong relationship to oxy-radical formation. For example the
p47"™  subunit, one of the important subunits of NADPH oxidase is
phosphorylated by Ang II. Stimulation of Ang II increases the NADPH oxidase
activity and results in an increased production of O, . It follows that Ang II is
regarded as a pro-oxidant (128). Activation of AT2 receptors in an animal model
increase luminal NO output in un-inflamed jejunum. This response was not due
to an increase in the expression of iNOS in the mucosa indicating that AT2R
stimulation may facilitate the L-arginine/NO pathway on the enzymatic level
(105).
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OVERALL OBJECTIVES

The general aim of the present thesis was to elucidate how H. pylori avoid being
eliminated by the host’s defence systems. The microbe-associated interferences
with the reactive oxygen and nitrogen radical species produced by the mucosa in
response to infection was considered to be of particular interest. As described, H.
pylori infection of the stomach obligately results in mucosal inflammation with a
marked host immune response including activation of several pro-inflammatory
and bactericidal systems. Despite this profound host response the bacterium
avoids elimination and survives in the mucosa. This results in a concomitant
chronic inflammation of the gastric mucosa. One theory is that H. pylori
possesses an ability to inhibit the host defence mechanisms. Previous results
from our laboratory indicate that H. pylori restricts gastric NO production by
pathogen-derived competitive iNOS inhibitors (129, 130). It was considered of
great interest to further investigate the possibility of H. pylori related functional
inhibition of not only the nitro- radical formation, but also interactions with the
oxy-radical formation.

Furthermore, because the angiotensin Il system has been ascribed
immunomodulatory actions, it was also considered of interest to explore if the
pathogen influences the presence and location of this regulatory system in the
gastric mucosa.

An important methodological consideration

H. pylori usually colonises during childhood and persists as a lifelong chronic
infection. The associated morbibities develop over decades, if ever, and a study
over time of their mechanisms of action is thus principally impossible in man.
The investigational strategy of the present thesis project, therefore, was a
translational approach based on an animal model with short lifespan and
mimicking the human pathological response to H. pylori. The dynamics of the
infection versus host defences could then be studied over a reasonable time and
novel results could be confirmed/discarded in the human setting as represented
by cohorts of infected as well as uninfected people.

The choice of experimental model

Soon after the acceptance of H. pylori as a major human pathogen it was found
necessary to develop an animal model to elucidate the pathogenic mechanisms
of the bacteria, and to improve the treatment of associated disease. Several
animal models have been presented, e.g. the pig and cat, but rodent models were
best suited for quantitative studies and have been widely used (131-133).
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Probably the most used animals are mice. One advantage of using mice is the
possibility of using different transgenic mice with alterations in various
pathways including immune response and tumour suppressors. Specific gene
targeting together with H. pylori infection in mice may be followed by
adenocarcinoma (134-136) . Carcinoma has also been demonstrated in wild type
mice following the introduction of chemical carcinogens, but not as a result of
H. pylori infection alone (137, 138). When taken together it can be concluded
that mice are not the perfect animal model for long term studies of H. pylori-
associated carcinogenesis. In 1998 both Watanabe et al and Honda et al
presented studies where they claimed that the Mongolian gerbil was shown to
develop gastric adenocarcinoma following infection with H. pylori alone without
the use of chemical agents (139, 140). The Mongolian gerbil, also known as the
desert rat, is actually not a rat. The subfamily Gerbillinae belong to the family
Muridae along with mice and rats, and their relatives. The Mongolian gerbil
differs in many respects from both rats and mice. For example, since the gerbils
get most of their water from their food they do not need to drink. In 1954, Dr.
Victor Schwentker brought nine Mongolian gerbils to the USA for scientific
work. Since then the gerbil has been widely used both as a laboratory animal and
as a pet. Gerbils range in length from 8 to 12 cm, plus a long tail, and have a
weight up to 200 grams. The lifespan in the wild is 3-4 years. Because of almost
ideal characteristics, including carcinogenesis, the H. pylori infected Mongolian
gerbil was chosen as model for H. pylori related pathology in the present thesis
project.
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AIMS

The specific aims for this thesis were:

to validate the suitability of Mongolian gerbils as an experimental model
for studies of H. pylori induced gastric mucosal pathology,

to elucidate a possible H. pylori strain dependency on the expression of
the oxy- and nitro-radical forming enzymes in Mongolian gerbils,

to investigate whether H. pylori infection in Mongolian gerbils results in
inhibition of either or both of the nitro- and oxy-radical formation in situ,

to confirm the existence of H. pylori related interferences with the nitro-
and oxy-radical systems in humans, and

to investigate the presence, location and expression of angiotensin II

receptors in the stomach of non-infected and H. pylori infected
Mongolian gerbils.
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REVIEW OF RESULTS AND COMMENTS

Is the Mongolian gerbil a suitable experimental model for H. pylori
induced gastric pathology?

A total of 70 seven week old pathogen free Mongolian gerbils were included,
and divided into three groups (I). Two of the groups were inoculated with H.
pylori, one group with the strain TN2GF4 and the other with the strain SS1
suspended in Brucella broth. The third group was sham inoculated with Brucella
broth only. The H. pylori strains used for inoculation were chosen from the
expectation of TN2GF4 being a more virulent strain than SS1. The former strain
was originally isolated from a patient with gastric ulcer, and was reported to be
motile and urease, catalase, and oxidase positive, as well as vacA and cagA
positive (139). Of particular interest was that the TN2GF4 strain had been
reported to induce adenocarcinoma in Mongolian gerbils (139). The Sydney
strain of H. pylori (SS1) was introduced in 1997 by Lee et al for experimental
studies primarily on mice (141). The original human isolate came from a 42-
year-old Greek-born woman living in Australia. Her medical history included
abdominal pain and peptic ulcer disease. Since 1997 the SS1 strain has been
widely used in experimental studies allowing interlaboratory comparison of data.
When the SS1 strain was introduced for animal studies it was described as a
cagA and vacA positive genotype (7). However it has recently been suggested
that SS1 probably is functionally negative for both cagA and vacA, (142, 143).

