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Abstract

Heficobactempyfori is a human pathogen strongly associated with chronic type B gastritis, peptic ulcer
disease, gastric cancer and MALT lymphoma. Qur aims were to establish a mouse model of H. pylori
infection, to study pathogenesis of gastritis and gastric cancer and to investigate new treatment strategies in
this model. Both spiral and coccoid forms of H. pyfori strains 17874, 25 ad 553/93 caused chronic gastritis
in BALB/cA mice during 30 weeks of infection. Infection with strain 553/93 displayed the most severe
gastritis. Specific antibodies were detected using ELISA and immunoblot in mice infected with H. pylori
following 4 weeks for 17874 spirals, and 16 weeks for 17874 coccoids, and both sprials and coccoids of two
other strains. Dietary factors influenced the abilities to recover H. pyfori from the infected mice through
culture. One diet, without fish meal and heated & 140-150°C, gave the optimal H. pylori colonization ax
‘highest inflammation score in murine stomach among 4 commercial rodent diets tested. The changes were
‘most dramatic (100%to 10-20%infection rate) when the infection was carried out in animals already fed on a
specificdiet. A H. pylori strain 119/95 (CagA and VacA positive) was found to predominate (90.5%) in the
murine stomach from inocula containingnine H. pyfori strains by RAPD-PCR among 577 colonies recovered
from mice. C57BL/6 and BALB/cA mice showed higher inflammation scores then CBA/Ca or NMRI mice at
4 and/or 10 weeks post-inoculation. Subsequently C57BL/6 mice (n=35) inoculated with a . pylori mouse
passaged strain 119195 developed a gastric squamous cell papilloma after 13 months. Three out of five
animals developed high-grade B-cell lymphoma derived from a MALT lymphoma at the squamous-corpus
border with manifestations also in the liver, spleen and kidney. An astaxanthin-rich algal meal from the
microalga Hamatococcus pluvialis and vitamin C inhibit A. pylori growthat 0.3125t0 2.5 mg/ml (astaxanthin
content, 6.25to 50 pg/mt) and 0.51t0 2 mg/ml in vitro respectively. Furthermore, these antioxidants decreased
the gastric colonizationand inflammation significantly in infected BALB/cA mice. The effect on inhibition of
H. pylori infection by the astaxanthin-richalgal meal was found to occur simultaneously with a modulation
H. pylori<induced T-lymphocyte response, switching from a Thl- to a Thl/Th2-response. These studies
illustrate that . pyfori can induce chronic gastritis and gastric lymphoma in an optimized mouse model.
Dietary factors influence H. pylori infection and antioxidants may become a new treatment strategy against
H. pylori infection in humans.
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Abbreviation

cagA
CagA
CAT
ELISA
GSH

H. pylori

Helicobacter spp.

HHLO
IFN

IL
NF-xB
NO
NUD
MALT
MNU
MNNG
p.i.
RAPD-PCR

TNF
vacA
VacA
VBNC

Cytotoxin-associated gene A
Cytotoxin associated protein
Catalase

Enzyme linked immunosorbent assay
Glutathione

Helicobacter pylori

Helicobacter species

Helicobacter heilmannii-like bacteria
Interferon

Interleukin

Nuclear factor-kappa B

Nitric oxide

Non-ulcer dyspepsia

M ucosa-associated lymphoid tissue
N-methyl-N-nitrosourea
N-methyl-N'-nitro-N-nitrosoguanidine
Post-inoculation

Random Amplified Polymorphic DNA-polymerase chain

reaction

Reactive oxygen species
Superoxide dismutase
Specific pathogen free

T-cell helper

Tumor necrosis factor
Vacuolating cytotoxin gene A
Vaculating cytotoxin A
Viable but non-culturable
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Introduction

The history of Helicobacter pylori

The presence of spiral-shaped bacteria have been reported in studies including
human patients since 1889, but the organism Helicobacter pylori was discovered
amost one hundred years later [Kidd et al. 1998]. The organism associated with
active chronic gastritis was isolated in 1983 and named Campylobacter pyloridis in
1984 [Warren et al. 1983; Marshall et al. 1984]. It fulfilled Koch’s postulates in one
healthy volunteer [Marshall et al. 1985]. The name was first changed to
Campylobacter pylori, then to Helicobacter pylori in 1989 when taxonomic studies
showed that this organism did not belong to the genus Campylobacter [Goodwin et al.
1989].

Helicobacter pylori (H. pylori) infections are ubiquitous and causes chronic
gastritis, peptic ulcer and gastric carcinoma [Hansson et al. 1996; You et al. 2000;
Woodward et al. 2000]. Many different animal species are infected by their own
Helicobacter species other than the human pathogen H. pylori, which suggests
common ancestors for these organisms colonizing the gastric mucosa, intestines and
liver (Table 1).

Microbiology

H. pylori is a Gram-negative spiral shaped or curved rod microbe, 2-5 um
long, 0.5-1 um wide, with 1-6 unipolar flagella (Fig. 1). H. pylori grows in a moist
and microagerobic atmosphere (5% O,, 10% CO,, 85% N,) at 37°C. A variety of solid
culture media were developed, usually including 5-10% horse or sheep blood
[Hachem et al. 1995]. Colonies are usually visible after 3-5 days, but may need 7 or
more days. Broth can also be used and selective antimicrobial agents can be added to
inhibit growth of contaminating bacteria or yeast. H. pylori is a urease, oxidase and
catalase positive organism.

Spiral forms of H. pylori convert to coccoid forms (Fig. 2) under conditions of

nutrient starvation, antibiotics, oxygen excess, and other stress factors
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Table 1. Isolated Helicobacter species, their hosts and diseases [Fox et al. 1997,

Ferrero et al. 20014].

Species Hosts Experimental Tissue Disease(s)
hosts sites
H. pylori Human, macaque, Mouse, piglet, Stomach Gastritis £ ulcer
cat monkey, cat, gerbil,
guineapig
H. mustelae Ferret, mink Ferret Stomach Gadtritis £ ulcer
H. felis Cat, dog Mouse, dog, rat Stomach Gastritis
H. heilmannii & Dog, cat, monkey, Mouse Stomach Gastritis+ ulcer
swine, human,
H. bizzozeronii 2 Dog, human - Stomach -
H. nemestrinae Pig-tailed - Stomach -
macaque
H. suis Swine - Stomach -
H. acinonyx Cheetah Mouse Stomach Gastritis
H. salomonis Dog - Stomach -
H. aurati Hamster - Stomach, -
intestine
H. westmeadii Human - Intestine -
H. mesocricetorum Hamster - Intestine -
H. rappini Sheep, dog, Guineapigs Stomach, Abortion
human, mouse intestine, Hepatic necrosis
liver
H. canis Dog, human - Intestine, Gastroenteritis
liver Hepatitis
H. hepaticus Mouse Mouse Intestine, Hepatitis
liver Hepatocarcinoma
H. bilis Mouse, rat, dog Mouse Stomach, Hepatitis
intestine,
liver
H. rodentum Mice - Intestine -
H. trogontum Rat - Intestine -
H. muridarum Mice, rat - Stomach, -
intestine
H. cinaedi Human, hamster Macague Intestine Proctitis
Colitis
Hepatitis
H. fennelliae Human Macagque Intestine Proctitis
Colitis
H. pullorum Human, chicken - Intestine, Hepatitis
liver
H. pametensis Bird, swine - Intestine
H. cholecystus Hamster - Liver Cholaniofibrosis
Centrilobular
Pancreatitis

% closely related, maybe same species; -: not described.

[Donelli et al. 1998; Mizoguchi et al. 1999; Nakamura et al. 2000]. The coccoid form
of H. pylori fails to grow on the routine bacteriological media, but animal passage or
nutrient supplementation may help to recover. The viable but non-culturable (VBNC)
hypothesis showed that at least 30 species contained in 16 genera of mostly gram-
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negative bacteria [Oliver 1995], and was proposed for H. pylori [Bode et al. 1993].
Animal passage of H. pylori coccoids was reported to revert in mice [Cellini et al.
1994], but not in gnotobiotic piglets or upon a passage in eggs [Eaton et al. 1995;
Enroth et al. 1996]. These coccoid forms are able to attach to gastric epithelial cells
and induce the same cytoskeletal changes and possess about the same proteins as
spiral forms suggesting they are viable [Zheng et al. 1999; Nilsson et al. 2000; Willen
et al. 2000; Sisto et al. 2000]. In a recent review the coccoid forms of H. pylori have
been proposed to exist in three forms—a dead degenerative form, a viable but non-
culturable form, and a viable and culturable form—which seem to have genetic and
biochemical properties that are nearly identical to those of the spiral form [Andersen
et al. 2000]. The importance of coccoid forms of H. pylori is under debate with regard
their role to both transmission and treatment failure [Cave 1997; Cellini et al. 2001].

Fig. 1 H. pylori vegetative cell Fig. 2 H. pylori coccoid form
Note flagella (arrow). Note flagella (arrow).
(Photo from Roger Willén). (Photo from Roger Willén).

Epidemiology and transmission

Approximately 60% of the world's population is infected with H. pylori
[Nomura et al. 1991; Marshall 1994]. Although this infection is worldwide, it is less
prevalent in Western Europe, where approximately 30% of the population is infected,
and more prevalent in other parts of the world, where more than 90% of the
population is infected [Malaty et al. 1992; Marshall 1994]. This difference in
prevalence of infection has been attributed to the rate of acquisition of H. pylori in
childhood [Mitchell et al. 1992]. Several studies have been shown a correlation with

13



low socioeconomic status and a high rate of H. pylori infection [Mendall et al. 1992;
Malaty et al. 1994; Woodward et al. 2000].

Despite the worldwide spread of H. pylori infection, the route of transmission
is still unknown. Person-to-person transmission either by the gastro-oral, oral-oral or
fecal-oral routes is considered to be the most probable mode [Desai et al. 1991,
Thomas et al. 1992; Luzza et al. 2000]. A zoonotic transmission has been disputed
[Handt et al. 1994; Grubel et al. 1998; Bode et al. 1998; Osato et al. 1998]. A positive
association between the prevalence of H. pylori in Sardinian shepherds and contact
with sheep and sheepdogs is reported [Dore et al. 1999a] and suggested that “the
cycle of H. pylori infection might, in certain circumstances, include phases in the

environment, animals (sheep or dogs) and human beings’ [Dore et al. 1999b].

Pathogenic mechanisms of H. pylori

Virulence factors

The main characteristics of bacterial virulence factors are: 1) to facilitate
colonization of the host; 2) to enable the pathogen to avoid host defense mechanisms
and 3) to cause tissue damage of the host. A number of virulence factors of H. pylori
have been well defined (Table 2). By flagella movement, H. pylori is able to penetrate
the gastric mucus layer thereby escaping the acidic environment in the lumen and
approaching the gastric mucosal surface. The colonizing H. pylori adhere to gastric
epithelium by different bacterial adhesins using hemagglutinins, laminin and Lewis b
antigens as receptors. High urease production increases the pH and activates the host

immune defense.

Immune response to H. pylori

Despite an apparently vigorous inflammatory response against H. pylori, most
infected people fail to clear the pathogen spontaneously [Ernst 1999]. A humoral
response to H. pylori lead to the production of antibodies (mainly 1gG and IgA) to cell
surface and soluble products used for serodiagnosis [Nilsson et al. 1997]. H. pylori
glicits a network of cell-mediated effector mechanisms, including various
inflammatory cells and their cytokines. The nature of cytokines produced by the host

in response to H. pylori depends on severa factors, including the genetic background.
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Table 2 H. pylori virulence factors and their effects [Andersen et al. 2001].

Bacterial Virulence factors Effects/properties
properties
Colonizing Flagella Active movements through mucin
Urease Neutralization of gastric acid
Adhesins Anchoring H. pylori to the
epithelium
Tissue damaging Proteolytic enzymes Glucosulfatase degrades mucin
120-kDa CagA Related to ulcer and severe gastritis
VacA Damage of the epithelium
Urease Toxic effect on epithelia cells,
disrupting cell tight junctions
NAP (neutrophil Lead to neutrophil-mediated
activating protein) mucosal injury
Phospholipase A Digest phospholipidsin cell

Survivd

Other

Alcohol dehydrogenase
Intracellular surveillance
Superoxide dismutase
Catalase

Coccoid forms

Heat shock proteins
Urease
Lipopolysaccharide
Lewis X/Y blood group
homol ogy

membranes

Gastric mucosal injury

Prevent killing in phagocytes
Prevent phagocytosis and killing
Prevent phagocytosis and killing
Dormant form

Sheathing antigen

Prevent phagocytosis

Low biological activity
Autoimmunity

H. pylori induces IL-8 production [Crabtree et al. 1995] and activates nuclear factor-
kappa B (NF-xB) in gastric epithelia cells both in vivo and in vitro [Keates et al.
1997; van Den Brink et al. 2000]. NF-xB regulates a variety of genes whose products
are involved in cell growth, inflammation and immune responses [Siebenlist et al.
1994].

The different patterns of cytokines produced during the gastric immune
response to H. pylori affect the outcome of the infection. T helper 1 (Thl) cells
mediate cell-mediated immunity, strong macrophage activation, cytotoxicity and help
for B cell production of opsonizing and complement-fixing antibodies; in contrast,
Th2 cells induce the production of high levels of antibodies of all isotypes, including
IgE, tend to inactivate macrophages, recruit and activate eosinophils and mast cells
(Fig. 3) [Del Prete 1998]. H. pylori infected gastric mucosa T cells display a
predominant Thl phenotype with IFN-y, TNF-o and IL-12 expressed [D'Elios et al.
1997; Bamford et al. 1998]. Th2 cytokines, particularly IL-4 and IL-10, are important
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in balancing and quenching some immunopathological effects of a polarized Thl
response [Smythies et al. 2000; Haeberle et al. 1997]. Enteric helminthic parasites
driving a polarized Th2 response seem to attenuate Helicobacter induced gastric
atrophy in mice [Fox et al. 2000]. Therefore a combination of a Th1l and Th2 response

appears to probably be the best for afuture protective immunization.

e

Mast cells/
basophilocyte

\

T-cells

Macrophage

Fig. 3 The Th1/Th2 balance in infection [Kemp et al. 1996].

Free radical injury and H. pylori

Freeradicalsand lipid peroxidation

Free radicals are atoms or molecules that possess one unpaired electron on
their outer orbital. They are very unstable and quite reactive and are produced in both
normal and pathological processes. Reactive oxygen species (ROS) are generated
from endogenous and exogenous sources such as diet, cigarette smoke, radiation and
air pollution. Excess of ROS are thought to mediate a large portion of the tissue
damage produced upon inflammation, ischemia and reperfusion and may also be
involved in the pathogenesis of many diseases including heart disease, inflammatory
and neurodegenerative disease and carcinogenesis [McCord 2000; Berdanier et al.
2001; Kong et al. 2000; Emerit et al. 2000; Cavalcaet al. 2001].

Free radical reactions tend to proceed as chain reactions and not terminated
until the free radical is deactivated by a chain reaction breaking antioxidant

[Gutteridge et al. 2000]. Free radicals such as superoxide anion radica (O.") and
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hydroxyl radical (OH") can react with each other and form new free radicals and it can
react with a non-radical, resulting in a chain reaction which can lead to the formation
of a plethora of other radicals with fatty acids which initiate lipid peroxidation. ROS
are generated in the inflammatory response with DNA and consequent genetic
damage and may also promote carcinogenesis by inducing proto-oncogen expression,
by causing generation of genotoxic products or by converting procarcinogens [Wel
1992; Wang D et al. 1998; Tahara 1998]. The life span of free radicals are very short,
counted as s, which are difficult to be measured. Most common used research model

islipid peroxidation and their degraded product lipid peroxides [Babbs et al. 1990].

H. pylori and freeradical damage

Epidemiological studies suggested that gastric cancer and precancerous
lesions may be caused by ROS and that dietary antioxidants (eg. p-carotene, a-
tocopherol, vitamin C and retinol) can prevent stomach cancer [Buiatti et al. 1990;
Stahelin et al. 1991; Drake et al. 1996; Aldoori et al. 1997]. Evidence is rapidly
accumulating that H. pylori is a major risk factor for human gastric adenocarcinomas
[Tsugane et al. 1994; Hansson et al. 1996; Watanabe et al. 1998; Hahm et al. 1998].
H. pylori infection has been associated with lower concentrations of vitamin C, a-
tocopherol and B-carotene in the gastric juice and/or gastric mucosa [Waring et al.
1996; Correaet al. 1998; Zhang et al. 1998; Jarosz et al. 2000; Zhang et al. 2000].

H. pylori enhances production of ROS in gastric cells and membrane damage
and antioxidants can inhibit this increasing [Bagchi et al. 1996]. Increased production
of ROS in the gastric mucosa was correlated to H. pylori density [Zhang Q et al.
1997]. A high oxidative stress and high level of ROS was found in the gastric mucosa
of H. pylori infected individuals and gastric antioxidative capacity was increased after
the eradication of H. pylori [Khaled et al. 1998]. H. pylori produces a neutrophil-
activating protein [Evans et al. 2000] and induces expression of 1L-8 and intercellular
adhesion molecules in gastric epithelial cells [Testerman et al. 2001; Crowe et al.
1995], which can also activate infiltrating leukocytes to release ROS. Cross-talk
between nitric oxide (NO), superoxide and molecular oxygen yield a variety of NO
intermediates, some of which are potent nitrosating agents that will produce
mutagenic and carcinogenic nitrosamines [Inoue et al. 1999; Grisham et al. 2000]. H.

pylori directly decreases cellular glutathione (GSH) concentration in gastric epithelial
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cells in vitro [Beil et al. 2000] and increase the level of lipid peroxidation and
activated GSH turnover in amongolian gerbil model [Suzuki et al. 1999].

Antioxidants and their function

Antioxidants are naturally occurring or synthetic substances that inhibit or
retard the oxidation of other molecules by preventing the formation of radicals,
scavenging them, or by promoting their decomposition [Gutteridge et al. 2000; Y oung
et al. 2001]. In general, synthetic antioxidants are compounds with phenolic structures
of various degrees of akyl substitution, whereas natural antioxidants can be phenolic
compounds (tocopherols, flavonoids, and phenolic acids), nitrogen compounds
(alkaloids, chlorophyll derivatives, amino acids, and amines), or carotenoids as well
as ascorbic acid [Velioglu et al. 1998]. Antioxidants are classified by function into
four categories (Table 3). Radical scavenging antioxidants have the greatest
advantage with their chemical structure and a novel function by which they regulate
gene expression of the cell. [Noguchi et al. 2000]. Antioxidants inhibit H. pylori
induced tissue damage by inhibiting production of ROS from neutrophils and
scavenging ROS (Fig. 4).

Many food constituents showing antioxidant activity have been found
inhibitory effect on H. pylori growth in vitro and some of them also showed inhibitory
effect in animal models (Table 4).

Table 3 Antioxidant defenses against free radicals modified from [Niki et al. 1995].

Antioxidants Description Active agents
Preventive Suppress the formation Catalase, glutathione peroxidase,
antioxidants of freeradicals glutathione S-transferase,

transferrin, lactoferrin, superoxide
dismutase, carotenoids, vitamin E

Radical-scavenging  Scavenge radicals to Hydrophilic: vitamin C, uric acid,
antioxidants inhibit chain initiation bilirubin, albumin
and break chain Lipophilic: vitamin E,
propagation carotenoids, flavonoids, ubiquinol
Repair and denovo  Repair the damage and Lipase, protease, DNA repair
enzymes reconstitute membranes  enzymes, transferase
Adaptation Generate appropriate

antioxidant enzymes and
transfer them to the right
site at the right time and

in the right concentration

18



Helicobacter pylori

Peroxidation of membrane lipid

|

Membrane injury

|

Gastric mucosa damage

Fig. 4 The possible mechanism of antioxidants against H. pylori induced damage.

Vitamin C

Vitamin C (ascorbic acid) is a water-soluble antioxidant required for many
biological functions [Levine 1986; Rebouche 1991] and it scavenges ROS to provide
protection against oxidative DNA damage at a normal physiologic concentration
[Drake et al. 1996; Noroozi et al. 1998]. Vitamin C is actively secreted into the
gastric lumen and the concentrations in gastric juice and mucosa may be particularly
important for effectively converting nitrites and nitrite derived mutagens [Cohen et al.
1995; Drake et al. 1996; Waring et al. 1996]. There is strong and complex interaction
between chronic H. pylori infection, chronic deficiency and/or defective intragastric
secretion of vitamin C and distal gastric carcinogenesis of the intestina type [Zhang
et al. 1998; Reed 1999]. Vitamin C inhibit H. pylori both in vitro and in vivo [Zhang
HM et al. 1997; Wang X et al. 1998a; Paper V]. The inhibitory effect appears to be
specific for H. pylori and Campylobacter species, as various E. coli strains,
Salmonella, and Vibrio species were unaffected in vitro [Zhang HM et al. 1997].
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Table 4 Inhibition of H. pylori by food antioxidants.

Food antioxidants MIC® (ug/ml) Inhibitionin  Reference
Vitamin C 128-2,048 Gerbils [Zhang HM et al.
500-2,000 Mice 1997]
[Paper V]
Algal mea 312.5-2,500 Mice [Paper V]
(astaxanthin) (6.25-50)
Lycopene 100-400 Mice [Yaquian 2001]
Tea catechins 2-1,024 Gerbils [Mabe et al. 1999]
17.8-167 [Yeeet al. 2000]
Flavonoids 10-20 — [Bae et al. 1999]
Garlic extract -
e Aqueous 2000-5000 [Cellini et al. 1996]
e Oil 10-100 [Ohtaet al. 1999]
e Powder 250-500 [O'Garaet al. 2000]
Fish oils
e Icosapentaenocic acid + — [Drago et al. 1999]
docosahexaenoic [Thompson et al.
acid 0.18-0.5 mM 1994]
o w-3-fatty acid
Chili (Capsaicin) >10 — [Jones et al. 1997]
Red wine 12.5-50 Mice [Mahady et al. 2000;
Daroch et al. 2001;
Mayo et al. 2000]
Rose ail 100-2000 - [Boyanovaet al.
1999]

& MIC=minimal inhibitory concentrations; +: inhibition effect; —: not tested in vivo.

Gerbils or mice oraly treated with 10 mg of vitamin C daily following H. pylori
infection showed a significant lower gastric colonization than control animals [Zhang
HM et al. 1997; Paper V]. Patients with proven chronic gastritis and H. pylori
infection received a high dose of vitamin C (5g per day) daily for 4 weeks resulted in
aH. pylori eradication of 30% [Jarosz et al. 1998]. In those patients there was also a
highly significant rise in total vitamin C concentration of the gastric juice persisted
for at least 4 weeks post-treatment.

Carotenoids

More than 600 carotenoids have been identified in nature [Shahidi et al.
1998]. Approximately 50 carotenoids have been found in the human diet and 20 have
been identified in plasma and body tissues [Faure et al. 1999]. B-carotene is one of the

most common carotenoids and is the primary precursor to vitamin A. It can strengthen
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the immune system and provide protection against cancer [Chew 1993; Stahelin et al.
1991].

