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Abstract

Infection with some Helicobacter bacterial species leads to a chronic

superficial gastritis that may progress to atrophic gastritis, which is a

premalignant process. Apoptosis is a form of programmedcell death in multi-

cellular organisms, and defects in the regulation of apoptosis may contribute

towards carcinogenesis. Bak is a pro-apoptotic memberof the Bcl-2 family of

proteins that plays an important role in the regulation of apoptosis, including

radiation-induced apoptosis in the stomach. Mcl-1 is an anti-apoptotic

memberof the Bcl-2 family of proteins, and can act as an apical molecule in

apoptosis control; promoting cell survival by interfering at an early stage in

the cascade of events leading to the release of cytochrome c from

mitochondria. In hypergastrinaemic INS-GAS mice, it has been shownthat

gastric Helicobacter infection accelerates the development of gastric cancer.

The epidermal growth factor receptor (EGFR) is a_ transmembrane

glycoprotein that normally plays an important role in regulating cell

proliferation, differentiation and growth. H. pylori and gastrin have been

shown to transactivate the EGFR in an autocrine, or paracrine manner

respectively. EGFR expression is commonly observed in human gastric

cancer tissues and its abundance is also elevated in H. pylori-associated

gastritis.

In this thesis, we aimed to investigate the roles of Bak and Mcl-1 in regulating

gastric epithelial cell apoptosis, proliferation and atrophy following

Helicobacter infection in both mouse models and humangastric tissues. The

other aim of these studies was to examine the effects of treatment with an
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EGFR inhibitor upon the development of gastric mucosal inflammation,

atrophy, proliferation and apoptosis in untreated and Helicobacter-infected

INS-GASand wild-type FVB/N mice.

The results in this thesis suggested that gastric epithelial atrophy,

proliferation and apoptosis were increased following H.felis infection. Bak

deficiency led to altered gastric epithelial apoptosis, proliferation and mucosal

thickness in untreated mice. Following both short and long term H.felis

infection, Bak deletion resulted in increased gastric atrophy and decreased

susceptibility to apoptosis. Gender differences and Bak expression therefore

appearto be important factors that determine the gastric epithelial response

following Helicobacter infection and may ultimately regulate progression

toward gastric carcinogenesis.

Treatment of stomach-derived, transformed AGSeprcells with 10 nM gastrin

for six hours led to a maximal increase in Mcl-1 protein abundance.

Increased Mcl-1 expression was also observed at the luminal surface of

gastric corpus glands over time following H. felis infection of wild-type

C57BL/6 male mice. Long term hypergastrinaemia with and without H. felis

infection also increased Mcl-1 expression in the gastric mucosa of INS-GAS

mice. However, Mcl-1 expression did not appear to alter in human gastric

antral or corpus mucosafollowing H. pylori infection. Hypergastrinaemia and

H. felis infection therefore appear to alter Mcl-1 expression in mice, but not

humans.

H. felis infection of INS-GAS mice resulted in significant increases in EGFR

mRNA abundance, corpus inflammation, mucosal thickness, Ki67-positive
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epithelial cells and active caspase 3-positive epithelial cells, as well as a

reduced number of parietal cells relative to uninfected controls. In both

untreated and H.felis-infected hypergastrinaemic mice, the EGFR antagonist

EKB-569 increased EGFR mRNA abundance, but had no effect on gastric

epithelial proliferation, apoptosis, parietal cell number, inflammation or

mucosalthickness.

In conclusion, these studies have demonstrated that genderdifferences and

Bak expression are important factors that determine the gastric epithelial

response following Helicobacter infection and may ultimately regulate

progression toward gastric carcinogenesis. Hypergastrinaemia and H. felis

infection appear to alter gastric Mcl-1 expression in mice, but not humans.

EGFR inhibition using EKB-569 had no significant effect upon the

developmentof H. felis-induced gastric pathology in the INS-GAStransgenic

murine model.

24



1. Chapter One

Introduction
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1.1 Anatomy and physiology of the stomach

1.1.1 Anatomyof the stomach

1.1.1.1 Gross anatomy

The stomachis a J-shaped dilation of the alimentary canal that lies on the

left-hand side of the abdominal cavity against the diaphragm. It is connected

to the oesophagus at the proximal end and the duodenum at the distal end

and beneaththis is the pancreas and the greater omentum (Figure 1.1).
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Figure 1.1: External and internal anatomy of the human stomach.
Adapted from http://www.rivm.ni/interspeciesinfo/intra/human/stomach/.
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Portions of the pancreas, transverse colon, diaphragm, and spleen border

the stomach, along with the apex of the left kidney and suprarenal gland at

the posterior end. At the anterior end, the stomach is bounded bytheliver,

and the inner aspect of the anterior wall of the abdomen at the left lower

aspect.

The stomach can be sub-divided into four sections: the cardia (adjacent to

the oesophageal junction), the fundus (the dome-shaped area formed by the

upper curvature of the stomach), the body/corpus (the main area), and the

pylorus/antrum (the lower area where the emptying of the contents into the

small intestine occurs).

1.1.1.2. Blood supply and lymphatic drainage

1.1.1.2.1 Arterial blood supply

The right gastric artery supplies the inferior portion of the lesser curvature of

the stomachinferiorly, and the left gastric artery supplies it superiorly, along

with the cardiac region. The right and left gastro-omental arteries supply the

greater curvature inferiorly and superiorly, respectively. Finally, the short

gastric artery supplies the fundus and upperportion of the greater curvature

(Figure 1.2).
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Figure 1.2: Blood supply to the stomach. (Adapted from Essential Clinical
Anatomy. K.L. Moore & A.M. Agur. Lippincott, 2 ed. 2002).

1.1.1.2.2 Venous drainage

Deoxygenated blood from the stomach empties either into the portal vein

itself or one ofits tributaries. The left and right gastric veins drain the lesser

curvature of the stomach, with the right and left gastroepiploic veins draining

both the inferior aspect and greater curvature.

1.1.1.2.3 Lymphatic drainage

The coeliac nodesarethe final destination for the majority of the lymphatic

drainagevia intermediate lymph nodes.

1.1.1.3 Nerve supply

The stomachis supplied by both the parasympathetic and sympathetic parts

of the autonomic nervous system. The parasympathetic preganglionic nerves

from the right and left (posterior and anterior vagal trunk) vagus nerve, as

well as postganglionic neuronslie within the stomach wall and are very short.
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The sympathetic preganglionic nerve fibers, mainly from the thoracic

splanchnic nerves and postganglionic nerves, arise in the ganglia of the

coeliac plexus.

1.1.1.4 Tissue layers

The stomach wall consists of four layers (from the inside to the outside): the

mucosa, the submucosa, the muscularis externa, and the serosa. The

mucosa is composed of the epithelium with the lamina propria underneath,

and a thin layer of smooth muscle called the muscularis mucosae beneath

that. The submucosa lies under the mucosa and consists of fibrous

connective tissue, separating the mucosa from the muscularis externa. This

contains three layers of smooth muscle: the inner oblique, middle circular and

outer longituditinal layers. The churning motion responsible for the

breakdownof food is provided by the inneroblique layer. The pyloric valve is

surroundedbya thick, tonically constricted circular muscular wall (the middle

circular layer) to form the pyloric sphincter, which controls the movement of

stomach contents (chyme) into the duodenum. The outer longitudinal layeris

situated between this layer and the middle circular layer. The serosa is

continuous with the peritoneum, is composed of layers of connective tissue

and lies beneath the muscularis externa (Figure 1.3).

29



 

Lerman of stomach

 

  
      

 

  
  

     

  

 

Gastric pits

Simple

ootumnar
epithebum

Mucosa

Lamina propria =

Gastric gland { :

Lymphatic nodule —_——— =

Muscularis mucosae —————_{—SeromieonesSPccinnee slateewretena
Lymphatic

Venule
Artericla
Oblique layer of muscle

Circuler layer of muscle

Myenteric plexus

(plaxws of “werbach)

Longitudinal
layer of muscia

 

Submucosa

 
~ Muscularis

  
 

Figure 1.3: Transverse section showing the histological layers of the
stomach.
(Adapted from http://www.rivm.nl/interspeciesinfo/intra/human/stomach/)

1.1.1.5 Microscopic anatomy

The gastric mucosal surface is composed of simple layer of columnar

epithelial cells. These cells have basally-located nuclei, dense cytoplasmic

granules and prominent Golgi stacks.

The surface of the epithelium is organised into invaginations, or gastric pits,

which project into the lumen (Figure 1.4). The most numerous gastric glands

are oxyntic glands which synthesise and secrete acid, the majority of gastric

enzymes, and intrinsic factor. Oxyntic glands are localised to the body and

fundus of the stomach, and aretraditionally subdivided in to three main

sections: the isthmus (composed predominantly of surface mucous and

parietal cells), the neck (mostly parietal and mucous neck cells), and the

base (primarily chief cells, but with a population of parietal and mucous neck

cells). In the pyloric part of the stomach the glands are deeper and contain

more mucousCells and G cells which produce gastrin.
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Figure 1.4: Schematic representation of gastric gland showing the
location of the cell types. Adapted from (Coffey et al., 2007).

1.1.2 Physiology of the stomach

The stomach secretes water, electrolytes (H, K’, Na’, Cl, and HCOs),

enzymes (which have activity at acidic pH e.g. pepsins, lipase), and

glycoproteins(e.g. intrinsic factor, mucins).

1.1.2.1. Exocrine epithelial cells

Exocrine epithelial cells include surface cells, mucuscells, parietal cells, and

chief cells. Surface cells secrete Na. and bind H., HCO3 , mucin, and

phospholipids (which confer protection for the gastric mucosa from damage

by acid and ingested toxins). As their name suggests, mucus cells secrete
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mucins (as well as group 2 pepsinogens). Parietal cells are localised to

oxyntic glands and secrete both HCI and intrinsic factor, and lastly chief cells

secrete pepsinogens.

1.1.2.2 Endocrine, endocrine-like, and neural regulatory cells

Gastric glands contain several subtypes of endocrine and endocrine-like

cells, including D cells (which secrete somatostatin) and enterochromaffin

cells (EC cells, which secrete serotonin), both of which are presentin all

types of gastric glands. In contrast, histamine-secreting enterochromaffin-like

cells (ECL cells) are localised to the oxyntic glands only and constitute

approximately 1% of the cell number. Mast cells are localised to the lamina

propria of the gastric mucosa and secrete histamine. Gastrin-secreting G

cells are localised to the pyloric glands and arein close relation to D cells.

1.1.2.3 Parietal cell secretagogues

1.1.2.3.1 Gastrin

The G cell-synthesised hormone gastrin is produced in both the gastric

antrum and the duodenum. Specific stimuli, such as distension of the

stomach, vagus nerve stimulation, and hypercalcaemia result in gastrin

release into the bloodstream; whichis inhibited by the presenceof acid in the

stomach (generally secreted HCl), and other hormones such as

somatostatin, secretin, GIP, VIP, glucagon, and calcitonin (Dockray, 2004).
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Gastrin stimulates gastric parietal cells to secrete HCl, either directly through

binding to CCK2/gastrin receptors on the parietal cells themselves

(stimulating H* ion secretion); or indirectly through binding to CCK2/gastrin

receptors on ECL cells (which respond by releasing histamine, stimulating

parietal cells to secrete H* ions) (Dockrayet al., 2005).

Several factors influence gastrin secretion, and these are summarised in

 

 

Table 1.1.

Origin Stimulatory factors Inhibitory factors

Gastric lumen _Dietary protein Acidity (pH below 3)
ae Aminoacids ee

Hypercalcaemia
Paracrine Somatostatin

Nervous _ Beta-adrenergic agents :
ae Cholinergic agents _

_Gastrin-releasing peptide (GRP)

Circulation Epinephrine Gastric inhibitory peptide (GIP)
Secretin

Somatostatin
Glucagon
Calcitonin
 

Table 1.1: Factors influencing gastrin secretion. Adapted from
Gastrointestinal andliver diseases by Sleiseger and Fordtran, 7" edition.

1.1.2.3.2 Acetylcholine and GRP

Acetylcholine is secreted by postganglionic nerves located on the

submucosal plexus, and binds to muscarinic (M3) receptors on parietal cells.

Acetylcholine also auto-activates these short, postganglionic cholinergic

neurons via the M4 receptor. M3 and M4 receptors are nonselectively

blocked by atropine, with the effect of reducing H+ secretion (Feldman,

2000).
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Gastrin releasing peptide (GRP) is a neuropeptide postulated to an important

transmitter in the vagal-cholinergic pathway in parietal cell signalling

(Feldman, 2000). BIM26226is a specific GRP antagonist which is similar to

atropine in its mechanism of vagally-mediated acid secretion blockade in

humans(Hildebrand et al., 2001).

1.1.2.3.3 Histamine

Histamine is secreted by ECL cells and plays a key role in gastric acid

secretion. ECL cells are localised to the base of oxynic glands and

synthesise histamine from histidine via the enzymehistidine decarboxylase

(HDC).

Oxyntic ECL cells are stimulated by gastrin, CCK and acetylcholine, factors

which increase the concentration of Ca2+ in these cells. D cell-produced

somatostatin is the most important inhibitor of ECL cells, which has the effect

of lowering levels of cAMP in ECLcells.

Histamine may also cause indirect gastrin release through an inhibitory H3

receptor expressed by D cells. Conversely, somatostatin suppresses the

release of both gastrin and histamine.
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1.1.2.4 Parietal cell inhibitors

1.1.2.4.1 Somatostatin

The most common form of gastric somatostatin is S-14, however post-meal

circulating somatostatin is primarily the S-28 form (which is secreted from the

small intestine). Circulating CCK stimulates both oxyntic and pyloric

somatostatin secretion from D cells through binding to the CCK, receptor. A

direct inhibitory effect of somatostatin upon parietal cells has not been

reported, but the majority of its effects on Ht production appear to be via

inhibitory effects upon ECL and cells. The actions of somatostatin are

summarised in Table 1.2.

 

Actions of somatostatin
 

Somatostatin is classified as an inhibitory hormone, whose main actions areto:

Inhibit the release of growth hormone (GH)

Inhibit the release of thyroid-stimulating hormone (TSH)

Suppressthe release of gastrointestinal hormones
1.Gastrin
2.Cholecystokinin (CCK)
3.Secretin
4.Motilin
5.Vasoactive intestinal peptide (VIP)
6.Gastric inhibitory polypeptide (GIP)

7.Enteroglucagon

Lowersthe rate of gastric emptying, and reduces smooth muscle contractions and

blood flow within the intestine

Suppressthe release of pancreatic hormones

Inhibit the release ofinsulin

Inhibit the release of glucagon

Suppress the exocrine secretary action of pancreas

 

Table 1.2: Actions of somatostatin. Adapted from Gastrointestinal and liver
diseases by Sleiseger and Fordtran, 7" edition.
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1.2 Gastric adenocarcinoma

There are two main types of gastric cancer. Distal gastric cancers (corpus

and antrum) are the predominant type of gastric cancer. The other types of

gastric cancers are proximal gastric cancers (cardia/gastro-oesophageal)

which are usually grouped with oesophageal adenocarcinomas.

The incidenceof distal gastric cancers has decreased slightly whereas that of

proximal cancers hasincreased in recent years in Western countries (Blot et

al., 1991, Devesa et al., 1998). There are no morphological differences

between the tumours arising at either site and it has been found that

intestinal metaplasia (IM) appears to be an important step in carcinogenesis

in both types of tumour (Jass, 1980, Ruol et al., 2000). The observed

epidemiological differences are likely to be dueto differences in the genetic

pathwaysof carcinogenesis.

1.2.1 Epidemiology

Distal gastric adenocarcinomais the 8'" most commonform of cancerin the

UK, with approximately 8,400 people diagnosed per year. This represents

approximately 3% of newly diagnosed cancers (Cancer Research UK, 2008).

It is also the 2"° most common cause of cancer-related death worldwide

(Parkin et al., 2005). However, gastric cancer rates have been steadily

declining in developed countries over recent years (and in the UK since the

1930s). Gastric cancer is also more commonin menthan in women, in whom

it constitutes 4% and 2%of all cancers, respectively (Genta and Rugge,
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1999). In the UK, the median age at the time of diagnosis is 72 years

(Scottish Audit of Gastro-Oesophageal Cancer Steering Group, 2002).

1.2.2 Pathogenesis

1.2.2.1 Pre-malignant conditions

A numberof conditions are considered to be precursors of gastric carcinoma

development. Theseinclude:

1.2.2.1.1 Chronic atrophic gastritis

Chronic atrophic gastritis is defined as ‘the loss of specialized glandular

tissue at its appropriate site in the stomach’ and is associated with a six-fold

increasein the risk of the intestinal form of gastric cancer (Genta and Rugge,

1999, Kato et al., 1992, Tatsuta et al., 1993). There are two formsof chronic

atrophic gastritis, the most commonbeing multifocal atrophic gastritis (MAG).

MAG is commonly due to H. pylori infection and is more likely to be

associated with metaplasia. MAG leads to achlorhydria, increased bacterial

overgrowth, and increasedlevels of gastrin, all of which are considered to be

additional risk factors for gastric cancer (Feldman, 2000). The other causeof

chronic atrophic gastritis is autoimmune.
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1.2.2.1.2 Intestinal metaplasia

Intestinal metaplasia is defined as a replacement of the gastric mucosa by

an epithelium that has similar histological characteristics to intestinal mucosa;

it is a well-established premalignant condition of the stomach (Leung and

Sung, 2002). According to histology, intestinal metaplasia can be sub-divided

into two main types: the complete type of intestinal metaplasia which includes

the formation of Paneth cells and goblet cells and the incomplete type of

intestinal metaplasia, where few absorptive columnarintermediate and goblet

cells are formed corresponding to thelarge intestine phenotype. The

complete type of intestinal metaplasia is not associated with an increased

risk of gastric cancer (Kim et al., 2004).