Groups of animals from each treatment arm were sacrificed 3, 6, 12 and 18
months after inoculation. At the time of sacrifice the stomach was removed, and
one half of the stomach was used for culture, and a part of the other half for
histopathological examination. H. pylori infection was confirmed by analysing
the growth of bacteria and was detected in all animals up to 12 months. At 18
months the H. pylori growth persisted in the SS1 group, whereas in the TN2GF4
group an overgrowth of other bacteria, interpreted as lactobacilli occurred.
Lactobacilli are known to be able to colonize stomachs of H. pylori infected
Mongolian gerbils (144). In the controls H. pylori was not detected in any of the
animals at any time during the study.

Histological diagnoses were performed in a blinded fashion by a team of three
independent highly experienced gastrointestinal histopathologists. The updated
Sydney System was used to score inflammation (122). The scored variables
were: 1. grade of chronicity and activity of inflammation, 2. presence of
intestinal metaplasia, 3. lymphoid follicles and aggregates, and 4. grade of H.
pylori colonization. Ulceration was defined as a necrosis reaching the
submucosal layer. To define a neoplasia the criteria by the WHO classification
were used (145). As shown in Table 1 both the infected groups exhibited a
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strong active inflammation, but with an earlier onset in the TN2GF4 group.
Gastric ulcers were found only in animals infected with the TN2GF4 strain.
Intestinal metaplasia was observed in both infected groups. Glands buried in the
submucosal layer were found in both the infected groups, but in a higher
percentage in the animals infected with the more virulent TN2GF4 strain. The
nuclei of the buried glands showed regenerative abnormalities, but no neoplastic
changes. Invasive adenocarcinoma or other neoplastic changes fulfilling the
WHO criteria were not found in any of the gerbils at any time of the study (145).

Table 1:Histopathological findings in each group at different times after inoculation (1)

3 months B months 12 months 18 months
Control 351 TH2GF | Control 331 TH2GF4 | Control 351 TH2GF4 | Conrmal 551 TH2 374
[h=5] =4 [n=3] [h=5] n=5] [n=5] [n=5] [n=5] [n=5] [n=3] [n=7 =10
Bdyweight® () | L6 | LY | W10 | 0 | o0 | G0 | 09 | G0 | 63 | 60 | 60 | 60
IC'I ulgf:: positive 05 e 33 0 5i5 515 s 505 505 03 T o7
Inflammation score®##
Grade of artivity 0.0 1.0 20 0.0 1.0 20 0.0 3.0 20 0.0 20 20
Grade of choomicity | 0.0 15 20 0.0 20 20 0.0 20 20 0.0 20 20
ﬁ‘:’;:ﬁi 0 14 0 i a5 s 0 0 a5 0 41 | @
Gustic ulcers 0 0 13 i 0 35 0 0 55 0 0 410
Buried glands 0 0 0 i 0 35 0 114 4i5 0 "7 810

# body weights expressed as means + SEM. , ¥*p<0.01, *p<0.05
##Numbers are median values

Comments: In the previous reports of adenocarcinoma following long-term
infection with H. pylori by Watanabe et al and Honda et al, invasive neoplasia
was diagnosed by the presence of atypical glands that invaded the proper
muscular layer (139, 140). In the present study with an observation period
extended up to 18 months, we also found glands in association to the muscularis
propria. However, these glands did not show any atypical structural changes
speaking towards malign transformation. The histopathological picture rather
appeared as the healing state following gastric ulcerations. There is an obvious
risk misinterpreting the finding of buried glands and ecstatic mucinous cysts in
the submucosal layer and the muscularis propria for being adenocarcinoma. Our
results thus do not speak in favour of that the Mongolian gerbils develop
adenocarcinoma. Furthermore it has not been reported that experimentally H.
pylori infected Mongolian gerbils diagnosed with adenocarcinoma have
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developed local or distant lymph node metastasis, or that any Mongolian gerbils
have died of gastric cancer(146).

In summary infection of Mongolian gerbils with two different H. pylori strains
resulted in development of histopathological changes such as gastritis, gastric
ulcers, intestinal metaplasia and glands buried in the submucosal layer. The
onset of inflammation was earlier, and the number of animals developing
pathological changes was higher, in the animals infected with H. pylori strain
TN2GF4, compared to the ones infected with the SS1 strain. No animals
developed neoplastic changes fulfilling the criteria of the WHO classification of
tumours in the gastrointestinal tract.

In conclusion, our results indicate that Mongolian gerbils infected with H. pylori
has not yet been confirmed being a cancer model but are suitable for studies of
acute and chronic mucosal inflammation.

Is expression of the oxy- and nitro-radical forming enzymes in
Mongolian gerbils dependent on the infecting H. pylori strain?