Astaxanthin (3,3 -dihydroxy- 5, -carotene-4,4’ dione) is a carotenoid found in
many different organisms in nature but the main dietary sources to humans are found
in crustaceans and other seafood, especially salmons. It has attracted considerable
interest in recent years because of its superior antioxidative activity to most other
hydrophobic antioxidants and possible role in delaying or preventing degenerative
diseases, and also a source of pigment in agquaculture feeds [Fan et al. 1998;
Jyonouchi et al. 1995; Jyonouchi et al. 1996; Kurashige et al. 1990; Okai et al. 1996;
Palozza et al. 1992; Pettersson et al. 1999; Tanaka et al. 1995; Todd Lorenz et al.
2000]. The astaxanthin has a significantly greater antioxidant effect than related
carotenoids such as canthaxanthin and -carotene and vitamin E (Fig. 5) [Miki 1991;
Naguib 2000], is most effective to stimulate immune defenses [Jyonouchi et al. 1996;
Okai et al. 1996] and has higher anti-tumor activity than canthaxanthin and f-
carotene [Chew et al. 1999]. An astaxanthin-rich algal meal inhibit H. pylori in vitro
and in vivo and decreased lipid peroxidation induced by H. pylori infection [Paper V].
Astaxanthin suppresses interferon-y (IFN-y) in vitro [Jyonouchi et al. 1996] and
increases IL-4 production in vivo, suggesting that astaxanthin promotes a shift from a
predominantly Thl response to a mixed Th1/Th2 response [Paper VI]. Astaxanthin
was found to inactivate NF-xB in a vitro model with HelLa cells [Pettersson S,
personal communication]. A first human trial on astaxanthin-rich algal meal was done
in Australia and showed that astaxanthin improved dyspeptic symptom of gastritis
patients and ameliorated H. pylori infection [Lignell et al. 1999]. Thus, astaxanthin
may protect the mucosal surface both by decreasing phagocyte activation and via its
intrinsic antioxidant activity similar to rebamipide [Danielsson et al. 1998; linuma et
al. 1998].

Vitamin E (Tocopherols)

Vitamin E is an essential lipid-soluble vitamin in the human diet, and is found in
cell membranes and plasma lipoproteins. Alpha-tocopherol is one of the most
important free radical scavengers and inhibits lipid peroxidation in cell membranes by
peroxyl radicals [Evans 2000]. Epidemiological studies showed a low serum level of
alpha-tocopherol in patients with gastric dysplasia [Correa et al. 1998]. Gastric a pha-
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tocopherol concentration is affected by H. pylori associated gastric histological
changes [Zhang et al. 2000]. However, a 5-year clinical trial involving male smokers
with atrophic gastritis failed to show any protective effect of vitamin E supplement
[Variset al. 1998].
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Fig. 5 Minimal concentration of 50% inhibition of lipidperoxidation (EDsp) in
carotenoids and vitamin E [Miki 1991].

Helicobacter pylori infection and gastric diseases

Non-ulcer dyspepsia (NUD)

Dyspepsia is not a clinical diagnosis but consist of a variable combination of
symptoms including abdominal pain or discomfort, postprandia fullness, abdominal
bloating, early satiety, nausea, vomiting, heartburn and acid regurgitation. It can be
early symptom of underlying illness like peptic ulcer disease or even gastric
carcinoma, but often no lesion can be found [Moayyedi et al. 2000].

H. pylori colonizes the gastric antrum in one third to one half of patients with
NUD [Jaakkimainen et al. 1999]. Gastroduodenal dysfunction may be associated with
H. pylori infection, but there is little evidence for a causal link with dyspepsia [Quina
1998] and insufficient evidence to confirm or refute the existence of a modest
association [Danesh et al. 2000a]. There are conflicting results based on clinical trials
[Quina 1998; Jaakkimainen et al. 1999; Xia et al. 1999; Danesh et al. 2000b]. More
recently Moayyedi et al suggested that H. pylori eradication might be cost effective
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treatment for NUD in infected patients but further evidence is still needed [Moayyedi
et al. 2000].

Gastritis

Warren and Marshall first identified spiral organisms which closely applied to
the gastric epithelium in active chronic gastritis [Warren et al. 1983], today H. pylori
is accepted as the cause of the most common form of chronic gastritis. It is widely
appreciated that chronic gastritis is a common denominator linking peptic ulceration,
gastric carcinoma, and lymphoma and with a histological picture of chronic
inflammation, atrophy and intestinal metaplasia. Other environmental and dietary
factors including stress, excessive acohol consumption, bile reflux, and high intake of
salted food are also involved in this pathological process.

The Sydney System for the classification of gastritis emphasized the
importance of combining topographical, morphological, and etiological information
into a schema that would help to generate reproducible and clinically useful diagnoses
[Misiewicz 1991]. The discovery of H. pylori has totally changed the classification
and grading of gastritis and the Sydney System had been modified by a group of
gastrointestinal pathologists (Table 5).

Peptic ulcer disease

The close relationship between acid-induced gastric metaplasia, H. pylori and
active chronic duodenitis was first emphasized by Wyaitt et al [Wyatt et al. 1987]. A
hypothesis of factors influencing the development of duodenal ulcer versus gastric
ulcer/cancer is proposed. Different patterns of H. pylori gastritis are associated with
profound alterations in acid output. In antral predominant gastritis, acid production
from the largely dominant unaffected corpus is enhanced whereas corpus
inflammation is associated with hypochlorhydria (Fig. 6). These changes have an

important bearing on peptic ulcer pathogenesis.

Gastric cancer
Infection with H. pylori has been classified as exposure to a Group |

carcinogen by the International Agency for Research on Cancer (IARC) in 1994
[Moller et al. 1995]. The most important epidemiological evidence supporting this
association was provided by prospective investigations which showed that infected
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individuals has a four-fold or higher increased risk of subsequently developing gastric
cancer. This has later been confirmed and it now appears that, after allowing for the
effects of atrophy and aging, the relative risk may be in the order of nine- or ten-fold
[Parsonnet et al. 1991; Nomura et al. 1991; Talley et al. 1991]. A recent 4.5-year
follow-up study in Linqu of Chinawith one of the worlds highest rates of gastric

Table 5 Classification of chronic gastritisin man [Dixon et al. 1996].

Type of gastritis Etiologic factors Gastritis synonyms
Nonatrophic H. pylori Superficia
Other factors Diffuse antral gastritis (DAG)
Chronic antral gastritis
(CAG)
Interstitial-follicular
TypeB
Atrophic
Autoimmune Autoimmunity TypeA
Multifocal atrophic H. pylori TypeB, Type AB
Dietary Environmental
Environmental factors Metaplastic
Specia forms
Chemical Chemical irritation TypeC
Radiation Radiation injury
Lymphocytic | diopathic Celiac disease-associated
H. pylori

Noninfectious

Eosinophilic Food allergies Allergic

Other infectious Bacteria (other than H. pylori), Phlegmonous
Virus, Fungi, Parasites

cancer showed the presence of H. pylori was associated with an increased risk of
progression to dysplasia or gastric cancer, and the risk of progression was decreased
among the subjects with high vitamin C intake and serum levels[You et al. 2000].
Helicobacter pylori inducing direct DNA damage [Schmausser et al. 2000]
and inflammation, cell apoptosis and proliferation [Peek et al. 2000; Xia et al. 2001]
suggest a link between chronic H. pylori infection and development of
adenocarcinoma of the stomach (Fig. 7). There is also evidence that H. pylori induce
intestinal type gastric adenocarcinoma in 40% of infected Mongolian gerbils after 62
to 78 weeks inoculation [Watanabe et al. 1998; Ikeno et al. 1999]. H. pylori infection
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Fig. 6 A hypothesis of the development of peptic ulcer/gastric cancer [Kuipers 1999].

enhances glandular stomach carcinogenesis in Mongolian gerbils or mice treated with
a chemical carcinogen like MNU, MNNG or sodium nitrite [Tatematsu et al. 1998;
Sugiyama et al. 1998; Wang X et al. 1998b; Shimizu et al. 1998]. A multistep model
for the development of gastric cancer has been proposed from superficial gastritis
progressing to chronic atrophic gastritis, intestinal metaplasia, dysplasia and
ultimately carcinoma [Correa 1992b]. Besides H. pylori, environmental factors
usually implicated in the development of gastric cancer is diet; specialy dietary salt
and nitrate promote cancer development while antioxidants (ascorbic acid, -carotene,

vitamin E) can inhibit the development (Fig. 7).

Gastric lymphoma

An accumulation of lymphoid tissue in the stomach is a precursor state for
development of lymphoepithelial lesions (LEL) of the gastric mucosa, low and high
grade MALT (mucosa-associated lymphoid tissue) lymphoma. These lesions are
strongly associated with the presence of H. pylori infection [Isaacson 1999;
Bouzourene et al. 1999; Morgner et al. 2000a; Morgner et al. 2001].
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Fig. 7 A model for gastric carcinogenesis incorporating H. pylori infection modified

from [Parsonnet 1993; Kuipers 1999]. Dotted arrows indicate protective factor.

The MALT lymphoma formation and growth is probably antigen driven and it has
been suggested that H. pylori could serve as such and proliferation of B cells could be
dependent on cognate help from H. pylori specific T-cells [Hussell et al. 1996;
Isaacson 1999]. B and T cells are recruited to the gastric mucosa as part of the
complex immune response to H. pylori. Conversion to high-grade lymphoma might
not require the presence of H. pylori [Enno et al. 1998; Bouzourene et al. 1999;
Isaacson 1999]. The histopathological features of low grade primary gastric
lymphoma recapitul ate structures of Peyer’s patches [Isaacson 1996; Hsi et al. 1998].
Transformation of low grade MALT-lymphoma to high grade primary gastric
lymphoma is well recognized and often a mixture of both can be found [De Wolf-
Peeters et al. 1999; Chan et al. 1990; Matolcsy et al. 1999]. Sometimes only a high
grade primary gastric lymphoma is found and a de novo lymphoma can not be ruled

out [Bouzourene et al. 1999].
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Antibiotic treatment can be successful in an earlier phase of low-grade
MALT-lymphoma [Wotherspoon et al. 1993; Raderer et al. 2000]. More recently
Morgner reported that high-grade gastric lymphoma in 8 patients completely
regressed after H. pylori eradication [Morgner et al. 2001]. The mechanisms behind
the decrease in H. pylori lymphoma formation are uncertain. Mucosa atrophy,
intestinal metaplasia and reduction of tissue neutrophils have been suggested.

Although H. pylori may be the most common cause of many gastrointestinal
MALT lymphoma, it is not the only causative organism. H. heilmannii [Morgner et
al. 2000b], other non-H. pylori bacteria [Jonkers et al. 1997] and some protozoa
[Otrakji et al. 1990] have been observed in gastric lymphomas specific to involved
regions. Animal experiments have revealed lymphoma induction, such as life-long
infection of the stomach of Balb/c mice with H. felis resulting in gastric MALT
lymphoma [Enno et al. 1995; Enno et al. 1998]. High grade lymphoma was found in
H. pylori infected C57BL/6 mice after 13 months [Paper 1V]. There were both gastric
lymphoid tissue and glandular hyperplastic lesions found in Swiss mice with 13
months H. felisinfection [Ferrero et al. 2000].

Treatment, antibiotic resistance and vaccine development

Triple therapy that includes a proton pump inhibitor (PPl) or ranitidine
bismuth citrate (RBC) in combination with two antibiotics has been accepted as the
standard of care for the treatment of H. pylori infection [Van Oijen et al. 2000;
Nakgima et al. 2000]. The recommended antibiotics include amoxicillin,
clarithromycin, and metronidazole [Van Oijen et al. 2000]. Although these drug
combinations have proven to be curative, they are complicated, expensive and not
always effective since H. pylori strains are becoming resistant to antibiotics [Leung et
al. 2000; Lahaie et al. 2000]. Eradication therapy in asymptomatic patients or in those
with undefined dyspepsia might cause antibiotic resistance of H. pylori and other
pathogenic bacteria present in the gastrointestinal tract and exacerbate gastro-
esophageal reflux disease [McCarthy 1998; Stanghellini et al. 2000].

The so-called mucosal defensive agents including several drugs such as
rebamipide [Nebiki et al. 1998], ecabet sodium [Ohkusa et al. 1998], polaprezinc
[Kashimura et al. 1999], plaunotol [Fukuda et al. 1995], sofalcone [Sakaki et al.
1998] and sucralfate [Adachi et al. 2000] were used as anti-ulcer drugs. A recent
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review demonstrated that such mucosal defensive agents improve the cure rate when
used with existing dual therapy regimens for eradicating H. pylori infection, but not
with triple therapy [Hojo et al. 2000]. The generally assumed mechanism of action of
these agents involves up-regulation of gastric mucosal defenses while the process of
recovery from mucosal injury occurs. Some of these drugs have also been shown to
have anti-H. pylori activities [Hayashi et al. 1998; Shibata et al. 1995; Koga et al.
1996; Slomiany et al. 1995]. Their effectiveness in eradicating H. pylori is not well
established. Rebamipide, a novel ulcer-healing compound with antioxidative and anti-
inflammatory properties, protects gastric mucosal injury by scavenging hydroxyl
radical and inhibiting neutrophil activation or lipid peroxidation [linuma et al. 1998;
Hahm et al. 1998; Kim et al. 2000].

Two anti-adhesive therapies on H. pylori infection have been investigated in
animal models [Mysore et al. 1999; Wang et al. 2001]. The use of 3-siayllactose
sodium salt (3'SL), an oligosaccharide that occurs naturally in human and bovine milk
and that can inhibit the adhesion of H. pylori to human epithelial cells in vitro, was
achieved with a 35% cure rates in rhesus monkeys [Mysore et al. 1999]. Bovine milk
glycoconjugates were tested in our mouse model and showed potencies to inhibit H.
pylori infection with 10-30% healing rate [Wang et al. 2001]. Therefore, these
compounds could be considered as candidates for non-antibiotic strategies against H.
pylori infection in man. However, the results of orally administrated hyperimmune
bovine colostral immune globulins, 3'-sialyllactose or recombinant human lactoferrin
in healthy H. pylori infected volunteers were disappointing [Opekun et al. 1999].
Higher doses, longer duration of therapy, adjunctive acid suppression, or a
combination could yield better results.

The feasibility of producing an effective vaccine against H. pylori has been
questioned due to the fact that natural immunity appears to be inadequate for clearing
the infection. Therapeutic intragastric vaccination against H. pylori in mice eradicates
an chronic infection and confers protection against reinfection [Ghiara et al. 1997].
The antigenic potential of urease has been demonstrated clearly in animal studies and
prototype vaccine studies in mice and monkeys have proved encouraging [Ermak et
al. 1998; Dubois et al. 1998; Solnick et al. 2000; Lee 2001]. However, it is likely that
H. pylori urease or its individual subunits in combination with other defined H. pylori

antigens may prove a more effective vaccine against infection by this bacterium. In a
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series of studies, mice immunized with both heat shock protein A (HspA) and urease
B subunit (UreB) or the engineered heat shock protein (GroES) and UreB, as well as
vacuolating cytotoxin (VacA) and urease were found to be highly protecting from
infection [Marchetti et al. 1995; Ferrero et al. 1995; Hocking et al. 1999]. DNA
vaccines encoding H. pylori-Hsp induce a significant immune response against H.
pylori and decrease gastric mucosal inflammation in mice, indicating that a DNA

vaccine can be a new approach against H. pylori in humans [Todoroki et al. 2000].

Animal models

A wide range of animal models have been developed to investigate the
pathogenesis of Helicobacter infection and therapy for the disease over the last
decade. Each of these animal models has distinct advantages and disadvantages
(Table 6).

Mouse models

Although there is no single model that is the best for all applications, on the basis
of cost and availability of immunological reagents and genome information, the

mouse is undeniably the most convenient and appropriate today.

H. felis

In 1990, Lee and colleagues reported that germ-free Swiss Webster mice could
be infected with H. felis, showing an active/chronic gastritis similar to the human
pattern of inflammation [Lee et al. 1990]. It was subsequently shown that H. felis
could also infect conventional mice and that the severity of disease varied greatly with
the inbred strain of mouse used [Mohammadi et al. 1996]. Long-term (>22 months)
H. felis infection in Balb/c mice developed gastric MALT lymphoma lesions [Enno et
al. 1995]. In spite of the fact that H. felis infection yield more severe disease than H.
pylori infection of mice does, H. felis apparently does not contain the cag
pathogenicity island, nor does it adhere tightly to gastric epithelial cells. Since both of
these traits are accepted virulence factors for H. pylori, the ultimate usefulness of the

H. felis mouse model to study H. pylori pathogenesis may be questionable.
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H. pylori

In the late 1980s and early 1990s, many laboratories unsuccessfully attempted
to establish mouse models of H. pylori infection [Cantorna et al. 1990]. In 1991

Japanese researchers reported that H. pylori could infect nude mice continuously and

euthymic mice temporarily [Karita et al. 1991]. This result encouraged other

Table 6 Anima models of Helicobacter infection [Lee 1999].

Animals Colonized by

Advantage

Disadvantage

Primate H. pylori

Cat anddog H. pylori
H. felis

Ferret H. mustelae

Guineapig H. pylori

Mouse H. pylori

H. felis

H. heilmannii
Mongolian  H. pylori
gerbil

Gnotobiotic H. pylori
piglet

Closest animal speciesto
human, endoscopy possible,
gastric physiology similar

to human

Gastric physiology similar

to human

Natural infection, useful for

vaccine studies, gastric
physiology similar to
human

IL-8 homologue, active
chronic gastritis

Economical good for testing

vaccines/antimicrobials

Chronic/active antral
gastritis, gastric ulcers,
adenocarcinoma induced
with infection alone

Colonization pattern similar

to human, gastric
physiology similar to
human, ulcers observed

Expensive, colonized by
endemic strains,
presence of H.
heilmannii-like (HHLO)
bacteria

Gnotobiotic and SPF
animals expensive,
HHLO present in
normal cats

Pattern of colonization
varies from human,
predominantly chronic
gastritisonly

Little used

Does not mimic human
pathology

Lack of immunological
reagents and

transgeni c/knockout
strains

Chronic gastritisonly,
expensive short-term
experiments only

researchers to investigate H. pylori infection in immunocompetent mice and severa
groups succeeded independently [Marchetti et al. 1995; Aleljung et al. 1996; Paper I;

Lee et al. 1997]. Using fresh clinical H. pylori isolates can infect mice transiently
[Marchetti et al. 1995] and a mouse-adapted H. pylori Sydney strain was established
with long-term and high bacterial colonization in mice [Lee et al. 1997].

Gastrointestinal colonization of H. pylori in BALB/CA mice was monitored by
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heparin magnetic separation [Aleljung et al. 1996] and the infection was followed by
both spiral and coccoid form of H. pylori in BALB/CA mice till 30 weeks [Paper I].
The histopathological evidence persisted during 30 weeks and H. pylori specific
antibodies were detected after 4 to 30 weeks by ELISA and immunoblot.

The choice of H. pylori strain is important for establishing the infection in a
mouse model. Various H. pylori strains gave different results in different strains of
mice. The capacity of H. pylori strains to colonize different strains of mice is both
bacterial strain and host dependent [Danon et al. 1998b; van Doorn et al. 1999;
Ferrero et al. 1998]. Inoculation by a mixture of 9 H. pylori strains in 4 different
mouse strains were detected mostly one strain (119/95) by RAPD-PCR [Paper I11]. H.
pylori bacteria were shown to interact intimately with the gastric mucosa of the
infected mice. The value of optimizing the diet to allow a maximal colonization and
inflammation score for clinical isolates as well as mouse-adapted strains is very
important. One of 4 tested commercial diets showed the best result in sustain H.
pylori infection [Paper I1]. This diet is without fish product and heated to 140-150°C
[Wang X et al. 2000]. Long-term infection of H. pylori in C57BL/6 mice induced a
high-grade lymphoma [Paper 1V].

Animal adapted H. pylori strains did not exhibit differences in the LPS-
associated Lewis antigen phenotype [Wirth et al. 1998] or in the production of major
cellular proteins [Ferrero et al. 2001b]. In addition, the use of RAPD analysis, avery
sensitive fingerprinting technique for detecting genetic rearrangements or point
mutations in bacteria, did not reveal any major modifications in DNA arrangement of
isolates following multiple passagesin vitro or in vivo [Wirth et al. 1998; Paper 111].

Vaccine candidates have been studied in H. pylori infection mouse models
[Ghiara et al. 1997; Crabtree 1998; Gomez-Duarte et al. 1999; Ruiz-Bustos et al.
2000]. New therapeutic strategies against H. pylori have been investigated in the
mouse model [Paper V1; Paper V; Wadaet al. 1999; Wang et al. 2001].

H. heilmannii

This organism is known to infect the human stomach, probably acquired from
domestic pets, and was first called Gastrospirillum hominis [McNulty et al. 1989].
Genetic studies on infected gastric tissue indicated that these bacteria also belonged to
the genus Helicobacter, named Helicobacter heilmannii [Solnick et al. 1993]. H.
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heilmannii was firstly isolated in pure culture in 1996 [Andersen et al. 1996]. There
have been few studies on H. heilmannii infection in mice [Eaton et al. 1993; Lee et al.
1993; Danon et al. 1998a; Peterson et al. 2001]. Gastric colonization with these
bacteria is quite remarkable in both natural hosts and rodents. Removal of these
bacteria by preventive or therapeutic with immunization would indeed be a substantial
achievement. Urease-based mucosal immunization protects Balb/c mice against H.
heilmannii infection and significantly reduces a preexisting infection but
immunization itself aggravates gastric atrophy [Dieterich et al. 1999]. H. heilmannii

infected mice might be a good screen for new mucosal adjuvants.

Mongolian gerbil model

Several recent reports showed that mongolian gerbils can be infected with H.
pylori and develop gastritis, gastric ulcers, intestinal metaplasia and gastric cancer
[Matsumoto et al. 1997; Honda et al. 1998; Watanabe et al. 1998; Ikeno et al. 1999].
H. pylori has shown both co-initiating and promoting effects on chemical-induced
(MNU or MNNG) gastric carcinogenesis in this model [Tatematsu et al. 1998;
Sugiyama et al. 1998]. Most recently there is a host response study in this model
showed that the frequency of seropositivity increased over time and gerbils developed
gastric ulcer after 26-week infection showed significantly higher serum 1gG level than
did gerbils who developed hyperplasia [Kumagai et al. 2001]. The mongolian gerbils
may represent a useful model to improve our understanding of the pathogenesis of H.

pylori related human gastric diseases.

Guinea pig model

Guinea pigs, like humans, have a dietary requirement for vitamin C and secret
a well-characterized homologue of interleukin-8 (IL-8) [Yoshimura et al. 1993]. The
guinea pig model for H. pylori infection was described in several studies [Shomer et
al. 1998; Sturegard et al. 1998]. Mild to moderate multifocal antral gastritis was
reported in these animals infected by the mouse adapted H. pylori Sydney strain. This
model is useful to study the interaction of Helicobacter and low level of vitamin Cin

gastric carcinogenesis.
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Ferret model

Virtually al commercial colonies of ferrets in America and many colonies
elsewhere in the world are naturally infected with H. mustelae. This gastric
Helicobacter has been associated with chronic gastritis and peptic ulcer as well as
MALT lymphoma in these animals [Fox et al. 1988; Fox et al. 1990; Erdman et al.
1997]. Ferrets have been proposed as a suitable model to study the pathogenesis and
epidemiology of Helicobacter associated chronic gastritis and gastric cancer [Fox et
al. 1990; Fox et al. 1993; Yu et al. 1995]. But as a bacterium, H. mustelae is different
from H. pylori. It was shown that H. pylori will not colonize the H. mustelae free
ferret [Fox et al. 1991b]. There are intercountry differencesin ferret infection, and no
inflammation was observed in 17 of 17 infected ferrets in the United Kingdom
[Tompkins et al. 1988]. There are few reagents available for the use in immunological

studies on this species.