1.2.2.1.3 Gastric dysplasia

Gastric dysplasia may be classified as low- or high-grade. 10-40%of low-

grade dysplasia eventually progresses to high-grade, and 75-100% of high-

gradefurther progressesto gastric cancer. In has been observed thatin early

gastric cancer, adjacent foci of high-grade dysplasia occurred in 40-100% of

cases (Feldman, 2000).

1.2.2.1.4 Gastric polyps

Gastric polyps are lesions that originate from the gastric epithelium or

submucosa and protrude in to the stomach lumen. In the majority of cases

gastric polyps are found incidentally and are usually asymptomatic (Goddard

et al., 2010). Fundic gland polyps, hyperplastic polyps and adenomasarethe
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most commontypes of benign epithelial gastric polyps (Goddard et al.,

2010). A Classification of gastric polyps is shown in table 1.3. Except for

fundic gastric polyps and inflammatory fibroid polyps, all gastric polyps are

associated with increased risk of gastric cancer (Goddard etal., 2010).

Classification of gastric polyps

Epithelial polyps

e Fundic gland polyp

e Hyperplastic polyp

e Adenomatouspolyp

e Hamartomatous polyps
“* Juvenile polyp
“* Peutz Jeghers’ syndrome
“* Cowden’s syndrome

e Polyposis syndromes (non-hamartomatous)
“* Juvenile polyposis
«* Familial adenomatous polyposis

 

Non-mucosalintramural polyps

e Gastrointestinal stromal tumour

Leiomyoma

Inflammatory fibroid polyp

Fibroma and fibromyoma

Lipoma

Ectopic pancreas

Neurogenic and vascular tumours
Neuroendocrine tumours(carcinoids)   
 

Table 1.3: Classification of gastric polyps (adapted from Goddard etal.,

2010).

1.2.2.1.5 Gastric ulcer

Gastric ulcer is defined as a defect in the mucosa of the stomach that is

caused by the acidic activity of gastric secretions. In the past it was thought
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that 10% of gastric ulcers would eventually progress to gastric cancer.

However, following developments in diagnostic modalities, it was later

discovered that many of these gastric ulcers were in fact ulcerative gastric

cancers. It is possible that the postulated association between gastric ulcer

and gastric cancer is correlated with the presence of H. pylori infection in

both benign gastric ulcers and gastric cancer (Feldman, 2000).

1.2.2.2 Genetic factors

Loss of heterozygosity (LoH) of tumour suppressor genesis one of the most

common genetic abnormalities observed during the development of gastric

cancer. Of special note is the p53 gene, where it has been shown that LoH

and mutation occur in 20-38%of cases (Beckeret al., 2000).

The expression of p16 (genes that regulate entry into the cell cycle) was also

found to be significantly decreased in 12-31% of the cases of gastric cancer

studied (Becker et al., 2000). A lack of p27 has also been associated with

poor prognosis in gastric cancer (Yasuiet al., 1997).

Table 1.4 summarises some of the genetic abnormalities found in gastric

adenocarcinoma.
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Abnormalities Gene Frequency (%)

 

P53 60-70
Deletion/suppression FHIT 60

APC 50
DCC 50
E-cadherin <5

COX-2 70
Amplification/over HGF/SF 60
expression VEGF 50

c-met 45
AIB-1 40
B-catenin 25
k-sam 20

ras 10-15
c-erb B-2 5-7
 

Table 1.4: Genetic abnormalities in gastric adenocarcinoma. Adapted
from Gastrointestinal and liver disease by Sleisenger and Fordtran's, 7"
edition, chapter 44: p.833.

1.2.2.3 Environmentalfactors

The major environmental factors involved in the development of gastric

cancer include H. pylori infection, high-salt/preserved food diets, and

smoking. In contrast, high fruit and vegetable diets, vitamin C and aspirin are

considered to be protective factors for gastric cancer (American Institute for

Cancer Research and World Cancer Research Fund, 2007). The longer the

time that H. pylori inhabits the stomach, the morelikely it is to damage the

gastric mucosa and the morelikely gastric cancer is to develop. Gastric

cancer usually develops at the site where the mucosa is mostaffected (Gallo

et al., 2003). Patients who develop atrophic gastritis and gastric atrophy

following H. pylori infection are at a higher risk of developing gastric cancer

(Hohenberger and Gretschel, 2003).
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1.2.2.4 Bacterial factors

A modelfor gastric carcinogenesis was proposed by Correa and colleagues

in 1975. In this model, chronic superficial gastritis (gastric mucosal

inflammation) precedesatrophic gastritis, intestinal metaplasia, dysplasia and

finally gastric cancer (Correa et al., 1975). Inflammation was considered to

be the key initialising step, however when the model was described, the

factor inducing this inflammation was unknown (Matysiak-Budnik and

Megraud, 2006, Peek and Blaser, 2002). This ‘missing link’ was identified by

Barry Marshall and Robin Warren with the discovery and characterisation of

H. pylori (Marshall and Warren, 1984). H. pylori is now known to be capable

of colonising the gastric epithelium, surviving there for years, and inducing

chronic inflammation, therebyfulfilling the missing link in Correa’s cascade

(Matysiak-Budnik and Megraud, 2006).

In contrast with colorectal carcinogenesis, the progression to gastric

adenocarcinoma does not rely consistently on an apparently ‘orderly’

sequence of genetic mutations (Peek and Blaser, 2002). H. pylori

seropositivity has been shown to lead to a significantly increased risk of

gastric cancer developmentin both epidemiological and case-control studies

(Peek and Blaser, 2002), and both human and animal studies have

demonstrated that H. pylori infection alone is sufficient to induce gastric

atrophy, intestinal metaplasia, and gastric adenocarcinoma. As_ such,

antimicrobial treatments specific for H. pylori can potentially reduce the

progression of these carcinogenic stages (Peek and Blaser, 2002). It is not

unreasonable to believe therefore that gastric cancer could be prevented by

H. pylori eradication. However, a recent clinical study in China found that the
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incidence of gastric cancer development at the population level was similar

between patients receiving H. pylori eradication treatment and those

receiving placebo (Wong etal., 2004). In a subgroup of H. pylori-infected

patients without pre-cancerous lesions however, eradication of H. pylori

significantly decreased the development of gastric cancer (Wong et al.,

2004).

Thesefindings allude to a ‘point of no return’ for gastric cancer, where the

eradication of H. pylori will no longer protect against cancer development

oncelesions have been formed (Peek and Blaser, 2002).

H. pylori is present in the stomachsof at least half the world’s population, but

only a small proportion (possibly as little as 3%) of infected individuals

develop neoplasia (Peek and Blaser, 2002). As such, much research is

ongoing to understand the mechanisms by which H. pylori induces gastric

cancer, and to understand why gastric cancer develops in such a small

population of infected people.

Although the Cag pathogenicity island is the best characterised virulence

factor in gastric cancer development, it is not essential for carcinogenesis,

which can also be induced in animal models by H. felis; a Helicobacter

species which possesses no Cag gene (Miehlke et al., 2001, Rad et al.,

2002). Other virulence factors include the vacuolating cytotoxin VacA, and

the adhesin BabA; both of which have been shownto increasethe risk of

carcinogenesis (Miehlke et al., 2001, Rad et al., 2002). H. pylori virulence

factors are discussed further in section 1.3.4.
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1.2.3 Clinical aspects

1.2.3.1 Clinical presentation

Gastric cancers that have not penetrated into the muscularis propria tissue

layer are asymptomatic in approximately 80% of patients. Symptoms

generally present when the disease has progressed to more advanced

stages, and these can mimic the symptomsofpeptic ulcer disease. The most

frequently reported symptomsat the time of diagnosis are weight loss (which

occurs in 62% of patients) and abdominal pain (in 52%). Less common

symptoms include nausea, vomiting, anorexia, dysphagia, and malaena.If

the cancer affects the antrum, patients may display early satiety and

vomiting, whereas dysphagia may be a result of tumours of the cardia.

Faeculent emesis or undigested food in the stool may indicate gastrocolic

fistula (secondary to invasion of the cancerinto the colon).

Upon physical examination, cachexia and signs of bowel obstruction are

occasionally discovered. It is also possible to detect an epigastric mass,

hepatomegaly, ascites, and lowerlimb oedema through examination.

The most commontarget organsfor gastric metastasesare the liver (in 40%

of patients), the lungs, the peritoneum, and the bone marrow.

1.2.3.2 Pathological types

Distal gastric cancer can be subdivided microscopically into intestinal and

diffuse types. Intestinal or ‘well-differentiated’ gastric cancer is composed of
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large cells with irregular nuclei (Figure 1.5). It is postulated that intestinal type

cancers develop from metaplastic intestinalised gastric cells, due to the fact

that it is associated with intestinal metaplasia and chronic inflammation.

Intestinal type gastric cancer is more prevalent in countries with high

incidences of gastric cancer and also more commonin menandin the elderly

(Lauren and Nevalainen, 1993).

 

Figure 1.5: H & E section showing the appearanceof intestinal type
gastric cancer. (Adapted from
http://www.pathconsultddx.com/pathCon/diagnosis?pii=S1559-
675(06)70064-X).

The diffuse type, or ‘undifferentiated’ gastric cancer is composed of either

individual, or small clusters of nonpolarised small cells (Figure 1.6).

Populations with a lower risk of gastric cancer develop this type more

commonly, as do younger people. Unlike the intestinal type, there is no male

predominance. Thediffuse type of gastric cancer has a worse prognosis and

is morelikely to be transmurally invasive (Lauren and Nevalainen, 1993).

45



Hereditary diffuse gastric cancer is an inherited form of diffuse type gastric

cancer.It is an autosomal dominantly inherited disorder caused by mutations

of the E-cadherin gene (CDH1) (Lynch et al., 2008). It is a very rare form of

gastric cancer and accounts for 1-3% of all gastric cancers (Hoogerbruggeet

al., 2006).

 

Figure 1.6: H & E section showing the appearanceofdiffuse type gastric
cancer. (Adapted from
http://www.pathconsultddx.com/pathCon/diagnosis?pii=S 1559-
8675(06)70064).

1.2.3.3 Staging

Staging of gastric adenocarcinoma is one of the important factors that

determine prognosis and treatment. TNM staging is used widely to evaluate

gastric cancer; it stands for tumour, node, and metastasis.

The T stages describe the degree of invasion of the tumour. Tis designates

carcinomain situ or intraepithelial neoplasia; T1 involvementis limited to the

mucosa and submucosa; T2 involves the muscularis propria; T3 involves the

serosa and T4 involves adjacent organsorstructures.
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The N stages describe whether there are cancercells in lymph nodes. NO

means no regional lymph node metastasis, N1 means metastasis in 1-6

lymph nodes, N2 means metastasis in 7-15 regional lymph nodes, N3 means

metastasis in >15 regional lymph nodes.

There are two M stages. MO means the cancer has not spread to other

organs and M1 means the cancer has spread to other parts of the body

(Okineset al., 2010).

1.2.3.4 Diagnosis

1.2.3.4.1 Laboratory studies

Laboratory studies are generally unrevealing except in the advanced stages

of gastric cancer, where chronic bleeding may results in anaemia and

positive tests for faecal occult blood. Additionally, hypoproteinaemia can

occur in cases with symptomatic weight loss; and elevated liver enzyme

levels may be discovered in casesofliver metastases.

Unfortunately there are no reliable serum markersfor gastric cancer, but 82%

of gastric cancer patients have been reported to be positive for serum MG7-

Ag (whichis a gastric cancer-specific tumor-associated antigen) (Renetal.,

2000).
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1.2.3.4.2 Endoscopy

Endoscopy is the procedure of choice for the diagnosis of gastric cancer.

Endoscopy combined with tissue biopsy has been shown to be superior to

radiological studies for the detection of gastric cancer (Catalano etal., 2005).

1.2.3.4.3 Endoscopic ultrasonography (EUS)

This imaging modality is composed of an ultrasound probeaffixed to the end

of an endoscope,allowing the probeto be placed directly against the gastric

wall combined with the use of a high-frequency transponder.

EUS can accurately distinguish between stage T1 and stage T2 gastric

cancer. EUS is also employedin the identification and biopsy of submucosal

lesions including scirrhous carcinomas and gastric lymphomas (Lennon and

Penman, 2007).

1.2.3.4.4 Upper GI series

Barium studies with a double-contrast upper GI examination technique have

reported high sensitivity of more than 93% for the detection of advanced

gastric cancer (Low et al., 1994). Findings suggestive of a malignancy

include an asymmetrical ulcer crater, the presence of an irregular mass or

folds, loss of distensibility, and nodularity (Gourtsoyiannis et al., 2001).

48



1.2.3.4.5 Computed tomography (CT) scan

CT in gastric cancer is generally employed for the detection of distant

metastases and is used complementary to EUS for assessment of the

involvement of regional lymph nodes. CT demonstrates 65-90% and 50%

sensitivity rates in advanced and early gastric cancer, respectively (Feldman,

2000).

1.2.3.4.6 Magnetic resonance imaging (MRI)

MRI hasalso been utilised in the staging of gastric cancer, and is superior to

spiral CT in terms of T staging. However it has limitations in N staging

compared with spiral CT (Kim et al., 2000). Due to the high costs associated

with MRI, EUS is the superior modality for T staging and CT is used for N

staging.

1.2.3.5 Treatment options

1.2.3.5.1 Surgery

Surgery is the most common treatment for gastric cancer, where the

essential goal is to remove both the cancerous cells and margins of normal

tissues. Howeverit is only palliative in metastatic cases. Surgery mayinvolve

either total or partial gastrectomy (removal of the stomach), possibly

including excision of part of the oesophagus, spleen, ovaries, intestine or

pancreas (depending on the location and the extent of invasion of the
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tumour). However, in the UK surgical interventions are currently curative in

only approximately 20%of cases (National Oesophago-Gastric Cancer Audit,

2009). In early gastric cancer, endoscopic mucosal resection (EMR) is a

further potential treatment option, whereby the tumour is removed from the

stomach wall using an endoscope. The established criteria for EMR are that

the mucosal lesion should be < 2.5 cm, be well differentiated and not

ulcerated. The advantage of this techniqueis that it is a less invasive and

traumatic operation than removing all or part of the stomach (Okinesetal.,

2010).

1.2.3.5.2 Chemotherapy

Gastric cancer is largely resistant to conventional chemotherapy, which is

used palliatively to reduce tumour size and provide modest increases in 5

year survival rates. Examples of chemotherapeutic agents used in the

treatment of gastric cancer include combinations of 5-fluorouracil (F),

epirubicin (E) and cisplatin (C). In a recent study, administration of ECF

regime before surgery improved overall 5-year survival from 23% to 36%

when compared to surgery alone (Cunningham et al., 2006). Combining

chemotherapy and radiation therapy is also under investigation.

Chemotherapy is also used metastatic cancer in a palliative manner as this

form of the diseaseis incurable (Feldman, 2000).
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1.2.3.5.3 Radiotherapy

Radiation therapy (also called radiotherapy) involves utilising high-energy

rays to damage cancer cells and inhibit their growth. A post-operative

combination of radiotherapy with chemotherapy has been reported to show

positive results (Macdonald et al., 2001). In rare cases, radiation therapy may

be usedforpalliation of incurable disease to relieve pain and shrink tumours

(to remove obstructions).

1.3 Helicobacterpylori

Helicobacter pylori is a helical gram-negative bacterium that infects the

stomach and duodenum. It was discovered in 1983 by Warren and Marshall,

whoreported isolation of spiral organisms from mucosalbiopsies of patients

with chronic active gastritis (Marshall et al., 1985).

1.3.1 Prevalence

H. pylori infection is decreasing in prevalence,largely due to a birth cohort

effect as opposedto late acquisition of infection. The prevalence of H. pylori

infection varies depending on age, socioeconomic class, and country of

origin in healthy individuals; and is usually acquired in childhood by the age

of 10 years (in developing countries). In many developed countries,

prevalence rates have been shownto be higherin individuals born before

1950 (50-80%) compared with those born more recently (< 20%). By

contrast, H. pylori infection has a high prevalence of 80-95%, irrespective of

the year of birth in developing countries (Delaney et al., 2003). Both
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environmental and genetic factors may be involved in the fact that in

developed countries, the prevalence may vary amongdifferent ethnic groups

of similar socioeconomic state. Both environmental and genetic factors may

explain these observations. Malaty and colleagues showed that the major

environmentalrisk factor for infection is the socioeconomic status of families

during the individual’s childhood (Malaty et al., 1992). Later, the same group

demonstrated that genetic factors are involved in infection susceptibility, as

monozygotic twins have higherrates of infection when compared with age-

matched dizygotic twins (Malaty et al., 1994). Finally, there appears to be a

distinct relationship between gender and H. pylori infection prevalence: a

male predominance wasdiscovered in a large study performed by de Martel

and Parsonnetin 2006.