In paper II gastric tissues were analysed with regard to expression of iNOS and
MPO. These two enzymes were considered as adequate representatives of the
nitro- and oxy-radical forming pathways, respectively. Tissue specimens were
obtained from the animals described in paper I, thus 5 animals from each group
were sacrificed 3,6,12 or 18 months after inoculation. As a result of early deaths
for other reasons, some of the groups contained fewer than five animals. At the
time of sacrifice the stomachs were opened and full thickness wall specimens
were immediately collected and snap frozen. Western blot analyses were
performed using commercially available antibodies with confirmed selectivity.
To optimize the comparison between results from different time points, and to be
able to make a legible graphic presentation, the results were calculated as a
percentage of the mean data from the uninfected control group obtained during
each Western blot procedure. This can only be done if there is a certainty that
the expressions of iNOS and MPO in the uninfected controls are stable over
time. Western blot analyses of iNOS and MPO expressions in control animals of
different time points were carried out separately and showed no variation
between the groups

Both iNOS and MPO expression were markedly upregulated in the corpus and
antrum areas of the H. pylori infected animals as compared to non-infected
controls. However, the time course differed between the two tested strains. The
TN2GF4 infected animals exhibited a rapid and very marked increase in iNOS
expression that then rapidly declined, whereas SSI-infected animals had a slower
onset of the increase in iNOS expression both in the corpus and antrum regions

(Fig 5).
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Figure 5. Results from Western blot showing expression of iNOS in gerbils infected
with the H. pylori strains TN2GF4 and SSI1. The uninfected group at each time was
used as a baseline. Data are presented as the percentage change in each infected
group from the mean value of the uninfected controls at each time, and are plotted as
group means + SEM.

In both the infected groups MPO expression did initially increase to very high
levels compared to controls. The TNF2G4 infected group showed a significantly
more pronounced MPO expression up to 12 months compared to the SSI group
(Fig 6). Interestingly, at 18 months the MPO expression in the TN2GF4 infected
animals did not differ from controls, but the SS1 infected animals were still at
significantly higher level in both the corpus and antrum areas (Fig 6).
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Figure 6: Results from Western blot showing expression of MPO in gerbils infected
with the H. pylori strains TN2GF4 and SSI1. The uninfected group at each time was
used as a baseline. Data are presented as the percentage change in each infected
group from the mean value of the uninfected controls at each time, and are plotted as
group means + SEM.  (Significant differences are indicated in figure, and are
explained in Figure 5 )
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Comments: The inoculation of Mongolian gerbils with either of the two
different H. pylori strains SS1 and TN2GF4 resulted in a markedly up-regulation
of enzymes involved in both the nitro- and oxy-radical formation. Several
groups have shown previously that H. pylori infection leads to increased
expression of nitro- and oxyradical producing enzymes (129, 147). The use of
two different strains in this study made it possible to elucidate a strain
dependency in the ability to induce enzyme expression. The finding that
infection with H. pylori strain TN2GF4 results in a prompt upregulation of iNOS
and MPO expression is in concordance with the finding of an earlier onset of
inflammation in this group compared to the SS1-infected group (I). There seems
to be a direct relationship between the inflammatory response and the expression
of radical producing enzymes in the early stages of infection. After 18 months of
infection the histological picture of inflammatory activity is almost equal in both
infected groups (I). However, at this time point these results indicate a stronger
up-regulation of enzyme expression in the animals infected with the less virulent
H. pylori strain. It should be noted, though, that the decreased enzyme
expression observed in the TN2GF4-group occurred simultaneously with that the
H. pylori infection had disappeared.

In conclusion: the lapse of time of H. pylori induced up-regulation of nitro- and
oxy-radical forming enzymes in Mongolian gerbils is dependent on the infecting
strain.

Does H. pylori infection in Mongolian gerbils result in inhibition of
either or both of the nitro- and oxy-radical forming pathways?

Two different strategies were used. In paper Il quantification of nitrotyrosine
was used as a marker for ONOO™ production, and in paper III the actual
juxtamucosal levels of NO and H,0, were assessed in vivo using
microelektrodes.

Nitrotyrosine measurements: Nitrotyrosine formation in the corpus region was
elevated in the TN2GF4 group at 3 and 6 months but returned to levels not
significantly from control at 12 and 18 months (Fig 7). In the SS1 infected group
nitrotyrosine formation was not different from control at 3 and 6 months but was
then reduced to levels significantly below control (Fig 7). Nitrotyrosine
formation in the antral region was significantly elevated in both the TN2GF4
and SS1 infected groups at 3 and 6 months. However, as nitrotyrosine levels
decreased to or below controls in the SS1 group it remained slightly above
controls in the TN2GF4 group (Fig 7)
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Figure 7: Results from Western blot showing levels of nitrotyrosine in gerbils infected
with the H. pylori strains TN2GF4 and SS1. The uninfected group at each time was
used as a baseline. Data are presented as the percentage change in each infected
group from the mean value of the uninfected controls at each time, and are plotted as
group means + SEM.  (Significant differences are indicated in figure, and are
explained in Figure 5. Lines represent TN2GF4 and SSI1 groups respectively, as
explained in Figure 5)

Comment 1: The levels of nitrotyrosine were not increased in association to the
up-regulated iNOS and MPO expression. These results indicate that there is an
inhibitory action somewhere in the radical forming pathways.

To evaluate the ONOO™ formation it would have been desirable to measure
ONOQO' levels directly in the gastric mucosa. ONOO' is however an extremely
unstable radical and it is impossible to make a reliable quantification of ONOO"
in vivo. Nitrotyrosine is a rather stable end product of nitration of tyrosine and
can be used as a marker for ONOO™ (115, 148). However, there are several
reasons to be careful in the interpretation of the Western blot analysis of
nitrotyrosine. Nitrotyrosine is not formed solely from the reaction between
ONOO' and tyrosine, but there has been recognized involvement of nitrite and
peroxidase enzymes as well, suggesting nitrotyrosine not to be considered a
specific marker of ONOO™ formation, but as a collective indicator for the
involvement of reactive nitrogen species (113). Furthermore there is a risk for
underestimation of the actual levels of nitrotyrosine due to temperature related
reduction of nitrotyrosine during sample preparation (149). Such an
underestimation seems unlikely as test series of Western blot analyses, involving
samples from all three groups, using different preparation temperatures showed
consistent results (unpublished data) (Fig 8).
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Figure 8: Diagram showing results from Western blot analysis of nitrotyrosine using
different temperatures during preparation. Western blot was performed on animals
from all three groups at four different temperatures (22, 56, 70 and 90 °C). The data
presented are from one Western blot gel with 12 different samples, each bar represents
one sample. No temperature related differences were found.