Cat and dog model

Natural and experimental H. pylori infections of domestic cats were reported
[Perkins et al. 1998; Esteves et al. 2000; Simpson et al. 2001]. Infected cats
developed a lymphofollicular gastritis with small to moderate numbers of eosinophils
and a moderate antral infiltration of neutrophils. Long-term natural H. pylori infection
in cats offers a suitable model for study of H. pylori pathogenesis due to the
physiology of immune cell reactivity and mucosa responses to a chronic injury
[Esteves et al. 2000]. A beagle dog model had been reported for acute and chronic
infection with H. pylori [Ross et al. 1999]. An acute infection induces symptoms
(vomiting and diarrhed) that disappear spontaneously and acute gastritis, with early
recruitment of neutrophils, possibly mediated by H. pylori-induced IL-8, followed by
the appearance of superficial erosion and of lymphoid follicles and chronic gastritis.
Cat and dog models allow monitoring the consequences of H. pylori infection by
gastroendoscopy. The disadvantage of these models is that the prevalence of gastric
Helicobacter spp. in dogs and cats is high [Neiger et al. 2000; Strauss-Ayali et al.
2001].

Primate model

Primates are obvious candidates for investigation of Helicobacter infection.

Rhesus monkeys are sometimes naturally colonized by H. pylori and suggested as a
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model for spiral bacteria infection in humans [Dubois et al. 1994]. Experimental
infection with H. pylori have been achieved by previous antibiotics treatment in
severa studies [Dubois et al. 1996; Mysore et al. 1999]. Evidence has also been
obtained that vaccination induce an anti-Helicobacter activity in monkeys [Solnick et
al. 2000; Lee 2001]. Studies in non-primates offer encouragement that experimental
vaccination against H. pylori may be extended from mice to lager animals and
humans. Besides the expensive costs for primate experiments, many colonies of
primates are themselves infected with H. pylori that sometimes making it difficult to

interpret the results.

Others

Gnotobiotic piglet model

Germ-free piglets were first used as an anima model for Helicobacter
infection [Krakowka et al. 1987; Lambert et al. 1987]. This model has proved
extremely useful in defining the importance of critical colonization factors, such as
urease and cytotoxin-gene associated pathogenicity island [Eaton et al. 1996; Eaton et
al. 2001]. Although barrier-born pigs were aso infected with H. pylori and germ-free
piglets can be conventionalized after infection, utilization of this model requires
specialized facilities [Enroth et al. 2000]. In addition, while infected piglets have been
followed for up to 120 days, they grow quite rapidly and it becomes impractical to
maintain them much beyond 60 days. This model has not been widely used in vaccine

studies, probably in part due to high cost and the need for these special facilities.

Rat model

Inthefirst study in rats, H. felisinduced arelatively mild lymphocytic gastritis
after 2 to 8 weeks ora inoculation into germ-free rats [Fox et al. 1991a]. H. pylori
caused little or no inflammation of the intact gastric mucosain rats [Ross et al. 1992]
and this model has not been much used for any great extent. Both VacA-/CagA- and
VacA+/CagA+ strains of H. pylori induced only mild to moderate mucosa
inflammation and no atrophic gastritis was observed even after one year [Li et al.
1998; Zeng et al. 1998; Li et al. 1999].



Transgenic mice model

Studies of transgenic and knockout mice specific strains will facilitate the
understanding of H. pylori pathogenesis and the basis of successful prophylactic and
therapeutic immunization. Gnotobiotic-transgenic mouse models can be developed to
test hypotheses about the microbial and host factors that may determine the outcome
of H. pylori infection in man [Falk et al. 2001]. The FVB/N transgenic mice
engineered Lewis” glycans and the FVB/N transgenic mice with ablation of parietal
cells by expressing an attenuated diphtheria toxin A (tox176) were used to study H.
pylori attachment-related pathology [Syder et al. 1999; Guruge et al. 1998]. In an
insulin-gastrin transgenic mice strain, a synergistic interaction of hypergastrinemia
and H. felis infection was found to cause parietal cell loss with progression to gastric
cancer [Wang TC et al. 2000], whereas in gastrin-knockout mice H. pylori infection
stimulated acid secretion, but parietal and ECL cells were unaffected [Chen et al.
2001]. It is likely that specific host genotypes affect predisposition to gastric diseases
such as gastric cancer and that H. pylori signalsto the host are influenced by gastrin.

Specific cytokine knockout mice strains have been used for studying host
immune responses to Helicobacter infection and the role of a Thl polarized response
is confirmed to contribute the disease [Smythies et al. 2000]. For example IFN-y
seems essential in experimental H. pylori infection [Sawai et al. 1999] and IL-10
seems essential in experimental H. felisinfection [Berg et al. 1998]. Results with IL-4
knockout and transgenic mice have not revealed marked differences against H. pylori
infection, leaving the role of a Th2 response associated cytokines unclear [Chen et al.
1999]. Therapeutic immunization during a H. pylori infection stimulates an immune
response, which reduces the infection via antibody independent mechanism by using
transgenic and knockout mice [Sutton et al. 2000; Ernst et al. 2000]. More studies of
transgenic and knockout mice specific strains will provide more vital information to

understand the pathogenesis of H. pylori infection in the near future.
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Aims of the present investigations
The broad aim of this study is to optimize a mouse model for H. pylori infection.

1. To study H. pylori infection by both spiral and coccoid forms of strain 17874, 25
and 553/93 in a mouse model with analysis of histopathological changes and
systemic immune responses.

2. To compare how different rodent diets affect H. pylori infection in a BALB/CA
mouse model and to develop a standardized diet in order to monitor the
development of chronic type B gastritis.

3. To investigate which H. pylori strain(s) predominate in murine stomachs from
inocula of nine freshly isolated strains and to compare the infection in 4 mouse
strains to further optimize the mouse model.

4. To follow H. pylori infection with strain 119/95 for 13 months in C57BL/6 mice
to elucidate if malignancy might develop and further study pathogenesis of H.
pylori associated gastric diseases.

5. To explore whether antioxidants such as (i) astaxanthin from the microalgae
Haematococcus pluvialis and (ii) vitamin C can suppress experimental H. pylori
infection in the BALB/cA mouse model.

6. To investigate how an antioxidant astaxanthin-rich algal meal may modulate the
T-lymphocyte response in BALB/cA mice which may affect H. pylori infection
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Materials and Methods

Bacterial Strains:

Helicobacter pylori strains were grown on GAB-Camp agar (Gc Agar Base;
Becton Dickinson, Lund, Sweden) supplemented with 10% horse serum [Soltez et al.
1988] and was incubated for 48 hours at 37°C under microaerophillic conditions to obtain
amaximal yield of spiral-shaped H. pylori. To obtain viable but non-culturable H. pylori
cells, three to five-day-old agar cultures were harvested and resuspended in 20 ml of
Hams F12 medium supplemented with 10% calf serum (Flow Laboratories, Irvine, UK)
and kept in a microaerophilic environment for 3 days at 37°C and kept at 4°C. If no
growth was observed after five days of incubation on GAB-CAMP agar at 37°C
harvested cells were defined as viable but non-culturable [Aldjung et al. 1996]. All
bacteria were checked for the presence of spirals in the coccoid suspension and vice
versa: the spiral form was not found in the coccoid suspension whereas a few coccoids
were observed among the spiral suspension (less than 0.001%). Table 7 shows the origin
and virulent status of H. pylori strains used in thisthesis.

The cells were harvested in PBS, centrifuged at 3000 rpm for 10 minutes and

resuspended in PBSto afinal concentration of 10° colony-forming units (cfu)/ml.

Table 7. Origin and CagA / VacA expression of H. pylori strains.

Strains Clinica manifestation CagA VacA
CCUG 178742 + +
o5P + +
553/93 Gadtritis - -
83/95 Duodena ulcer + -
87/95 Duodena ulcer + +
105/95 Atrophic gadtritis + +
116/95 Gadtritis + +
119/95 Duodenal ulcer + +
122/96 Duodena ulcer + +
125/96 Pyloric ulcer + +
131/96 Gadtritis + +

% Strain CCUG 17874 was obtained from the Culture Collection of University of
Gothenburg (CCUG); ™ Strain 25 was isolated from Community Hospital of
Helsingborg. All other strains are clinical isolates from University Hospital of Lund.
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Animals and diets:

Six- to eight-week-old BALB/cA, C57BL/6, CBA/Ca and NMRI mice were
used [Kaufmann et al. 1998]. Except in Paper |11, mice were purchased from B&K
Universal Company (Stockholm, Sweden), other BALB/cA and C57BL/6 mice were
originally purchased from B&K company and bred in our animal house. The animals
were housed with a 12-hour light-dark schedule, fed different diets (Table 8) and
given water ad libitum. The rodent diets were kept in a special ventilated room for
food storage in the animal house. All animal experiments in this thesis were carried

out under the permission of Animal Care Committee at Lund University.

Table 8 Dietsused in thisthesis

Commercial diets In paper Fixed Formula Heated
Full fat soya Soyameal Fishmed at °C

Standard No.1 [ 11 - + (14%) +

(RM1, pelleted)®

Standard No.2 [-VI - + (24%) - 140-150

(RM2, expanded)®

Autoclavable diet ] + + (20.8%) + 105

(RMA)?

Standard No.3 ] - + (11%) +

(SDS, RM3,

pelleted)”

% From B&K Universa Company, Sollentruna, Sweden; ®: From SDS Company,
London, UK.

Antioxidants:

Homogenized and dried cells of the unicellular green alga Haematococcus
pluvialis (Fig. 8) rich in astaxanthin (2-3% wt/wt) and an alga meal without
astaxanthin as control meal were obtained from AstaCarotene AB (Gustavsberg,
Sweden). Vitamin C (_-ascorbic acid) was purchased from ICN Biomedicals Inc.
(Lund, Sweden). The algal meal and control meal were suspended in distilled water
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and vitamin C was dissolved in distilled water just before use. The chemical structure

of astaxanthin and vitamin C is shown in Fig. 9 and 10 respectively.

Animal model:

Mice were inoculated oraly through a feeding tube (Outer Diameter=0.1cm)
three times a 2-day intervals with 0.1 ml of either bacterial suspension (10° colony-
forming unit¥ml) or PBS. The H. pylori infection was followed at different time points
by sacrificing the animals (Fig. 11 A). The stomachs were collected for culture, PCR and
histopathology. Blood were drawn for examining immune response. The scheme of

inhibition H. pylori infection model is shown in Figure 11 B.

Culture:

Stomach biopsies were rinsed in PBS and smeared directly on GAB-Camp agar
and incubated for 5-10 days in microaerophilic conditions at 37°C. The presence of H.
pylori on the culture plates was confirmed by urease, catalase, oxidase test, Gram

staining and PCR analysis with HP urease primers [Nilsson et al. 1996].

Histopathology:

Stomach tissues were fixed in 10% buffered formalin (effective osmolar pressure
300 mosm/l) embedded in paraffin, 4 um sections prepared, stained with haematoxylin
and eosin, following standard procedures. The degree of inflammation was scored
between 0-3 in the different parts of the stomach and duodenum (Table 9).

Table 9. The scae of inflammation score

Inflammation score  Describe in histopathology

0 Normal

1 few inflammatory cells

2 moderate inflammatory cellsin severa layers

3 high level of inflammation with nests containing more than 50

inflammatory cells, often more than three cell layers

ELISA and immunoblot:

Sera were examined for total antibodies (mainly 1gG) to H. pylori by ELISA
[Lelwala-Guruge et al. 1992]. Sera (diluted 1:200) 100 ul were added to each well
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Fig. 8 (ad) Vegetative actively growing Haematococcus cell (b) Haematococcus
haematocyst that have accumulated astaxanthin as a result of nutrient starvation and
sunlight. (Photos from Kjell Stalberg).
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Fig. 9 Chemical structure of astaxanthin.
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Fig. 10 Chemical structure of L-ascorbic acid

which had been coated with H. pylori antigen obtained from an acid glycine extraction.
After incubation for 90 mins at 37°C, wells were washed and added with 100 ul of HRP-
labeled
goat anti-mouse immunoglobulins (Dakopatts, Copenhagen, Denmark) diluted 1:2000 in
the washing buffer. The plates were incubated for 60 mins at 37°C, substrate and
stopping solution were added and absorbance values a 450 nm were registered in a
spectrophotometer.

Sera diluted 1:50 in washing buffer (10 mM Tris base, 30 mM NaCl, 1 mM
NaN3z;, pH 10.2 and 0.1% Tween 20) were incubated with strips which were received
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from SDS-PAGE and blot using glycine extraction of H. pylori overnight on a shaker at
4°C [Nilsson et al. 1997]. Anti-mouse Immunoglobulins labeled with HRP (dilute 1:600)
were added for 3 hours on a shaker at 4°C and developed 30-40 minutes with 50 mM

NaAc containing 0.02% carbazole and 0.3% H,0, in room temperature.
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Fig. 11 A) H. pylori infection mouse model; and B) Inhibition of H. pylori infectionin

amouse modd!.

DNA extraction and PCR conditions:

DNA was extracted from frozen homogenates of stomach biopsies from
control and H. pylori-infected mice. 100 ul of homogenate were centrifuged 12,000 g
for 5 minutes and resuspended in TNE buffer 380 ul with 1% Triton X-100 and 0.5
mg/ml lysozyme. The samples were incubated at 37°C for 30 mins, added proteinase
K to 1 mg/ml and incubate overnight at 37°C. DNA was isolated by extracting twice
with an equal volume of phenol-chloroform-isoamyl acohol (25:24:1) and once with
chloroform. DNA was precipitated with 0.3 M sodium acetate and 2 volumes of

absolute ethanol and centrifuged as described above, rinsed in 70% alcohol, dried in a
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speed vacuum [Kong et al. 1996]. The DNA pellet was dissolved in 50 pl water plus
tween and stored at -20°C until the PCR is done.

HPU primers (Scandinavian Gene Synthesis, Koping, Sweden), based on a
urease A gene sequence of H. pylori, was used [Nilsson et al. 1996].

RAPD-PCR analysis:

Individual colonies from GAB-Camp agar were isolated by sterile toothpicks
and suspended in 50ul of 10mM EDTA, pH 8.0 in Eppendorf tubes. Freshly prepared
cracking 2X buffer (50 ul, 0.67 M NaOH, 10% SDS, 20% sucrose) were added and
resuspended by vortex. All tubes were incubated at 70°C for 5 minutes and 1.5ul of
4M KCI added after the tubes were cooled to room temperature. Samples were then
put on ice for 5 minutes and centrifuged at 12,000g for 3 minutes at 4°C. DNA was
precipitated by adding 1/10 volume of 4M LiCl to the supernatant and 2.5 volumes of
absolute ethanol incubated in -20°C for 20 minutes. DNA was pelleted by
centrifugation at 12,000g for 10 minutes, rinsed by 70% ethanol and resolved in 50ul
PCR grade water.

A mixture of two primers 1254 and 1283 were used [Vandamme et al. 1995].
A conventional PCR-buffer was used for amplification; consisting of 10mM Tris-HCI
(pH 8.3), 50mM KCI, 3mM MgCl,, 0.01% BSA, 0.2mM of each deoxynucleotide-
triphosphosphate, 0.8uM of each primer and Taq polymerase (1.875 U; Boehringer
Mannheim, Mannheim, Germany). PCR condition consisted of 5 cycles of 5 min
94°C, 5 min 36°C and 5 min 72°C followed by 30 cycles of 1 min 94°C, 1 min 36°C
and 2 min 72°C with a final elongation step of 10 min 72°C. Amplified products
(15ul) were analyzed in agarose electrophoresis (1.5% gels) and visualized by
ethidium bromide staining. DNA amplification patterns were considered identical

when no variation was observed in the DNA banding patterns.

Carotenoid and astaxanthin analysis:

Stomach samples were homogenized and extracted in acetone. The acetone
extracts were pooled, mixed vigorously with cyclohexane (1:1) and approximately
200-400 pl distilled water to obtain phase separation. The samples were then
centrifuged and the concentration of carotenoids recovered in the hexane phase

determined by measuring the absorbency at 474 nm with a Spectronic 601
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spectrophotometer (Milton Roy Co., USA). An extinction coefficient of ug/kg was
used for calculations.

The carotenoid composition was determined by high pressure liquid
chromatography (HPLC) after evaporation of the cyclohexane extract to dryness with
nitrogen and dissolving the carotenoids in chloroform:methanol (2:1). The HPLC
system (Merck-Hitachi) consisted of a L6200A Intelligent pump, a D-2000 injector
and a L4200 VisUV-detector set at 474 nm with 0.1 absorbency units at full scale.
Externa interna carotenoid standards (astaxanthin and canthaxanthin, 99% pure,
Hoffman-La Roche Ltd, Denmark) were employed to check the recovery of
carotenoid during extraction and the reproducibility of the analytical methods applied.
All the solvents and chemicals used were of analytical grade and purchased from

Merck, Germany.

Astaxanthin analysis of AstaCarotene Algal meal:

3 mg of algal meal was dissolved in 200 ul water for 15 mins and was added
10 ml acetone. The sample was homognized if larger particles or clumps were present
and left for 2 hours in a dark and cold place. The sample was centrifuged and the
absorbance of the supernatant was measured at 474 nm. The concentration of
carotenoids in the sample is linear between absorbance 0.05 to 0.9. Calculation of
carotenoids (mg) in the sample A474/193 X 10 and 90% of the carotenoids in the algal

meal is astaxanthin.

Lipid peroxidation assay:

Mice stomach tissue was homogenized in 20mM Tris-HCI, pH 7.4 to 10%
(w/v). 200 ul of homogenate supernatant were tested for malondialdehyde (MDA)
and 4-hydroxy-2(E)-nonenal (4-HNE) by a lipid peroxidation assay kit from
CALBIOCHEM® (San Diego, California, USA). The colorimeters were measured at

absorbency at 586 nm and tissue lipid peroxidation was cal culated as umol/g tissue.

In vitro inhibition test:

The minimum inhibitory concentrations (MICs) were determined as el sewhere
[Ohta et al. 1999] that each preculture containing 10° cells was plated onto GAB-
Camp agar with or without various concentrations of algal meal (0.375 to 20 mg/ml),
algal meal without astaxanthin (5 mg/ml) or vitamin C (0.5-4 mg/ml). The surviving
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cells were counted on the plate as colonies and the MIC was defined the concentration

leaving no survivors after 5-10 days incubation under microaerophilic condition.

Statistical Analysis:

The Mann-Whitney U test was used for analysis of colonization, inflammation
distribution and changes of immune response. The level of significance was chosen as
p < 0.05.



Results and Discussion

Paper I:

A H. pylori infection was followed up to 30 weeks in BALB/CA mice
inoculated by both spiral and coccoid forms. Both forms of H. pylori strain CCUG
17874, 25 and 553/93 induced a significant high inflammation score in the murine
stomach (Paper |, Fig. 2 and 3); strain 553/93, a fresh isolate, caused a significantly
higher inflammation score than the other two strains (Paper |, Fig. 4). An immune
response was seen after 4 weeks in mice infected with the spiral form of strain CCUG
17874 and after 16 weeks in mice infected with coccoids or the other two strains
(Paper 1, Fig. 6 and 7). Histopathological studies showed type B gastritis with
infiltration of polymorphonuclear leukocytes (PMN) and lymphocytes and persisted
during the entire experiment of 30 weeks. In contrast, an uninfected control group and
formalin-killed H. pylori inoculated control group showed no evidence of gastritis.

H. pylori infection is worldwide and once acquired, it becomes chronic and
probably persists for life if untreated [Blaser et al. 2001]. Multiple lines of evidence
demonstrate a causal role of H. pylori in the chronic inflammatory process [Ernst
1999]. Early studies showed that oral challenges with H. pylori resulted in transient to
chronic gastritis in nude and euthymic mice, gnotobiotic piglets and monkeys [Karita
et al. 1991; Engstrand et al. 1990; Dubois et al. 1994]. H. pylori exist in two forms,
spirals and coccoids. The coccoid forms have been described as ‘VBNC' cells and
suspected for the survival of the bacterium outside the human host [Benaissa et al.
1996; Andersen et al. 2000]. Cellini reported that these coccoids could revert to spiral
forms in mice and induce a humora immune response [Cellini et al. 1994]. These
forms are found more frequently and in larger numbers in cases of adenocarcinoma
than in benign ulcers [Chan et al. 1994]. In a parald study of morphologic
conversion from spirals to coccoids of H. pylori strain 553/93, we found preserved
subcellular structures and intact double membranes in combination with degenerative
forms suggesting that some of the coccoids are viable (Fig. 12) [Willen et al. 2000].
Both spiral and coccoid forms gave a significant increase in inflammatory cells in

murine stomach and produced a systemic antibody response.
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Fig. 12 Morphologica conversion of H. pylori strain 553/93 from spirals to coccoids.

A: Clusters of H. pylori strain 553/93 after 5 days B: U-formed spiral bacteria. Note cytoplasmic vesicles,
cultivation on GAB-Camp agar with coccoids and some polar density and light areas, supposedly polyphosphate-
debris. No spirals are detected. SEM x 5,700 (origina rich areas. Diameter 1.34 um. TEM x 21,000 (original
magnification). magnification).

*
C. Spiral form with separation of inner and outer D: Partly formed coccoid. Condensation of sense
membrane by the periplasmic space with accumulation material in one part of the bacteria, double membranes
of dense granular material (Arrow). TEM x 105,000 and shedding of cytoplasmic vesicles. TEM x 52,000

(origina magnification). (original magnification).
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Fig. 12 Morphological conversion of H. pylori strain 553/93 from spirals to coccoids
(Continued).

E: Nearly finished H. pylori coccoid. Note light areas F: Fully developed H. pylori coccoid. Note double
and cytoplasmic vesicles sometimes containing dense membranes, dense and light areas and part of flagella
material. TEM x 52,000 (original magnification). (Arrow). TEM x 105,000 (original magnification).

G: Mixture of transected spiral H. pylori (Arrow) H: Coccoid with morphologically clear degeneration and
(Diameter  0.41-045 um) and coccoid forms fragmentation of membranes and central dense area.
(Arrowhead) (1.04-1.16 um). TEM x 15,500 (original TEM x 73,000 (original magnification).

magnification).
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Paper II:
Dietary factors have been considered important for developing gastric cancer

in human epidemiological studies and in animal models [Correa 1992a; Kanke et al.
1996]. The prevalence of H. pylori is associated with dietary factors such as high
intake of salty food and soybean products and low intake of vitamin C or carotenesin
various populations [Tsugane et al. 1994; Goodman et al. 1997; Shinchi et al. 1997,
You et al. 2000].

Our data indicate that various mouse diets influence culture results of H.
pylori from infected BALB/CA mice. In experiment 1, the infection was carried out in
animals already on a specific diet. H. pylori was isolated 100% from inoculated mice
based on the RM2 diet compared to only 10-20% based on other diets (Paper 11, Table
2). In experiment 2, infected mice were changed to different diets and the recovery
rate of H. pylori decreased to 50-60% on the RM1, RMA and SDS diets compared to
90% in RM2 (Paper 1, Table 3). Mice fed with the RM2 diet also showed the highest
inflammation scores for the four commercia diets indicating that the higher density of
H. pylori caused the more severe inflammation. The four diets examined show few
differences in the contents or amounts of the different compounds (Table 8). The lack
of fish meal and the production process for expanded food (heated at 140-150°C)
might partly explain why RM2 sustains H. pylori infection the best. Fish oils and
polyunsaturated fatty acids have shown a bactericidal activity to H. pylori in vitro and
fish oil enriched vitamin E-deficient diets suppress lethal Plasmodium yoelii infection
in athymic mice [Thompson et al. 1994; Drago et al. 1999; Taylor et al. 1997]. While
we were unable to pinpoint the exact dietary factor for H. pylori infection in this
mouse model, it is valuable to optimize the diet to standardize mouse models of H.
pylori infection. The diet without fish meal and expanded at 140-150°C is selected for

our further experiments.