1.3.2 Genome

H. pylori is a genetically diverse species of bacteria, with differences in

bacterial genomesbeing highlighted as one of the key determinants as to

whether or not a patient will go on to develop gastric cancer (Matysiak-

Budnik and Megraud, 2006). The H. pylori genome contains the Cag

pathogenicity island, which encodes 31 genes; six of which encode the type

IV secretion system (Matysiak-Budnik and Megraud, 2006). The CagA

protein is encoded within the Cag pathogenicity island, and infection with

CagA-positive strains of H. pylori correlate with an increased risk of

developing gastric cancer (Matysiak-Budnik and Megraud, 2006, Peek and

Blaser, 2002). CagAis injected into epithelial cells by the type IV secretion

52



system following attachment of the bacterium. It subsequently undergoes

tyrosine phosphorylation which stimulates cell signalling through the

formation of a physical complex with Src homology (SH)-2 containing protein

tyrosine phosphatase (SHP-2) (Higashi, 2002). Binding of phosphotyrosine-

peptide to the SH2 domains of SHP-2 is postulated to alleviate the

autoinhibitory mechanism and enable its previously latent phosphatase

activity (Higashi, 2002). SHP-2 is known to be a positive regulator of

mitogenic signal transduction pathways that connect receptor tyrosine

kinases and ras, and is also actively involved in the regulation of spreading,

migration, and adhesion of cells (Higashi, 2002). Hence, bacterially-derived

virulence factors may lead to carcinogenesis through the dysregulation of

signalling pathways.

Several strains of H. pylori are known to exist, two of which have had their

genomes completely sequenced, and which show large genetic differences

(up to 6% differing nucleotides (Tombetal., 1997)). The genomeofthe strain

‘26695’ consists of approximately 1.7 million base pairs and contains 1550

genes.

By studying the H. pylori genome, the pathogenesis (of which there are 62

genes in the genome database) mediated by this organism may be better

understood. Both of the sequenced strains contain an approximately 40 kb

Cag pathogenicity island (a common gene sequence believed to be

responsible for pathogenesis) that contains over 30 genes. This

pathogenicity island is frequently absent from strains which have been
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isolated from humans who carry the bacterium but remain asymptomatic

(Bekir et al., 2009).

1.3.3 Microbiology

H. pylori is an S-shaped gram-negative rod, approximately 2.4-4.0 um long

and 0.5-1.0 um wide that possesses between two and six flagella, thus

enabling motility. The principal reservoir for H. pylori infection appears to be

the human stomach, specifically the antrum. Intestinal metaplasia or

dysplasia provide protection from colonisation (Lambert et al., 1995). To

combat the acidic environment of the stomach, H. pylori has evolved a large

urease enzyme, enabling it to create an alkaline sub-environment. In

addition, H. pylori also expresses a hydrogenase enzymewhichis involved in

hydrogen oxidation (produced by other intestinal bacteria) and obtaining

energy (Olson and Maier, 2002).

1.3.4 Virulence factors

H. pylori virulence factors maybedivided into colonisation factors and factors

that inducetissue injury.
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1.3.4.1. Colonisation factors:

1.3.4.1.1 Flagella

The flagella of H. pylori are sheathed and unipolar, allowing the bacterium to

move quickly from the lumen of the stomach (which has a low pH), through

the mucus layer and into an area of near-neutral pH that permits optimal

growth.

1.3.4.1.2 Urease

H. pylori is a more powerful potent urease synthesiser than almost all other

bacterial species, although it is not essential for colonisation (it may be

associated with other factors however). Its main role is providing nitrogen for

protein synthesis.

1.3.4.1.3 Adherence factors

Tissue tropism (the ability to bind to gastric epithelium) prevents H. pylori

from being shed during cell and mucus turnover (Logan, 1996). Adherence

may also be an importantfactor in targeting toxins and leukocytes in the host

epithelium.
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1.3.4.2 Factors mediating tissue injury

1.3.4.2.1 Lipopolysaccharides

Localised to the cell wall of H. pylori, these glyocolipids are also known as

endotoxins and_ stimulate cytokine release. Other activities of

lipopolysaccharides include interfering with the gastric epithelial cell/laminin

interactions, inhibiting mucin synthesis, and stimulating pepsinogen secretion

(Moran, 1996).

1.3.4.2.2 Other leukocyte recruitment and activating factors

H. pylori neutrophil-activating protein and the immunologically active porins

are included in this category of tissue injury factors. Effects include

chemotactic properties to assist in recruitment of monocytes and neutrophils

to the lamina propria.

1.3.4.2.3 Vacuolating cytotoxin (VacA)

The active form of VacA protein is expressed by approximately 40% of H.

pylori strains (althoughall strains contain the gene), and this induces vacuole

formation in human cells (Atherton and Blaser, 2009). VacA is an exotoxin

that consists of two subunits p33 and p55. Depending on structural

characteristics, the mid-region of VacAis classified into two families (m1 and

m2) and the end portion of VacA also has two forms (s1 or s2). All possible

combinations of these regions (s1/m1, s1/m2, s2/m1 and s2/m2) have been
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reported in clinical isolates of H. pylori, although s2/m1 alleles are

rare (Atherton et al., 1995). Gastric adenocarcinoma and peptic ulceration

are usually associated with strains with active s1/m1 and s1/m2 forms of

VacA (Atherton and Blaser, 2009).

1.3.4.2.4 Cytotoxin-associated antigen (CagA)

As discussed above, CagA is a highly antigenic protein of approximately

120-140 kd, encoded by the CagA gene whichis contained within the Cag

pathogenicity island. In Western countries, 60-80% of H. pylori contain an

intact Cag pathogenicity island, and in Asia, more than 90% of isolated

islands express CagA. The presence of the Cag pathogenicity island is

associated with a more prominent inflammatory tissue response when

compared with strains lacking this virulence factor. The presence of CagA

increases the risk of symptomatic outcomesof infection, including peptic

ulcer disease and adenocarcinoma.

1.3.4.2.5 Hop proteins

Several outer membraneproteins have beenidentified as adherencefactors,

including BabA, SabA, OipA, AlpA, and AlpB (although their exact roles are

unclear). H. pylori strains expressing lower levels of BabA have been more

frequently associated with duodenal ulcer and gastric cancer than strains

expressing higher levels (or than those lacking the babA gene) (Maeda and

Mentis, 2007).
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A significant association between Oip-positive infections and duodenal

ulcers, gastric cancers, intestinal metaplasia, and severe neutrophil

infiltration has been demonstrated. Similarly, SabA-positive status is

positively associated with gastric cancer, intestinal metaplasia, and corpus

atrophy; as well as being negatively associated with duodenal ulcer and

neutrophil infiltration (Yamaoka et al., 2006).

1.3.5 Involvement in disease

1.3.5.1 Peptic ulcer disease (PUD)

The association between PUD and H.pylori infection was first described by

Robin Warren and Barry Marshall (Marshall et al., 1985). H. pylori remains

the most significant causative agent of chronic PUD, and it has been well

established that eradication therapy will heal the ulcer, prevent relapse, and

prevent complications (Chiba et al., 1998). The prevalence of PUD has been

declining for several decades in developed countries, likely due to both the

widespread useof antibiotics and improvements in general hygiene (Marshall

and Windsor, 2005).

The mechanism by which H. pylori contributes to PUD has since been

elucidated and is related to changesin acid secretion. H. pylori colonises the

mucus layer of the gastric antral epithelium, where it secretes a range of

cytotoxins that cause antral gastritis and increased gastric acid secretion (as

a result of direct stimulation of antral G cells and inhibition of somatostatin

release from antral D cells). This hypergastrinaemia and subsequent
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increased acid secretion by gastric parietal cells results in an increase in the

concentration of acid in the duodenum, finally causing gastric metaplasia and

duodenitis; with or without duodenal ulceration (Luman, 2004).

1.3.5.2 Mucosa-associated lymphoid tissue (MALT) lymphoma

MALT (mucosa-associated lymphoid tissue) is the most commonly occurring

gastric (and perhaps) GI lymphoma. Available evidence suggests a strong

association between H. pylori infection and MALT (Marshall and Windsor,

2005): lymphoid follicles are present in over 30% of people with chronic H.

pylori infection, and these are considered to be progenitors of MALT

(Marshall and Windsor, 2005).

MALT lymphomastendto progress very slowly and maybeinitally diagnosed

as a non-healing gastric ulcer, with symptoms including vomiting and Gl

bleeding (Marshall and Windsor, 2005). Diagnosis involves specialised

immunohistological studies for lymphoid cells, while endoscopic ultrasound is

employed in staging (Puspoket al., 2002).

Eradication of H. pylori may result in a complete remission in approximately

80% of low grade MALT cases, with occasional remission also being

observedin cases of high-grade lymphoma (Stolte et al., 2002). However H.

pylori eradication as therapy for MALT lymphoma is currently an

experimental process, therefore it is recommended that additional therapy

(e.g. chemotherapy) also be considered (Marshall and Windsor, 2005, Stolte

et al., 2002).
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1.3.5.3 Role in gastric cancer

Extensive studies have been performed to explore the relation between H.

pylori infection and gastric cancer development (Atherton and Blaser, 2009).

Eradication of H. pylori before gastric atrophy development has been

reported to reduce the incidence of intestinal type gastric cancer (Wong et

al., 2004). Animal models have also provided a lot of insights into the

pathogenesis of Helicobacter induced gastric cancer as discussed in section

1.7.

1.3.5.4 Other GI diseases

H. pylori is recognised as a major causative agent of gastritis, and as already

discussed infection is associated with duodenal ulcer disease, gastric ulcer

disease, gastric lymphoma, and gastric cancer in humans (Graham, 1994,

McColl, 1997).

Opinion on the relationship between H. pylori and gastrooesophageal reflux

disease (GORD) is divided. Some researchers have suggested a link

between the presence of H. pylori and a decreased risk of development of

oesophagitis and Barrett's oesophagus. Howeverothers havefailed to repeat

these observations and demonstrate this supposed relationship (Loffeld et

al., 2000, Newtonetal., 1997).

Armstrong et al. showed that patients with non-ulcer dyspepsia were twice as

likely to be infected with H. pylori. However there was no evidence to
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demonstrate that H. pylori eradication resulted in improvement of this

condition (Armstrong, 1996, Talley et al., 1999).

1.3.6 Eradication

Determining the optimum treatment for H. pylori infection is difficult, as the

organism inhabits an environment which is not easily accessible to many

medications and also because there are problems of acquired antibiotic

resistance. If a patient has a peptic ulcer with concurrent H. pylori infection,

the normal procedureis to firstly eradicate the H. pylori to allow the ulcer to

heal. The standardfirst-line therapy is one week of triple therapy; the most

commonregime consisting of amoxicillin, clarithromycin, and a proton pump

inhibitor such as omeprazole (Mirbagheri et al., 2006). Variations of common

triple therapy have been developed, including the use of metronidazole

instead of amoxicillin in those allergic to penicillin; or substituting omeprazole

with an alternative proton pump inhibitor. Unfortunately the increasing

numbers of infected individuals has led to the emergence of antibiotic-

resistant bacteria, which results in initial treatment failure and requires further

antibiotic therapy (or other strategies such as a quadruple therapy). Bismuth

containing compoundsare effective in combination with the above drugs, and

levofloxacin can also be considered for the treatment of clarithromycin-

resistant strains of H. pylori.
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1.4 Gastrin

Edkins first identified the polypeptide hormone gastrin as a stimulant of

gastric acid secretion in 1905. Gregory and Tracy further elucidated the

molecular structure of gastrin, isolated from porcine antrum. Gastrin andits

precursor molecules have been shown to play important roles in a wide

range of physiological and pathological processes within the stomach, along

the gastrointestinal tract, and in other organs (reviewed by Dockrayetal.,

2005).

1.4.1 Gastrin synthesis

Preprogastrin, a 101 amino acid polypeptide, is the precursor for gastrin,

which undergoesextensive post-translational processing (Figure 1.7). Briefly,

after preprogastrin is translocated to the endoplasmic reticulum, the 21 amino

acid signal peptide is cleaved to form progastrin (Varro and Dockray, 1993).

During progression through the trans-golgi network, the progastrin is

processed further, where it undergoes phosphorylation, glycosylation, C-

terminal amidation and cleavage at basic residues within secretory vesicles

(Varro et al., 1994). Progastrin is cleaved by endopeptidases followed by

carboxypeptidase to produce glycine-extended gastrin-34 (G34-Gly), which is

then subject to cleavage between lysine residues by prohormone convertase

(PC) to form glycine-extended gastrin-17 (G17-Gly). On the other hand, G34-

Gly may be amidated by peptidyl a-amidating mon-oxygenase (PAM) to

produce amidated gastrin-34 (G34-NH2 or G34). Additional processing of

G34 by PC produces amidated gastrin-17 (G17). G17 cannot be amidated by
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PAM (Dockray, 1999, Dockray, 2004, Dockrayet al., 1996, Dockrayet al.,

2001, Sawada and Dickinson, 1997). G17 constitutes over 90% of total

gastrin secretion and it is the most abundantgastrin polypeptide secreted by

antral G-cells. (DelValle et al., 1989, Ciccotosto et al., 1995, Siddheshwaret

al., 2001). However due to the absence of secretory vesicles of the regulated

secretory pathway in non-endocrine cells, progastrin may not be fully

processed. Thus, higher concentrations of immature gastrins are secreted via

the constitutive secretion pathway. It has been found that poorly

differentiated colon cancers and adenomas produced high levels of

progastrin and glycine-extended gastrins (Kochmanet al., 1992, Van Solinge

et al., 1993, Nemeth et al., 1993, Ciccotosto et al., 1995).
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Figure 1.7: Schematic representation of gastrin processing, indicating
relationships between the gastrin gene, its mRNA, post translation

processing of progastrin to glycine-extended gastrins (G34-Gly and
G17-Gly), and finally amidated gastrins (G34 andG17). Adapted from
Dockray et al 1996 and Dockray 1999.
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1.4.2. Gastrin receptors

1.4.2.1 Cholecytokinin (CCK) receptors

The gastrin and cholecystokinin (CCK) proteins have remarkable amino acid

sequence similarities and post-translational modifications while they encoded

by separate genes. CCK and gastrin also bind to 7 trans-membrane domain

guanine nucleotide-binding protein (G protein)-coupled CCK receptors and

exert similar biological effects. CCK and gastrin can bind to two CCK

receptors: CCK, (CCK1) and gastrin-CCK-2 (CCKg), the gastrin-CCK-2

receptor hassimilaraffinities for both polypeptides. By contrast, CCK, have a

500—1000-fold greateraffinity for CCK than for gastrin (Shulkes and Baldwin,

1997). Huanget al. (1989) reported that sulphation of CCK greatly increases

its affinity for CCK1 receptor binding. The gastrin-CCK-2 receptor is

expressed by parietal cells and enterochromaffin-like (ECL) of the stomach,

acinarcells of the pancreas, smooth muscle cells and in the central nervous

system (CNS). Circulating concentrations of gastrin are 5-10 fold higher

compared to those of CCK, suggesting that gastrin is the preferred ligand for

the gastrin-CCK-2 receptor in the periphery. In the CNS, CCK-8 is the more

abundant protein and therefore the likely ligand in the brain (Dufrenseetal.,

2006). Progastrin and Gly-gastrin are also able to bind to the gastrin-CCK-2

receptor, albeit with much loweraffinity than amidated gastrin. Mice deficient

in gastrin-CCK-2 receptors have decrease numbers of ECLand parietal cells

and demonstrate atrophy of the gastric mucosa (Nagata et al., 1996,

Langhansetal., 1997).
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1.4.2.2 Damage-induced CCK-2 receptor expression

Underhyper-proliferative conditions (for example during a responseto injury

or inflammation), gastrin-CCK-2 receptor expression may be upregulated in

the gastrointestinal tract. Indeed, it has been found that patients with Barrett’s

oesophagus show two-fold increase in gastrin-CCK-2 receptor expression in

diseased epithelial tissue relative to control patients (Haigh et al., 2003). A

rapid increase in gastrin-CCK-2 receptor mRNA expression has also been

reported in cryo-induced ulcers of rat stomach. During wound healing,

gastrin-CCK-2 receptor expression has been shownto be localised to the

regenerative mucosal ulcer margin, suggesting that the gastrin-CCK-2

receptor plays a role in increased proliferation in response to injury. This

phenomenon maybereversed by the addition of the gastrin-CCK-2 receptor

antagonist YF-476 (Schmassmann and Reubi, 2000).

Expression of both gastrin and the gastrin-CCK-2 receptor was shownto be

induced by oncogenic ras via a MEK-dependent mechanism in the colon

cancercell lines LoVo and Colo320HRS (which normally do not express the

receptor (Hori et al., 2003)). INS-GAS mice display increased small intestinal

and colonic crypt survival following 14Gy y-irradiation or administration of

400mg/kg 5-FU. Similarly, to gastric ulcer healing, this may also be reversed

by administration of YF-476. Increased gastrin-CCK-2 receptor expression

was observed following _y-irradiation in these tissues by

immunohistochemistry and Western blotting (Ottewell et al., 2006). Increased

crypt regeneration in the colon of INS-GAS mice has been also demonstrated

following administration of the colitis-inducing agent DSS (Ottewell et al.,

2006).
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1.4.3 Actions of gastrin in the stomach

1.4.3.1 Regulation of gastric acid secretion

Gastric acid secretion occurs following binding of gastrin to the gastrin-CCK-

2 receptor on the surface of ECL cells, with subsequent elevation of

intracellular calcium, and release of histamine, which interacts with H2

histamine receptors expressed by parietal cells. Activation of the gastrin-

CCK-2 receptor on ECLcells results in the expression of genes required for

histamine production and storage, such as histidine decarboxylase (HDC,

which converts L-histidine to histamine). Other stimulators of histamine

release from ECLcells include B-adrenergic agonists, Ach, and substances

that increase the release of gastric acid. Somatostatin inhibits gastrin

secretion and therefore prevents gastrin-mediated histamine release (see

section 1.1.2.4.1).