Radicals in-situ: The reduced or inhibited nitrotyrosine levels could be due to
either the inhibition of NO production, or of oxy-radical formation or of both.
To elucidate this issue direct in vivo recordings of NO and H,0, in H. pylori
infected Mongolian gerbils were performed. /n vivo measurement of NO and
H,O; has the great advantage of being a direct measurement of unstable radicals
in a living animal. It is however important to remember that anaesthesia and
surgery may affect the results. The Apollo 4000 NO/Free Radical Analyzer was
used, detecting nitric oxide and hydrogen peroxide in real time using
electrochemical micro sensors. The technique has previously been described for
use in vivo (150). The NO/Free Radical Analyzer was calibrated using solutions
with known concentrations of NO and H,0,. Twenty-seven Mongolian gerbils in
three groups were inoculated with the H. pylori strains TN2GF4 or SS1, or sham
inoculated with Brucella broth only, similarly as in paper 1. Six months after
inoculation the animals were anasthetized and following laparotomy and
gastrotomy the probes were introduced close to the mucosa of the distal
stomach. In the animals infected with TN2GF4, the juxtamucosal level of NO
was significantly lower compared to the controls (Fig 9). NO levels in the SS1
infected animals did not differ significantly from the controls or the TN2GF4
infected gerbils. The level of H,O, was significantly higher in the SS1 infected
animals compared to the controls. However there was no significant difference
between the TN2GF4 infected animals and the controls (Fig 9)
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Figure 9. Box-plots showing in vivo juxtamucosal levels of nitric oxide (left) and
hydrogen peroxide (right) in gerbils infected with H. pylori strains TN2GF4 or SS1,
and in controls. NO and H,0, levels are presented in nanoampere (nA); (*=p<0.05)

Comment 2: The results from paper Il confirms that H. pylori infection is
associated with reduced levels of intraluminal NO. The reduction in NO seems
to be stronger in the animals infected with the more virulent H. pylori strain
TN2GF4. Furthermore, the study showed significant increase of H,O, in the
animals infected with the less virulent H. pylori strain SS1, but not in the ones
infected with the more virulent TN2GF4, compared to controls. These results
together with the results from paper II showing low levels of nitrothyrosine in
the H. pylori infected animals suggest that H. pylori is able to inhibit formation
of both NO and oxy-radicals, but that a strain dependent effect on oxy-radicals
may be present.

In conclusion H. pylori infection in Mongolian gerbils results in a strain-
dependent inhibition of both the nitro- and oxy-radical formation.

Does H. pylori interfere with the nitro- and oxy-radical systems in
humans?

Biopsies from the antral wall of 21 individuals, 13 H. pylori negative (mean age
39 yrs, f/m= 6/7) and 8 H. pylori positive (mean age 53 yrs, f/m = 3/5), were
collected and snap frozen. Four individuals in the negative and one in the
positive group had gastro-esophageal reflux. Two individuals in the positive
group had developed duodenal ulcer. Western blot analyses of iNOS, MPO and
nitrothyrosine was performed in a similar way as in Mongolian gerbils (II). The
analyse was enlarged to also enclose the NADPH-oxidase subunit p47-phox.
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As shown in Figure 10 Western blot analysis demonstrated an upregulation of
iNOS, MPO and NADPH oxidase in biopsies from the antral region of subjects
infected with H. pylori, compared to non-infected controls. However there was
no significant change in nitrotyrosine formation in the antral region of the
infected subjects compared to non-infected controls.
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Figure 10: Box plots showing results from Western blot analysis of antral biopsies of
H. pylori negative (n=13) and positive (n=8) groups. Analysed proteins are iNOS,
MPO, NADPH-oxidase (subunit p47-phox) and nitrotyrosine containing proteins. OD
=optical density. ** = p<0.01, *=p<0.05

Comments: The results in paper IV confirms that H. pylori infection in humans
leads to an increased expression of enzymes involved in the formation of nitro-
and oxy-radicals. Furthermore it shows that this up-regulation does not result in
any significant increase, nor decrease in the nitrotyrosine production compared
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to non-infected subjects. These findings are in concordance with our previous
results from H. pylori infected Mongolian gerbils (II).

In conclusion the results support the existence of a H. pylori related interference
with the nitro- and oxy-radical forming systems in humans.

Is there a difference in presence, location and expression of
angiotensin Il receptors in the stomach of non-infected compared to
H. pylori infected Mongolian gerbils?

Tissues were obtained from the animals described in paper 1. Animals sacrificed
6 and 12 months after inoculation were used to analyze the angiotensin II
receptors in the gastric antral wall. Using quantitative reverse transcription
polymerase chain reaction (qQRT-PCR), mRNA of ATIR and AT2R were
detected in antral samples from all gerbils. No significant differences were found
between the groups with regard to gene transcripts.

Both ATIR and AT2R proteins were identified by Western blot technique in
both infected and uninfected antral samples. 12 months after inoculation, the
ATIR protein expression was significantly higher in the SS1 infected animals
compared to the controls (Fig 11).
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Figure 11. Plots showing ATIR protein expression 12 months after inoculation in
gerbils infected with H. pylori strains TN2GF4, SS1 and in controls. Protein levels are
presented as optical density (OD) and the black dots shows the median values.