Paper lll:

To further characterize and optimize a mouse model for H. pylori type B
gastritis we investigated the infection in 3 inbred and 1 outbred mouse strains with a
mixture of 9 fresh isolated strains (Paper 111, Table 1). A total of 577 single colonies

of H. pylori were collected from culture positive animals and identified as one of the
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original inoculated strains. One dominant strain colonized 66 of 75 animals (88%),
whereas 8 (10.7%) mice had 2 strains and only 1 animal (1.3%) was found with 3
strains in its stomach. 522 of 577 isolates (90.5%) match the original strain 119/95 by
RAPD-PCR analysis (Paper 111, Table 3). Inflammation scores were much higher for
H. pylori infected animals than non-infected controls for all four mouse strains
(p<0.01) and the inflammatory cell infiltration were mainly granulocytes during the
entire infection (Paper 111, Fig. 2 and 3). The four mouse strains demonstrated severe
gastritis 16 weeks post-inoculation of H. pylori with minor differences between
strains. A specific immune response to H. pylori was detected already after 4 weeks of
infection by immunoblot (Paper 111, Fig. 4) and the four mouse strains were ranked
from highest immune response as follows: NMRI > BALB/cA > C57BL/6 > CBA/Ca
mice.

Our findings that most mice were infected with 1 strain and only a few
animals were infected with 2 or 3 strains which were recovered only during the early
phase of infection indicate a time dependent decrease of strains which might reflect
that strains possess different colonization abilities. Dubois et al [Dubois et al. 1996]
investigated isolates from 3 rhesus monkeys infected with 2 H. pylori strains and only
one of the strains could be re-isolated. The Sydney mouse passaged strain SS1 was
the only strain isolated from mice inoculated by a mixture of 4 fresh clinical isolates
[Lee et al. 1997]. In a recent report, 2 cagA-/vacA+ and 1 cagA+/vacA+ H. pylori
strains were found to “take over” in a mixed infection in outbred mice [Sturegard et
al. 2001].

Host dependent gastric atrophic changesto aH. felis or H. pylori infection was
found in mice [Sakagami et al. 1996; Lee et al. 1997]. In SJL, C3H/He, DBA/2, and
C57BL/6 H. felis infected mice, a severe to moderate chronic active gastritis in the
body of stomach developed while BALB/c and CBA mice, only got mild gastritis in
the antrum. H. pylori infected C57BL/6 mice exhibited moderate to severe body
atrophy, whereas C3H/He mice showed little development of atrophy [Sakagami et al.
1996]. The colonization levels of H. pylori strain SS1 varied among C57BL/6, Balb/c,
DBA/2 and C3H/He mice and both C57BL/6 and BALB/c mice developed chronic
active gastritis to severe atrophy during 8 months [Lee et al. 1997]. In our study
C57BL/6 and BALB/cA mice showed higher inflammation scores at 4 and/or 10
weeks post-inoculation (p.i.) compared to CBA/Caand NMRI mice.
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Strain 119/95 is selected for further development of our mouse model. The
C57BL/6 and BALB/cA mice were used for further H. pylori infection studies.

Paper IV:
C57BL/6 mice (n=5) inoculated with the H. pylori mouse passaged strain

119/95p and the infection was followed up to 13 months. Two main changes were
found in histopathology: squamous papillomalike structures with growth capacity to
some extent mimicking a highly differentiated squamous cell carcinoma and blast-like
high-grade lymphoma positive for B-cell markers showing highly abnormal cells and
mitosis (Paper 1V, Fig. 1). The tumor cell population destroyed the local mucosa and
muscular tissue and was seen growing outside the gastric tissue. Moreover a heavy
infiltration of the same cell populations were seen in the liver, spleen and kidney
tissue, clearly demonstrated the malignant features of the lymphoma. The normal
control animals (n=2) showed no pathological changesin any of these organs.

Our previous findings showed that C57BL/6 mice infected with H. pylori
119/95p for 6 months developed severe gastritis and atrophic changes [Wang X et al.
1998b]. H. pylori usually creates alow-grade (so called MALT) lymphoma in humans
as well as in animal models [Hussell et al. 1993; Isaacson 1994; Enno et al. 1995].
There are aso reports on high-grade and a mixture of high and low grade lymphoma
in humans and mice [Isaacson 1996; Enno et al. 1998; Isaacson 1994]. De novo high-
grade lymphoma occurs sometimes [Isaacson 1996]. H. pylori can be identified in
more than 90% of cases of gastric MALT Ilymphomas [Chan et al. 1990;
Wotherspoon et al. 1993] and fewer in more advanced cases [Peng et al. 1998]. This
suggests that H. pylori is more closely associated with the precursor or initial genesis
of MALT lymphoma [Nakamura et al. 1998]. High-grade MALT lymphoma
transformation may be more likely to occur following infection by CagA positive
strains of H. pylori [Peng et al. 1998]. The strain used in our study was both CagA
and VacA positive. Grading according to Wotherspoon et al [Wotherspoon et al.
1993] revealed definite or suspected local gastric lymphoma with a B-cell pattern.
However in humans, some cases of T-cell gastric lymphomas have been reported
[Foss et al. 1999; Isaacson 1994]. H. pylori can be found in combination with gastric
carcinoma and lymphoma [Eidt et al. 1995]. In this study we found high-grade B cell
lymphoma derived from MALT-lesions together with highly proliferative squamous
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cells with a papillomatous feature and expanding borders, however with no definite
carcinoma.

In our recent studies lymphoepithelial lesions (LEL) were found in C57BL/6
and BALB/cA mice infected with H. pylori strain 119/95 and G50 but not with strain
SS1 after 23-month infection. There was 1 case of hepatoma found in strain 119
infected C57BL/6 mouse after a 23 months infection. These data confirm that our
mouse model infected with strain 119/95, a CagA positive and vac toxin producing
strain, is a suitable model to study of gastric lymphoma development and to compare

future treatment strategies.

Paper V:

With the progression of antibiotic resistance of H. pylori, novel non-antibiotic
strategies to treat are needed [Dgjani et al. 2000]. Rebamipide, a gastroprotective
drug, was found to scavenge ROS and attenuate neutrophil activity and their
production of inflammatory cytokines stimulated by H. pylori [Danielsson et al. 1998;
linuma et al. 1998; Arakawa et al. 1998]. Our previous study showed that dietary
factors influence H. pylori infection in our mouse model [Paper I1]. These points lead
us to study the effect of antioxidants on H. pylori infection in the mouse model.

An astaxanthin-rich algal meal and vitamin C inhibit H. pylori growth in vitro
while algal meal without astaxanthin did not show this effect (Table 10). Mice treated
with the astaxanthin-rich algal meal or vitamin C showed significantly lower
colonization and inflammation scores than control mice infected with H. pylori or
treated with a meal lacking astaxanthin (Paper V, Fig. 1 and 2). All astaxanthin-rich
algal meal- or vitamin C-trested mice showed significant decreases in lipid
peroxidation compared with levels in untreated and control-meal-treated animals
(Paper V, Fig. 4). Among the three doses of astaxanthin tested, the highest dose
(100mg/kg) showed the best effect to reduce bacterial load and gastric inflammation.

H. pylori infection has been associated with a decreased level of vitamin C
and other major antioxidants (eg. B-carotene) in human gastric tissues [Correa et al.
1998; Phull et al. 1995]. The infected individuals show a high oxidative stress and
high level of ROS in the gastric mucosa and an increased gastric antioxidative
capacity after

51



Table 10 MICs values against H. pylori®.

Compounds MICs

Algal meal (astaxanthin content)  0.3125-2.5 mg/ml (6.25-50 pg/ml)
Algal meal without astaxanthin >5 mg/ml

Vitamin C 0.5-2 mg/ml

410 strains of H. pylori were tested.

eradication of H. pylori [Khaled et al. 1998]. A recent study on formation of pro- and
anti-oxidants to H. pylori infection in Mongolian gerbils showed an increase in the
level of lipid peroxidation and an activated glutathione turnover [Suzuki et al. 1999].
Vitamin C has been reported to inhibit H. pylori both in vitro and in vivo, but not
vitamin E [Zhang HM et al. 1997]. The inhibitory effect appears to be specific for H.
pylori and the closely related Campylobacter jejuni, as various E. coli strains,
Salmonella, and Vibrio species were unaffected. Patients with H. pylori chronic
gastritis received a high dose of vitamin C (59 per day) daily for 4 weeks resulted in a
H. pylori eradication in 30% [Jarosz et al. 1998]. The mechanism of the inhibitory
action of vitamin C on H. pylori is not known. A recent study on Streptococcus
pneumoniae suggested that vitamin C may compress or retard bacterial invasion by
directly inhibiting the bacterial spreading engine hyaluronate lyase [Li et al. 2001].
Astaxanthin has superior antioxidative activity to most of the hydrophobic
antioxidants and is most effective to stimulate immune defenses [Jyonouchi et al.
1996; Naguib 2000; Miki 1991]. Our study is the first demonstration of an
antimicrobial activity of an algal mea against H. pylori and associated gastric
inflammation [Wadstrom et al. 1997]. The possible mechanisms of astaxanthin-rich
algal meal action in vivo could be: (i) a antimicrobial effect on H. pylori, (ii) that it
neutralizes ROS in the mucosa and attenuates the inflammation, (iii) its algal cell
walls may adhere to gastric epithelium competitively, and (iv) it may inhibit the

infection through an altered immune response [Paper VI].

Paper VI.

In this study we demonstrated, that H. pylori infected BALB/CA mice treated
with the antioxidant astaxanthin-rich algal meal decreased the bacterial load and
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inflammation scores in the stomach, and shift in the cytokine release profile of
cultured splenocytesin vitro.

BALB/cA mice infected with H. pylori display a Thl T-cell response with a
high release of IFN-y and no IL-4 as described in man [Czinn et al. 1997; Walker et
al. 1998; Lindholm et al. 1998; Sommer et al. 1998]. However, splenocytes from
astaxanthin-rich algal mea treated animals showed a significant increase in IL-4
release, indicating a shift towards a Th2 T-cell response. An excessive Thl response
driven by the infection with H. pylori may favor the development of a cell-mediated
immune response and an inflammatory (cytotoxic) damage of the epithelium [Czinn et
al. 1997]. Our data support that an immunomodulation can enhance a protective and
nondestructive response against H. pylori, attenuating the infection and the
subsequent gastric inflammation as described previously [Mohammadi et al. 1997].
The observed shift of the Th1l/Th2-balance following treatment is probably due to a
down-regulation of Thl-cells and an up-regulation of Th2-cells by astaxanthin
[Jyonouchi et al. 1996]. The antioxidant rebamipide was reported to regulate cytokine
responses by human peripheral blood mononuclear cells with H. pylori infection
[Aihara et al. 1998] and it might contribute to disease regression and bacterial

eradication. Astaxanthin-rich algal meal could be effective the same manner.

In this model the switch from a Thl type of response to amixed Th1/Th2 type
of response is experimentally induced during an ongoing infection. To our
knowledge, it is the first time a shift in a T-lymphocyte response has been achieved
during an ongoing infection. Another possible mechanism of action is that astaxanthin
acts as antioxidant scavenging ROS involved in the pathogenesis of the H. pylori

induced chronic gastritis as discussed in the paper V.
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Conclusions and future prospects

Both spiral and coccoid forms of H. pylori were found to induce gastritis and
produce a systemic immune response in BALB/cA mice following 30 weeks of
infection. Dietary factors play an important role in H. pylori infection and we have
established an optimized diet to facilitate the infection in a mouse model. The strain
119/95 was the most common strain colonizing all 4 mouse strains and it does not
seem to have any host restriction. H. pylori 119/95 and C57BL/6 and BALB/cA mice
were characterized for further development of our mouse model.

This mouse model with infection by CagA-positive, vacuolating-toxin-
producing H. pylori 119/95 is suitable for use in the study of lymphoma development
and sguamous cell papilloma with proliferative features. Antioxidants such as an
astaxanthin-rich algal meal and vitamin C inhibit H. pylori both in vitro and in
infected mice. Inhibition of this infection by the astaxanthin-rich algal meal was
associated with a switch in the systemic T-helper cell response. These results suggest
that antioxidants may become a new strategy for treating H. pylori gastritis in humans
[Wadstrém et al. 1997]. We have the optimized mouse model to test new treatment
strategies for H. pylori infection.

Animal models are very important in the investigation of disease processes,
establishing new experimental therapy and vaccine development against H. pylori
infection. With the complete genome of mouse strain C57BL/6 and other laboratory
mouse strains (129X1/SvJ, DBA/2J and A/J) available in the near future [Marshall
2001], mouse models will be most efficiently used to study the pathogenesis of
Helicobacter infection. H. pylori has two complete genome sequences available
[Tomb et al. 1997; Alm et al. 1999] and genomic research will allow us to ascertain
how the organism functions through biochemical pathways and the role played by the
cagA pathogenicity island. A protein-protein interaction map of H. pylori was
constructed and over 1,200 interactions were identified between proteins, connecting
46.6% of the proteome [Weeks et al. 2000; Scott et al. 2000]. To date the goa of
deriving Helicobacter-specific therapies from genome analysis has not been achieved
in clinical practice, but severa genes and metabolic pathways of the pathogen are

recognized as potential targets for drug development.



With the progression of antibiotic resistance and the challenge of re-treatment
following treatment failures of H. pylori infection, novel non-antibiotic approaches
including new drugs, vaccines, probiotics and anti-adhesion compounds are needed.
Antioxidants such as vitamin C and astaxanthin demonstrate inhibitory effects against
H. pylori in vitro and in animal models [Zhang HM et al. 1997; Paper V]. Dietary
supplements with B-carotene and vitamin C may be coupled to additional
antimicrobial therapy may prevent H. pylori-associated gastric cancer [Mannick et al.
1996]. An astaxanthin-rich algal meal has been tested as a treatment for H. pylori
positive NUD patients, where 1 out of 10 patients was completely cured from H.
pylori infection [Borody et al, submitted for publication]. A second clinical tria is
now underway in Kaunas, Lithuania. Treatment with this astaxanthin-rich algal meal
and vitamin C in a H. pylori-induced lymphoma mouse model would provide us with
more evidences as to whether antioxidants could provide a new therapeutic area for
Helicobacter infection. There are 4,000 purified diets available for laboratory animals
in Research Diets Inc., which may help researchers to find out which specific factor(s)
could be vital for H. pylori infection.

In addition, the ability to adhere to gastric cells may be essential for sustained
infection and H. pylori-induced disease [Falk et al. 2000; Wadstrom et al. 1996].
Blocking of adhesins could represent a potential target for therapy. One anti-adhesion
compound 3'-sialyllactose sodium salt (3'SL), an oligosaccharide that occurs naturally
in human and bovine milk, and milk glycoconjugates, have shown an inhibitory effect
on H. pylori infection in rhesus monkeys and mice [Mysore et al. 1999; Wang et al.
2001]. Some gastric mucoadhesive drug delivery systems are very promising for
eradication of H. pylori, such as gelatin microsphere has been suggested for a
candidate delivery system [Wang J et al. 2000]. New approaches are needed for future
developmentsin H. pylori therapy.

H. pylori infection can only induce gastric adenocarcinoma in mice when
chemical carcinogens are used simultaneously [Lee 1999]. H. felisinfection in gastrin
transgenic mice is associated with progression of gastric cancer [Wang TC et al.
2000]. It would be more interesting to study the H. pylori infection in these gastrin
transgenic mice strains. Such transgenic mouse models may become essential for
studying relationship between H. pylori and gastric cancer [Falk et al. 2001].

Moreover, since gastric cancer is associated with p53 over-expression and H. pylori
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infection [Murakami et al. 1999], we are continuing to optimize H. pylori infection in
a p53 transgenic mouse model. Experiments are going on in our laboratory to further

optimize this mouse model in conjunction with bile acid.
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Sammanfattning pa svenska

Helicobacter pylori & en spiralformad Gramnegativ human-specifik patogen,
som kan penetrera magséckens slemlager och kolonisera epitelskiktet. H. pylori
infektion & en hogriskfaktor for utvecklandet av kronisk gastrit, magsdr och
ventrikel cancer.

Bade aktivt vaxande spiralformer av H. pylori och dess runda viloformer
framkallar kronisk magkatarr (gastrit) i BALB/CA mdss och orsakar et
immunologiskt svar med antikroppsbildning. Preliminéra férsok visade att infektionen
paverkades starkt av den diet som djuren utfordrades med. En diet utan fiskmjél gav
den starkaste inflammationen och gastritbilden vid mikroskopisk undersokning.
Infektion med en blandning av nio olika H. pylori stammar visade att en stam, 119/95,
oftast snabbt konkurrerade ut 6vriga stammar. Denna stam har darfor utvalts for
vidare studier. I en annan musstam framkallade den kroniska infektionen ofta en
specifik tumor, s.k. MALT- lymfom, medan djuren g utvecklade magcancer, som &r
en vanligare H. pylori-associerad tumdrform hos ménniska. H. pylori-infektion
framkallar bildning av fria syreradikaler, som kan neutraliseras av antioxidantia
sasom vitamin C. | ett senare forsok visades att saval vitamin C som astaxantin (en
annan potent antioxidantia) kunde hdmma infektionen och inflammationen.

Dessa lovande resultat utnyttjas nu till att ta fram en ny behandlingsprincip for
H. pylori- framkallad magkatarr hos manniska. Slutligen har immunologiska studier i
moss och pa muslymfocyter visat att astaxantin framkallar en férandrad balans i de
tva huvudpopulationerna av dessa celler, vilket troligen underléttar for
immunapparaten att utrota infektionen. Denna upptackt kan forklara varfor en
obehandlad H. pylori-infektion utvecklas till en kronisk infektion med f6ljdsjukdomar

som magsar, MALT-lymfom och magcancer.
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MODELS OF INFECTION

Infection of BALB/e¢ A mice by spiral and coccoid
forms of Helicobacter pylori

X. WANG, E. STUREGARD, R. RUPAR, H-O. NILSSON, P. A. ALELJUNG, BIRGITTA CARLEN*,
R. WILLEN* and T. WADSTROM

Departments of Medical Microbiology and *Pathology, University of Lund, S-223 62 Lund, Sweden

Helicobacter pylori exists in two different morphological forms, spiral and coccoid. This
study demonstrated that both forms can infect BALB/c A mice. The animals were
inoculated orally three times at 2-day intervals with 108 cfu of both spiral and coccoid
forms of strain CCUG 17874 (NCTC 11637), strain 25 and strain $53/93. Infection was
followed over a 30-week period by histological scoring of the grade of inflammation in
gastric biopsies. At each time point sera were collected for analysis in ELISA and
immunoblot analysis. Both spiral and coccoid forms of all H. pylori strains gave
significantly higher inflammation scores than a control group of animals 1 week after
inoculation. The histological evidence persisted throughout the entire 30 weeks. The
inflammation was most severe in the pylorus and duodenum. Infection with strain
553/93 displayed the most severe gastritis. The spiral form of strain CCUG 17874 gave
an immune response after only 4 weeks, whereas its coccoid form as well as strains 25
and 553/93 (spiral and coccoid forms) gave a significant increase in antibody response in
ELISA and immunoblot after 16 weeks. It is concluded that both spiral and coccoid

forms of H pylori can cause acute gastritis in BALB/¢ A mice.

Introduction

Helicobacter pylori is a human pathogen associated
with type B gastritis, peptic ulcer disease and gastric
cancer [1-3}. In recent years an increasing number of
animal models has been used to study the pathogenesis
of H. pylori infection. Oral challenges with H. pylori
resulted in infection in monkeys, gnotobiotic pigs and
nude and euthymic mice [4-6]. Marchetti et al. [7]
recently reported that vacuolating toxin (VAC)-produ-
cing strains of H. pylori can colonise the murine
stomach and induce histopathological changes similar
to type B gastritis in man.

H. pylori exists in two different morphological forms,
spiral and coccoid. Coccoid forms of H. pylori have
been described as ‘viable but non-culturable’ (VBNC).
These cells may be viable and can revert to culturable
forms in mice, but are no longer culturable on
conventional media [S, 9]. The role of the coccoid
form in the pathogenesis of H. pylori-associated
gastritis has been disputed [10, 11]. A recent study

Received 24 Sept. 1996: revised version acceoted 10 Jan.
1997.
Corresponding author: Professor T. Wadstrom.

demonstrated chronic gastrointestinal colonisation of
mice with H. pylori strains expressing high heparin-
binding activity {12]. The present study describes the
further development of this model in which BALB/¢
A mice were infected and the histopathological
changes and systemic responses were followed at 1,
2,4, 8, 16, 24 and 30 weeks.

Materials and methods
Bacterial strains and culture

H. pylori strain 17874 was obtained from the Culture
Collection, University of Gothenburg (CCUG), Sweden
(identical with strain NCTC 11637 from the National
Collection of Type Cultures, 61 Colindale Avenue,
London). H. pylori strain 25 {13] and strain 553/93
were freshly isolated from human gastric biopsies. The
strains were grown on GAB-CAMP agar supplemented
with horse serum 10% [14, 15] and were incubated for
48 h at 37°C in micro-aerophilic conditions to obtain a
maximal yield of spiral-shaped AH. pylori [12]. To
obtain viable but non-culturable A. pylori cells, growth
from 3-5-day-old agar cultures was harvested and
resuspended in 20 mi of Ham’s F12 medium supple-
mented with calf serum (Flow Laboratories, Irvine)
10% and kept in a micro-aerobic environment for 3
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days at 37°C and kept at 4°C. If no growth was
observed after incubation for 5 days on GAB-CAMP
agar at 37°C, harvested cells were defined as viable but
non-culturable [12]. All bacteria were checked for the
presence of spiral forms in the coccoid suspension and
vice versa: the spiral form was not found in the coccoid
suspension whereas only a few coccoid forms were
observed among the spiral suspension (< 0.001%).

Animals

BALB/c A mice (6—8 weeks old) were used in this
study [12]. Mice were housed with a 12-h light-dark
schedule, fed a commercial rodent diet (B&K Uni-
versal AB, Sweden) and provided with water ad
libitum.

Experimental design

Mice were inoculated orally through a feeding tube
(OD, 0.1 mm) three times at 2-day intervals with 0.1 ml
of either bacterial suspension (10° cfu/ml) or PBS.
One hundred and fifty mice were divided into seven
groups. Three groups of mice were inoculated with
suspensions of strain CCUG 17874, strain 25 and strain
553/93, respectively. This experimental design was
repeated with suspensions of the coccoid form of H.
pylori; the control group received PBS. Three or four
mice from each group were killed at 1, 2, 4, 8, 16, 24
and 30 weeks after inoculation. Mice were anaesthe-
tised with ether and killed before collection of their
stomachs.

The stomach was opened through the longer curvature
with sterile surgical instruments. One half of the
stomach and duodenum, covering all subtypes of
mucosa, was sent for histopathological examination.
The rest of the stomach was used for culture and
PCR. Blood was drawn for measurement of the
immune response.

Culture

Gastric mucosa samples were homogenised with PBS;
then 100 «1 of homogenate were placed on GAB-camp
agar and incubated for 7 days in micro-aerobic
conditions at 37°C. The presence of H. pylori on the
culture plates was confirmed by the urease, catalase
and oxidase tests, Gram's staining and PCR [16].