Analysis of gastrin knockout (GAS-KO) mice has shown that gastrin is

essential for acid secretion. Reductions in parietal cell numbers with a lack of

H*K* adenosinetriphosphatase (H*K°*ATPase) have been observed in GAS-

KO mice. ECL cells in these mice produce reduced levels of HDC, and

subsequently show reduced histamine secretion. These effects were

reversed by administration of gastrin over a 6-day period (Friis-Hansenetal.,

1998). H3 receptors are expressed by ECLcells and bind histamine to

negatively regulate its own production. Chromogranin A (CGA)is localised to

ECL cells and, along with vesicular monoaminetransporter type 2 (VMAT2)

mRNA, is upregulated along with HDC upregulation. The gastrin-CCK-2

receptor also been shown to be expressed on parietal cells. Direct gastrin
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binding does not appear to be required for acid secretion; however binding

appears to be necessary for parietal cell maturation. Transforming growth

factor a (TGFa) release from parietal cells following gastrin binding to its

cognate receptor leads to autocrine inhibitory effects, however prolonged

exposure to gastrin may paradoxically lead to further acid secretion

(Takeuchiet al., 1997).

1.4.3.2 Control of epithelial cell proliferation

It has been reported that gastrointestinal mucosal growth is accelerated by

prolonged synthetic gastrin administration (Johnson, 1988). Patients with

autoimmuneatrophic gastritis due to hypergastrinaemia have been reported

to have expansion of the gastric mucosa (Peracchi et al., 2005). It has also

been reported that gastrin acts upon ECLcells via gastrin-CCK-2 receptors

to cause the release of factors such as heparin-binding epidermal growth

factor (HB-EGF), TGFa, amphiregulin and Reg (regenerating)-1 protein to

promote the growth of immature cells (Tsutsui et al., 1997, Fukui et al., 1998,

Kinoshita and Ishihara, 2000, Ashcroft et al., 2004).

Gastrin has also been shownto stimulate the proliferation of some tumour

cells, linking hypergastrinaemia to an increased risk of gastric cancer (Smith

and Watson, 2000a, Smith and Watson, 2000b). Gastric carcinoid tumours

arise from hyperproliferation of ECL cells, and in some casesare associated

with autoimmune atrophic gastritis or Zollinger-Ellison syndrome on a

background of MEN-1 syndrome, conditions that result in hypergastrinaemia

(Burkitt and Pritchard, 2006). In INS-GAS mice, hypergastrinaemia leads to
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increased gastric proliferation, gastric atrophy and neoplasia, conditions that

increase in severity with age (Wanget al., 1996, Wang and Brand, 1992). No

impaired proliferative responses in the gastric mucosa were observed in

GAS-KO mice, which do not express any forms of gastrin, indicating that

gastrin is not essential for controlling proliferation of the stomach (Friis-

Hansenet al., 1998).

1.4.3.3 Role of gastrin in regulating apoptosis

1.4.3.3.1 Amidated gastrin

Depending on the cell type and associated receptor-activated signalling

pathways, gastrin/gastrin-CCK-2 receptor binding has been shownto both

inhibit and stimulate apoptosis. Protein kinase B/Akt activates IP3 to exert

anti-apoptotic effects in both the rat pancreatic cell line AR42J, as well as

Chinese hamster ovary cells transfected with the gastrin CCK-2 receptor

(CHO-K1/CCK-2 ) following treatment with 10nM G17 under serum-free

conditions (Todisco et al., 2001). On the contrary, G17 treatment of the

colorectal carcinoma cell line Colo320 (which overexpresses the gastrin-

CCK-2 receptor) caused an increase in apoptosis. This pro-apoptotic effect

was also shownto be induced through increased expression of the stress

response gene /EX-1, and reduced expression of NFxB and its associated

anti-apoptotic target genes c/AP1 and clIAP2 (Sebens Muerkoster et al.,

2008). Overexpression of gastrin in INS-GAS mice has been reported to

increase susceptibility to carcinogenesis as well as increase gastric epithelial
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cell apoptosis (Cui et al., 2006). This increased risk of carcinogenesis in

these animals may result from altered sensitivity to apoptosis by gastric

epithelial cells. INS-GAS mousegastric corpuscells, as well as those of mice

rendered hypergastrinaemic by administration of omeprazole were found to

be more susceptible to apoptosis-inducing y-radiation. Apoptosis in the

gastric corpus mucosa wasalso found to be increased in H. pylori infected

hypergastrinaemic human patients (Przemeck et al., 2007). The pro- and

anti-apoptotic properties of gastrin may therefore be dependent on several

factors, including the target tissue and underlying conditions.

1.4.3.3.2 Non-amidated gastrins

No significant differences in either spontaneous or y-radiation-induced

apoptosis have been observed in the colon, small intestine or stomach of

hGAS mice compared with FVB/N mice (Ottewell et al., 2003, Przemeck et

al., 2008). These observations indicate that progastrin does not play a role in

regulating apoptosis in the gastrointestinal tract in vivo. Likewise in the

stomach of MTI/G-Gly mice, no significant differences have been observedin

spontaneous or induced apoptosis, suggesting that like progastrin, glycine-

extended gastrin is not an apoptosis-regulating factor in the stomach

(Przemecketal., 2008).

Manygastrin-expressing colon cancercell lines undergo apoptosis when the

gastrin gene is silenced using siRNA, suggesting that gastrin may exert

gastrin-CCK-2 receptor-independentanti-apoptotic effects in gastrointestinal

cancers (Grabowskaet al., 2007). Similarly, progastrin has also been found
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to exert anti-apoptotic effects on the rat intestinal cell line IEC6, through

upregulation of cytochrome C oxidase Vb and synthesis of ATP (Wuetal.,

2003).

1.4.3.4 Regulation of epithelial cell migration and invasion

Recent studies have suggested that gastrin, along with increasing cell

proliferation, can modify other cellular functions relevant to cancer. For

example gastrin appears to regulate cell migration (Noble et al., 2003) and

invasion (Wroblewski et al., 2002). It has been reported that gastrin

upregulates MMP-9 expression and this modulate gastric epithelial cell

invasion (Wroblewski et al., 2002).

1.4.3.5 Gastrin and Helicobacter infection

Gastrin and gastric acid secretion is increased, in non-atrophic gastritis of the

antrum resulting from H. pylori infection. This increased gastrin secretion has

trophic effects on the stomach and leadsto parietal and ECLcell hyperplasia.

This in turn leads to further acid secretion and mayresult in the formation of

duodenalulcers (McColl et al., 2000). Long-term treatment with PPIs with the

aim of reducing acid secretion may further lead to hypergastrinaemia, as

corpus mucosal H. pylori infection leads to gastric mucosal atrophy and

hypergastrinaemia; factors which have been suggested to act synergistically

in the developmentof gastric cancer (Wanget al., 2000, Fox et al., 2003b).

Gastric cancer progression is accelerated in INS-GAS mice following H.felis

infection when compared with non-infected counterparts (Wang et al., 2000).
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Human patients infected with H. pylori in the body of the stomach develop

hypochlorhydria, which is believed to be a factorfor increased risk of gastric

cancer development. The majority of patients go on to develop both antral

and bodygastritis, which results in no net change in gastric acid secretion.

Dysregulation of acid secretion may therefore be responsible for altered

clinical outcomesfollowing H. pylori infection (McColl et al., 1997).

1.4.3.6 Role of gastrin in tumour formation

Hypergastrinaemia can cause ECL cell hyperplasia in the stomach, which

can further progress to ECL cell carcinoid tumours (Burkitt and Pritchard,

2006). As a result of treatment with the proton pump inhibitor omeprazole,

ECL cell hyperplasia has been observed in rats after 9 days of

hypergastrinaemia (Tielemanset al., 1989). Similar effects were observed in

humansfollowing treatment with omeprazole for 5 or more years (Lamberts

et al., 1993). The role of gastrin in ECL cell carcinoid tumour formation was

investigated using rats treated with proton pump inhibitors to induce

hypergastrinaemia. Rats from which the pyloric antrum was removeddid not

develop ECLcell hyperplasia (Sundler et al., 1986b, Sundler et al., 1986a),

suggesting that antral gastrin production is required for ECLcell proliferation.

Long-term Hz receptor antagonist administration resulted in ECL cell

carcinoid tumours after 12-18 months (Bordi et al., 1995). Twenty month old

INS-GAS mice display intestinal metaplasia, dysplasia and invasive glandular

foci consistent with gastric carcinoma (Wanget al., 2000), whereas gastrin-

CCK-2 receptor knockout mice given PPIs do not. This indicates that gastrin-
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induced tumour formation is mediated via gastrin-CCK-2 receptor binding

(Nagata et al., 1996).

1.4.3.7 Regulation of gastrin secretion by somatostatin

In response to food intake and a number of mechanisms regulate this

secretion, gastrin is secreted by G cells of the gastric antrum. Gastric D cells

release somatostatin, which acts on G cells to prevent gastrin release

(Larsson et al., 1979). Somatostatin production is controlled by a variety of

hormones such assecretin, cholecystokinin (CCK), gastric inhibitory peptide

(GIP), prostaglandin E2 and glucagon (Chiba etal., 1980, Holst et al., 1983).

CCK is released by the duodenum andbinds to CCK,areceptors on D cells to

stimulate the release of somatostatin (Burckhardt et al., 1994). Vagal fibers

release acetylocholine (Ach), which acts on D cells to prevent somatostatin

release, thus permitting an increase in gastrin release. Gastrin releasing

peptide (GRP) directly stimulates gastrin release via GRP receptors on G

cells and is secreted from postganglionic vagal nerve fibers (Scheppetal.,

1990).

1.4.3.8 Function of non-amidated gastrins

The roles of non-amidated gastrins in proliferation, apoptosis and

susceptibility to carcinogenesis have been investigated within the stomach.

hGAS mice have high circulating concentrations of progastrin, but no

alteration in gastric phenotype (Wang et al., 1996). Similarly, no apparent

trophic effects in the stomach of MTI/G-Gly mice which overexpress
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progastrin truncated at glycine-72 (Gly-gastrin) (Koh and Chen, 2000, Kohet

al., 1999). Gly-gastrin is not an acid secretagogue but can regulate the

parietal cell response to secretagogues. When MTI/G-Gly mice were crossed

with INS-GAS mice, G-gly was found to be synergistic with amidated gastrin

to stimulate acid secretion and inhibit loss of parietal cells (Chen et al., 2000).

G-gly overexpression in these mice also increased the susceptibility to peptic

ulcer disease, and delayed the developmentof gastric preneoplasia through

H. pylori infection (Cui et al., 2004).

1.5 Genetic regulation of apoptosis in Gl tract

1.5.1 Apoptosis in general

Apoptosis,first described by Kerr et al. in 1972, is a type of programmedcell

death in multicellular organisms; where it is an important homeostatic

regulator in several tissues. Apoptosis contributes to the sculpting of many

organs and tissues in humans(Meier et al., 2000). Defects in, or resistance

to apoptosis mechanisms may contribute towards carcinogenesis,

autoimmune diseases, and the spreading of viral infections. In contrast,

excessive apoptosis may lead to neurodegenerative disorders, acquired

immunodeficiency syndrome (AIDS), and ischaemic diseases (Fadeeletal.,

1999).

Apoptosis displays characteristic features, including chromosomal

compaction, condensation of the cytoplasm, and mild convolution of both the

nucleus and the cytoplasm. These changes are subsequently followed by
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nuclear fragmentation, loss of membrane asymmetry and attachment, cell

shrinkage, chromatin condensation, and chromosomal DNA fragmentation.

Finally, membrane-bound apoptotic bodies form and are phagocytosed by

immunecells (Kerr et al., 1972).

Apoptosis is regulated by a relatively small numberof highly specific genes.

Studies of the roundworm, C. elegansled to the identification of the ced-9

gene, which protects cells from undergoing apoptosis. Two further genes,

designated ced-3 and ced-4 were found to induce apoptosis (Yuan etal.,

1993). Subsequent studies in mammals demonstrated that ced-9 was

homologous to the Bc/l-2 family of anti-apoptotic protein-encoding genes,

whereas ced-3 corresponded to genes encoding cysteine proteases and the

caspases; and ced-4 corresponded to the mammalian apoptotic protease

activating factor 1, Apaf-1 (which plays an importantrole in the mediation and

regulation of apoptotic signalling pathways) (Cecconi, 1999).

The mechanisms of apoptosis are highly complex and sophisticated, and

involve an energy-dependent cascade of signalling events. There are two

main apoptotic pathways: the extrinsic (or death receptor) pathway and the

intrinsic (or mitochondrial) pathway. These two pathways are not exclusive

and are linked wherebya protein in one pathwaycan influence the sequence

of events in the other (Elmore, 2007). Both pathways result in the initiation of

apoptosis by caspase activation.
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1.5.2 Extrinsic pathway

Also known as the death receptor pathway, the extrinsic pathway involves

transmembrane receptor-mediated interactions, beginning outside of the cell

via the activation of specific pro-apoptotic receptors on the cell surface by

specific molecules known as pro-apoptotic ligands. The best characterised

ligands and their corresponding death receptors include FasL/FasR, TNF-

a/TNFR1, Apo3L/DR3, Apo2L/DR4, and Apo2L/DR5 (Ashkenazi and Dixit,

1998, Chicheportiche et al., 1997, Peter and Krammer, 1998, Rubio-

Moscardoetal., 2005, Suliman et al., 2001). The extrinsic pathway results in

apoptosis without involvement of the p53 protein (Ravi et al., 2004, Rieger et

al., 1998). Once pro-apoptotic ligands bind to their corresponding pro-

apoptotic receptor, the intracellular domains of these receptors (known as the

‘death domains’), bind to the adaptor protein Fas-associated death domain

(FADD), leading to the assembly of the death-inducing signalling complex

(DISC), and recruitment and assembly ofinitiator caspases 8 and 10 (Figure

1.8) (Boldin et al., 1995, Chinnaiyanet al., 1995, Kischkel et al., 1995, Wang

et al., 2001). Caspases 8 and 10 undergo self processing upon stimulation,

releasing active enzyme molecules into the cytosol, where they activate

caspases 3, 6, and 7; which overlap with the intrinsic pathway (Ashkenazi,

2002, Ghobrial et al., 2005, Lavrik et al., 2005).
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Figure 1.8: The extrinsic apoptotic pathway. Adapted from
http://www.researchapoptosis.com.

1.5.3 Intrinsic pathway

The intrinsic pathway is initiated from the inside of the cell, and usually

occurs in responseto cellular signals resulting from a defective cell cycle,

DNA damage, detachmentfrom the extracellular matrix, hypoxia, loss of cell

survival factors, or other forms of severe cell stress (Figure 1.9). Pro-

apoptotic proteins released from mitochondria activate the caspase enzymes,

which in turn initiate apoptosis (Coultas and Strasser, 2003, Fulda and

Debatin, 2006, Letai, 2005, Thornberry and Lazebnik, 1998).
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Figure 1.9: The’ intrinsic apoptotic pathway. Adapted from
http://www.researchapoptosis.com.

Theintrinsic pathway is activated whencell stress triggers specific members

of the pro-apoptotic BCL2 protein family involved in the promotion of

apoptosis, such as the BH3-only proteins PUMA and NOXA.Thesein turn

activate the multi-domain pro-apoptotic proteins Bax or Bak, which

translocate to the mitochondrial membrane and antagonise the function of

the anti-apoptotic BCL2 proteins. Thus permeabilisation of mitochondrial

membrane occurs, allowing cytochrome c and the pro-apoptotic protein
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SMAC/DIABLO to leak from the inter-membrane space into the cytosol

(Henry-Mowatt et al., 2004).

Cytochrome c binds the adaptor apoptotic protease activating factor-1

(APAF1), forming a large multi-protein complex known as the apoptosome.

The apoptosome then recruits and activates caspase 9, which in turn

activates the downstream effector caspases such as caspase 3, 6, and 7;

leading to apoptosis as perthe extrinsic pathway (Henry-Mowattet al., 2004).

1.5.4 Bcl-2 family

The Bcl-2 oncogene wasfirst discovered as a result of its involvement in

chromosomaltranslocation t(14:18) in humanfollicular lymphoma (Tsujimoto

et al., 1985), and wasthefirst example of an oncogenethat acts by inhibiting

cell death as opposed to promoting proliferation. Its main function is to

regulate the intrinsic pathway pathway by activating or preventing

mitochondrial outer membrane permeabilisation (MOMP).

Bcl-2 family members are characterised by the presence of one or more

conserved sequence motifs know as Bcl-2 homology (BH) domains (Figure

1.10). The Bcl-2 family members may bedivided into two distinct sub-groups:

the anti-apoptotic members(including Bcl-2 itself, Bcl-X,_, Bcl-w, A1, and Mcl-

1; all of which possess the domains BH1, BH2, BH3, and BH4), and pro-

apoptotic members. The pro-apoptotic members can be further sub-divided

into two sub-families: the Bax-subfamily (Bax, Bak, and Bok; all possessing

the domains BH1, BH2, and BH3), and the BH3-only proteins (Bid, Bim, Bik,

Bad, Bmf, Hrk, Noxa, Puma, Blk, and Spike; which contain only the short
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BH3 motif, and interaction domain sufficient for their killing action) (Table 1.4)

(Cory and Adams, 2002, Mundetal., 2003).
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Figure 1.10: Classification of the Bcl-2 family of proteins by domain
organisation. Bcl-2 homology (BH) domains and transmembrane (TM)
domainsare labelled. Some proteins, such as A-1, Bax and Bak exhibit weak
homology to Bcl-2 in the BH4 region. (Modified from Kelekar and Thompson,
1998).
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Table 1.5: Pro- and anti-apoptotic members of the BCL2 super-family of
proteins. Adapted from http://www.researchapoptosis.com.