The ATIR-protein expression was significantly higher in the SSI1-infected animals
compared with the controls (Mann-Whitney U-test with Dunnet correction for multiple
comparisons).
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Immunohistochemical preparation of mucosal sections exhibited staining for the
ATIR and the AT2R protein was observed in all specimens studied. The ATIR-
antibody induced in general a more distinct immunohistochemical staining than
did the AT2R antibody. Both the AT1R and the AT2R were found in endothelial
cells of vessels located in the submucosa and muscularis propria, in smooth-
muscle cells in the muscular layers of the mucosa and muscularis propria, in
some mesenchymal cells, and in the basal part of surface epithelial cells. AT1R
was also found in vascular smooth-muscle cells of vessels located in the
submucosa, muscularis propria and in the serosa and in cells with a typical
appearance of endocrine cells. Aggregates of Iymphocytes showing
immunoreactivity for both the ATIR and the AT2R protein were found only in
the mucosa of the infected gerbils, and not in the uninfected controls. No
obvious differences in staining patterns or intensity could be seen between
animals infected with the TN2GF4 strain and the SS1 strain, or between animals
sacrificed at 6 and 12 months after inoculation.

Comments: Angiotensin Il receptors are present in the gastric wall of the
Mongolian gerbil. Immunohistochemistry was used to localize the receptors in
the different cell-types described. Western blot technique was able to
demonstrate an increase of ATI1R-protein expression after infection with H.
pylori strain SS1, but this technique can not conclude in which cell type the
increase is most prominent.

In conclusion, this study shows that angiotensin II receptors ATIR and AT2R
are present in the antral wall of the Mongolian gerbil. The results suggest a H.
pylori strain dependent influence on the AT1R expression.
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CONCLUSIONS

The principal conclusions drawn from the studies underlying this thesis are as
follows:

- the results in paper I indicate that Mongolian gerbils infected with H.
pylori has not yet been confirmed being a cancer model, but is suitable
for studies of acute and chronic mucosal inflammation,

- the results in paper II indicate that the laps of time for up-regulation of
nitro- and oxy-radical forming enzymes induced by H. pylori in
Mongolian gerbils is dependent on the infecting strain,

- the data of paper II and III indicate that H. pylori infection in Mongolian
gerbils results in inhibition of both the nitro- and oxy-radical formation,

- the results in paper IV indicate the existence of an H. pylori related
interference with the nitro- and oxy-radical system in humans, and

- the data of paper V indicate that angiotensin II receptors ATIR and

AT2R are present in the antral wall of the Mongolian gerbil. The results
suggest a H. pylori strain dependent influence on the AT1R expression.
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GENERAL DISCUSSION

Another important methodological consideration

The above-reviewed research concludes the existence of H. pylori derived
inhibition of the nitro- and oxy-radical formation in the infected gastric mucosa.
Before interpreting this finding into a pathophysiological context some
methodological considerations have to be made.

The up-regulated expression of the radical-forming enzymes iNOS, MPO and
NADPH oxidase appears very clear in both Mongolian gerbils and humans and
generally confirm observations reported by other authors. However the present
conclusion regarding inhibition of radical formation is partly controversial.
Presence of nitrotyrosine is commonly used as a surrogate variable for radical (ie
peroxynitrite) activity. In contrast to the present results (II) other groups have
reported increased nitrotyrosine production related to H. pylori infection (115,
148, 151, 152). These contrasting results are probably due to methodological
differences in the quantification of nitrotyrosine levels. Immunohistochemistry
or various modifications of immunoblot are often used to analyse nitrotyrosine
(115, 148, 152, 153). Because immunohistochemistry is a weak method for
quantitative assessments we used a western blot protocol and prospective
comparison to un-infected time-controls. This study-design proved to be very
robust, although the loss of some individuals over time indicates that it would
have been preferable to initially include a larger group of animals in paper II.
The results in paper II showed consistently small or no changes in nitrotyrosine
contents between the groups. This observation taken together with the
upregulated expression of radical-forming enzymes in infected and inflamed
mucosae indicate strongly that radical formation was inhibited downstreams the
enzyme expression. An identical picture was found in H. pylori infected human
gastric mucosal specimens. However, it was recently reported that nitrotyrosine
assessed by antibody-dependent techniques can be underestimated due to
technical reasons (heating of the samples). Such an underestimation could be an
important error in the present thesis because conclusions are partly dependent on
the observed low nitrotyrosine expression. As reported in Review of Results
temperature dependency has been tested not to be the case in our protocol. In
addition, using the same analysis it has been found that human esophageal
mucosal specimens with confirmed esophagitis due to gastoesophageal acid
reflux exhibit high nitrotyrosine levels when compared to controls without reflux
esophagitis (un-published results). Reflux-associated esophagitis is induced
chemically and thus lack microbe-associated inhibition of radical formation.
Also this finding speaks against that the analysis is markedly influenced by
heating. The assessment of nitrotyrosine as performed in our hands is thus
believed to be valid and indicates that radical activity is low in the H. pylori
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infected mucosa in both the Mongolian gerbil and man. Furthermore, this
conclusion is strongly supported by direct juxtamucosal recordings of NO and
H,0, as reported in paper III.