Histopathological examination

Each stomach was fixed in buffered formalin 10%
(effective osmotic pressure 300 mosm/L) and em-
bedded in paraffin. Sections (4 um) were prepared
and stained with haematoxylin and eosin, following
standard procedures. Five areas of stomach were
examined (Fig. 1); fundic mucosa with its stratified
keratinised, squamous epithelium; cardia in the transi-
tive zone between fundus and corpus; body; antrum
and canalis; and duodenum. The degree of inflamma-
tion was scored between 0 and 3 in the five different

Squamous
mucosa

Cardia-like
tissue

Antrum

Duodenum

y

Fig. 1. Diagram of the mouse stomach. A-E are the five
areas examined by histology.

parts of the stomach and duodenum. The inflammatory
infiltrate comprised mainly granular cells: O, normal; 1,
few inflammatory cells; 2, moderate inflammatory cells
in several layers; 3, high level of inflammation with
foci containing > 50 inflammatory cells, often more
than three cell layers deep.

Transmission electron microscopy

The biopsy specimens were fixed immediately in
glutaraldehyde 2% in 0.1 M sodium cacodylate buffer
(pH 7.2), post-fixed in osmium tetroxide 2% in S-
collidine buffer (pH 7.2), dehydrated in ethanol and
embedded in agar resin 100. A semi-thin section was
cut and examined by light microscopy. A representative
area was chosen and ultra-thin sections, c. 50 nm, were
cut on an LKB Ultratome III and contrasted with
uranyl acetate and lead citrate. The grids were
examined in a Zeiss CM 10 electron microscope at
60 kV.

ELISA and immunoblot

Sera were examined for total antibodies (mainly 1gG)
to H. pylori by ELISA as described by Guruge {15].
Serum samples (100 ! diluted 1 in 200) were added to
each well, which had been coated with AH. pylori
antigen (acidic glycine extract) [t7]. After incubation
for 90 min at 37°C, wells were washed and 100 ul of
HRP-labelled goat anti-mouse immunoglobulins (Da-
kopatts, Copenhagen, Denmark) diluted 1 in 2000 in
the washing buffer were added. The plates were



incubated for 60 min at 37°C, followed by addition of
substrate and stopping solution, and absorbance values
at 450 nm were measured in a spectrophotometer.

Sera diluted 1 in 50 in washing buffer (10mm Tris
base, 30 mm NaCl, 1mm NaN;, pH 10.2 and Tween
20 0.1%) were incubated with strips from SDS-PAGE
and blotted against a glycine extract of H. pylori
overnight on a shaker at 4°C [15]. Anti-mouse
immunoglobulins labelled with HRP (diluted 1 in
600) were added for 3h on a shaker at 4°C and
developed for 30—40 min with 50 mm sodium acetate
containing carbazole 0.02% and H,0O, 0.3% at room
temperature.

DNA extraction and PCR conditions

DNA was extracted from frozen homogenates of gastric
biopsies from control and H. pylori-infected mice:
100 z1 of homogenate were centrifuged at 12000 g for
5min and resuspended in 380 ul of TNE buffer with
Triton X-100 1% and lysozyme 0.5mg/ml. The
samples were incubated at 37°C for 30 min, proteinase
K was added to 1 mg/ml and incubated overnight at
37°C. DNA was isolated by extracting twice with an
equal volume of phenol:chloroform:isoamyl alcohol
(25:24:1) and once with chloroform. DNA was
precipitated with 0.3 M sodium acetate and 2 volumes
of absolute ethanol and centrifuged as described above,
rinsed in alcohol 70% and dried in a speed vacuum
[18]. The DNA pellet was dissolved in 50 x1 of water
plus Tween and stored at —20°C until the PCR was
performed.

HPU primers, based on a urease A gene sequence of
H. pylori, as originally described by Clayton et al.
[19] were wused. Primers were purchased from
Scandinavian Gene Synthesis (Koping, Sweden). PCR
conditions were according to Nilsson et al. [16]

Statistical analysis

The Mann-Whitney U test was used to compare the
degree of inflammation and the changes in immune
response. The level of significance selected was
p < 0.05.

Results

In the infected groups, there was histological evidence
of type B gastritis with infiltration of polymorpho-
nuclear leucocytes (PMNL) or lymphocytes, or both,
persisting for 30 weeks. In contrast, the uninfected
control group and the group inoculated with formalin-
killed H. pylori showed no evidence of gastritis. In
several mice it was possible to demonstrate H. pylori
in both spiral and coccoid form. Electron microscopy
demonstrated well-preserved subcellular and membrane
structures, giving the impression of viable bacteria. It
was possible to demonstrate a clear attachment to the
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mucosal cell surface membrane, especially around the
coccoid form, and a tendency for pedestal formation
was noticed (Fig. 2).

Both the spiral and the coccoid forms of H. pylori
strains CCUG 17874 and 25 gave a significantly
higher inflammation score in the gastric biopsies of
mice 1 week after inoculation. For H. pylori strain
553/93, both spiral and coccoid forms gave more
severe inflammation than the other strains tested

(Fig. 3).

Pyloric and duodenal inflammation was most severe in
infected groups compared to the control group.
Finally, strain 553/93 caused a significantly higher
inflammation score than the other types tested (Fig. 4).

The colonisation of mouse stomach by H. pylori was
investigated by culture and PCR. The colonies on the
GAB-camp agar and also DNA extraction from mouse
stomach both showed a H. pylori urease-specific band

(Fig. 5).

H. pylori strain CCUG 17874 produces vacuolating
cytotoxin (VacA) and expresses cytotoxin-associated
gene (CagA) protein. Strain 25, which was isolated
from man and used for several years in our laboratory
is VacA-positive and CagA-positive; and strain
553/93, which was freshly isolated from man is both
VacA- and CagA-negative (data not shown).

Spiral forms of strain CCUG 17874 gave a significant
increase in antibody response in ELISA 4 weeks after
inoculation (p < 0.05). Eight weeks after inoculation
the immune response showed a much stronger
response than at 4 weeks (p < 0.05). Strain 553/93
spiral forms gave a small increase 8 weeks after
inoculation and at 16 weeks gave significantly higher
titres (p < 0.05). Strain 25, both spiral and coccoid
forms, gave an increase 16 weeks after inoculation
(p < 0.05). Coccoid forms of strains 17874 and
553/93 gave the same changes as strain 25 (Fig. 6).

Immunoblot analysis showed an increase in the
number of bands and intensity, especially of proteins
in the 14-20 and 60-80kDa region (Fig. 7). the
immunoblot results of the different groups showed
similar changes to the ELISA titres.

Discussion

H. pylori infections occur in human populations
throughout the world. Once acquired, the infection
becomes chronic and probably persists for life if
untreated [20]. Multiple lines of evidence demonstrate
the casual role of A. pylori in the chronic inflammatory
process. Ingestion of H. pylori by human volunteers
resulted in gastritis, and eradication of H. pylori
infection resolved this gastritis [21]. Oral challenges
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Fig. 2. Histopathological analysis of mouse stomachs. (A) No inflammation at base, from a control mouse (x280); (B)
severe inflammation at glandular base of 16 weeks after inoculation with A. pylori strain 553/93 (spiral form) (Xx280);
(C) severe inflammation at base with formation of lymphoid follicle 16 weeks after inoculation with H. pylori strain
553/93 (coccoid form) (x280). (D) Electron micrograph: mouse stomach infected with H. pylori spiral form (upper
right) and coccoid form (lower left); note the tendency for pedestal formation, especially around the coccoid form

(X24 000).
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Fig. 5. PCR analysis. Lane 1, positive control; 2, negative
control: 3, colony on GAB-camp agar from infected
mouse stomach; 4, homogenate of stomach from control
mice; 5, homogenate of stomach from infected mice.
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Fig. 6. Antibody response in BALB/c A mice to different
H. pylori strains. Strain 17874 spiral form (O) gave a
significant increase 4 weeks after inoculation and much
higher at 8 weeks after inoculation. Strain 553/93 spiral
form (M) gave a significantly higher titre 16 weeks after
inoculation and strain 25 spiral form (U) gave a
significant change 16 weeks after inoculation. ** All
coccoid forms of these three strains showed the same
results as strain 25 spiral forms in ELISA titre.

with H. pylori also resulted in gastritis in monkeys,
piglets and rodents [4, 5, 12].

H. pvlori can exist in two forms, spiral and coccoid
forms. Eaton et al. {22] reported that gnotobiotic
piglets infected with spiral #. pylori developed
lymphocytic gastritis and H. pylori-specific antibody
but these changes were seen with coccoid forms
followed for 14 days after challenge. Cellini's study
[9] showed that coccoid H. pylori non-culturable in
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A B CD E F G H

Fig. 7. Immunoblot of mice sera from the group infected
by strain 553/93 spiral form. Lane A, control mouse; B,
1 week after inoculation; C, 2 weeks; D, 4 weeks; E, 8
weeks; F, 16 weeks; G, 24 weeks; H, 30 weeks after
inoculation. Similar patterns can be seen in the other
infected groups, but the group infected with strain 17874
spiral form already showed an increase at 4 weeks after
inoculation.

vitro had reverted in mice 2 weeks after inoculation
and all colonised mice showed a systemic antibody
response to H. pylori. Coccoid forms of H. pylori can
also exist in the human stomach and they were found
more frequently and in larger numbers in cases of
adenocarcinoma than in cases of benign ulcers [23]. In
the present study, both spiral and coccoid forms of H.
pylori gave a significant increase in inflammatory cells
in stomach biopsy samples from BALB/c A mice 1
week after inoculation and the inflammation continued
throughout the 30 weeks of the study (Fig. 3). The
inflammatory cells were mainly granular cells in this
study. Inflammation was most severe in the pylorus
and duodenum among infected animals compared to
the control mice. Of the three strains of H. pylori
used in this study, strain 553/93 caused a significantly
higher inflammation score than the other two strains
tested (Fig. 4). The distribution of H. pylori in the
human stomach seems to have implications with
respect to the disease process, and it has been
suggested that the degree of gastritis can be used as
an indicator of H. pylori density [24-26]. Danon et
al. [27] observed that H. felis was mainly confined to
the non-acid-producing regions, i.e., antrum and
cardia, of the mouse stomach.
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In spite of the advances in treatment and in the
understanding of the epidemiology of type B gastritis,
the mechanisms of H. pylori pathogenicity are still
not well understood. Among many important virulence
factors, the production of the vacuolating cytotoxin
(VacA) and the expression of the cytotoxin-associated
gene (CagA) protein were almost the first phenotypic
characteristics described. However, these factors were
not always present in all H. pylori strains. Thus, it is
highly probable that they are associated with peptic
ulcer disease, lymphoid proliferation and possibly
gastric cancer. H. pylori strains producing the VacA
toxin and CagA protein induced a more severe
inflammation within the gastric mucosa in patients
with peptic ulcer disease cases [7, 28]. The expression
of CagA in the regulation of the inflammatory
response to H. pylori infection is associated with
increased secretion of interleukin-8 by gastric epithe-
lial cells [29, 30]. Furthermore, CagA protein expres-
sion is also associated with an increased risk for
development of gastric cancer [31]. H. pylori strain
CCUG 17874 had commonly been recognised as a
vacuolating cytotoxin (VacA)-producing and cytotoxin-
associated gene (CagA) protein expressing strain [32];
strain 25 is a VacA-positive and CagA-positivestrain;
and strain 553/93 which was freshly isolated from
man is both VacA- and CagA-negative. Gastroduo-
denal inflammation in the mice can be caused by both
cytotoxic and non-cytotoxic strains of H. plori.

Bacillary forms of strain 17874 gave a significant
immune response 4 weeks after inoculation, while its
coccoid forms gave a higher antibody response 16
weeks after inoculation. Strain 25 and 553/93 (both
spiral and coccoid form) gave similar results to the
coccoid form of strain 17874.

Finally, the study showed that both spiral and coccoid
forms of H. pylori can induce gastritis in the gastric
mucosa of BALB/¢ A mice and can produce an
antibody response in the sera of infected mice. The
finding that the coccoid form of H. pylori is active in
the inflammatory process warrants further studies,
which are now being done in our laboratory.

This study was supported by grants from the Swedish Medical
Research Council (16X04723), Forssmans Fondation and Founds of
Medical Faculty, University of Lund, Sweden.
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Summary

The aim of this study was to assess the ability of different mouse diets to sustain an
H. pylori infection in BALB/cA mice. Four commercially available mouse diets were
compared. Experiment 1: Mice were fed the four diets for seven days before infection,
infected three times at two-day intervals with 0.1 ml of 10° colony-forming units/ml
H. pylori cells. H. pylori strains (n= 4) were cultured on GAB-Camp agar for 2 days,
harvested and suspended in PBS. All animals were sacrificed at 2 and 4 weeks post
inoculation. Experiment 2: Mice infected for 8 weeks were fed RM2, changed to the
different diets for 10 days and sacrificed. Stomachs were collected, cultured on GAB-
Camp agar to estimate H. pylori growth and stomach biopsies were analyzed by PCR.
There were significant differences between diets in their ability to sustain growth of
H. pylori. The range was from a few hundred colonies to no growth at all on the GAB-
Camp agar. PCR signals showed good correlation with the culture results. All
H. pylori-infected mice gave a significantly higher inflammation score compared to
non-infected mice. The diet RM2, having the highest number of culturable H. pylori
in the mouse stomach, also showed the highest inflammation. These results suggest
that the dietary factors affect the amounts of H. pylori in an infection of BALB/cA
mice.

* Corresponding author.
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Introduction

Food is mainly associated with pleasure but there are significant negative side
effects from its excessive consumption or maltreatment or intake of a nutri-
tionally poor diet. There are other aspects of our diet that affect our immune
functions, resistance to infections and cancer development (3,12, 18, 20, 25,
32). Dietary factors have received considerable attention for the risk of devel-
oping gastric cancer in epidemiological studies and in animal models (5, 16)
but also for the protective role diet plays in some infections (6, 8, 10).How-
ever, certain dietary components, polyunsaturated fatty acids, have an adverse
effect on the laboratory animal (mouse)when infected with Listeria monocy-
togenes and Salmonella typhimurium (4, 9).

Helicobacter pylori causes chronic infection predisposing to type B gas-
tritis, peptic ulcer disease, stomach atrophy and gastric cancer in man (7, 11).
A working group of the WHO International Agency for Research on Cancer,
concluded in 1994 that H. pylori is a Class | carcinogen in humans (15).Epi-
demiological investigations of various populations identify several dietary
risk factors for gastric cancer, inappropriate food storage, salty foods, soy-
bean products whereas high intake of fruits and vegetables or antioxidants
(beta-carotene, C and E vitamins) seemsto decrease the risks (14, 22, 29, 30).
Aldoori et al. (1) found that dietary fibre and vitamin A may reduce the de-
velopment of duodenal ulcer, but they could not exclude the possibility that
other closely correlated dietary factors might be the true protective factors.
Other dietary components like unsaturated fatty acids and garlic extract ex-
hibited in-vitro activity against H. pylori (13, 28, 33).

The aim of this study was to compare how different commercial mouse
diets affected the H. pylori infection in a BALB/cA mouse model and to devel-
op a standardized diet in order to follow the development of chronic type B
gastritis.

Materials and Methods

Diets. Four commercial mouse diets were investigated in this study. 1)Rat and mouse
standard diet No. 1 (RMI)2) Rat and mouse standard diet No. 2 (RM2); 3) Rat and
mouse autoclavable diet (RMA)autoclaved according to the manufacturers instruc-
tions; and 4)Rodent standard diet (SDS)[1-3 from B&XK Universal, Sollentuna, Swe-
den, 4 from SDS, London, UK]. The differences of these diets are shown in Table 1 (ac-
cording to the manufacturers’ descriptions of the contents).

Animals. Conventional BALB/cA mice six to eight weeks old were used in this
study (2).Mice were housed with a 12-hour light-dark schedule, fed different diets
and given water ad libitum.

Bacterial Strains. H. pylori strains 553/93, 92/95, 134195, 92/96 (a cocktail of ca-
gA and vacA positivelnegative strains) were grown in GAB-Camp agar supplemented
with 10% horse serum (26)and incubated for 48 hours at 37°C under microaerobic
conditions. The cells were harvested in PBS, centrifuged at 3000rpm for 10 minutes




Diet and Helicobacter 197

Table 1. Some differences of the media investigated according to the manufacturers'
description of contents. * RMA, RM1 and RM2 were obtained from BK Universal
Company whereas # SDS diet was obtained from SDS Company

Fixed formula/ Autoclavable  Standard Standard Standard
Diets No. 1 No. 2

diet (RMA)'  diet (RM1)!  diet (RM2)!  diet (SDS)?
Wheat meal + + + +
Soya meal (%) +(14%) +(24%) +(20.8%) + (119%0)
Barley meal + + + +
Wheatfeed + + + +
Fish meal + + - +
Full fat Soya + - - -
Fats and oils + + + +
Minerals + + + +
Vitamins and trace  + + + +
elements

1 B&K Universal AB, Sollentuna, Sweden.
2 SDS AB, London, UK.

+with.

—-without.

and resuspended in PBS to a final concentration of 10° colony-forming units (cfu)/ml
(2).
Experimental Design. Experiment 1: Mice were fed the four different diets for sev-
en days before infection. The animals were infected orally through a feedingtube (Out-
er diam = 0.1 cm) three times at 2-day intervals with 0.1 ml of a bacterial suspension
containing 10° cfu/ml (31). Uninfected control animals were given phosphate-buffered
saline instead of the bacterial suspension. For each diet, 10 mice were infected with
H. pylori and 6 mice served as controls, one half of each group of mice was sacrificed
at 2 and 4 weeks post inoculation.

Experiment 2: Forty mice were infected the same way as above and fed RM2. Af-
ter 8 weeks of infection, they were divided into 4 groups. Group 1was kept on RM2
diet; group 2 changed to RM1 diet, group 3 changed to R M A diet, and group 4 changed
to SDS diet. Mice were fed the new diet for 10 days and sacrificed.

Mice were killed by carbon dioxide and stomachs were collected. Each stomach was
opened through the longer curvature using sterile surgical instruments. One half of the
stomach and duodenum, covering all subtypes of mucosa, was used for pathology. The
remaining part of the stomach was used for culture and PCR.

Culture. One half of the entire gastric mucosa was scraped off and homogenised
with 500 ul PBS. 100 ul of homogenate was inoculated on GAB-Camp agar and incu-
bated for 7 days under microaerobic conditions at 37°C. The presence of H. pylori on
the culture plates was confirmed by urease, catalase and oxidase tests, Gram staining
and PCR analysis with a urease primer (21).

DNA extraction and PCR conditions. DNA was extracted from frozen homogen-
ates of stomach biopsies from uninfected and H. pylori-infected mice (17).The DNA
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pellet was dissolved in 50 ul of water and stored at —20°C until the PCR was complet-
ed. HPU primers (Scandinavian Gene Synthesis, Koping, Sweden) based on a urease A
gene sequence of H.pylori were used and PCR conditions were according to Nilsson
etal. (21).

Histopathology. Stomach specimens were fixed in 10% buffered formalin (effective
osmolar pressure 300 mosm/l and embedded in paraffin. 4 um sections were prepared
and stained with haematoxylin and eosin following standard procedures. Three areas
of the stomach were examined: body, antrum and duoduenum. The degree of inflam-
mation in these different parts was scored on a 0-3 scale (31).

Statistical Analysis. The chi-square test was used for analysis of culture and PCR re-
sults. The Mann-Whitney U test was used for defining inflammation distribution. The
level of significance chosen was p < 0.05.

Results

Experiment 1: Among the mice fed the RM2, 10 out of 10 exhibited identi-
fied H. pylori colonies whereas the RMA, RM1 and SDS diets resulted in
shares of 20%, 10% and 10%, respectively, of identified H. pylori colonies
upon culture from the stomach at 2 and 4 weeks post infection (Table 2). A
significant difference (p < 0.01)was found to exist between the RM2 diet and
the other diets.

Table 2. Culture of stomach biopsies at 2 and 4 weeks post inoculation (experiment 1).
The number of culture-positive animals when the groups were having one diet
throughout the experiment. Five animals were sacrificed at each time point.

Diets/Time point 2w. post infection 4w.post infection  Total
(No. of culture-positive H. pylori
mice/Total No. of mice Non- infected  Non- infected infection
examined) infected infected %
Standard No. 1 013 1/5 013 0/5 10
diet (RM1)

Standard No. 2 013 55 013 5/5*% 100
diet (RM2)

Autoclavable 013 1/5 013 115 20

diet (RMA)

Standard 0/3 015 013 1/5 10
diet (SDS)

*p < 0.01 compared to all other diets. The colonies of H. pylori on the GAB-Camp
were identified by Gram stain, urease, catalase, oxidase test and PCR.
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Experiment 2: The control animals sacrificed (n=4) before the change of
diets were all colonized and H. pylori could be cultured from their stomachs.
After eight weeks, the diets were changed and mice were sacrificed after an
additional 10 days. Mice fed the RM2 diet gave the highest H. pylori recov-
ery rate among the four different diets (90%) whereas RMA, RM1 and SDS
diets gave 60, 50 and 50% recovery rates, respectively (Table 3).

PCR signals of murine gastric biopsies are shown in Fig. 1. The signals
showed a good correlation with the number of bacteria growing on GAB-
Camp agar. All non-infected mice were negative in PCR analysis. We found
26 infected mice negative in culture but positive in the PCR (Table 4).

The inflammatory infiltrate comprised mainly granular cells scored as fol-
lows: 0, normal tissue; 1, few inflammatory cells; 2, moderate inflammatory
cells in several layers; 3, high level of inflammation with foci containing > 50
inflammatory cells, often more than three cell layers deep (Fig.2). There were
no significant differences in histological changes between the non-infected
control animals fed the different diets. All H. pylori-infected mice produced a
significantly higher degree of inflammation than did the non-infected control
mice respectively (p< 0.05). Infected mice receiving RM2 diet showed the
highest inflammation score among these four different commercial diets. This
was, however, not significant according to the Mann-Whitney U-test (Fig.3).

Discussion

Our data indicate that the mouse diet influences culture results of H. pylori
from infected BALB/cA mice. The changes were most dramatic when the in-
fection was carried out on animals already on a specific diet (Table2). There
were less pronounced differences when the animals were first infected on one
diet (RM2) and eight weeks later changed to other diets (Table 3).These data
suggest that the most crucial time was when the animals were infected. Once
the H. pylori infection has started it better withstands the other diets. In oth-
er studies, we have seen the same effects of diets on other mouse strains
(C57BL/6, NMRI, CBA/Ca and BALB/c] mice) in that RM2 diet allows us to

Table 3. Culture of stomach biopsies at 10 weeks post inoculation (experiment 2).
The number of culture-positive animals at 10 weeks and a change of diet at 8 weeks
after infection. All mice were sacrificed at the same time point

Groups H. pylori infection on culture
RM?2 diet as control 9/10
RM?2 changed to RM1 5/10
RM2 changed to RMA 6/10

RM?2 changed to SDS 5/10
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Fig. 1. PCR analysis of H. pylori in murine gastric biopsy samples. Lane 1, DNA lad-
der; Lane 2, H. pylori-positive control; Lane 3, water control; Lane 4 and 5, gastric bi-
opsy samples from non-infected mice; Lane 6, gastric biopsy samples from culture-
negative infected mouse with RMA diet; Lane 7, gastric biopsy samples from culture-
positive infected mouse with RMA diet; Lane 8, gastric biopsy samples from infected

mouse with RM2 diet.