1.5.4.1. Anti-apoptotic Bcl-2 family members

Aberrant Bcl-2 expression in some cell types is able to confer resistance to

apoptosis, and high expression has been observed in human colorectal

adenocarcinomas(Hagueetal., 1994). The anti-apoptotic protein Bcl-x, has

also been shown to be expressed in colon cancers, as well as gastric

carcinomas. It was shown that some mutations of Bcl-X;_ preventits ability to

bind its inhibitor (Bad), leading to prevention of apoptosis (Kelekar etal.,

1997). Bcl-Xj—null mice die during embryogenesis due to extensive

apoptosis within many tissues (Motoyamaetal., 1995).

It has been shownthat Bcl-2 is an important anti-apoptotic mediator of both

spontaneous and induced apoptosis in the colon (Merritt et al., 1995,

Pritchard et al., 1999), and of irradiation-induced apoptosis in the stomach

(Przemecket al., 2007). Bcl-w has also been shown to be an anti-apoptotic
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regulator in both the small and large intestine following irradiation injury

(Pritchard et al., 2000).

1.5.4.1.1 Myeloid cell leukemia-1 (Mcl-1)

Mcl-1 (myeloid cell leukemia-1) is an anti-apoptotic member of the Bcl-2

family, located on chromosome 1q21 (Kozopas et al., 1993) and wasfirst

identified in 1993. The Mcl-1 protein differs from other anti-apoptotic Bcl-2

family members in that it has a large size of 350 amino acid residues

(compared with Bcl-2 at 239 residues and BclI-XL at 233 residues) (Thomas

et al., 2010). Mcl-1 contains 3 putative BH domains (that were experimentally

shown to protect against apoptosis) and a large N-terminal region which

contains potential regulatory motifs that have been predicted to regulateits

function (Figure 1.11) (Thomasetal., 2010).
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Figure 1.11: A schematic representation of the Mcl-1 protein, to scale,
with the relative positions of the functional regions and sites of post-
translational modification highlighted. These include the transmembrane
domain (TM), the Bcl-2 homology domains (numbered 1—4), two weak (lower
case) and two strong (upper case) PEST sequences. A schematic of a
representative selection of Bcl-2 and Bcl-X, anti-apoptotic protein of the Bcl-2
family are shownbelow,to scale, to compare the relative sizes and molecular
organization of the proteins. Adapted from (Thomaset al., 2010).
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Mcl-1 is postulated to inhibit apoptosis by binding to and sequestrating the

pro-apoptotic proteins Bcl-2 homologous antagonist killer (Bak) and Bcl-2

associated protein X (Bax), which form pores in mitochondrial membrane and

hence allow cytochrome c leakage into the cytoplasm (Thomaset al., 2010,

Michels et al., 2005). Cytochrome c in turn induces the activation of the

caspases whichare responsible for much of the degradation observed during

apoptosis (see Sections 1.5.2 and 1.5.3).

Mcl-1 is expressed in a variety of cell types in adult tissues and during

embryonic development (Michels et al., 2005). Mcl-1 expression has been

observedin the epithelial cells of a variety of tissues; including the breast,

prostate, endometrium, epidermis, stomach, intestine, colon, and respiratory

tract (Krajewski et al., 1995). Mcl-1 deficiency results in pre-implantation

lethality of mouse embryos, indicating a crucial role in pre-implantation

development and implantation (Rinkenbergeret al., 2000). It has been shown

that Mcl-1 is required for the development and maintenance of B and T

lymphocytes (Opferman et al., 2003) and neuronal development (Arbouret

al., 2008). It has also been shownto play a crucial role in the survival of

hematopoietic stem cells (Opfermanetal., 2005).

There are two known truncated forms of Mcl-1. The first form is Mcl-1s,

produced when the mRNAof Mcl-1 is spliced to remove exon 2, and which

lacks BH domains 1 and 2, as well as the transmembrane domain. The

second form is Mcl-1—es which lacks a portion of exon 1 (53 amino acids from

the PESTregion), but retains all three BH domains and the C-terminal trans-

membrane domain (Kim et al., 2009). These truncated forms induce
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apoptosis by binding to and inhibiting full length Mcl-1 and thus preventingit

from interacting and sequestering pro-apoptotic Bcl-2 family members (Bae

et al., 2000). It has been shown that Mcl-1s is upregulated in macrophages

during inflammation, and this is thought to be an important mechanism for the

resolution of inflammation (Marriott et al., 2005).

Mcl-1 overexpression has been reported in many haematological cancers

and solid tumours, including chronic myeloid leukaemia and hepatocellular

carcinoma (Aichbergeret al., 2005, Le Gouill et al., 2004, Breitenbuecheret

al., 2009, Fleischer et al., 2006, Henson et al., 2006, Song et al., 2005). As

Mcl-1 is a short-lived protein with a high turnover rate, it is thought to be

involved in the immediate response of cells to environmental stresses such

as inflammation. Helicobacter infection, as a well-known factor for the

development of gastric cancer can cause a strong inflammatory response

characterised by increased levels of pro-inflammatory cytokines such as IL-6

(which wasfound to be elevatedin tissue samples of human gastric cancers

at several stages of the disease as well as being upregulated in a gastric

cancercell line (Ito et al., 1997)). Mcl-1 expression has been also described

in up to 75% of human gastric cancer biopsies (Krajewskaet al., 1996, Maeta

et al., 2004) and in patients infected with H. pylori (Chang et al., 2004).

Importantly, Mcl-1 expression was foundto be a predictive factor for tumour

progression and postoperative recurrencein patients with gastric carcinoma

(Maeta et al., 2004).
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1.5.4.2 Pro-apoptotic Bcl-2 family members Bak and Bax

The Bcl-2 homologous antagonistkiller (Bak) gene encodes a 211 amino

acid protein with a relative molecular weight of 23,400 Da. It has been

reported that Bak is expressed in the normal gastrointestinal epithelium

(Kiefer et al., 1995), with strong immunoreactivity in gastric pits and parietal

cells. No expression was observed in the mucouscells located below gastric

pits in the gastric neck region (Krajewski et al., 1996). It has been reported

that gastric tumours express reduced levels of Bak compared with the normal

gastric mucosa (Krajewska etal., 1996). Bak gene mutations have also been

reported in human gastrointestinal cancers, indicating that a disturbance in

Bak-mediated apoptosis may contribute to the pathogenesis of gastric cancer

(Kondo et al., 2000, Sakamoto etal., 2004).

Pro-apoptotic Bcl-2 family members such as Bax and Bak mayact as tumour

suppressors by forming pores in the outer mitochondrial membrane and

allowing the release of cytochrome C (Leberetal., 2007).

Bax-null mice are infertile due to defects in spermatogenesis, whereas Bak-

null mice are fertile and have a normal life expectancy. However, double

knockout mice exhibit severe phenotypic abnormalities including neurological

disorders, increased numbers of myeloid and lymphoid cells, failure of

vaginal development in females, webbed feet and a less than 10% chance

surviving into adulthood (Knudson et al., 1995, Lindsten et al., 2000). After

inducing apoptosis by administration of 5-flurouracil or irradiation, Bax-null

mice demonstrate only a small reduction of apoptosis in the small intestine

and colon (Pritchard et al., 1999) whereasit has been shownthat Bax has a
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greater role in regulating irradiation-induced apoptosis in the stomach

(Przemeck et al., 2007). It has also been demonstrated that Bak is an

important regulator of spontaneous and induced apoptosis in colonic, but not

small intestinal epithelial cells (Duckworth and Pritchard, 2009). Bak has also

been shown to regulate irradiation-induced apoptosis in the stomach

(Przemecket al., 2007).

1.5.5 Apoptosis in the gastrointestinal tract

The mucosaof the gastrointestinal tract is characterised by a rapid epithelial

cell turnover in which homeostasis is maintained partly by apoptosis (Hallet

al., 1994).

1.5.5.1. Intestine

1.5.5.1.1 Epithelial cell shedding

Epithelial cells of the mammalian intestine arise from stem cells located

towards the base of the crypts, and migrate up the crypt axis to the villus (in

the small intestine) or crypt table (in the colon) where they are shed.

However,little is Known about the mechanism(s) mediating this shedding

process. There are two types of cell shedding where apoptosis may be

implicated: whole cells may be shed into the lumen and then subsequently

undergo apoptosis, or cells may undergo apoptosis prior to entering the

lumen (Mayhewet al., 1999). The shedding processes may lead to formation
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of a gap in the epithelial monolayer, which appears to befilled by an

impermeable substance that prevents loss of epithelial barrier integrity

(Watson et al., 2005). Any abnormalities in these mechanisms may be

associated with diseases such Crohn’s disease (Bullen et al., 2006).

1.5.5.1.2 Spontaneous apoptosis in the intestine

In the unstimulated condition, there is a low rate of spontaneous apoptosisin

the small intestine. Spontaneous apoptosis is most commonly observedin

the putative stem cell zone located immediately above the basal Paneth

cells. By contrast, apoptosis is very rarely observed in the colon; perhaps due

to the higher expression of anti-apoptotic Bcl-2 in this tissue. Incidentally, Bcl-

2-null mice show increased amounts of apoptosis in the colon compared to

normal mice (Merritt et al., 1995). In both the small intestine and colon,

spontaneous apoptosis has been shownto be p53-independent, as p53-null

mice show no difference in apoptosis compared with wild-type mice (Merritt

et al., 1994).

1.5.5.1.3 Induced apoptosisin the intestine

It is possible to induce apoptosis in the small intestine and colon by

administrating a variety of cytotoxic insults such y-irradiation, azoxymethane,

and 5-FU.

y-irradiation induces p53-dependent apoptosis in the putative stem cell zones

of the small intestine and colon. This y-irradiation-induced apoptosis is dose
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dependent with a peak level at a dose of 1Gy in the small intestine, and of

8Gyin the colon (Potten and Grant, 1998).

In Bcl-2-null mice, maximal y-irradiation-induced apoptosis is achieved at a

significantly lower dose in the colon. However Bcl-2 deficiency has no

apparent effect on apoptosis in the small intestine. In the colon, apoptosis is

localised to the putative stem cell zone (consistent with the Bcl-2 expression

pattern in wild-type mice (Merritt et al., 1995)). Bcl-w-null mice show

increased y-irradiation-induced colonic and small intestinal apoptosis

compared with wild-type mice (Pritchard et al., 2000). Studies of Bax-null

mice revelaed that Bax is not an important regulator of apoptosis in either the

colon or the small intestine (Pritchard et al., 1999).

1.5.5.2 Stomach

Apoptosis is important for regulating the turnover of gastric epithelial cells. As

with the small intestine and colon, apoptosis may be spontaneous or

damage-induced. Spontaneous apoptosis is the major physiological way for

shedding gastric epithelial cells. It is hypothesised that DNA damage-induced

apoptosis serves to eliminate mutated cells before they can proliferate to

become neoplastic cells (Shirin and Moss, 1998).

1.5.5.2.1 H. pylori-induced apoptosis

Infection of the gastric mucosa by H. pylori may alter the normal balance

between gastric epithelial proliferation and death from apoptosis, thus
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disturbing the normalcell cycle and leading to gastritis (that may progress to

gastric atrophy, metaplasia, dysplasia and gastric cancer (Nardoneet al.,

1999)).

A numberof studies have shown a higher number of apoptotic cells in H.

pylori-infected gastric mucosa than in normal mucosa (Joneset al., 1997,

Mannick et al., 1996, Moss et al., 1996), which returns to normal levels

following eradication of the infection. In H. pylori-induced apoptosis, presence

of the Cag pathogenicity island is an important factor for induction (Peek et

al., 2000). An increase in the apoptotic rate is accompanied by a secondary

hyper-proliferative response that increases the rate of cell cycling,

predisposing the gastric epithelium to genotoxic damage and mutagenesis

(Peek et al., 2000).

The H. felis murine infection model has been used extensively to examine

the effects of Helicobacter infection on the gastric epithelium, and to

investigate potential host factors that modulate chronic gastritis. It has been

shown that in the C57BL/6 mouse model, there is a corpus-predominant

histopathological change following infection with H. felis (Court et al., 2003).

In this strain, H. felis infection was also associated with increased cell

proliferation and apoptosis (Wang et al., 1998), and female animals

developed morecellular proliferation and apoptosis after H. felis infection

than male counterparts (Court et al., 2003). These findings suggest that

female C57BL/6 mice represent a superior Helicobacter in vivo infection

model than male C57BL/6 mice.
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In mousegastric cell mucosa, it has been reported that the Bcl-2, Bak, and

Bad are the major anti-apoptotic and pro-apoptotic proteins in surface cells

and Badis the only Bcl-2 family protein expressedin parietal cells. Chief cells

also have been reported to express Bcl-x; and Bcl-2 anti-apoptotic proteins

but do not express pro-apoptotic proteins. Following Helicobacter pylori

infection, no additional Bcl-2 proteins were expressed whereas those present

either did not change or showed reduced expression dueto cell death over

time. These observations indicate that gastric epithelial cells express cell-

specific anti- and pro-apoptotic Bcl-2 family members (Hagenetal., 2008).

1.5.5.2.2 Radiation-induced apoptosis

Radiation is a DNA-damaging stimulus, following which cells will either

attemptto repair their DNAin orderto survive, or they will undergo apoptosis.

Failure of cells to undergo apoptosis may lead to malignant transformation.

Radiation-induced apoptosis in both the small intestine and colon have been

characterised in detail, and caspase 3 immunohistochemistry has been

considered to be the most reliable technique for assessing apoptosis in

intestinal tissues (Marshmanet al., 2001).

Unlike the intestine, gastric radiation-induced apoptosis has not been studied

in such great detail to date. However it has been demonstrated that y-

radiation induces apoptosis in both the gastric antrum and corpus, and that

(like the small intestine and colon) the cells within the proliferative zone are

the most susceptible to radiation-induced apoptosis. It was also shownthat y-
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radiation-induced apoptosis in the gastric epithelium is regulated by p53, and

the Bcl-2 family members Bak, Bax, and Bcl-2 itself (Przemecket al., 2007).

Maximal apoptosis in the gastric epithelium is observed 48-72 hoursafter

exposure to radiation doses > 12 Gy, suggesting that the gastric epithelium is

more resistant to radiation-induced damage than the intestinal epithelium

(Przemecket al., 2007). The strain of mouse used in studies also determines

the rate of apoptosis: C57BL/6 mice are more susceptible than Balb/c mice to

both H. pylori- and y-radiation-induced apoptosis (Przemeck et al., 2007,

Wanget al., 1998). These results suggest that similar genetic factors may

therefore regulate gastric epithelial apoptosis in these mousestrains.

1.6 Epidermal growth factor receptor (EGFR)

1.6.1 EGFRfamily structure and function

The epidermal growth factor receptor (EGFR) family of receptor tyrosine

kinases (RTKs) consists of transmembrane cell surface receptors that are

involved in a wide range of cellular processes; including differentiation,

proliferation, cell migration and apoptosis (Yarden and Sliwkowski, 2001).

These receptors were found to be expressed in a wide variety of tissues of

both epithelial and mesenchymal origin (Yano et al., 2003). Studies in

genetically modified mice have shownthat the EGFRsalsoplay a crucial role

in embryonic development (Olayioye et al., 2000, Yano et al., 2003).
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The EGFRfamily consists of four members: Human epidermal growth factor

receptor 1 HER1 (ErbB-1), HER2 (ErbB-2), HER3 (ErbB-3) and HER4 (ErbB-

4). Extracellularly, the EGFR family members consist of a 620 amino acid

ligand binding domain (consisting of four sub-domains, I-IV (Lax et al., 1988)

(Figure 1.12)). Of these, the two large (L) domains and the twocysteine-rich

(CR) domainsare importantfor ligand binding and receptor dimerisation (Lax

et al., 1989, Garrett et al., 2002, Ogiso et al., 2002). The transmembrane

domain spans the plasma membrane and connects the extracellular domain

to the intracellular tyrosine kinase domain through the juxtamembrane. The

tyrosine kinase domain is responsible for the autophosphoryation of tyrosine

residues within the C-terminal regulatory domain of the EGFRitself upon

EGFRstimulation (Burgessetal., 2003)

1

CR1     

 

Extracellular
Transmembrane domain

Intracellular Juxtamembrane domain

Tyrosine kinase domain

Regulatory domain

Figure 1.12: Schematic representation showing the structural
organisation of the EGFR. Shownarethe two large domains (L1 and L2),
two cysteine-rich domains (CR), transmembrane domain, juxtamembrane
domain, tyrosine kinase domain and regulatory domain which contain the
specific tyrosine residues (Y). (Adapted from (Frank, 2002))
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Receptors of the EGFR family are activated by binding of their relevant

ligands to the extracellular domain of the receptors. Table 1.6 summarises

the specific ligands for each EGFR (Normannoetal., 2005).

Knownligands

   

 

 

 

Epidermal growth factor (EGF), transforming growth factor a
(EGFR)

(TGF-a), amphiregulin, betacellulin, heparin-binding EGF,

epiregulin

HER2 None

HERS Neuregulin 1 and 2

HER4 Neuregulin 1-4,  betacellulin, heparin-binding EGF,
epiregulin,

tomogregulin   
 

Table 1.6: Summary of the ErbB family members and their ligands.
Adapted from (Normannoet al., 2005).