H. pylori, an outstanding survivor

The present thesis project thus shows that gastric H. pylori infection in both
Mongolian gerbils and humans causes a marked up-regulation of the expression
of iNOS, MPO and NADPH oxidase (II, IV) as a part of the host defence
mechanism trying to eliminate the microbe (77, 90, 92, 154-156). However, H.
pylori is apparantly an outstanding survivor in the gastric mucosa withstanding
not only the hostile intragastric acidic and peptic activity but also the induced
inflammation. One fundamental observation of the present thesis project was the
existence of H. pylori derived inhibition of the nitro- and oxy-radical formation
very probably being an important factor that enables the bacterium to survive
and establish a chronic infection. Several target points for the infection to reduce
radical synthesis can be suggested and the most obvious ones are depicted in
Figure 12.
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Figure 12: Simplified overview of infection induced inflammation that causes
increased expression of several enzymes in the oxy- nitroradical system. Under normal
conditions this results in increased formation of superoxide ( 0,”, nitric oxide (NO),
hydrogen peroxide (H>O>), and peroxynitrite (ONOQ') which contribute to cellular
injury that eliminates the pathogen. A proposed level of interference with this host
defence is indicated that, if present, results in a chronic infection. It follows that an
inhibition of the radical formation enables the H. pylori to avoid being eliminated and
instead cause a chronic infection. It should be noted that strain differences may exist
with differential patterns of radical formation and, consequently, different pathological

effects.

The inhibition of the radical production

It is well known that NO exerts direct toxic effects on H. pylori. In vitro studies
have shown that H. pylori can be killed by NO released from activated

macrophages, and from chemical sources of NO and ONOO™ (157-159).
However, when located in-situ at the gastric mucosa H. pylori may use several
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mechanisms to reduce NO attacks. H. pylori produce arginase, which converts
L-arginine to urea and L-ornitidine. Because L-arginine is also used by iNOS to
produce NO, arginase can compete with iNOS for available substrate and
thereby reduce NO synthesis. (157). Another principle by the microbe is to
produce L-arginine analogues that blocks iNOS. (130) It follows that at low L-
arginine concentrations H. pylori inhibits NO production, whereas high
concentrations of L-arginine is not associated with such inhibition (130).
Recently published in vitro studies confirm that L-arginine availability regulates
the iNOS-dependent host defence against H. pylori (160). A finding of outmost
interest is that H. pylori produced arginase not only inhibits iNOS, and thereby
the NO-dependent apoptosis of macrophages, but arginase also have the ability
to direct induce apoptosis (161). In this way H. pylori is able to induce apoptosis
in macrophages by a process that occurs independently of iNOS expression but
is mediated by arginase.

A possible iNOS inhibitor is H. pylori produced asymmetrical dimethyl arginine
(ADMA), a methylated form of arginine that blocks iNOS by competitive
inhibition. ADMA levels of antral mucosal specimens from humans have been
shown to be markedly higher in H. pylori positive subjects (129). Furthermore,
agmatine, a decarboxylated form of arginine has been reported to have NOS
inhibitory qualities (162). Agmatine has been found in the gastric juice of H.
pylori infected individuals, and has been suggested as a H. pylori virulence
factor (163). Taken together, numerous data in the literature support the
conclusion of this thesis that NO production in vivo is inhibited by H. pylori
despite a pronounced iNOS expression in the infected mucosa.

What about oxy-radials? A few years ago little was known about the H. pylori
enzymatic systems combating oxy-radical formation(164). Recent studies have
shown that H. pylori have a number of enzymatic systems that respond to
oxidative stress (165). H. pylori produced SOD dissipates O2- as previously
described (166). Catalase produced by H. pylori is encoded by the gene katA,
and removes H,0, (167). H. pylori also produces a number of other antioxidant
proteins. For example, KatA-associated protein assists Catalase to translocate
into the site of action in the periplasm(167). The enzymes alkyl
hydroperoxidereductase and peroxynitrite reductase are involved in
detoxification of ONOO™ (168, 169). Thiol-peroxidase is described as being a
scavanger of H,O,. (170) As a second line of defence against oxidative stress it
is also shown that H. pylori is equipped with protein and DNA repair systems to
repair the damage caused by oxyradicals (171-173). Thus, the literature shows
that H. pylori possess protection against oxidative attacks and support the
present results suggesting that H. pylori exerts inhibition of the enzymatic
activity of not only the nitroradical- but also the oxy-radical formation.

Interestingly, large amounts of NO are also formed in the gastric juice by the
acidification of swallowed salivary nitrite (174-178). Such non-enzymatic NO
formation is probably important for the intragastric clearance of ingested living
microorganisms and the regulation of gastroduodenal functions like inhibition of
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antral gastrin release in man (41, 42). Furthermore, NO formed from salivary
nitrite increases the blood flow in the gastric mucosa and the thickness of the
mucus layer in an anesthetised animal model (179). The importance of non-
enzymatically formed NO in the gastric juice in the protection against H. pylori
infection is not fully elucidated. As described in Background urease is important
for H. pylori survival as it protects the bacteria from the acidic conditions
through the formation of ammonia. A maintained high pH in the immediate
vicinity of the microbe also reduces the risk of non-enzymatic NO-formation and
probably contributes to the persistence of the infection.

The RAS a novel immuno-modulating link?

H. pylori has evolved complex mechanisms to interfere with several levels of the
immunological signalling all the way from antigen presentation to antibody
production (63, 180). T-cell response to H. pylori infection is a central part of
the immunologic reaction to the infection (181). However the pro-inflammatory
response is counteracted by the presence of H. pylori specific regulatory T-cells
that actively suppress the immunological actions (64, 182). The presence of
regulatory T-cells may thus be an important part of bacterial persistence (183)
(184). The H. pylori virulence factor VacA has been shown to inhibit the
immune response by interfering with antigen processing in B-cells and
subsequent presentation of the resulting peptides to T-cells (185). Furthermore
recent studies have suggested that the inability to clear the infection may be
related to insufficient activation of dendritic cells (DC). It is suggested that in
chronic H. pylori infection DC’s become inhibited by the prolonged antigen
exposure leading to suboptimal Th1 development (66).