Table 4. PCR analysis of mice stomachs from experiments 1and 2.
Experiments 1and 2 taken together and analyzed by PCR. When the results from cul-
ture and PCR-positive and culture-negative but PCR-positive are added together, the

total number of infected animals is obtained

Diets/ Groups  Non-infected

Infected H. pylori
(No. of mice) infection
Culture Culture Culture Culture
—/PCR- +/PCR+ —/PCR+ —/PCR-
RM1 6 6 (30%) 8 (40%) 6 (30%) 70%
RM?2 6 19(95%) 1(5%) 0 100%
RMA 6 8 (40%) 8 (40%) 4(20%) 80%
SDS 6 6 (30%) 9 (45%) 5(25%) 75%
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Fig. 2. Histopathological analysis of mice stomachs. The inflammation were scored
between 0-3. 0, normal tissue; 1,few inflammatory cells; 2, moderate inflammatory
cells in several layers; 3, high level of inflammatory cells, often more than three cell
layers deep.

culture H. pylori from stomach biopsies whereas SDS diet does not (data not
shown). We could not observe any direct toxicity of the diets for H. pylori in
vitro with different diets solubilized in PBS, soaked filter papers in the mix
and added them to newly subcultured H. pylori. An absolutely sterile diet is
not needed since we have seen the same infection rates irrespective of wheth-
er using a irradiated sterile RM2 and the conventional RM2.

The mice fed RM2 diet gave the “best” H. pylori recovery rate and also the
highest inflammation score among the four commercial diets (Fig.3), indicat-
ing that a higher density of H.pylori causes a more severe inflammation.

PCR analysis did not reveal false negative animals when compared to cul-
ture results i.e. all culture positive animals were also PCR-positive. Howev-
er, the number of culture-negative but PCR-positive animals has shown that
PCR in this case is superior to culture to determine the presence of H. pylo-
ri (Table 4) The PCR-positive signals from mice with a non-culturable num-
ber of H.pylori might suggest that a fairly large number of H.pylori (more
than 1000 bacteria) was necessary to get positive culture results, or that
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Fig. 3. Inflammation score in the stomach: H.pylori infection in BALB/cA mice with
different diets. *P < 0.05 vs. non-infected group.

these bacteria seen in the PCR analysis were present as the non-culturable
coccoid form.

The four diets examined in this investigation had few differences in the con-
tents or amounts of the different compounds. Table 1 summarizes these dif-
ferences, the lack of fish meal and vitamin B12 might be part of the reasons
why RM2 sustains H. pylori better than the other three diets. Another aspect
might be the production process where RM2 is heat-treated at 140-150"C be-
fore the pellets are made. If it is the heat treatment that makes the difference,
diets have to be heated to at least 110°C since the autoclavable diet is heated
to 105"C for 20 minutes. The heat (140-150"C) might destroy components
or boil away substances with a low boiling point that have detrimental effects
on H.pylori. There is approximately the double amount of Soya bean meal in
RM2 and RMA than in RM1 and SDS diets (24 and 20.8% compared to 14
and 10.7%, respectively). Interestingly, Tsugane et al. showed an increased
risk of atrophic gastritis for individuals with a high intake of soybean pro-
ducts (29).The use of fish is very common in animal diets, being cheap and
easily accessible for the producers. Vitamin E-deficient diets enriched with fish
oil were found to suppress lethal Plasmodium yoelii infections in athymic
mice. This is one out of many positive effects fish products can have (27).The
amounts of vitamin A in the 4 diets were similar and cannot be responsible
for the differences.
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The conclusion will end up with 3 candidates (nofish products, high tem-
perature and high amounts of Soya products) being able to increase the abil-
ity of H. pylori to grow in BALB/cA mice. However we were unable to pin-
point the exact causes of the phenomenon reported.

Lee et al. (19)recently reported on the importance of standardizing the
mouse model and to use a well-defined mouse passage strain of H. pylori.
However, many other investigations who developed animal models to study
H. felis and H. pylori infections ignored the importance of defining the diet(s)
used. The value of optimizing the diet to allow a maximal “take” and a high
inflammation score for clinical isolates as well as mouse-adapted strains is
very important. We will now explore alternative diets, so called proxidants
which may dramatically affect the outcome of experimental studies of possible
protective effects of vitamins and other antioxidants in our mouse model. Re-
cent studies by Sandersson et al. (24)and Zhang et al. (34)suggested that anti-
oxidants might play a very important role in protecting the gastric mucosa
against H. pylori-induced free radicals, their effects on cell and DNA damage
and later development of gastric carcinomas. The high number and/or high
quantity of some dietary components in the food may be attributed to the
detoxification of carcinogens and the scavenging reactive carcinogen species
to prevent the development of cancer (23).

Further studies will elucidate whether specific component(s) is/are respon-
sible for the decreased ability to recover H. pylori from infected mice.
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The aims of this study were to investigate: i) if a specific strain(s) became predominant in the stomach of mice infected with multiple
strains of freshly isolated H. pylori; ii) if a time dependent selection of strains occurs; iii} to compare the degree of gastric inflammation
in C57BL/6, CBA/Ca, BALB/cA and NMRI mice: and iv) to follow the serological response to the infection. Six weeks old mice were
inoculated orally 3 times at 2-day intervals with 9 freshly isolated H. pyfori strains. Five animals of each mouse strain were sacrificed at
2, 4, 10 and 16 weeks post-inoculation. Stomach smears were cultured on GAB-Camp agar at 37°C for 5-10 days under microaerophilic
conditions. Seven to 10 single H. pyfori colonies from each animal were subcultured and identified by random amplified polymorphic
DNA-polymerase chain reaction (RAPD-PCR) analysis. Histopathology of the gastric mucosa and serum antibody response were also
analysed for each animal.

Most mice were found to be infected by I strain (119/95). In only a few animals were multiple strains recovered. Strain 119/93
constituted 90.5% of the 577 mouse-passaged isolates and when tested it expressed both vacuolating cytotoxin antigen (VacA) and
cytotoxin associated antigen (CagA}. The inflammation scores of murine stomachs and duodenum samples of infected animals were
significantly higher than in non-infected control animals for all 4 mouse strains. No significant differences in inflammation score were
observed for the mouse strains 16 weeks post-infection. The immune response was also higher in infected versus non-infected animals for
all mouse strains. The specific serum anti H. pylori immune response was highest for the NMRI mice followed by BALB/cA, C57BL/6,
and CBA/Ca mice. Key words: Helicobater pylori, gastritis, RAPD-PCR, C57BL/6, CBA/Ca, BALB/cA, NMRI, mice, histopathology.
serology

strains of H. felis and H. pylori cause moderate to severe
gastritis in mice and results seem to vary between labora-
tories with conflicting results (14-17). Certain criteria were
established to overcome some of these difficulties in Lau-
sanne (1995) (18). It seems that some of these difficulties
are overcome by using the Sydney strain capable of infect-
ing a variety of mouse strains though the degree of inflam-
mation varies in different mice strains (17, 19).

Most investigations have focused on Type | strains
(CagA and VacA producing) and their ability to infect but
have also been able to show the inability of the Type II
strains to colonise. However, Kimura et al. have shown
that Type II (CagA and VacA negative) strains colonise

INTRODUCTION

Helicobacter pylori causes chronic active type B gastritis in
humans and is associated with the development of peptic
ulcer disease and gastric cancer (1 -3). In the last few years
animal models have been developed to study the pathogen-
esis of H. pylori infection, in gnotobiotic piglets, mice,
mongolian gerbils and primates (4-9).

Multiple strains of H. pylori may infect a person during
long periods of time (10). A monkey model was used to
infect animals with multiple strains of H. pyfori (11). The
observation that H. pylori strains can cause a varying
degree of inflammation in BALB/cA mice (9) and by

utilising multiple strains to infect mice, makes it possible
to investigate if strains can act synergistically and become
more detrimental for the host. RAPD-PCR (random am-
plified polymorphic DNA-polymerase chain reaction)
analysis has been used successfully for typing A. pylori (12,
13)and found to be a good method to identify the original
and re-isolated strains from infected animals. Different

O Scandinavian University Press 1998 ISSN 0891-060X

equally well but the strain tested did not cause inflamma-
tion in a hairless mouse model (16).

To further characterise this model for A. pylori type B
gastritis we investigated: i) which strain(s) became the
predominant in murine stomachs infected with a mixture
of 9 freshly isolated strains, ii) whether there would be
changes in the composition of strains with time, iii) the

Microbial Ecology in Health and Disease
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Table |
Origin of H. pylori strains and CagA and VacA expres-
sion

Strains Clinical manifestation CagA VacA
553/93 Gastritis - -
8395  Duodenal ulcer + —
87/95  Duodenal ulcer + +
105 95 Atrophic gastritis + +
116/95 Gastritis + +
119/95  Duodenal ulcer + +
122/96  Duodenal ulcer + +
125196  Pyloric ulcer + +
131'96  Gastritis + +

degree of inflammation scores and iv) immune response to
H. pylori infection in C57BL/6, CBA/Ca, BALB/cA and
NMRI mice.

MATERIALS AND METHODS
Bacterial strains

H. pylori strains 553/93, 83/95, 87/95, 105/95, 116/95,
119/95, 122/96, 125196 and 131/96 were fresh isolates
(frozen once after isolation) from human stomach biopsies
(Table ). All 9 strains were grown on GAB-Camp agar for
48 h at 37°C under microaerophilic conditions (20) and
subcultured twice. Only 1 colony was transferred to a new
agar medium to ensure 1 clone per strain. Each strain was
harvested and suspended in PBS, diluted to 10° colony-
forming units/ml (cfu/ml) of mainly the spiral shaped form
(85-95%), equivalent to a defined absorbency value
(Ass0nm = 1.0) and mixed with the other strains in equal
amounts. Methods for the determination of CagA and
VacA expression, SDS-PAGE and subsequent immunoblot
(1B) analysis were performed as described by Nilsson et al.
(21).

Animals

Six-week-old C57BL/6 (n =20), CBA/Ca (n =20), BALB/
c¢A (n=20) and NMRI (n =15) mice were used in this
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Original strains  Passaged strains

1 1 l
MabcdefghiM123456

Fig. 1. DNA amplification patterns of 9 H. pylori strains. Lane
M, DNA ladder from 1000 bp to 100 bp; Lanes a-i, original
strains 553/93 (a), 83/95 (b), 871958 (c), 105/95 (d). 116/95 (e).
119/95 (f), 122/96 (g), 125/96 (h) and 131/96 (i); Lanes 1 and 2,
passaged strains from a NMRI mouse 10 weeks p.i. and a
BALB/cA mouse 16 weeks p.i., respectively, are identical to Lane
f; Lanes 3 and 4, passaged strains from a BALB/cA mouse 4
weeks p.i. and a C57BL/6 mouse 16 weeks p.i. are identical to
Lane i; Lane 5, passaged strain from a C37BL/6 mouse 2 weeks
p.i. is identical to Lane e: Lane 6. passaged strain from a CBA/Ca
mouse 2 weeks p.i. is identical to Lane g.

study (B&K Universal Company, Sollentuna, Sweden).
The animals were housed with a 12 h light-dark schedule
and fed a commercial rodent diet no. 2 (RM2, B&K
Universal Company, Sollentuna, Sweden) and water ad
libitum (22).

Table 11
Number & mice colonised by 1, 2 and 3 RAPD-types & H. pylori strains

Mouse strain/H. pylori strains 2 weeks pi 4 weeks p.1. 10 weeks p.1 16 weeks p 1.

i 2 3 1 2 3 1 2 3 1 2 3
C57BL/6 3 2 0 5 0 O 5 o0 o0 4 1 o0
CBA/Ca 2 2 1 5 0 0O 5 0 0 5 0 O
BALB/cA 3 2 0 4 1 0 5 0 O 5 o0 O
NMRI 5 0 0 NT 5 0 0 5 0 O

p.i. =Post inoculation.
NT =not tested.
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Experimental design

Mice were inoculated orally through a feeding tube (outer
diameter = 1.3 mm) 3 times at 2-day intervals with 0.1 ml
of a mixture of 9 H. pylori strains in suspension (10°
cfu/ml). PBS was used as a negative control (9). The
bacteria were cultured freshly on agar prior to infection.
Five of each mouse strain were sacrificed with CO, at 2, 4,
10 and 16 weeks post-inoculation (except 4 weeks post-in-
oculation of NMRI mice). Blood and stomach biopsies
were subsequently collected. Murine stomachs were
opened through the longer curvature using sterile surgical
instruments. One half of the stomach and duodenum,
covering all subtypes of mucosa, was subjected to histo-
pathology analysis and the remaining part was used for
culture.

Culture

Half of the stomach biopsy was rinsed in PBS and smeared
(rubbed) directly on GAB-camp agar and incubated at
37°C for 5-10 days in microaerophilic conditions. From
each mouse, 7-10 single colonies were isolated, subcul-
tured for DNA extraction and analysed by RAPD-PCR.

DNA extraction and PCR conditions

Individual colonies from GAB-Camp agar were isolated
using sterile toothpicks and suspended in 50 pl of 10 mM
EDTA, pH 8.0, in eppendorf tubes. Freshly prepared
cracking 2X buffer (50 1, 0.67 M NaOH, 10% SDS, 20%
sucrose) was added and mixed by vortex. All tubes were
incubated at 70°C for 5 min and 1.5 xi of 4M KCI added
after the tubes were cooled to room temperature. Samples
were then put on ice for 5 min and centrifuged at 12000¢
for 3 min at 4°C. DNA was precipitated by adding 1/10
volume of 4M LiCl to the supernatant and 2.5 volumes of
absolute ethanol incubated at —20°C for 20 min. DNA
was pelleted by centrifugation at 12000 g for 10 min,
rinsed by 70% ethanol and suspended in 50 xf PCR grade
water.

A mixture of two primers were used in this study: 1254
and 1283 (23). A conventional PCR-buffer was used for
amplification; consisting of 10 mM Tris-HCI (pH 8.3). 50
mM KCl, 3 mM MgCl,, 0.01% BSA, 0.2 mM of each

deoxynucleotide-triphosphosphate, 0.8 #M of each primer
and Taq polymerase (1.875 U; Boehringer Mannheim,
Mannheim, Germany). PCR condition consisted of 5 cy-
cles of 5 min at 94°C, 5 min at 36°C and 5 min at 72°C
followed by 30 cycles of 1 min at 94°C, 1 min at 36°C and
2 min at 72°C with a final elongation step of 10 min at
72°C. Amplified products (15 1) were analysed by agarose
electrophoresis (1.5% gels) and visualised by ethidium bro-
mide staining. DNA amplification patterns were consid-
ered identical when no variation was observed in the DNA
banding patterns.

Histopathology

Murine stomach tissues were fixed in 10% buffered forma-
lin (effective osmolar pressure 300 mosm/l) and embedded
in paraffin. Sections of 4 um were prepared and stained
with haematoxylin and eosin by standard procedures. The
degree of inflammation was scored (0-3) ‘blindly’ for
body, antrum and duodenum by one pathologist: 0 =nor-
mal: 1 =few inflammatory cells; 2 =moderate amounts of
inflammatory cells in several layers; 3 =high level of infl-
ammation with nests containing more than 50 inflamma-
tory cells, often more than three cell layers (9).

Immunoblot

Antigen preparation, performance of SDS-PAGE and sub-
sequent immunoblot (IB) analysis were performed as de-
scribed by Nilsson et al. (21). The term specific antibody
response is used when antisera of infected animals recog-
nises blotted proteins whereas the non-infected controls
does not.

Statistical Analysis

The Mann-Whitney U test was used to determine inflam-
mation distributions. The level of significance selected was
p < 0.05.

RESULTS

All H. pylori infected animals gave positive stomach cul-
ture results whereas none of the non-infected control mice
were H. pylori culture positive. The number of colonies on
GAB-Camp agar cultured from stomach biopsies of in-

Table I

Recovery of a predominant H. pylori strain in 4 mouse strains (within parentheses =number o strains versus tested re-isolated strains)

Number of HP strains (% in Strain119/95

Strain 131/95

Strain 116 95 Strain 122/96 Total tested

each strain of mice) strains
C57BL/6 158 (88.8) 18 (10.1) 2 (11) 0 178
CBA/Ca 125 (87.4) 15 (10.5) 0 3(21) 143
BALB cA 138 (89.0) 16 (10.3) 1(0.7) 0 155
NMRI 101 (100) 0 0 0 101
Total number of strains 522 (90.5) 49 (8.5) 3(0.5) 3(0.5) 577
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Fig. 2. Inflammation score of H. pylori infected stomachs of 4 strains of mice. * p < 0.01 non-infected normal vs. all infected animals,
+ p<0.05 vs. 2 week and 4 week p.i. in C57BL/6 and BALB/cA mice, T + p<0.05 vs. 2 week and 4 week p.i. in CBA/Ca mice,

** p < 0.01 vs. 2 week p.i. in NMRI mice.

fected animals showed no significant difference between
the 4 mouse strains studied (data not shown).

A total of 577 single colonies of H. pylori were collected
from culture positive animals. All A. pylori strains isolated
from infected mice were identified as one of the original
inoculated strains. Table I1 shows the number of mice
colonised by 1, 2 or 3 H. pylori strains following infection.
One dominant strain colonised 66 of 75 animals (88%),
whereas 8 (10.7%) had 2 strains of H. pylori and only 1
animal (1.3%) was found with 3 strains in its stomach. Of
the mice (n =9) with 2 or 3 strains, 7 (78%) of them were
recovered at 2 weeks post-inoculation and the other two
mice were found at 4 and 16 weeks post-infection.

RAPD patterns of the 9 H. pylori strains originally used
to infect all 4 mouse strains and the 6 strains re-isolated
from infected animals are shown in Fig. 1. Nine original
strains (553/93, 83/95, 87/95, 105195, 116/95, 119/95, 122/
96, 125/96 and 131/96) were identified as 9 individual
fingerprints using 2 primers: 1254 and 1283 (Fig. 1 a-i).
Lane 1 and 2 show two mouse passaged strains from 1
NMRI mouse 10 weeks post-inoculation (p.i.) and BALB/
cA mouse 16 weeks p.i. identical to strain 119/95; Lane 3
and 4 show two passaged strains from one BALB/cA
mouse 4 weeks p.i. and a C57BL/6 mouse 16 weeks p.i.
identical to strain 131196; Lane 5 and 6 show two passaged

strains from a C57BL/6 mouse and a CBA/Ca mouse 2
weeks p.i. identical to 116/95 and 122/96, respectively.

Strain 119/95was the most commonly isolated organism
(90.5%) (Table IIT). Strain 131/96 was recovered from 49
out of 577 tested strains (10.1%), strains 116,95 and 122,96
were recovered 3 times (0.5%) and only during the first 2
weeks of the infection in C57BL/6, CBA/Ca and BALB,;
¢A mice. These 4 H. pylori strains were all cagA and vacA
positive strains (Table I).

Inflammation scores were much higher for H. pylori
infected animals than non-infected controls for all 4 mouse
strains (p < 0.01) (Fig. 2). The inflammatory cell infiltra-
tion against H. pylori were mainly granulocytes during the
entire infection in these mice. Significantly higher inflam-
mation scores were obtained after 10 weeks infection com-
pared to 2 and 4 weeks infection in CS57BL/6 and
BALB/cA mice (p<0.05. NMRI mice showed much
higher inflammation scores 16 weeks p.i. compared to 2
weeks p.i. (p <0.01). In CBA/Ca mice, the inflammation
scores increased significantly 16 weeks p.i: compared to 2
and 4 weeks p.i. {(p <0.05). All 4 mouse strains demon-
strated severe gastritis 16 weeks p.i. of H. pylori with
minor differences between strains (Fig. 3).

A specific immune response to H. pylori, analysed by
immunoblot, was detected after 4 weeks of infection and




152 X. Wang et al.

the antibody levels increased in the number and intensity
of stained proteins with time (Fig. 4). Antibody levels
increased especially against proteins of size 26-29 kDa
and 50-60 kDa in the C57BL 6, BALB/cA and NMRI
mice. Outbred NMRI mice evoked the strongest immune
response in immunoblot. BALB/cA and C57BL/6 mice
showed antibody reactivity to the 19, 26-29 and 50-60
kDa proteins whereas CBA/Ca mice showed a weaker
response only to the 26-29 kDa and 19 kDa proteins. The
4 mouse strains were ranked in the order of immune
response to the H. pylori infection starting with the strain
that gave the highest number and intensity of stained
protein bands in immunoblot were as follows: NMRI >
BALB/cA > C57BL/6 > CBA/Ca mice.

DISCUSSION

All 577 H. pylori isolates from 75 infected mice of 4 strains
were identified as one of the 9 original inoculated bacterial
strains; hence, no adaptation mutants were detected. A
total of 522 of 577 isolates (90.5%) match the original
strain 119195 by RAPD analysis. H. pylori strain 119/95
was found to be the most common strain colonising all 4
mouse strains. Strain 119/95 does not seem to have any
host restriction within the tested mice and furthermore,

this strain has been shown to readily infect guinea pigs
(24). Our findings that most mice were infected with one
strain and only a few animals were infected with two or
three strains which were recovered during the early phase
of infection indicate a time dependent decrease of strains
which might reflect that strains possess different colonisa-
tion abilities of the murine stomach. Dubois et al. (11)
investigated isolates from 3 rhesus monkeys infected with 2
human H. pylori strains and only one of the strains could
be re-isolated. Lee et al. (19) also reported similarly that
the Sydney strain (SSI), a H. pylori mouse passaged strain,
was the only strain to be re-isolated from mice infected by
a mixture of 4 fresh clinical isolates. The conclusion could
be a simple fact — better colonising ability — but the strains
which could not be re-isolated from mice stomachs may
not be able to infect mice. Receiving different strains with
and without the capacity to infect mice is useful to recog-
nise differences in virulence/colonisation determinants.
The use of Type | strains in animal models domin-
ate and most strains of Type II do not seem to be able
to colonise mice. There are exceptions which demon-
strate colonisation ability without inflammation (16) or
inflammation but poor colonisation (5). Further use of
type II strains in animal models may resolve ques-

Fig. 3. Histopatological changes of murine stomachs at 16 weeks p.i. of 4 strains of infected mice. A (BALB/cA mice), B (CBA/Ca mice),
C (NMRI mice) and D (C57BL/6 mice) demonstrate a severe (grade 3) inflammatory cell reaction (bottom field). H-E x 150.
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Fig. 4. Immunoblot result of 4 strains of mice. M. standard marker; A. normal non-infected mouse: B, H. pylori infected mouse 2 weeks
pi; C, 4 week p.i. mice; D, 10 weeks p.i. mice; E, 16 weeks p.i. mice. NT =not tested in NMRI mice 4 week p.i.

tions regarding the value of these virulence markers in
gastric colonisation and inflammation.

In our infection model we observed increased infiltrates
of inflammatory cells (mainly granulocytes), within the
lower part of the stomach at the gastric and the duodenal
mucosa for all three inbred strains used (C57BL/6, BALB/
cA and CBA/Ca) as well as for the outbred NMRI strain.
CBA/Ca mice gave a significantly lower inflammation
score compared to BALB/cA mice at 4 and 10 weeks p.i.
but no significant differences in the level of inflammation
were observed at 16 weeks p.i. between the 4 mouse strains
as analysed by Mann—-Whitney U test. Thus, the isolate
119/95, which became predominant in mice, does not seem
to be host-dependent in the mice investigated. However.
Sakagami et al. (25) reported that both C3H/He and
C57BL/6 mice exhibited a more severe inflammation by H.
felis and H. pylori infection in these inbred strains of mice.
Lee et al. (19) also reported differences in host response in
inflammation and colonisation. These conflicting findings
concerning host response and host dependence has to be
further investigated.