Binding of ligands to their cognate HER receptors induces the formation of

homo or hetero-dimers (between the bound receptor and the same, or a

different HER family member). This results in the activation of the intrinsic

kinase domain through phosphorylation of specific tyrosine residues within

the intracellular domain. These phosphorylated residues bind a range of

intracellular proteins, which results in the activation of intracellular signalling

pathways. These include the mitogen-activated protein kinase (MAPK) and

the phosphatidylinositol-3 kinase (PI-3K) pathways, which regulate several
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cellular processes,including proliferation, apoptosis, angiogenesis, adhesion

and motility (Yarden and Sliwkowski, 2001, Holbro et al., 2003). In

transformed cells, these pathways may become dysregulated, leading to

hyperproliferation, migration and metastasis.

1.6.2 EGFRexpressionin the stomach

Numerous studies have shown that EGFRis overexpressed in some human

gastric cancers, and that there is a clear correlation between overexpression

and poorer prognosis (Zheng et al., 2004). The HER2/neu gene, which

encodes a transmembrane glycoprotein closely related to EGFR, is

expressed in over 25%of GI tract malignancies (Ross and McKenna, 2001).

HER3is also overexpressed in some gastric cancers and is associated with

poor prognosis (Zhanget al., 2009).

Menetrier's disease is a premalignant, hyperproliferative disorder that

typically involves the fundus and body of the stomach, and increased EGFR

signalling due to local overexpression of TGF-a is currently believed to be the

cause (Coffey et al., 2007). Transgenic mice that overexpress TGF-a in the

stomach exhibit almost all of the features of Menetrier's disease, including

marked reductions in the numbers of parietal and chief cells, foveolar

hyperplasia, and increased mucin staining (Dempsey et al., 1992).

Overexpression of EGFR in the gastric mucosa has not been reported in

patients with Menetrier's disease, but a mutational analysis of EGFRin these

individuals has not been performed (Coffey et al., 2007).
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H. pylori infection has been shown to lead to an increase in gastric EGFR

expression (Keates et al., 2007), and transactivation occurs via heparin-

binding (HB)-EGF release from epithelial cells (Dickson et al., 2006). /n vivo

andin vitro studies have also shownthat H. pylori-related activation of EGFR

has an anti-apoptotic effect on gastric epithelial cells (Yan et al., 2009).

1.6.3 EGFR expression in non-gastric cancers

EGFR was one ofthe first cell-surface receptors to be linked directly to

human tumourigenesis (Jakobovits et al., 2007), and the growth of several

carcinomas is known to be promoted by EGFR activation. Increased

activation can result from gene amplification (leading to EGFR

overexpression), mutation of the receptor, or from EGFRstimulation through

autocrine loops (Burgess et al., 2003, Hynes and Lane, 2005). EGFR

expression has been found to be aberrant or upregulated in many cancers,

including head and neck, colon, non-small-cell lung cancer, brain (gliomas),

ovary, breast, pancreas, and urinary bladder cancers (Harari, 2004, Perez-

Soler, 2004, Rocha-Limaet al., 2007).

A mutated form of the EGFR, EGFRvIll (which contains a 267 amino acid

deletion in the extracellular domain) has been found in 40% of high-grade

gliomas, and frequently exhibits gene amplification with less frequent

expression in breast, ovarian and non-small-cell lung cancer (Arteaga, 2002,

Hynes and Lane, 2005). EGFRvIll is constitutively phosphorylated and

therefore signals continuously (Huangetal., 1997).

95



HER2 has been found to be overexpressed in various adenocarcinomas,

especially those originating in the breast and ovary (Bookmanet al., 2003,

Eccles, 2001), and HER3 is known to be overexpressed in oral squamous

cancer (whereit is correlated with lymph node involvement and poorsurvival

rates (Shintani et al., 1995)). In contrast, HER4 expression has also been

shown to be reducedin relation to normal tissues in breast and prostate

tumours (Kewet al., 2000).

1.6.4 EGF receptor-based therapeutics

Recently, the EGF receptors have been the targets of a number of novel

promising anticancer drugs that may inhibit receptor function either by

blocking receptor/ligand binding on the extracellular receptor domains (most

often using antibodies), or by using small molecule tyrosine kinase inhibitors

that bind to the intracellular domains of the receptor. In both cases, the aim is

to block growth receptor signalling, thereby slowing or inhibiting tumourcell

proliferation.

1.6.4.1 Extracellular domain-binding antibodies

Various monoclonal antibodies that bind to different epitopes on the EGF

receptors have been developed with differing modes of action, such as

inhibiting dimerisation or ligand binding, or removing the receptor from the

surface (thereby abrogating downstream signalling) and stimulating the

immune system by antibody-dependentcellular cytotoxicity (ADCC).
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Cetuximab and panitumumab are two monoclonal antibodies that to date

have been approved for therapeutic use, and several more are in clinical

trials (Adams and Weiner, 2005, Leader et al., 2008, Rocha-Lima et al.,

2007, Baselga and Arteaga, 2005). Both antibodies prevent ligand binding

and thus interfere with ligand-dependent receptor activation. Clinical activity

has been shown in a variety of solid tumours, including colon, head and

neck, and non-small-cell lung cancer. Cetuximab has been found to result in

good responses when combined with chemotherapy, and to also reverse

resistance to chemotherapy in several studies involving colon cancer patients

(Baselga and Arteaga, 2005). Several other monoclonal antibodies have also

been developed that specifically target the mutant EGFRvIll (Hills et al.,

1995).

Cetuximab is a recombinant humanised mouse monoclonal IgG1 antibody

that is targeted to the extracellular domain of the human EGFR expressed by

both normal and tumour cells. It competitively inhibits the binding of EGF and

otherligands including transforming growth factor-alpha, it has also shownto

mediate ADCC (Arkenau, 2009). In patients with advanced gastric cancer,

cetuximab has beeninvestigated in many PhaseII clinical trials, either alone

or in combination with chemotherapy regimens including irinotecan,

cisplatin/docetaxel, FUFOX/FOLFOX (5-FU, oxaliplatin and folic acid) and

FOLIFIRI (5-FU, irinotecan and folic acid) (Arkenau, 2009). In eachclinical

trial, serious cetuximab-related side effects were observed, including skin

toxicity, infusion reactions and diarrhoea (Hanet al., 2009, Pinto et al., 2007).

Currently, cetuximab in combination with other chemotherapeutic agents is

being assessed in PhaseIll trials (Arkenau, 2009), and in trials aimed at
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treating Menetrier's disease patients (where patients have exhibited marked

clinical and biochemical improvement (Coffey et al., 2007)).

1.6.4.2 Small-molecule tyrosine kinase inhibitors (TKIs)

TKIs compete with ATP binding at the tyrosine kinase domain of the receptor,

thus inhibiting tyrosine kinase activation which subsequently leads to

blockade ofsignalling pathways.

Small molecule TKIs were one of the first classes of agents assessed in

Clinical trials for the treatment of oesophageal and gastric cancers (Dragovich

and Campen, 2009). Clinical trials of EGFR TKls in gastric cancer have

shown lowerefficacy than first-line treatment (Arkenau, 2009). Table 1.7

summarises some of the keyclinical trials using EGFR TKls in oesophageal

and gastric cancers.
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Treatment Numbe Phas Histological Anatomical Outcomes References

regimen r of e diagnosis site

patient

s

Gefitinib 27 II 27/27 Oesophagus mOS= 4.5 months (Ferry et al.,

(500 mg Adenocarcinoma mPFS= 1.9 months 2007)

PO daily) (100%) (3/27)
PR= 7/27 (11%)
SD= (26%)

Gefitinib 36 Il 26/36 Oesophagus mOS= 5.5 months (Janmaatetal.,

Adenocarcinoma mPFS= 2 months 2006)

(500 mg (72%) (1/36)
PO daily) PR= 10/36 (3%)

9/36 SD= (28%)
Squamouscell

(25%)

1/36
Adenosquamous

(3%)
Erlotinib 70 Il 70/70 26/70 Gastric OS of GEJ= 6.7 (Dragovich_ et

Adenocarcinoma (37%) months al., 2006)

(150 mg (100%) OS of Gastric= 3.5

PO daily) 44/70 months

GEJ (63%) In GEJ:
1/43 CR (2%),
3/43 PR (7%),
5/43 SD (12%)

Lapatinib 25 I 25/25 13/25 GEJ No responses (J. R. Hecht et

Adenocarcinoma (52%) seen 2/25 SD al., 2008)

(1000- (100%) (8%)
1500 mg 12/25

POdaily) Oesophagus

(48%)         
 

Table 1.7: Key trials of EGFR tyrosine kinase inhibitors. mOS= median
overall survival, mPFS= median progressive free survival, PR= partial
response, SD= stable disease, CR= complete remission and GEJ=
gastrooesophagealjunction. (Adapted from Dragovich and Campen, 2009).

EKB-569 is a 3-cyanoquinoline and a potent low molecular weight potent

irreversible TKI (Figure 1.13) that acts by binding covalently to specific

cysteine residues at the ATP-binding pocket of EGFR (Bonomi, 2003). It has

been reported that EKB-569 can inhibit the growth of tumourcell lines that

overexpress EGFR and the growth of A431 tumours in xenograft mouse

model (Wissner et al., 2003). EKB-569 in combination with low dose of

Min/+
sulindac has been found to effectively prevent intestinal neoplasia in Apc

mice (Torrance et al., 2000). In Phase | clinical trials, EKB-569 has been
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shown to be generally well tolerated by patients (Tamura and Fukuoka,

2003).

 

  

 

 

Figure 1.13: chemical structure of tyrosine kinase inhibitor EKB-569.

1.7 Animal models of gastric cancer

Due to limitations in using human samples, the pathogenesis of gastric

cancer has been investigated extensively using animal models. These

models provide an insight of the effects of bacterial, environmental and host

factors upon the progression of gastric carcinogenesis.

1.7.1 C57BL/6 mice

C57BL/6 mice (sometimes referred to simply as ‘C57’ or ‘black 6’) are a

commoninbred laboratory strain which are widely used as a backgroundfor
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genetically modified mice in the study of human diseases. Thestrain is used

mostly in laboratory studies due to availability, ease of breeding, and

robustness.

1.7.1.1 C57BL/6 mouse model of Helicobacter-induced gastric

carcinoma

In wild-type mice, H. pylori infection has not been shownto induce gastric

cancer, but wild-type C57BL/6 mice have been shown to develop gastric

cancer 15 monthsfollowing H.felis infection (Fox et al., 2002).

1.7.1.1.1 Bacterial factors

Different strains of H. pylori (e.g. strains G1.1 and SS1) and various isogenic

mutants (e.g. mutant genes within the Cag pathogenicity island and VacA)

have beenutilised in investigations of the importance of bacterial virulence

factors (Pritchard and Przemeck, 2004). Although chronic H. pylori infection

does not induce gastric cancer in C57BL/6 mice, the SS1 strain of H. pylori

has been shown to cause gastric atrophy and chronic active gastritis eight

months post-infection (Lee et al., 1997). Lee and colleagues were also the

first to demonstrate that H. felis infection of C57BL/6 mice caused chronic

active gastritis (Lee et al., 1990) leading to gastric adenocarcinoma (Fox et

al., 2002) 15 monthsfollowing infection. Following six months of SS1 or H.

felis infection, 4- and 1.7-fold increases in gastric mutation were observed,

respectively in male Big Blue transgenic mice (which carry a lambda/lac/

transgene to allow the detection of spontaneous and induced mutations in
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different tissues) (Touati et al., 2003). Similar increases in gastric tissue

mutation were also observed in female Big Blue transgenic mice seven

months following H. felis infection, with a three-fold increase in mutation

frequency in mice deficient in one allele of p53 (Jenkset al., 2003). Following

long-term infection with certain strains of H. pylori, development of lymphoma

has been observed in C57BL/6 mice (Wanget al., 2003).

1.7.1.1.2 Host factors

Genderis important in gastric cancer, with males having a higher incidence

of intestinal-type gastric cancer than females (in humans). No such

differences however have been observed in C57BL/6 mice 13-15 months

following H.felis infection (Fox et al., 2002). Moreover, previous studies have

demonstrated an early onset of gastric inflammation, epithelial hyperplasia

and gastric atrophy in female mice compared with male mice post-H.felis

infection (Court et al., 2003). These observations may be due to sex-related

differences in immune responses and cytokine production following H.felis

infection, with sex hormonespossibly playing a role in this mouse model.

C57BL/6 mice are more sensitive than the Balb/c strain to H. felis-induced

gastric atrophy, which is due to differential mucosal immune responses

between the strains (C57BL/6 mice produce a Th1 response compared with

the predominantly Th2 response producedin Balb/c mice). It has also been

shownthat H.felis-induced apoptosis is increased in C57BL/6 compared with

Balb/c mice (Wang et al., 1998). These findings demonstrate that the
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C57BL/6 mouse strain responds to Helicobacter infection differently from

otherstrains.

1.7.1.1.3 Environmentalfactors

SS1 H. pylori-infected C57BL/6 mice fed a high salt diet are more prone to

developing gastric atrophy and foveolar hyperplasia than those fed a normal

diet and infected with samestrain (Fox et al., 1999).

Parasitic infection may dilute the effect of Helicobacter infection, which may

go some wayto explaining the paradox of the observed lower incidence of

gastric cancer in Africa, despite the higher incidence of Helicobacter

infection. C57BL/6 mice infected with both the Heligmosomoides polygyrus

parasite and H.felis showedless gastric atrophy and pre-neoplastic lesions

than those infected with H. felis alone. This response was associated with a

shift from the usual Th1 mucosal responseto a polarised Th2 response (Fox

et al., 2000).

1.7.2 Mongolian gerbils

Long-term infection with certain strains of H. py/ori without administration of

carcinogens has been shownto induce gastric cancer in Mongolian gerbils

(Hirayama et al., 1996, Honda et al., 1998, Watanabe et al., 1998). Similar

pathological premalignant lesions (but not gastric adenocarcinoma) have

been observed in Mongolian gerbils following H. pylori SS1 infection (Bergin

et al., 2003). Other studies however, have foundit difficult to induce gastric
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cancer reproducibly using H. pylori infection alone in these animals. This in

combination with the difficulty of performing transgenic manipulation, has

limited the widespread use of this model (Pritchard and Przemeck, 2004).

Previous studies have shownthat treatment with the chemical carcinogens

N-Nitroso-N-methylurea (MNU) and Methylnitronitrosoguanidine (MNNG),in

addition to H. pylori infection, increases the incidence of gastric

adenocarcinomain this animal model (Tatematsuet al., 1998, Shimizu etal.,

1999, Tokieda et al., 1999, Sugiyama et al., 1998, Maruta et al., 2000,

Maruta et al., 2001).

1.7.3 INS-GAS mice

INS-GAS mice are transgenic models which overexpress human amidated

gastrin in adult pancreaticislets.

1.7.3.1 Generation of INS-GAS transgenic mice

Neuroendocrine cells present within pancreatic islets express the required

enzymatic machinery that allow the processing of progastrin into glycine-

extended and amidated gastrin. INS-GAS mice were generated by splicing a

human gastrin minigene into the insulin promoter, resulting in expression of

the gene in the B-cells of pancreatic islets of adult animals. INS-GAS mice

therefore display elevated serum concentrations of amidated gastrin (Wang

et al., 1993).
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1.7.3.2 The role of gastrin in the INS-GAS mouse stomach

Expression of the gastrin gene in pancreatic islets of INS-GAS mice results in

islet secretion of amidated gastrin and circulating levels of plasma gastrin

that are approximately two-fold greater than those observedin wild-type mice

at 1-3 months (Fox etal., 1996). Hypergastrinaemia leads to an increase in

the thickness of the fundic mucosa, and multifocal hyperplasia in association

with an increasedproliferation index (Fox et al., 1996). INS-GAS miceinitially

show increased parietal and ECL cell numbers with increased gastric acid

secretion, however this hypergastrinaemia results in gradual parietal cell

loss, gastric atrophy, gastric metaplasia and foveolar hyperplasia with time.

At 12 months of age, INS-GAS mice secrete less acid compared to wild-type

counterparts, and at 20 months are mostly achlorhydric and develop

itramucosal gastric carcinoma. Thus elevation of amidated gastrin levels

leads to parietal cell loss in these mice, and predisposes this strain to

developing invasive gastric cancer (Wanget al., 2000).

1.7.3.3 INS-GAS mice and Helicobacterinfection

H. felis infection of INS-GAS mice accelerates the development of gastric

carcinoma after 6 months (Wangetal., 2000), and it has been shownthat

male gastric tissue responds more rapidly and aggressively to the infection

when combined with a high-salt diet compared to females. These findings

appearto be consistent with the higher incidence of gastric cancer observed

in human males.Interestingly, only male INS-GAS mice infected with H.

pylori develop in situ and intramucosal carcinoma (Ohtaniet al., 2007).
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It was found that gastrin-induced apoptosis contributed to gastric cancer

development in INS-GAS mice, with or without Helicobacter infection, and

that this was dependent on the gastrin/CCK-2 and H2 receptor signalling

pathways (Cuiet al., 2006). The H.felis/INS-GAS mouseinfection model has

also been utilised to investigate the effects of administering the CCK-2

receptor inhibitor YF476. Whenthis drug was given to H.felis-infected INS-

GAS mice in conjunction with loxtidine, (a H2 receptor antagonist), the

development of gastric dysplasia, atrophy and adenocarcinoma was

significantly inhibited (Takaishi et al., 2005).