A novel link to immuno-modulation by H. pylori by way of the renin
angiotensin system is presented in this thesis. Angiotensin II activation of ATIR
has been reported to induce powerful pro-inflammatory cytokines, chemokines
and adhesion molecules (121). AT1 is known to cause vasoconstriction, but it
has also been shown to increase vascular permeability enabling extravasation
and tissue-infiltration of inflammatory cells (119, 120). Ang II is via the ATIR
involved in several steps of the inflammatory process e.g. recruitment of
inflammatory cells into the tissue and direct activation of infiltrating
immunocompetent cells. Ang II is also involved in transcriptional regulation via
activation of NF-kB (116). Furthermore, AT1R antagonists have been found to
have anti-inflammatory effects in experimentally induced gastritis (186). When
taking this in consideration it is not surprising that ATIR expression is increased
in the SS1 infected gerbils compared to controls (V). More confusing is the
finding that ATIR expression is not significantly increased in the gerbils
infected with H. pylori strain TN2GF4. In paper V this finding is discussed from
the hypothesis that certain H. pylori-strains may produce a compound with
ability to inhibit AT1R expression. As ATIR is an initiator and supporter of
inflammation it could be beneficial for the bacteria to partially inhibit ATIR
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expression to keep the inflammation at a level that is optimal for bacterial
survival.

The chronic infection

In summary, H. pylori possess several mechanisms that reduce host defences and
allow its persistence in the gastric mucosa. This results in a longstanding chronic
inflammation unless the bacterium has been eradicated by use of antibiotics. It is
reasonable to propose that the chronic inflammation in fact is beneficial for the
bacterium. By allowing a mild inflammation with increased blood flow and
vascular permeability the microbes can obtain nutrients, while at the same time
limiting the efficacy of the immune response (180).

However, in some of the infected subjects the longstanding infection and chronic
inflammation eventually results in stomach cancer. At start of this research
project the intention was to establish a cancer model using Mongolian gerbils (I).
However, no adenocarcinoma was found in the present investigation. This is in
contrast to Watanabe et al who reported adenocarcinoma in 37% of Mongolian
gerbils after 62 weeks of infection with H. pylori strain TN2GF4 (139). Later
Honda et al reported that 2 of 5 animals developed adenocarcinoma 18 months
after inoculation with the H. pylori strain ATCC-43504, and Hirayama et al
reported adenocarcinoma in 1 of 56 gerbils 96 weeks after H. pylori inoculation
(140, 187). By then the Mongolian gerbil was accepted and recommended as the
animal model of choice for studying H. pylori related gastric adenocarcinoma
(188). It is important to note that there are no common criteria for diagnosing
adenocarcinoma in these animals (189). In addition there exist wellknown
differences between Western and Japanese histopathologists regarding their
respective diagnostic classification of gastrointestinal epithelial neoplastic
lesions in humans. In the year 2000 pathologists from different countries
gathered to develop a common worldwide terminology for gastrointestinal
epithelial neoplasia called the Vienna classification of gastrointestinal epithelial
neoplasia(190). The Vienna classification is based on the WHO classification of
tumours in the gastrointestinal tract (145, 190). Two of the pathologists involved
in paper I are co-authors of the Vienna classification, one representing the
Western classification system, and the other representing the Japanese system
(190). The morphological findings in paper I were generally regarded as benign
and the conclusion was that adenocarcinoma had not been shown to develop in
Mongolian gerbils infected with H. pylori.

The choice of H. pylori strain TN2GF4 for paper I was made with the
apprehension of that the strain was reported being carcinogenic. Our conclusion
is that neither we, nor Watanabe found any real neoplastic changes (I). One
must, therefore, question if the strain is really carcinogenic as it was collected
from a patient with ulcer disease and not cancer. An interesting publication from
2005 describes the development of gastric adenocarcinoma in gerbils following
infection with H. pylori strain 7.13 (191, 192). The gastric adenocarcinomas
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were characterized by marked cellular pleomorpism, cellular atypia, and
euchromatic nuclei that exhibited bizarre morphologic features. In their study
17% of the infected animals showed adenocarcinoma already after 4 weeks of
infection. At 16 weeks after inoculation adenocarcinoma was found in 59% of
infected animals. However, it has so far not been described by Franco et al, nor
by anyone else, that H. pylori infection in gerbils causes lymphatic invasion or
invasion into blood vessels, or any local or distant lymph node metastases. It
follows that the proposal of the H. pylori infected Mongolian gerbil being a
cancer model still awaits confirmation.

Radicals and carcinogenesis

Nitro- and oxy-radicals are often considered to be important pro-carcinogenic
factors in H. pylori infected subjects (115, 155, 193-195). However, the role of
radicals in the carcinogenic process has shown to be extremely complex and
both tumour progressive and regressive actions are described. The physiological
role of inflammation and the associated radical formation is often forgotten in
this debate. Basically the reactive radicals are formed to defend body
homeostasis from noxious influences on the tissue level. This means that
radicals are used not only to eliminate intruding microbes but also to eliminate
tissue that has been traumatised, chemically poisoned or by other means
diseased. A next action in the inflammatory process is restitution to resume the
tissue’s structure and function. In this complex process the radicals are executive
as cytotoxic agents but also important as signalling molecules in the cell and
tissue dynamics (67, 79, 91, 196).