The immune response to H. pylori infection could be
detected by immunoblot 4 weeks p.i. and increased espe-
cially to proteins of the 26-29 kDa region. Outbred
NMRI mice showed the best immune response in im-
munoblot and the immune response was ranked in the
inbred mice as follows: BALB/cA > C57BL/6 > CBA/Ca.
These differences might be due to the fact that the outbred

NMRI mice have a more complete and better functioning
immune system. Ferrero et al. (17) observed similar im-
mune response differences between BALB/c and C57BL/6
mice where BALB/c mice acquired much higher antibody
titres (EIA) reflecting a better immune response to
infection.

Berg et al. (26) reported that specific H. pylori strains
colonise monkeys more readily than others and observed
differences among different individual animals. These re-
cent observations strongly suggest that development of a
well defined experimental model in inbred strains of mice
is an attractive strategy to further standardise an experi-
mental infection model to evaluate new prophylaxis and
treatment methods for H. pylori type B gastritis in
humans.
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Helicobacter pylori infection is associated with chronic gastritis, peptic ulcer disease, gastric adenocar-
cinoma and MALT lymphoma. Mice with H. pylori infection develop severe gastritis and atrophic
changes in their stomachs after 6 months. We followed H. pylori-infected animals for 13 months to
find out whether dysplasia, carcinoma or lymphoma developed. Six-week-old C57BL/6 mice were
infected with the CagA-positive and VacA-positive H. pylori mouse-passaged strain 119/95, fed a low
antioxidant diet, and kept in microisolated cages. Histopathological changes were examined after 13
months’ infection. All H. pylori-inoculated mice (n=5) developed a gastric squamous papilloma with
nagging of the lamina muscularis after 13 months. Three out of five animals developed high-grade B-
cell lymphoma derived from a MALT lymphoma at the squamous-corpus border with manifestations
also in the liver, spleen and kidney. There was a suspicion of local gastric lymphoma in the two
remaining mice but with no significant changes in the liver, spleen or kidney. The normal control mice
showed no pathological changes in any of these organs. It is concluded that this mouse model with
infection by the CagA-positive, vac-toxin-producing H. pylori strain 119/95 is suitable for use in the
study of lymphoma development and also development of squamous cell papilloma with proliferative
features.

Key words: Lymphoma; papilloma; Helicobacter pylori; C5S7BL/6 mice.
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Helicobacter pylori infection in man is associ-
ated with chronic type B gastritis, peptic ulcer
disease, MALT (mucosa-associated lymphoid
tissue) lymphoma and gastric carcinoma (1, 2).
The histopathological features of low-grade pri-
mary gastric lymphoma resemble structures of
Peyer’s patches (1, 3-5). Transformation of low-
grade MALT lymphoma to high-grade primary
gastric lymphoma is well recognized and often
a mixture of both can be found (4, 6, 7). Some-
times only a high-grade primary gastric
lymphoma is found and therefore a de novo
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lymphoma cannot be ruled out (3). The MALT-
lymphoma formation and growth is probably
antigen driven and it has been suggested that H.
pylori could serve as such. Neoplastic B cells
are not immunoresponsive to H. pylori but their
proliferation is dependent on cognate help from
H. pylori-specific T-cells (8-10). B- and T-cells
are recruited to the gastric mucosa as part of
the complex immune response to H. pylori.
Conversion to high-grade lymphoma might not
require the presence of H. pylori (1, 3, 11).

We have previously shown that mice with H.
pylori infection for 6 months develop severe gas-
tritis and atrophic changes (12). In this study
we followed H. pylori infection for 13 months in
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C57BL/6 mice to elucidate whether malignancy
might develop and thus provide us with a suit-
able model for pathogenesis studies of H. pyl-
ori-related lymphoma development and treat-
ment studies.

MATERIALS AND METHODS

Bacterial strains

The H. pylori mouse-passaged strain 119/95 (a
CagA+, VacA+ strain originally isolated from a
duodenal ulcer patient at the University Hospital of
Lund, Sweden) (13) was grown on GAB-Camp agar
supplemented with 10% horse serum and incubated
for 48 h at 37°C under microaerophilic conditions
(14). The cells were harvested in PBS, centrifuged at
3000 rpm for 10 min, and resuspended in PBS to a
final concentration of 10° colony-forming units (cfu)/
ml.

Animals

Six- to eight-week-old conventional C57BL/6 mice
were kept in microisolated cages with a 12-h light-
dark cycle and provided with a rat and mouse stan-
dard diet no. 2 expanded (B&K Universal Company,
Stockholm, Sweden) (15) and water ad libitum. Mice
were inoculated with 0.3 ml of H. pylori suspension
three times at 2-day intervals. After 13 months, mice
(n=2 normal control group and n=5 H. pylori-inocu-
lated group) were Kkilled using carbon dioxide and
blood was drawn by heart puncture. Stomach, je-
junum and ileum, colon, liver and kidney were col-
lected for histopathology.

Histopathology and immunohistochemistry

Murine stomach, liver, spleen and kidney tissues
were fixed in 10% buffered formalin, embedded in
paraffin, and 4 pm sections were prepared, stained
with hematoxylin-eosin using standard procedures. A
new classification of gastric lymphoma has been pub-
lished (5, 16) and grading of the lymphoma (grades
0-5) was according to Wotherspoon et al. (16).

Lymphoma tissues were subjected to immunohisto-
pathology with markers for T-cells (CD3) (Cedarlane,
dilution 1:20) in an avidin-biotin system as well as
antibody against B-cell tissue CD45R (Cedarlane, di-
lution 1:300). To visualize the presence of intraepith-
elial lymphocytes the epithelial marker AEI/AE3

(DAKO, dilution 1:100) was used. To show the pres-
ence of H. pylori, hematoxylin-eosin, Giemsa and im-
munostaining (anti-Hp, DAKO, dilution 1:20) were
used. The density was evaluated according to Dixon
et al. (17)

RESULTS

The normal control animal demonstrated a
well-developed corpus mucosa with specialized
cells and normal foveolar surface (Fig. 1A). The
canalis was normal, covered with foveolar cells,
and no inflammatory cell reaction was noticed.
In the proximal part of the gastric tissue the
mucosa was covered by squamous epithelium.
In the inflow area of the esophagus into the gas-
tric area, papillomatous-like tissue was seen
covered by squamous epithelium. In that area
normally a slight increase in lymphoplasmocyt-
ic cells was noted in the stroma. Slides from
liver, spleen and kidney showed a normal pic-
ture without any lymphocytic or abnormal cell
infiltration.

Animals infected by H. pylori for 13 months
demonstrated a completely different feature
(Fig. 1 B & C). In the proximal gastric area with
a squamous cell surface a profound inflamma-
tory cell reaction was found. The infiltration
consisted of highly abnormal lymphocytes and
these cells demonstrated rough chromatin, rich
mitosis, and uneven nuclear and cell borders;
often several nucleoli were noted (Fig. 1I).
Lymphoepithelial lesions (LEL) were seen in
both the squamous cell populations as well as
in the surface and lower part of the gastric mu-
cosa. The lymphoma seems to be derived from
MALT-omas with subsequent dedifferentiated
lymphomatous parts. It grew diffusely in the
squamous covered mucosa, the corpus mucosa,
and showed deep infiltration into the ventricular
wall. The tumor was also seen growing outside
the gastric tissue partly surrounding the eso-
phagus-gastric junction. Local lymph glands
were most probably also involved.

Fig. 1. A: Normal mouse gastric mucosa with corpus mucosa and squamous upper part (X5); B: Lymphoma
infiltrate in mucosa, submucosa and muscular tissue (X2.5); C: Epithelial proliferation with nagging of lamina
muscularis mucosa (X5); D: Lymphoma infiltrate in kidney tissue (X10); E: Lymphoma infiltrate in spleen
(X10); F: Lymphoma infiltrate in liver tissue (X10); G: CD45R immunostain for B-lymphocytes positive (X5);
H: CD3 immunostain for T-lymphocytes negative (X5); I: Higher magnification of lymphoma cell infiltrate.
Mixture of normal lymphocytes and plasmacytoid blastic cells (X100); J: Immunostain for H. pylori. Curved
bacteria at arrows (X 100); K: Giemsa stain for H. pylori (arrow) (X60).
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In the squamous area a squamous papilloma-
tous proliferation was seen with hyper- and
parakeratosis, acanthosis and downbulging
squamous epithelium. From time to time seem-
ingly free-floating squamous cell areas were
noted. These squamous cell arcas were seen
bulging into the lamina muscularis mucosa but
not penetrating it. The cell tissue was mostly
indolent and sometimes mitosis was noted. It
was thus not clear if we had a squamous papil-
loma with a tendency to proliferation or a very
highly differentiated squamous carcinoma. In-
filtrates of lymphoblastic cells were also noted
in kidney, spleen and liver (Fig. 1D, E & F). The
lymphoma tissue was subjected to immunohis-
topathology with markers for T-cells (CD3)
(Fig. 1H) as well as antibody against B-cell
tissue CD45R (Fig. 1G). The reactivity for T
cells was basically negative while reactivity for
B-cells was strongly positive. AE1/AE3 for in-
termediate epithelial filaments helped to dem-
onstrate the presence of LEL. LEL were found
in both the squamous as well as in the glandular
cells.

Hematoxylin-eosin stain and Giemsa stain
for gastric tissue as well as antibodies for H.
pylori showed a few H. pylori in the mucus as
well as in some glands (Fig. 1, J & K).

Grading of the lymphomas according to
Wotherspoon et al. (16) revealed three cases of
grade 5 and two cases of grade 4. No lymphoma
(grade 0) was noted in the control group.

DISCUSSION

C57BL/6 mice subjected to H. pylori infection
for one week and then kept for another 13
months as described previously (13) developed
two main changes: squamous papilloma-like
structures with growth pattern to some extent
mimicking highly differentiated squamous cell
carcinoma and blast-like high-grade lymphoma
positive for B-cell marker showing highly ab-
normal cells and mitosis. The tumor cell popu-
lation destroyed the local mucosa and muscular
tissue and was seen growing outside the gastric
tissue. Moreover, heavy infiltration of the same
cell population in liver, spleen and kidney tissue
clearly demonstrated the malignant features of
the lymphoma.
H. pylori

usually creates a low-grade
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lymphoma, the so-called MALT lymphoma, in
human as well as animal models (8, 18, 19).
There are also reports of high-grade lymphoma
as well as a mixture of high- and low-grade
lymphoma in both human and mouse systems
(1, 11, 18). De novo high-grade lymphoma
sometimes occurs (1). It is concluded that our
mouse model exposed to H. pylori strain 119/
95, a CagA-positive and vac toxin-producing
strain, is another good example of an animal
model suitable for studying lymphoma develop-
ment.

Squamous cell proliferation can also be
stimulated in this model at least up to a squam-
ous cell papilloma with proliferative features. In
this study we were not able to find manifest in-
filtrative carcinoma (20), but the pushing bor-
ders clearly demonstrated the proliferative ca-
pacity of the tumors. It might be argued that an
agent other than H. pylori in the present setting
might be the cause of lymphoma and squamous
cell proliferation. However, parallel to this study
we had several groups of mice — controls and
other long-term food treatment groups — at the
same facility during the same time period. None
of these animals in the different treatment
groups developed a lymphoma or any squam-
ous cell proliferation. It is therefore unlikely
that the H. pylori does not play any part in the
tumor development. There are few animals in
this preliminary study due to the fact that these
results appeared in one of many groups of ani-
mals in a study of different antioxidant treat-
ment in combination with H. pylori. This re-
duces the possibility of a more certain interpre-
tation. Further studies with more animals to
determine the value of this animal model are,
however, ongoing in our laboratory.

H. pylori can be identified in more than 90%
of cases of gastric MALT lymphoma (6, 16). In
more advanced cases fewer H. pylori are found
(21). This suggests that H. pylori is more closely
associated with the precursor or initial genesis
of MALT lymphoma (2). High-grade MALT
lymphoma transformation may be more likely
to occur following infection with CagA+
strains of H. pylori (22). The strain used in this
study was both CagA and VacA positive. Grad-
ing according to Wotherspoon et al. (16) re-
vealed definite or suspicion of local gastric
lymphoma with a B-cell pattern. However, in
humans few cases of T-cell lymphoma have been
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reported (18, 23). We did not stain for kappa or
lambda chains as monoclonality can also be
seen in benign gastric lymphoid infiltration (24).
Moreover, more than 95% of immunoglobulins
contain kappa chains in the normal mouse (19),
so it would be difficult to detect minor devi-
ations from that with the present immune tech-
nique (2). The mechanisms behind the decrease
in H. pylori during lymphoma formation in
man are uncertain. Mucosal atrophy, intestinal
metaplasia and reduction of neutrophils have
been suggested. The fact that antibiotic treat-
ment can be successful in the earlier phase of
low-grade MALT lymphoma (16), while high-
grade and more advanced lymphoma with few
H. pylori are usually non-responders, may be
attributed to a sequence of molecular events (1,
4, 25, 26). Immunological drive with H. pylori-
specific T cells is diminished with lack of H. pyl-
ori bacteria (11). More advanced molecular
events beyond trisomy 3, translocation 1;14 and
changes of p53 mutant detection, seem to be a
process no longer H. pylori dependent (1, 21,
26). Thus, no further clinical effect of anti-
biotics is to be expected.

In our study using hematoxylin-eosin, Giem-
sa and specific H. pylori immunostaining no
bacteria were found in the control group while
in the treatment group a few H. pylori-like bac-
teria were seen.

In order to further evaluate the molecular
events, genetics and treatment regimen attempts
it is of value to have a model system which is
easy to handle. Lymphoma development oc-
curred over a shorter time period in this model
than in earlier published studies (11, 19).

Spontancous lymphomas are known to ap-
pear in aged mice (27): average incidence after
20 months in Balb/c mice is 16%. Enno et al.
(19) reported equal numbers of malignant
lymphoma in test and control groups in the
spleen, but gastric MALT-omas were only ob-
served in Helicobacter-infected animals. In an
extended study (11) gastric lymphomas were
also seen, but these were not of a MALT type.
Our animals were not old and other groups of
animals kept for the same period of time did
not demonstrate lymphomatous changes. Only
the H. pylori-treated group showed lympho-
matous changes, which speaks in favor of an H.
pylori-related cause of lymphoma development.

H. pylori can be found in combination with

gastric carcinoma (25). Coexisting adenocarcin-
oma and lymphoma have been reported; in this
study we found high-grade B-cell lymphoma de-
rived from MALT lesions together with highly
proliferative squamous cells with a papilloma-
tous structure and expanding borders, though
with no definite carcinoma. Whether this model
will also be suitable for studying the carcinoma
development remains to be elucidated.
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Helicobacter pylori infection in humans is associated with chronic type B gastritis, peptic ulcer disease, and
gastric carcinoma. A high intake of carotenoids and vitamin C has been proposed to prevent development of
gastric malignancies. The aim of this study was to explore if the microalga Haematococcus pluvialis rich in the
carotenoid astaxanthin and vitamin C can inhibit experimental H. pylori infection in a BALB/cA mouse model.
Six-week-old BALB/cA mice were infected with the mouse-passaged H. pylori strain 119/95. At 2 weeks post-
inoculation mice were treated orally once daily for 10 days (i) with different doses of algal meal rich in
astaxanthin (0.4, 2, and 4 g/kg of body weight, with the astaxanthin content at 10, 50, and 100 mg/kg,
respectively), (ii) with a control meal (algal meal without astaxanthin, 4 g/kg), or (iii) with vitamin C (400
mg/kg). Five mice from each group were sacrificed 1 day after the cessation of treatment, and the other five
animals were sacrificed 10 days after the cessation of treatment. Culture of H. pylori and determination of the
inflammation score of the gastric mucosae were used to determine the outcome of the treatment. Mice treated
with astaxanthin-rich algal meal or vitamin C showed significantly lower colonization levels and lower inflam-
mation scores than those of untreated or control-meal-treated animals at 1 day and 10 days after the cessation
of treatment. Lipid peroxidation was significantly decreased in mice treated with the astaxanthin-rich algal
meal and vitamin C compared with that of animals not treated or treated with the control meal. Both
astaxanthin-rich algal meal and vitamin C showed an inhibitory effect on H. pylori growth in vitro. In

conclusion, antioxidants may be a new strategy for treating H. pylori infection in humans.

The human gastric pathogen Helicobacter pylori causes type
B chronic gastritis and is associated with peptic ulcer disease as
well as gastric cancer (7, 9, 38). Some epidemiological studies
have shown the difference between the prevalence of H. pylori-
associated diseases and intake of certain vitamins and antioxi-
dants in various populations (10, 28, 33) and that a high intake
of vitamin C, a-tocopherol, or B-carotene in food reduces the
risk of gastric carcinoma (2, 30). H. pylori infection in humans
is characterized by a marked infiltration of neutrophilic leuko-
cytes of the gastric mucosa, and the generation of reactive
oxygen metabolites (ROMs) may play a part in the develop-
ment of severe chronic type B gastritis (15, 26).

Astaxanthin is a carotenoid found in many different organ-
isms in nature, but the main dietary sources for humans are
found in crustaceans and other seafood, especially salmon.
Astaxanthin is a powerful lipid-soluble antioxidant in vitro (8,
16, 19) and was shown to be most effective in stimulating
immune defenses when different carotenoids were compared
(12, 13, 23). Vitamin C is a water-soluble antioxidant required
for many biological functions such as the normal synthesis of
hormones, neurotransmitters, collagen, and carnitine and the
absorption of iron and other substances (17, 27). Vitamin C is
a dietary antioxidant which, at a normal physiologic concen-
tration, scavenges ROMs to provide protection against oxida-
tive DNA damage (6, 21). The aim of this study was to explore
how the antioxidant astaxanthin from the alga Haematococcus
pluvialis and vitamin C affect H. pylori infection in a BALB/cA
mouse model.

* Corresponding author. Mailing address: Department of Infectious
Diseases and Medical Microbiology, University of Lund, Solvegatan
23, S-223 62 Lund, Sweden. Phone: 46 46 17 32 40. Fax: 46 46 15 25 64.
E-mail: Torkel. Wadstrom@mmb.lu.se.

MATERIALS AND METHODS

Chemicals. Homogenized and dried cells of the unicellular green alga Haema-
tococcus pluvialis rich in astaxanthin (2 to 3% [wt/wt]) and algal meal without
astaxanthin as the control meal were obtained from AstaCarotene AB (Gustavs-
berg, Sweden). Vitamin C (L-ascorbic acid) was purchased from ICN Biomedi-
cals Inc. (Lund, Sweden). Algal meal and control meal were suspended in
distilled water and vitamin C was dissolved in distilled water just before use.

Bacterial strains. The H. pylori mouse-passaged strain 119/95 was grown on
GAB-Camp agar (Gc Agar Base; Becton Dickinson, Lund, Sweden) supple-
mented with 10% horse serum and incubated for 48 h at 37°C under microaero-
philic conditions (35). The cells were harvested in phosphate-buffered saline
(PBS), centrifuged at 2,800 X g for 10 min, and resuspended in PBS to a final
concentration of 10° CFU/ml.

Animals. Six- to eight-week-old conventional BALB/cA mice were used in this
study (B&K Universal Company, Stockholm, Sweden). Mice were housed on a
12-h light-12-h dark schedule and fed with rat and mouse standard diet no. 2
(B&K Universal) (34) and water ad libitum.

Experimental design. Sixty mice were inoculated orally through a feeding tube
three times at 2-day intervals with 0.1 ml of an H. pylori suspension containing 10°
CFU/ml, and 10 mice were inoculated with PBS as a negative control group. The
H. pylori-inoculated mice were divided into six groups. Five groups were orally
treated with three doses of algal meal rich in astaxanthin (0.4, 2, and 4 g/kg of
body weight, in which the astaxanthin content was 10, 50, and 100 mg/kg, re-
spectively), a control algal meal (4 g/kg), or vitamin C (400 mg/kg) once daily for
10 days at 2 weeks postinoculation (p.i.). The infected and normal uninfected
control mice were given distilled water through a feeding tube. Half of the
animals from each group were sacrificed 1 day after the cessation of treatment,
and the other half were sacrificed 10 days after the cessation of treatment.

Mice were killed with carbon dioxide, and their stomachs were collected. The
stomachs were opened through the longer curvature using sterile surgical instru-
ments. One-third of the stomachs and duodena, covering all subtypes of mucosa,
were used for histopathology. One-third of the stomachs were used for culturing
H. pylori. The remaining part of the gastric tissue was used for determination of
the astaxanthin concentration.

Culture. One-third of stomach biopsies were placed in 0.5 ml of PBS in a
1.5-ml Eppendorf tube and homogenized with a Pellet Pestle Mixer from KEBO
Laboratories (Lund, Sweden). The homogenized sample was serially diluted
10-fold. Each 0.1 ml of homogenate was plated on GAB-Camp agar and incu-
bated at 37°C for 5 to 10 days under microaerophilic conditions (36). The H.
pylori colonies were counted and calculated as log,, CFU per milliliter of ho-
mogenate. The presence of H. pylori on the culture plates was confirmed by
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TABLE 1. Concentrations of total carotenoids and
astaxanthin in mouse stomachs

Mean concn + SD (ng/kg)

Treatment group
(concn of asta-
xanthin [mg/kg])

1 day after cessation
of treatment

10 days after cessation
of treatment

Total Asta- Total Asta-
carotenoid xanthin carotenoid xanthin
Normal 58 £8 0 513 0
H. pylori 98 + 28 0 58£5 0
H. pylori + algal 5,806 = 1,162 516 = 192 164 *= 34 49 = 10°
meal (100)
H. pylori + algal 5225 = 1,344 344 = 101 107 = 13 26 =3
meal (50)
H. pylori + algal 2,926 * 668 120 = 29” 116 = 34 3415
meal (10)

¢ P < 0.05 versus results from the group treated with 50 mg of astaxanthin per
kg.
b P < 0.05 versus results from the groups treated with 100 and 50 mg of
astaxanthin per kg.

urease, catalase, and oxidase testing, Gram staining, and PCR analysis with H.
pylori urease primers (20).

Carotenoid and astaxanthin analysis. Stomach samples were homogenized
and extracted in acetone (25). The acetone extracts were pooled and mixed
vigorously with cyclohexane (1:1) and approximately 200 to 400 pl of distilled
water to obtain phase separation. The samples were then centrifuged, and the
concentrations of carotenoids recovered in the hexane phase were determined by
measuring the absorbency at 474 nm with a Spectronic 601 spectrophotometer
(Milton Roy Co.). An extinction coefficient measured in micrograms per kilo-
gram was used for calculations.

The carotenoid composition was determined by high-pressure liquid chroma-
tography after evaporation of the cyclohexane extract to dryness with nitrogen
and dissolving of the carotenoids in chloroform-methanol (2:1). The high-pres-
sure liquid chromatography system (Merck-Hitachi) consisted of a model
L6200A Intelligent pump, a model D-2000 injector, and a model L4200 visible
light-UV detector set at a wavelength of 474 nm and with 0.1 absorbency unit at
full scale. External and internal carotenoid standards (astaxanthin and canthax-
anthin, 99% pure; Hoffman-La Roche Ltd., Hvidovre, Denmark) were employed
to check the recovery of carotenoid during extraction and the reproducibility of
the results of the analytical methods applied. All the solvents and chemicals used
were of analytical grade and purchased from Merck, Darmstadt, Germany.