In male INS-GAS mice infected with H. felis over a 6 month period,

upregulation of genes including Reg /, amphiregulin, MMP-10, MMP-13,

claudin-7 and chitinase 3-like 1 were observed; while confirmed

downregulated genes include H*/K"-ATPase alpha and beta subunits,

intrinsic factor, somatostatin, galectin-2 and apolipoprotein A-/. These genes

may therefore be involved in Helicobacter-induced gastric carcinogenesis in

the INS-GAS mouse model (Takaishi and Wang, 2007).

It has been confirmed that severe gastric epithelial dysplasia and canceris

frequently observed in male H. pylori-infected INS-GAS mice, whereas

infected females show relatively delayed onset of dysplasia. It has also

been shown that ovarian-dependent female hormones, in particular 17beta-

estradiol (E2) provide a protective role against gastric carcinogenesis in

Helicobacter infected INS-GAS mice (Ohtaniet al., 2007).

H. pylori eradication at an early stage of infection may prevent gastric cancer

development in INS-GAS mice, while eradication therapy given at later time
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points following infection has been shownto delay the development of severe

dysplastic lesions (Leeet al., 2008).

1.7.3.4 INS-GAS/ MTI/G-gly mice

The MTI/G-gly mouseis a type of transgenic mouse that produces increased

amounts of glycine-extended gastrin (G-gly). In this mouse model, there is no

observed altered gastric phenotype, and following one year of observation,

gastric tumours were not observed (Kohet al., 1999). INS-GAS and MTI/G-

gly mice have also been crossed to generate doubly transgenic INS-

GAS/MTI/G-gly mice in order to investigate whether glycine extended forms

of gastrin modulate the effects of amidated gastrin in the stomach. In these

mice, there was less gastric mucosal atrophy observed than in INS-GAS

mice, with evidence of hypersecretion of acid (rather than the

hypochlorhydria observed in INS-GAS mice (Cui et al., 2004). The gastric

phenotypic changes seen in INS-GAS/MTI/G-gly mice appeared to be due to

reduced gastric epithelial apoptosis rather than any altered proliferation (Cui

et al., 2004). At 18 monthsof age, all INS-GAS and INS-GAS/MTI/G-gly mice

had developed gastric malignancies (Cui et al., 2004).
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1.8 Aimsand objectives

To investigate the importance of pro-apoptotic Bak and genderin

regulating atrophy, proliferation and apoptosis in gastric epithelia

following Helicobacter bacterial infection in mice.

To investigate the effect of hypergastrinemia upon the developmentof

gastric epithelial atrophy, proliferation and apoptosis following

Helicobacter bacterial infection in mice.

To examine the effects of treatment with an EGFRinhibitor upon the

development of gastric mucosal inflammation, atrophy, proliferation

and apoptosis in untreated and Helicobacter-infected

hypergastrinaemic and wild-type mice.

To investigate the importance of anti-apoptotic Mcl-1 in regulation of

gastrin and Helicobacter-induced apoptosis in human and animal

models.
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2. Chapter two

Materials and Methods
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2.1 Reagents

All reagents and chemicals were purchased from Sigma-Aldrich Company

Ltd., Gillingham, Dorset, UK, unless stated otherwise.

2.2 Antibodies

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

Antibody Species Supplier Dilution Conjugated
raised in used

Anti-mouse Rabbit Calbiochem, Meck 1:1000 None
H*-K* Bioscience Ltd., Beeston,
ATPase Nottingham, UK

Anti-Mouse Rat Dako UK Ltd., Ely, UK 1:10 None
Ki67, clone
TCE-3

Anti-active Rabbit R&D Systems Europe 1:800 None
caspase-3 Ltd., Abingodon, uK

Rabbit Rabbit Gift from Dr. T.C Wang, 1:20 None
monoclonal Columbia University, New

Ab (Tff2) York, USA

Anti-Bak Rabbit Upstate Millipore, 1:800 None
Hampshire, UK

Anti-Mcl-1 Rabbit Santa Cruz 1:100- None
Biotechnology,Heidelberg, 1:2000
Germany

Anti-rabbit Goat Jackson 1:200 Biotin
IgG ImmunoResearch

Laboratories,
Cambridgeshire, UK

Anti-rat IgG Rabbit Dako UK Ltd., Ely, Uk 1:200 Biotin

Anti-rabbit Goat Dako UK Ltd., Ely, Uk 1:200 Horseraddish

IgG peroxidise
(HRP)

Anti-B- Rabbit Cell Signaling 1:1000 None
tubulin Technology, Danvers,

USA

Anti-Mcl-1 Mouse Calbiochem®, 1:200 None
Nottingham, UK

Anti-CD20 Goat Santa Cruz 1:100 None
Biotechnology,Heidelberg,
Germany

Anti-CD3 Rabbit Abcam 1:200 None
Cambridgeshire, UK

Anti-actin Mouse Neomarkers, Freemont, 1:200 None
(a-actin) CA
 

Table 2.1: Details of antibodies
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2.3 Animals

Mice (C57BL/6, FVB/N, Bak-null and INS-GAS) were housed in a

conventional non-specific pathogen free animal unit. Mice were fed a

commercially prepared pelleted diet and given water ad libitum. The animals

were maintained on a 12:12 h light-dark cycle. All experiments were

conducted with UK home office approval (under project licence number

40/2833) and also approved by The University of Liverpool Animal Ethics

Committee.

2.3.1 Helicobacterfelis inoculation of C57BL/6 mice

6 week old C57BL/6 male mice were purchased from Charles River UK

(Margate, UK). Bacterial infection was performedbyinstillation of 0.5 ml H.

felis ATCC49179 (~10"° bacteria/ml) directly into the stomach by gavage 3

times over 1 week. 6-7 mice per group were killed after 2, 4, 6, 9, 12 and 20

weeksof H.felis infection plus 7 uninfected 12 week old mice were killed as

controls for this experiment. Stomachs were processed for histology and

fixed in 4% formal saline and serum wasextracted and kept at -20°C.

2.3.2 Helicobacterfelis inoculation of Bak-null mice

Bak-deficient mice were produced bydeletion of exons 3-6 that encode Bcl-2

homology (BH) domains 1-3 and were subsequently backcrossed onto a

C57BL/6 wild-type background(Lindsten et a/ 2000).
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Male C57BL/6, male Bak-null mice, female C57BL/6 and female Bak-null

(Mice were obtained from Jackson lab, USA) were inoculated by gavage

0.5ml ATCC49179 (10'° colony-forming units/ml) H. felis every other day for

one week. Mice were culled 6 and 48 weekspostinoculation.

A minimum of 6 C57BL/6 and 6 Bak-null uninfected mice per group from both

genders were used ascontrols. All mice were monitored daily and weighed

monthly.

2.3.3 Helicobacterfelis inoculation of INS-GAS mice

INS-GAS mice are transgenic for exons 2 and 3 of the human gastrin gene

under the influence of the rat insulin | promoter. Therefore, these mice

overexpress human gastrin in pancreatic B-cells which leads to increased

serum amidated gastrin concentrations (Wang et a/, 1993). These mice are

on the FVB/N genetic background.

For the time course experiment a minimum of 6 male INS-GAS mice per

group wereinfected with H. felis as detailed above and killed 12, 24, and 36

weeks after the inoculation. The same numbers of non infected INS-GAS

male mice werekilled at each time point as controls.

To assess the effects of EGFR inhibition in the INS-GAS mouse modelof

gastric cancer, mice received by gavage 0.5m! (~10'° colony-forming

units/ml) H. felis ATCC 49179 3 times over one week. Treatment of mice with

control or EKB-569 (~13mg/kg/mouse/day) diet was commenced from 6

weekspost infection. An age-matched time point for commencementof diets
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in uninfected mice was chosen. All mice were culled 40 weekspostinfection

or at an age matchedtime point. All mice were monitored daily and weighed

monthly. Mice with a weight loss > 20% of their bodyweight were culled

immediately. Any animal showing signsofill-effects were killed immediately.

Table 2.2 showsall mice details.

 

 

 

 

 

 

 

 

  

Number Sex Strain H.felis Type of

infection diet
9 Male INS-GAS + EKB-569

9 Male INS-GAS + Control

10 Male INS-GAS - EKB-569

10 Male INS-GAS - Control

6 Male FVB/N + EKB-569

5 Male FVB/N + Control

5 Male FVB/N - EKB-569

5 Male FVB/N - Control    
 

Table 2.2: Details of mice used in EGFRinhibition experiment.

2.4 Tissue preparation

Mice fed ad libitum were killed between 9 and 11 am and the stomach was

dissected from each mouse. Ligatures were tied around the distal

oesophagus and proximal duodenum, and the stomach lumenwasinfiltrated

with 4% formal saline. This procedure distended the stomach and fixed
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gastric glands in a reliable manner for histological assessment. Tissue was

paraffin embedded and sections were cut using a microtomeat a thicknessof

3-5 um (Figure 2.1).
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Figure 2.1: Necropsy of mouse stomachtissues. (A: ligatures were tied
around the distal oesophagus and proximal duodenum, and the stomach
lumen wasinfiltrated with 4% formal saline; B: forestomach removed; C: then
stomach wascut into 3 rings (C: corpus, B: body and A: antrum) and these
rings were embeddedin paraffin wax).

2.4.1 Haematoxylin and eosin staining

3-5 um thick transverse sections of stomach were cut and mounted on glass

slides. Sections were dewaxed in xylene for 15 minutes and rehydrated

through a series of decreasing ethanol concentrations. Slides were then

placed in Gill’s haematoxylin (Sigma-Aldrich Co, Dorset, UK) for 1 minute

and washedin water. Slides then place in eosin (Sigma-Aldrich Co, Dorset,

UK) for 3 minute. Increasing concentrations of ethanol were used to
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dehydrate the tissue sections and xylene was used to clear the sections for

15 minutes. Sections were then mounted with DPX.

2.5 Immunohistochemistry

All tissue sections were adhered to APES coated glass slides and dewaxed

in xylene prior to immunohistochemistry.

2.5.1 Active caspase-3

Sections were dewaxed in xylene for 10 minutes prior to being rehydrated

through decreasing concentrations of alcohols to distilled water, followed by

1% hydrogen peroxide in absolute methanol for 45 seconds with constant

agitation to quench exogenous peroxidase activity. Slides were washed in

distilled water for 5 minutes and subjected to citric acid buffer (10mM pH6)

antigen retrieval at full power in an 800W microwave for 20 minutes. Slides

were allowed to cool for 10 minutes and rinsed in slow running tap water. 2

washesin TBS-tween20 were then carried out. Sections were incubated with

goat anti rabbit caspase-3 primary antibody (1:800, Cat: AF835) (R and D

Systems Europe Ltd, Oxfordshire, UK) which wasdiluted in Tris HCI with 1%

BSAfor 2 hours.

Sections were washed twice in TBS-tween20 for 5 minutes and incubated

with HRP-labelled anti-rabbit polymer from an Envision kit (code: K4010,

Dako UK Ltd) for 30 minutes. 2 washes in TBS-tween20 were preformed,

then sections were incubated in 0.02% DABin substrate from the Envision kit
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(Dako UK Ltd) for 7 minutes in the dark and following a wash step

counterstained with Gill's haematoxylin for 4 minutes before being

dehydrated and mounted with DPX.

2.5.2 Tff-2 (trefoil factor 2)

Anti-Tff-2 immunohistochemistry was carried out following the same protocol

as for active caspase-3 using an anti-Tff2 rabbit monoclonal primary antibody

(gift from Dr. T.C Wang, USA)at a dilution of 1:20.

2.5.3 Mib-1 (anti Ki67)

Sections were dewaxed in xylene for 10 minutes then sections were

transferred into absolute ethanol for 3 minutes. Rehydration through graded

ethanolto distilled water was then carried out. Slides were washed once in

distilled water and twice in PBS for 5 minutes, followed by 3% hydrogen

peroxide in absolute methanol for 45 seconds with constant agitation to

quench exogenousperoxidaseactivity. Slides were washedtwice in PBS and

subjected to citric acid buffer (10mM pH6) antigen retrieval at full power in an

800W microwave for 20 minutes. Slides were allowed to cool for 10 minutes

and rinsed in slow running water. 2 washes in PBS were then carried out.

Sections were blocked in 10% normal goat serum in TBS-tween20 for 45

minutes and incubated with rat anti-mouse Ki-67 primary antibody (1:10,

Dako UK Ltd) overnight at 4 °C.
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Sections were washed twice in TBS-tween20 for 5 minutes and incubated

with a biotin-labelled rabbit anti-rat secondary antibody (1:200, Dako UK Ltd)

diluted in 5% mouse serum in TBS-tween20 for 45 minutes at room

temperature. Vectastain ABC elite® was used following the manufacturer’s

instructions (Vector Laboratories Ltd, Peterborough, UK). Sections were

incubated in 0.07% DAB in PBS with 5yul 30% hydrogen peroxide for 4

minutes in the dark and then immersed in 80% methanol for 10 minutes.

Following a wash, slides were counterstained with Gill's haematoxylin for 4

minutes before being dehydrated and mounted with DPX.

2.5.4 Bak

Anti-bak immunohistochemistry was carried out following the same protocol

as for Mib-1 using an anti-bakNT rabbit polyclonal primary antibody (Upstate

(Millipore), Hampshire UK)at a dilution of 1:800.

2.5.5 Ht/Kt ATPase

Anti- H*/K+ ATPase immunohistochemistry was carried out following the

protocol as for Mib-1 except an additional permeabilization step was added

by incubating sections with 1% Triton X-100% in PBS for 45 minutes in room

at temperature. The primary antibody used was rabbit anti-rat polyclonal

antibody (1:1000, Calbiochem®, Cat: 119101) diluted in 10% goat serum in

TBS/BSA 1%. There was no antigen retrieval on this protocol.
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2.5.6 Mcl-1

Anti-Mcl-1 immunohistochemistry was carried out following the same protocol

as for active caspase-3 using an anti-Mcl-1 rabbit polyclonal primary antibody

(Santa Cruz Biotechnology)at a dilution of 1:100.

2.5.7. CD20 and CD3

Sections from the stomach were de-waxed in xylene for 10 minutes then

passed throughdifferent concentrations of ethanol from 100% to 40%. After

that, the endogenous peroxidase reaction was abolished by immersing in 3%

H2Oz diluted in methanol. Following antigen retrieval (microwave at 800W in

10mM citric acid buffer) the samples were blocked in 10% goat serum in the

case of CD3 while CD20 sections were blocked in 10% swine serum and

kept at room temperature for 45 minutes. Then the sections were incubated

with primary antibody over night at 4°C. On the second day, samples were

incubated with secondary antibody. Subsequently, sections were incubated

with Vectastain ABC Elite for 30 minutes followed by incubation with DABfor

8 minutes. Finally, sections were counterstained with haematoxylin and de-

hydration was performed. The primary antibodies used were goat polyclonal

anti-mouse CD20 (M-20) by Santa Cruz (sc-7735) dilution 1:100; rabbit

polyclonal anti-human CD3 by Abcam (ab5690) dilution 1:200. For each

primary antibody, a specific secondary antibody was used. For CD3: biotin-

labelled goat anti-rabbit immunoglobulins (Dako: code E0432) at a dilution of

1:200 for 45 minutes. For CD20: biotin-labelled polyclonal rabbit anti-goat

immunoglobulins (Dako: code E 0466) at a dilution of 1:400 for 30 minutes.

118



2.6 Scoring procedures

2.6.1 Scoring for atrophy andproliferation

Stomach sections were scored for atrophy and cell proliferation on a cell

positional basis according to morphology. This method was developed and

validated by Potten, et a/. (1992) for intestinal crypts and adapted for the

stomach by Prezemecketal. (2006). In brief, the cell at the base of the gland

is designated as cell position one and scored as to whetherit is labelled (e.g.

parietal cell, Ki-67 stained cell) or normal. The next cell at position 2 moving

up along the gland axis is again designated as labelled or normal and so on

until the top of the gland is reached. Data are presented as plots of parietal

cell or, Ki-67 stained cell index (%) against cell position (figure 2.2). 30 half

glands per mouse and a minimum of 6 mice per group were scored.

Analternative method used for assessing atrophy,proliferation and apoptosis

is the gridline system. The tissue section was overlaid with gridlines at light

microscopy and stained cells were scored in each box. 10 columnsin

different orientations around the tissue per mouse were scored. The average

number of stained cells were calculated and presented as plots showing

numberof stained cells against total number of cells per mouse per group.

The locations of stained cells within gastric glands can also be assessed by

this method (figure 2.3).
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Figure 2.2: Cell position scoring for atrophy andproliferation indices.
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Figure 2.3: Scoring using gridline system.
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2.6.2 Scoring for apoptosis

For assessment of apoptosis, stomach sections were divided in three

sections surface, top half and bottom half. The number of apoptotic cells

each area wasscored and data are presented as a graph showing numberof

apoptotic cells per section. A minimum of 6 mice per group were scored

(figure 2.4).
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Figure 2.4: Gastric glands stained with active caspase-3 to show
apoptotic cells. The glands were divided into 3 areas (surface, top half and
bottom half). Numbers of apoptotic cells were scored in each area. Arrow
shows exampleof apoptotic cells.
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2.6.3 Scoring for Mcl-1

In each stomach section the luminal surface of the gastric epithelium was

assessed, as previous studies reported altered Mcl-1 expression in this part

of the gastric gland following Helicobacter infection (Hitomi et a/, 2007). The

staining intensity was classified as follows: (0) no positive cell staining; (1)

weak staining where less than 10% of the cells stained for Mcl-1; (2)

moderate staining where the staining was between 10-50% and (3) labelling

was considered strong when more than 50%of the surface gastric epithelial

cells showed positive staining (figure 2.5).
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Figure 2.5: Human gastric gland stained against Mcl-1. ((0) staining was
considered absent; (1) weak staining; (2) moderate staining and (3) labelling
was considered strong in the surface epithelium).