The complexity is well illustrated by iNOS and NO. The latter is commonly
associated with the development of malignant disease but involved mechanisms
are obscure and involve several bioregulatory systems (196). In H. pylori
associated gastric cancer, for example, the combination of increased iNOS and
cyclooxygenase-2 (COX-2) expression is related to tumour progression and poor
prognosis (197). Depending on the local concentration of NO both tumour
promoting and deterring actions have been described. Local formation of NO
alone is an excellent signalling molecule involved in various physiological
regulation, e.g. vasodilatation, but when formed at higher rate, and particularly
when exposed to oxy-radicals resulting in peroxynitrite formation, it exerts toxic
actions on invading microorganisms and simultaneously also damage cells of the
host. If this situation is extended over years there is an increased risk for radical
induced DNA-damages and possibly cancer development (109, 198, 199).
Furthermore it has recently been reported that the formation of nitrites and
nitrates from NO may result in subsequent formation of nitrosamines, which are
highly carcinogenic substances that may play a key role in gastric carcinogenesis
(200). On the other hand, NO derived from macrophages has cytotoxic effects
also on atypic cells and is used by the body to eliminate them (196, 201-203). It
is apparent that the role of NO, with or without oxy-radicals, in carcinogenesis is
multifaceted.
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H. pylori and carcinogenesis: Are radicals involved?

It is beyond doubt that chronic H. pylori induced gastritis in humans is strongly
related to development of adenocarcinoma. What about the radical formation
and H. pylori carcinogenesis? During the course of this project two obstacles
were encountered that prevented fair conclusions concerning this subject: First,
despite a long observation period the model chosen, H. pylori infected
Mongolian gerbils, did not develop adenocarcinoma (I). Secondly, chronic
gastritis was confirmed but radical formation was not increased, rather the
opposite (II, III). By referring to Correa’s cascade (see Background) it is
plausible to assume that the Mongolian gerbil-model reflects a condition that
foregoes the epithelial cell transformation to malignant state. This is supported
by the translational study (IV) showing a similar picture in human inflamed
mucosa from mainly asymptomatic individuals. Assuming that this is the case
and including the present finding of inhibited radical formation the paradigm
should be; radical-induced cellular injuries are not a main reason to malignant
transformation in the H. pylori infected stomach. Alternatively, a more
sophisticated explanation may be that a strain dependent imbalance between the
nitro- and oxy-radical formation is of importance for the risk of future cellular
transformation. Such a situation is actually indicated in paper III where the H.
pylori strain SS1 was associated with an increased H,O, production, whereas
TN2GF4 infected animals showed no increase compared to controls. As both
strains inhibited NO-formation, the results suggest that the former animals
would over time be subjected to more pronounced oxy-radical load on the
gastric mucosa that may be of importance for potential risk of malignant
transformation. Future studies are needed to elucidate this possibility then
utilising confirmed cancer-associated H. pylori strains.

Perspectives

Even though that the H. pylori infected Mongolian gerbil cannot be regarded as
an optimal cancer model, at least not with the H. pylori strains tested in the
present project, the model is very suitable for studies of additional factors that
together with the chronic gastritis, initiates malignant transformation. Such
additional factors can be ingested carcinogens, but also various H. pylori strain-
related virulence factors. In future studies utilising this model attention should
also be put on direct interaction between H. pylori and the epithelial cells as well
as indirect signalling via the inflammatory cascade reactions resulting in
promotion of, for example, hyper-proliferation and a changed cell turn-over.

To make a complex situation even more confused we have in this thesis pointed
out a possible relationship between H. pylori, angiotensin receptors, radical
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formation and carcinogenesis. This is highly interesting, because it was recently
reported that a polymorphism in the angiotensinogen gene is related to an
increased risk for H. pylori related gastric cancer (204, 205). This confirms that
the angiotensin II system is important for the carcinogenic process following H.
pylori infection. Studies on established gastric cancers in humans indicate that
ACE as well as ATIR and AT2R are expressed locally in gastric cancer (127,
206). The ATIR seems to be involved in spreading of the cancer to lymph nodes
and an ACE gene polymorphism is related to metastatic behaviour. How the
finding in this thesis of a possible H. pylori strain dependent AT1R inhibition is
related to the carcinogenesis needs to be further studied. Such research may
utilise existing pharmacological tools like ACE-inhibitors and ATI-receptor
antagonists and offers translational research possibilities as these drugs are
commonly prescribed antihypertensives in humans.

This thesis project has demonstrated that H. pylori infection of the gastric
mucosa results in an activation of the host-defence system including up-
regulation of enzymes involved in nitro-and oxy-radical production. The project
has elucidated how H. pylori, by inhibiting the host defence system at several
sites, survives in the gastric mucosa. This may be a more generalised microbial
behaviour as also other microbes have developed various mechanisms to escape
the effect of radical formation. For example, E-coli, Burkholderia cepacia and
some yeast for example have developed ways to avoid the upregulation of NO
and oxy-radical production following infection (207-209) Based on data from
the present thesis the impact of oxy- and nitro-radicals in the development of H.
pylori related adenocarcinoma should perhaps be questioned. However the
relationship between nitro- and oxy-radicals and carcinogenesis is complex as
each radical-type has dual effects in the carcinogenic process. Future studies of
interest would be to compare the development of H. pylori related
adenocarcinoma with carcinogenesis related to a chemically induced
inflammation without involvement of infecting agents, for example esophageal
adenocarcinomas following reflux esophagitis and Barrets esophagus.
Furthermore the gained knowledge may be useful in exploring the pathogenesis
of other neoplasm’s associated with infectious agents or chronic inflammation,
such as those of liver, lung, prostate and cervix.
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