Histopathology. Murine stomach tissues were fixed in 10% buffered formalin
and embedded in paraffin, and 4-pm-thick sections were prepared and stained
with hematoxylin and eosin by standard procedures. The degree of inflammation
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was scored in a blind manner on a scale of 0 to 3 for body, antrum, and duo-
denum (36).

Lipid peroxidation assay. Mice stomach tissues were homogenized in 20 mM
Tris-HCI, pH 7.4, to a concentration of 10% (wt/vol). Homogenate supernatants
(200 l) were tested for malondialdehyde (MDA) and 4-hydroxy-2(E)-nonenal
with a lipid peroxidation assay kit from Calbiochem (Lund, Sweden). The colo-
rimeters were measured at an absorbency at 586 nm, and tissue lipid peroxida-
tion was calculated as micromoles per gram of tissue.

In vitro inhibition test. MICs were determined as described elsewhere (22)
such that each preculture containing 10® cells was plated onto GAB-Camp agar
with or without various concentrations of algal meal (0.3125 to 20 mg/ml), with
algal meal without astaxanthin (5 mg/ml), or with vitamin C (0.5 to 4 mg/ml). The
surviving cells were counted on the agar as colonies, and the MIC was defined as
the concentration leaving no survivors after 5 to 10 days of incubation under
microaerophilic conditions. Ten strains of H. pylori were tested, and MICs were
shown as a range.

Statistical analysis. The Mann-Whitney U test was used for analysis of colo-
nization and inflammation distribution. The level of significance was chosen to be
a P of <0.05.

RESULTS

Total carotenoid and astaxanthin analysis. The mouse
stomachs showed correspondingly high total carotenoid and
astaxanthin contents when they were treated with various con-
centrations of astaxanthin (Table 1). Significant differences
were noted between the treated and untreated group, espe-
cially for animals just posttreatment. Mice treated with the
highest dose of astaxanthin demonstrated a higher astaxanthin
content in their stomachs than those of the animals treated
with lower doses.

Culture. All noninoculated mice were H. pylori negative in
culture. Both astaxanthin-rich algal meal (dose from 10 to 100
mg/kg) and vitamin C significantly reduced the number of
H. pylori organisms in gastric tissue 1 day after the cessation of
treatment (3.5 weeks p.i.) compared with the numbers recov-
erable from the untreated mice and the control mice treated
with meal lacking astaxanthin (P < 0.05) (Fig. 1). At 10 days
after the cessation of treatment (5 weeks p.i.), the numbers of
H. pylori organisms in the groups treated with astaxanthin-rich
algal meal and vitamin C were again significantly lower than
the numbers in the groups not treated or treated with the
control meal (P < 0.05) (Fig. 1). However, the astaxanthin-rich
algal meal (100 mg/kg) and vitamin C (400 mg/kg) treatment
groups had more numbers of H. pylori-negative animals (40%)
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FIG. 1. Effects of different doses of astaxanthin-rich algal meal or vitamin C on the recovery of H. pylori from BALB/cA mice. Treatment was started 2 weeks p.i.,
and samples were taken 3.5 (@) and 5 (O) weeks p.i. Each dot or circle represents the bacterial count from one animal, and the dashed line indicates the limit of

detection. HP, H. pylori.
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FIG. 2. Inflammation scores for gastritis in BALB/cA mice treated with astaxanthin-rich algal meal and vitamin C at 3.5 (@) and 5 (O) weeks p.i. Each dot or circle

represents the inflammation score from one animal. HP, H. pylori.

than the astaxanthin-rich algal meal (10 and 50 mg/kg) treat-
ment groups (20%). There were no significant differences
among the groups treated with three doses of astaxanthin-rich
algal meal and vitamin C.

Histopathology. Mice treated with astaxanthin-rich algal
meal or vitamin C showed significantly lower inflammation
scores than control mice infected with H. pylori or treated with
meal lacking astaxanthin 1 day and 10 days after the cessation
of treatment (P < 0.05) (Fig. 2). The control-meal-treated
mice developed gastritis as severe as that of the untreated
control animals, and their inflammation scores were signifi-
cantly higher than those of the non-H. pylori-inoculated mice
(P < 0.01). The mice treated with the highest dose of astax-
anthin (100 mg/kg) in algal meal showed significantly lower
inflammation scores than the mice treated with 50 mg of astax-
anthin per kg (P < 0.05).

Normal noninfected control mice showed normal fundic mu-
cosae (Fig. 3A). Mice treated with astaxanthin-rich algal meal
(100 mg/kg) or vitamin C (400 mg/kg) showed fewer inflam-
matory cells in their mucosae than infected control mice (Fig.
3B to D).

Lipid peroxidation. The concentrations of MDA and 4-hy-
droxyalkenals in murine stomachs (in micromoles per gram of
tissue) were significantly increased in H. pylori-infected un-
treated and control-meal (algal meal without astaxanthin)-
treated mice compared with concentrations in normal control
animals (P < 0.01). All astaxanthin-rich algal meal- or vitamin
C-treated mice showed significant decreases in lipid peroxida-
tion compared with levels in the untreated and control-meal-
treated animals (P < 0.05) (Fig. 4).

In vitro inhibition. Astaxanthin-rich algal meal inhibited
H. pylori growth at 0.3125 to 2.5 mg/ml (astaxanthin content,
6.25 to 50 pg/ml, pH 7.2), while algal meal without astaxanthin
did not show this effect at 5 mg/ml. Vitamin C inhibited the
growth of H. pylori at concentrations of 0.5 to 2 mg/ml (pH
7.2).

DISCUSSION

We have shown that antioxidants such as algal meal rich in
astaxanthin as well as vitamin C inhibit H. pylori infection in
BALB/cA mice. Among the three doses of astaxanthin tested,

the highest dose (100 mg/kg) showed the best effect in reducing
bacterial load and gastric inflammation. This finding is to our
knowledge the first demonstration of an antimicrobial activity
of astaxanthin-rich algal meal against H. pylori and associated
gastric inflammation.

H. pylori infection has been associated with a decreased level
of vitamin C and of major antioxidants (e.g., B-carotene) in
human gastric tissue (5, 26). We found that vitamin C reduced
bacterial colonization in the murine stomach and decreased
the inflammation score. Interestingly, Jarosz et al. (11) re-
ported that a high daily dose of vitamin C for 4 weeks (5 g per
day) given to H. pylori-infected patients with chronic gastritis
resulted in apparent H. pylori eradication in 30% of treated
patients. In those patients the highly significant rise in total
vitamin C concentration in the gastric juice persisted for at
least 4 weeks posttreatment. Vitamin C not only seems to be an
antioxidant and a free radical scavenger (17, 21, 26) but also
shows antimicrobial activity against H. pylori both in vitro and
in a Mongolian gerbil infection model (39).

Epidemiological evidence and clinical experiments suggest
that vitamin C may exert a protective effect against the devel-
opment of H. pylori-associated gastric carcinoma (4, 6, 37), but
the mechanisms involved are not so clear.

The carotenoid astaxanthin has been established to be a
powerful antioxidant in vitro (15, 24) and was previously shown
to be able to prevent oral carcinogenesis in an experimental rat
model (32). However, this carotenoid has not previously been
shown to have an antimicrobial activity. We found that algal
meal rich in astaxanthin has an inhibitory effect on H. pylori
growth in vitro and also colonization in mouse stomach.
BALB/cA mice treated with astaxanthin-rich algal meal
showed decreased lipid peroxidation and granulocyte infiltra-
tion in their gastric mucosae.

H. pylori-infected individuals show high oxidative stress and
high levels of ROMs in their gastric mucosae and an increased
gastric antioxidative capacity after the eradication of H. pylori
(14). A recent study of the formation of pro- and antioxidants
to H. pylori infection in a Mongolian gerbil model showed an
increase in the level of lipid peroxidation and activated gluta-
thione turnover (31).

Astaxanthin acts as an antioxidant that protects against tis-
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FIG. 3. (A) Normal fundic mucosa from an uninfected control mouse; (B) tissue from an H. pylori-infected mouse with a large amount of acute inflammatory cell
infiltration within the mucosa and along the lamina muscular mucosa; (C and D) less inflammation (small amount of inflammatory cell infiltration) in mice treated with
astaxanthin-rich algal meal and vitamin C, respectively.
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mice compared to those in normal control animals (*, P < 0.01). All antioxidant-treated mice showed significant decreases in lipid peroxidation compared to the levels

in untreated and control-meal-treated mice (P < 0.05).

sue damage induced by ROMs, and it may also inhibit infec-
tion through an altered immune response. As early as the
1930s it was discovered that B-carotene increases our natural
resistance to bacterial and viral infections and it was proposed
that vitamin A causes this effect (3). It is now well known that
other carotenoids also improve the immune defense, and in
comparative studies, astaxanthin was shown to be most effec-
tive (12, 13). Several studies have shown that strong T helper
1 (Th1) cellular immune responses contribute to Helicobacter-
associated gastritis and that Th2 T lymphocytes producing in-
terleukin 4 reduce the bacterial load of H. felis-infected mice
(18, 29). We found recently that astaxanthin-rich algal meal
induces a shift of the Th1-Th2 lymphocyte balance associated
with an increased natural defense against H. pylori infection in
this mouse model (1).

In conclusion, our results suggest that the use of antioxidants
to combat H. pylori infection in humans is an attractive new
treatment strategy. Further studies with different feeding for-
mulas and delivery systems as well as prophylaxis studies of
animal models and clinical studies are now in progress.
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Abstract

Helicobacter pylori is a Gram-negative bacterium affecting about half of the world population, causing chronic gastritis type B
dominated by activated phagocytes. In some patients the disease evolves into gastric ulcer, duodenal ulcer, gastric cancer or
MALT lymphoma. The pathogenesis is in part caused by the immunological response. In mouse models and in human disease,
the mucosal immune response is characterized by activated phagocytes. Mucosal T-lymphocytes are producing IFN-y thus
increasing mucosal inflammation and mucosal damage. A low dietary intake of antioxidants such as carotenoids and vitamin C
may be an important factor for acquisition of H. pylori by humans. Dietary antioxidants may also affect both acquisition of the
infection and the bacterial load of H. pylori infected mice. Antioxidants, including carotenoids, have anti-inflammatory effects.
The aim of the present study was to investigate whether dietary antoxidant induced modulation of H. pylori in mice affected the
cytokines produced by H. pylori specific T-cells. We found that treatment of H. pylori infected mice with an algal cell extract
containing the antioxidant astaxanthin reduces bacterial load and gastric inflammation. These changes are associated with a shift
of the T-lymphocyte response from a predominant Thl-response dominated by IFN-y to a Thl/Th2-response with IFN-y and
IL-4. To our knowledge, a switch from a Thl-response to a mixed Th1/Th2-response during an ongoing infection has not been
reported previously. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Helicobacter pylori; Astaxanthin; Antioxidant; T-cell; Thl; Th2; Interferon; 1L-4; Cytokines; Balb/cA mice

1. Introduction

Helicobacter pylori is a Gram-negative pathogen col-
onizing the human gastric epithelium, causing type B
gastritis, peptic ulcer disease and gastric cancer [1]. The
pathogenesis of this infection is partly due to the im-
munological response. In the infected gastric mucosa of
mice and humans, the immune response is polarized to
a Thl cell-mediated response with release of IFN-y,
which activates phagocytic cell and contributes to mu-
cosal damage [2—-6]. A predominant Thl response has
also been shown in Helicobacter infections of inbred

* Corresponding author. Tel.: +45-3545-4977; fax: + 45-3545-
6412.
E-mail address: mbe@biobase.dk (M. Bennedsen)

mice, often using Helicobacter felis, a feline gastric
Helicobacter more easily infecting mice [7,8]. An adop-
tive transfer of T-helper-2 (Th2) T-lymphocytes produc-
ing IL-4 to mice subsequently infected with H. felis
infected mice leads to a reduction of the bacterial load
and gastric inflammation, whereas an adoptive transfer
of Thl cells increased gastric inflammation and bacte-
rial load of subsequently infected animal [7]. Oral im-
munization of H. felis-infected mice with recombinant
urease and cholera toxin induced a shift of T-
lymphocyte response from a polarized Thl-response to
a mixed Th1/Th2 response and cured the infection [§].
These findings suggest that a polarized Thl-response is
associated with the pathogenesis of these gastric dis-
eases and that a Th2 response is associated with control
of H. pylori/H. felis infection.

0165-2478/99/% - see front matter © 1999 Elsevier Science B.V. All rights reserved.
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A low dietary intake of antioxidants such as
carotenoids and vitamin C has been suggested as an
important factor for acquisition of H. pylori by humans
[9,10]. Dietary antioxidants also affect both acquisition
of the infection and the bacterial load of H. pylori
infected mice [11]. The algae Haematococcus pluvialis is
rich in astaxanthin, a carotenoid with strong anti-oxi-
dative and anti-inflammatory properties [12,13]. Astax-
anthin has a number of immuno-modulatory effects in
vitro: (1) enhancement of T-cell dependent antibody
production by mouse T-lymphocyte clones and un-
primed T-lymphocytes; (ii) enhancement of TNF-o and
IL-1a release of mouse peritoneal adherent cells and
down-regulation of IFN-release by mouse Thl clones
and primed spleen cells [14—16]. The present study
reports the reduction of bacterial load, the decreased
gastric inflammation and the changes of the splenocyte
cytokine release in response to H. pylori antigens in-
duced by feeding H. pylori-infected Balb/cA mice with
an algal meal containing 2—3% astaxanthin, as com-
pared to infected, untreated mice and uninfected un-
treated mice.

2. Materials and methods

2.1. Mouse experiments

Twenty Balb/cA mice (B&K Universal Company,
Stockholm, Sweden), 6—8 weeks old, were inoculated
orally with 108 colony forming units (CFU) of the
mouse passaged H. pylori strain 119/95p three times at
two day intervals and ten mice were inoculated with
PBS [11]. Two weeks after inoculation, half of the
infected mice were treated orally with a cell extract
from the micro algae H. pluvialis containing the antiox-
idant astaxanthin (200 mg per kg body weight per day)
(AstaCarotene AB, Gustavsberg, Sweden) for 10 days.
All mice were sacrificed at the end of treatment. Duode-
num, stomach, spleen and blood were removed and
prepared for further analysis [11,17].

2.2. Bacterial load

The stomach was opened through the longer curva-
ture and one third was rinsed in sterile phosphate
buffered saline (PBS pH 7.2), smeared on GAB-camp
agar plates and incubated microaerobic at 37°C for
5-10 days [18]. H. pylori was identified as small
translucent colonies containing gram negative curved
rods, which were urease, catalase and oxidase positive.
The identification was confirmed by PCR of the 16S
rRNA. The number of H. pylori was estimated by
colony count.

2.3. Histopathology

The degree of inflammation in antrum and corpus
was assessed blindly by a trained pathologist. The
scoring system was: 0, normal epithelium; 1, few inflam-
matory cells; 2, moderate amount of inflammatory cells
in several layers; 3, high level of inflammation with
nests containing more than 50 inflammatory cells. The
grade of gastritis was expressed as mean of antrum,
corpus and duodenum scores for each mouse [18].

2.4. Isolation of splenocytes

Splenocytes were washed out of the spleens with
RPMI 1640 using a syringe equipped with a 27G
needle. Red blood cells were lysed with 0.17 M ammo-
nium chloride and the remaining splenocytes were
washed and re-suspended to a concentration of 4 x 107
ml~ ! in RPMI 1640 supplemented with 10% fetal calf
serum, L-glutamine, Hepes, penicillin and streptomycin.

2.5. Proliferation assay

A number of 400 000 splenocytes were added to each
well in 96-well cell culture plates (Nunc, Roskilde,
Denmark) and stimulated with 50 pg ml—! heat inacti-
vated H. pylori sonicate (Strain CH-20429) in RPMI
1640. The plates were incubated at 5% CO, for 36 h at
37° C with *H-thymidine. Splenocytes in control wells
were stimulated with RPMI 1640. The cells were har-
vested onto a glass fibre filter (Packard, Meriden, CT)
and proliferation was measured as *H-thymidine incor-
poration in the cells by scintillation counts (kcpm).

2.6. Cytokine release

Four hundred thousand splenocytes were added to
each well in 96-well cell culture plates and stimulated
medium, 50 ug ml—! H. pylori sonicate or 50 pg ml—!
heat-inactivated H. pylori CH-20429 sonicate and incu-
bated as above. Culture supernatants were harvested
after 36 h and stored at — 80°C until use. IFN-y and
IL-4 concentration were measured by enzyme linked
immunosorbent assay (ELISA) according to the in-
struction of the manufacturer (DuoSeT, Genzyme,
Cambridge, MA). Results were calculated as the differ-
ence between cytokine release after antigen re-stimula-
tion and spontaneous cytokine release in medium of
cells from the same spleen.

Statistical analysis (z-tests) were performed using
STATVIEW 4.5 software (Abacus Concepts Inc., Berke-
ley, USA). The level of significance was selected at
P <0.05.
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Fig. 1. Reduction in H. pylori colonization of gastric mucosa in H.
pylori infected Balb/cA mice treated with astaxanthin at 3.5 weeks
post inoculation as compared to infected, untreated control mice
(P <0.02, t-test).

3. Results
3.1. Murine gastritis and bacterial load

Inoculation of Balb/cA mice with H. pylori resulted
in stable infections of the gastric mucosa characterized
by a moderate inflammatory response [11,18]. Treat-
ment of the infected mice with an algal cell extract
containing astaxanthin reduced bacterial load of gastric
mucosa in infected mice as compared to untreated,
infected mice (mean CFU 101 versus 407, P < 0.02)
(Fig. 1). Also the gastritis score of infected mice was
reduced after treatment with astaxanthin (mean gastri-
tis score 1.85 versus 1.25, P =0.01) (Fig. 2).
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Fig. 2. Reduction in inflammation score of gastritis in H. pylori
infected Balb/cA mice treated with astaxanthin at 3.5 weeks post
inoculation as compared to infected, untreated mice (P < 0.01, ¢-test)
and uninfected untreated control mice.
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Fig. 3. In vitro induction of 1L-4 release of splenocytes from H. pylori
infected Balb/cA mice treated with astaxanthin at 3.5 weeks post
inoculation as compared to infected, untreated mice (P < 0.01, z-test)
and uninfected untreated control mice. The splenocytes were stimu-
lated with 50 mg ml~! of H. pylori CH-20429 sonicate or cell culture
medium alone. Results are presented as cytokine release after antigen
stimulation minus spontaneous release in medium of splenocytes from
the same mouse. Ten mice were examined in each group.

3.2. Cytokine release

Splenocytes from all groups of mice proliferated
when stimulated with H. pylori antigens. Both un-
treated H. pylori infected mice and infected mice treated
with astaxanthin released cytokines when stimulated
with 50 pg ml—! of H. pylori CH-20429 sonicate.
Splenocytes from uninfected mice produced only small
amounts of IL-4 and IFN-y. IL-4 release from spleno-
cytes stimulated with the bacterial sonicate was in-
creased in the astaxanthin treated mice as compared to
the infected untreated mice (mean release 29.8 pg ml ~!
versus 2.4 pg ml—!, P =0.0002) (Fig. 3). IFN-y release
from splenocytes stimulated with heat inactivated H.
pylori sonicate was reduced in the astaxanthin treated
mice (N =5 mice) as compared to the infected mice
(N =15 mice) (Fig. 4). The difference was not statisti-
cally significant.

4. Discussion

In this study we demonstrate, that H. pylori infected
Balb/cA mice treated with the antioxidant astaxanthin
show: (i) a decreased bacterial load and a decreased
grade of inflammation in the stomach; (ii) the treatment
was associated with a shift in the cytokine release
profile of cultured splenocytes in vitro. Balb/cA mice
infected with H. pylori display a Thl T-cell response as
described in man [2-5]. However, splenocytes from
astaxanthin treated animals showed a significant in-
crease in I1L-4 release, indicating a shift towards a Th2
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T-cell response. An excessive Thl response driven by
the infection with H. pylori may favor the development
of a cell mediated immune response and may lead to
cytotoxic damage of the epithelium [5]. Our data sup-
port the notion, that an immunomodulation can en-
hance a protective and nondestructive response against
H. pylori, attenuating the infection and the subsequent
gastric inflammation [7]. The observed shift of the
Th1/Th2-balance following treatment is probably as a
result of the down-regulation of Thl-cells and up-regu-
lation of Th2-cells by astaxanthin as previously de-
scribed [15]. A shift from a Th2 response towards a
mixed T-lymphocyte response or a Thl response is
occuring naturally in cutaneous leishmaniasis [19]. In
patients suffering from severe cutaneous leishmaniasis
isolated T-lymphocyte clones produce predominantly
Th2-cytokines. This disease is self-limiting, and during
recovery the isolated T-lymphocyte clones are predomi-
nantly of Thl type. The switch towards a Thl type of
response has also been observed after treatment of both
cutaneous and visceral leishmaniasis with pentostam. A
reverse clinical picture is seen in malaria infections. The
first episode of parasitaecmia is controlled by a Thl
response, later the immune response shifts and the
following episodes are controlled by a Th2 type of
response [20]. In the mouse model presented here, the
switch from a Thl type of response to a mixed Th1/Th2
type of response is experimentally induced during an
ongoing infection. To our knowledge, it is the first time
a shift in T-lymphocyte response has been achieved
during an ongoing infection.
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Fig. 4. In vitro IFN-y release of splenocytes from H. pylori infected
Balb/cA mice treated with astaxanthin at 3.5 weeks post inoculation
as compared to infected, untreated mice and uninfected untreated
control mice. The splenocytes were re-stimulated with 50 mg ml~! of
H. pylori CH-20429 sonicate or cell culture medium alone. Results
are presented as cytokine release after antigen stimulation minus
spontaneous release in medium of splenocytes from the same mouse.
No statistically significant difference was seen between the infected,
treated and the infected untreated groups of mice. Five mice were
examined in each group.

Another possible mechanism of action is that the
antioxidant astaxanthin neutralised reactive free oxygen
metabolites (ROM’s) in the mucosa and may have
attenuated the inflammation. H. pylori induces a
chronic inflammation dominated by a mixture of neu-
trophils, monocytes and lymphocytes. It has previously
been shown that exposure of human leukocytes to H.
pylori antigens generates ROM’s in vitro [21,22]. Our
recent experimental results strongly support the theory,
that ROM’s may play a part in the pathogenesis of the
H. pylori induced chronic gastritis.

This study is consistent with the observations show-
ing that an adoptive transfer in mice of Thl cells
enhances gastritis and the bacterial load and that a Th2
cell response reduces these parameters [7] and confirms
the protective role of a Th2 cell mediated immune
response in H. pylori infection.

Goodman et al. [10] reported a three times increased
risk of acquisition of H. pylori associated with a low
intake of dietary carotenoids. Recent preliminary data
in a clinical trial of astaxanthin on H. pylori infected
humans showed clearance of the infection in one out of
ten volunteers and reduction of epigastric pain in five of
seven volunteers [23]. A randomized double blind clini-
cal trial is necessary to clarify the effects of astaxanthin
treatment in H. pylori infected humans.

5. Conclusion

Astaxanthin treatment reduced bacterial load and
mucosal inflammation in a Balb/cA mouse model of H.
pylori infection, and that this was associated with a
switch in the systemic T-helper cell response. Further
studies are needed to describe the effect of astaxanthin
on the T-cell reponse in the inflamed gastric mucosa.
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