2.6.4 Scoring for inflammation and H.felis infection

Scoring for inflammation and H. felis colonisation was performed in H & E

sections (antrum for H. felis colonisation and corpus for inflammation) as

previously described. For inflammation, a score from 0-4 was given where 0:

normal gastric mucosa; 1: small multifocal leukocyte accumulation in

mucosa; 2: coalescing mucosal inflammation and/or early sub-mucosal

extension; 3: coalescing mucosal inflammation with prominent multifocal
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extension with or withoutfollicle formation; 4: Severe diffuse inflammation of

mucosa, sub-mucosa, with or without deeper layers. This scoring scale was

developed by Fox JG, et al. (2005).

For assessmentof H. felis infection, the slides were scored 0-2 where 0: no

bacteria; 1: few bacteria seen and 2: plentiful bacteria present.

2.7 Cell culture

AGS, (a human gastric adenocarcinoma cell line transfected with the
GR

Cholecystokinin-2 (CCK-2) receptor by Prof. A. Varro) cells were cultured in

Nutrient Mixture F-12 HAM media supplemented with foetal calf serum (FCS

- Gibco® Invitrogen Ltd., Paisley, UK), 0.5% 2mM L-glutamine and 0.4%

penicillin/streptomycin mixture (P/S). Cells were cultured in 175 flasks

(Appleton Wood Ltd, Birmingham, UK) at 37 °C with 5% COz in a humidified

environment. All cells were liberated from their flasks when 80%confluent by

incubation at 37°C with trypsin/ethylenediaminetaacetic acid (EDTA) in PBS

until single cells were viewed in suspension undera light microscope. The

activity of the trypsin was neutralised by adding complete media to give a

solution of single cells.
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2.8 Western blotting

2.8.1 SDS-PAGE

Protein samples which were denatured by addition of sample buffer and

boiling for 2 minutes were run on SDSgels comprising of a stacking gel (6.2

ml dH2O, 1.3 ml acrylamide, 2.5 ml 0.5 M Tris pH 6.8, 100 ul 10% SDS,50 ul

10% APS, 10 ul TEMED) and 12% separating gel (8.6 ml dH20, 9.5 ml

acrylamide, 6.25 ml 1.5 M Tris pH 8.8, 0.25 ml 10% SDS, 120 ul APS, 12ul

TEMED)using the Bio-Rad Mini-Protean apparatus at 50 V then 120 V after

samples had passed through the stacking gel. Gels were then transferred on

to nitrocellulose membrane (Whatman, Dassel, Germany) using the Bio-Rad

Transblot cell apparatus at 100 V for 1 hour.

2.8.2 Western blotting of cell lines

Cells were centrifuged at 1,000rpm at 4°C for 5 minutes after been

trypsinised as described in section 2.7. The supernatant was removed and

the cells were resuspended in 1ml PBS. This mixture was transferred to a

new Eppendorff tube, and centrifuged at 3,000rpm for 4 minutes. After

removal of the supernatant, the cell pellet was resuspended in 200ul of cell

lysis buffer (RIPA buffer plus 1% Protease inhibitor Cocktail set, Merck

Biosciences, Nottingham, Nottinghamshire, UK; and 0.07% B-

mercaptoethanol (BDH, Poole, Dorset, UK) per 5 ml) for 20 minutes onice.

Then cells were centrifuged at 13,000rpm for 15 min and the supernatant

wastransferred in to a fresh Eppendorff tube andstored at -80°C.
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Protein concentrations were determined using the Bradford assay and

reagent (Bio-Rad Laboratories Ltd., Hemel Hempstead, Hertfordshire, UK) to

allow equal gel loading of samples. 5ul of 4x loading buffer was added to

each sample which was prepared in cell lysis buffer to a volume of 20uI.

Samples were denatured at 100 °C for 2 minutes before loading.

The standard Western blotting protocol described above was applied forall

antibodies. Gels successfully transferred to membranes were blocked in 5%

dried milk with 0.1% Tween and PBSovernightin a fridge. Membranes were

then incubated with primary antibody in 2 ml of 5% dried milk with 0.1%

Tween and PBSfor 2 hours at room temperature. Unbound primary antibody

was removed by three 5 minute PBS washes. Horse-radish peroxidase

conjugated secondary antibody was addedin 2 ml of 5% dried milk with 0.1%

Tween and PBSandincubation wasallowed to proceed for at least 1 hour at

room temperature. Unbound secondary antibody was removed by three 5

minute washesin 0.5% Tween in PBS. Membraneswerethen incubated with

an enhanced chemiluminescence (ECL) reagent for 30 seconds. Blots were

then developed using the FluorS developing program. Densitometry was

performed using Quantity One software and results were normalized to the

expression of §-tubulin.

2.8.3 Westernblotting of animal tissues

Gastric mucosal scrapes were excised from mice and snap frozen in liquid

nitrogen. The tissues were left on ice to defrost and were then homogenised

using a Disperser T10 basic (IKA@®-WERKE, Staufen, Germany)in cell lysis
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buffer (RIPA buffer plus 1% Protease inhibitor Cocktail set, Merck

Biosciences, Nottingham, Nottinghamshire, UK; and 0.07% B-

mercaptoethanol (BDH, Poole, Dorset, UK). Samples were then prepared

and Western blotting was performed as described in section 2.8.2.

2.8.4 Western blotting of human samples

Biopsies from gastric mucosa were obtained by endoscopy from adult

patients that attended diagnostic endoscopyclinic to investigate dyspepsia.

Before endoscopy was preformed, a fasting venous blood sample was

obtained and serum wasassayedfor gastrin concentration and the presence

of anti-Helicobacter pylori |lgG as part of each patient’s routine diagnostic

investigations at the laboratories of Royal Liverpool and Broadgreen

University Hospitals National Health Service Trust.

Two to four biopsies were obtained from each of antral and corpus mucosa

during endoscopy and these werefixed in 10% neutral buffered formalin and

paraffin embeddedfor histology. All samples were processed for hematoxylin

and eosin (H and E), and were assessed by an experienced specialist

gastrointestinal pathologist for the presence of H. pylori. Additional antral and

corpus biopsies were taken for protein extraction and Western blotting. The

study was approvedbythe local ethics committee and all participants gave

written, informed consent.

Western blotting samples were prepared as described in 2.8.3 and the

standard Western blotting protocol described in section 2.8.2 was usedforall

human samples.
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2.9 Gastrin radioimmunoassay

Quantification of plasma amidated gastrin concentration was carried out by

radioimmunoassay by Prof. Andrea Varro (Department of Physiology,

University of Liverpool) following methods previously described (Varro etal.,

1997).

2.10 Statistical analysis

A modified median test was used to assess significant differences at

individual cell positions between groups of mice. A Two-way ANOVAtest

wascarried out on most other data. Data are expressed as mean + standard

deviation. We have interpreted differences as being significant in cell

positional plots whenthere is a difference at 2 3 consecutive cell positions by

the modified median test and when p<0.05 by the ANOVAtest. Mann

Whitney test was used to assesssignificant differences for H. felis infection

and mucosalinflammation scores.
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3. Chapter Three

Importance of Bak in Helicobacter-induced gastric

carcinogenesis
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3.1 Abstract

Infection with Helicobacter bacteria species leads to a chronic superficial

gastritis that may progress to atrophic gastritis, which is a premalignant

process. Apoptosis is a form of programmed cell death in multi-cellular

organisms,and defects in the apoptosis mechanism may contribute towards

carcinogenesis. Bak is a pro-apoptotic memberof the Bcl-2 family of proteins

that plays an importantrole in the regulation of apoptosis, including radiation-

induced apoptosis in the stomach (Przemecket al., 2007). In this chapter, we

aimed to investigate the effect of Bak expression upon the development of

apoptosis and atrophy in Helicobacter felis-infected mouse models. In an

initial time-course experiment following H. felis infection, groups of 6 wild-

type C57BL/6 male mice were infected with H. felis for 2, 4, 6, 9, 12 and 20

weeks. Six untreated C57BL/6 mice were used as controls. In order to

assess the effects of gender and Bak expression upon short term and long

term H.felis infection, groups of C57BL/6 and Bak-null mice of both sexes

were infected with H. felis for 6 or 48 weeks. We examined the gastric

mucosa using immunohistochemistry for H’/K*ATPase (a parietal cell

marker), Ki67 (a proliferation marker) and active caspase-3 (an apoptosis

marker).

In the time-course experiment, the numberof parietal cells decreased with

time until 6 weeks and then returned to baseline numbers by 20 weeks

following H. felis infection. Proliferation and apoptosis however increased

with time following H. felis infection. Bak expression appeared to be

increased at 2 weeks post-H.felis infection compared with 4, 6, 9, 12 and 20

weeks. In both INS-GAS and FVB/N mice, Bak expression appeared to
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increase 2 weekspost-H.felis infection, then returned to baseline levels by 6

weeks.

Increases in gastric mucosal thickness and in the numberof proliferating

cells as well as decreased numbers of apoptotic cells were observed in

untreated Bak-null mice compared with C57BL/6 mice. Following short term

H. felis infection, female mice showed increased inflammation compared with

male mice. Female C57BL/6 mice also displayed increased mucosal

thickness compared with male C57BL/6 mice. Parietal cell number was

significantly decreased in Bak-null mice compared with C57BL/6 mice

following short term H. felis infection and apoptosis was also decreased in

Bak-null mice compared with C57BL/6 mice. Following long term H.felis

infection, female mice again showed increased inflammation compared with

male mice. Parietal cell number was again significantly decreased in Bak-null

mice compared with C57BL/6 mice following long term H. felis infection.

Apoptosis wasalso less prominent in Bak-null mice compared with C57BL/6

mice.

In conclusion, gastric epithelial atrophy, proliferation and apoptosis were

increased following H. felis infection. Bak deficiency led to altered gastric

epithelial apoptosis, proliferation and mucosal thickness in untreated mice.

Following both short and long term H.felis infection, Bak deletion resulted in

increased gastric atrophy and decreased susceptibility to apoptosis. Gender

differences and Bak expression are therefore important factors that

determine the gastric epithelial response following Helicobacter infection and

may ultimately regulate progression toward gastric carcinogenesis.
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3.2 Introduction

Gastric adenocarcinomais currently the 14" leading cause of death and the

2" leading cause of cancer-related death worldwide (Houghton and Wang,

2005). There is strong evidence suggesting that there is a correlation

between Helicobacter pylori infection and the development of gastric cancer

(Uemuraet al., 2001). Infection with Helicobacter bacteria species leads to a

chronic superficial gastritis that may progress to atrophic gastritis, intestinal

metaplasia and dysplasia, with the eventual developmentof gastric cancer.

Important insights into the mechanism of gastric cancer development have

been gained from animal models of Helicobacter-mediated gastric cancer.

The most useful model to date has been the mouse model, which can be

infected with H. pylori or H. felis. Following either H. pylori or H. felis

infection, a number of inbred mouse strains have been shown to develop

gastric atrophy and intestinal metaplasia (Houghton and Wang, 2005). It has

also been reported that progression to high-grade dysplasia and invasive

gastric carcinoma occurs in inbred mouse models following H.felis infection.

The C57BL/6 mouse has been considered to be the most useful model for

studying metaplasia and cancer formation (Houghton and Wang, 2005).

Apoptosis is a form of programmed cell death in multicellular organisms and

is an important homeostatic regulator in all tissues. Defects in, or resistance

to the apoptosis mechanism mayresult in carcinogenesis, autoimmune

diseases and the spreading ofviral infections, while excessive apoptosis may

cause neurodegenerative disorders, acquired immunodeficiency syndrome

(AIDS) and ischaemic diseases (Fadeelet al., 1999).
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The mitochondrial pathway of apoptosis is mediated and regulated by

members of the Bcl-2 (B-cell lymphoma 2) family of proteins (Cory and

Adams, 2002). The Bcl-2 family of proteins play a crucial role in controlling

mitochondrial membrane permeability and contain both anti-apoptotic and

pro-apoptotic members. Bak is a pro-apoptotic member of the Bcl-2 family

that plays an importantrole in the regulation of apoptosis, including radiation-

induced apoptosis in the stomach (Przemecket al., 2007).

Gastric cancer is more common in males than in females, with a male-to-

female ratio of 2:1 (Chandanos and Lagergren, 2008). Many animal studies

have indicated that the female hormone estrogen, may play a suppressive

role in the developmentof gastric cancer (Chandanos and Lagergren, 2008).

However, female C57BL/6 mice appear to be more susceptible to the effect

of chronic H.felis infection than their male counterparts (Court et al., 2003).

Incidences of gastric cancer have also been reduced in male rats following

administration of female sex hormones (Furukawaetal., 1989).
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3.3 Hypothesis and aims

Wehypothesised that Bak-regulated apoptosis influences the developmentof

Helicobacter-induced gastric cancer.

In this chapter our aimsare:

1. To investigate the time course of developmentof atrophy,proliferation

and apoptosis in H.felis infected C57BL/6 wild-type mice.

2. To investigate the effect of H. felis infection upon Bak expression in

various mouse models.

3. To investigate the gastric phenotype of Bak-null mice.

4. To investigate the effect of germline Bak deletion upon the

development of atrophy, proliferation and apoptosis following short

term H.felis infection in both male and female C57BL/6 mice.

5. To investigate the effect of germline Bak deletion upon the

development of atrophy, proliferation and apoptosis following long-

term H.felis infection in both male and female C57BL/6 mice.
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3.4 Results

3.4.1 Time-courseofH.felis infection in male C57BL/6 mice

To investigate the gastric host response to Helicobacter infection, 36 male

C57BL/6 mice were infected with H. felis at the age of 6 weeks and culled at

2, 4, 6, 9, 12 and 20 weeks (n=6 mice per group). Uninfected C57BL/6 male

mice were usedascontrols (n=6, culled at 12 weeks of age).

3.4.1.1. H. felis colonisation is consistent over time in infected male

C56BL/6 mice

In all infected C57BL/6 male mice, H. felis was observed in gastric antral

glands, whereasno H.felis could be visualised in gastric antral glands from

non-infected mice (Figure 3.1A). The mean antral H. felis score appeared to

be constant over time following H. felis infection in male C57BL/6 mice

(Figure 3.1B).

3.4.1.2 Gastric corpus inflammation increased over time following H.

felis infection of male C57BL/6 mice

There wasincreased inflammation in the gastric corpus mucosa ofinfected

male C57BL/6 mice relative to non-infected control mice (Figure 3.2A).

Histological scoring of corpus gastric mucosa wasperformedat2, 4, 6, 9, 12,

20 weekspost-H.felis infection. The inflammation score increased over time

post-H.felis infection with a maximum score being observed at 6 weeks.This
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remained unchanged until 20 weeks post-H. felis infection. Non-infected

control mice showed almost no inflammation in their corpus gastric mucosa

(Figure 3.2B).
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Figure 3.1: Representative H & E-stained sections of male C57BL/6
mouse antral gastric mucosa in (A) control (uninfected) animals, 6

weeks and 20 weekspost-H.felis infection (black arrows indicate H.

felis). (original magnification x63). (B) Mean (+) H. felis infection score in

control male C57BL/6 and 2, 4, 6, 9, 12 and 20 weeks post-H.felis

infection ((¢) indicates an individual mouse). 0= no bacteria observed, 1=
few bacteria observed and 2= multiple bacteria observed.
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Figure 3.2: Representative H & E-stained sections of male C56BL/6 mouse
corpus gastric mucosain (A) control uninfected animals, 6 weeks and 20
weekspost-H.felis infection (black arrowsindicate inflammatory cells)(original
magnification x63). (B) Mean(*) inflammation score in control mice and 2,4,

6, 9, 12, and 20 weeks post-H. felis infection of male C56BL/6 mice ((¢)

indicates an individual mouse). O= no inflammation, 1= small multifocal
leukocyte accumulation in the mucosa, 2= coalescing mucosal inflammation;
early sub-mucosal extension, 3= coalescing mucosal inflammation with
prominent multifocal extension + follicle formation and 4= severe diffuse
inflammation of mucosa, sub-mucosa, with or without deeperlayers.
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3.4.1.3 Effect of H. felis infection on parietal cell number

In order to investigate the effect of H. felis infection on the development of

gastric atrophy, immunohistochemistry was performed against H*/K*-ATPase

which is expressed specifically by parietal cells. It was clear from the

immunohistochemistry that the numberof parietal cells decreased with time

until 6 weeks after H.felis infection, and then numbers returned to normal by

20 weekspostinfection (Figure 3.3A).

By scoring 30 half glands per mouse (each group contained a minimum of 6

mice), it was clear that the parietal cell index (numberof stained parietal cells

divided by total numberofcells in glands multiplied by 100) wassignificantly

decreased following H. felis infection until 6 weeks (p < 0.05) and then

returned to the level observed in uninfected control mice (Figure 3.3B).

Thecell positional distribution of parietal cells also showed that the number

th

of parietal cells decreased with time following H. felis infection until the 6

week post infection and then returned to the numbers seen in uninfected

mice (Figure 3.3C). We have interpreted differences as being significant in

cell positional plots where there was a difference at 2 3 consecutive cell

positions by the modified median test. The horizontal bars in figure 3.3 show

the significant cell positions at 2, 4, 6, 9, 12, 20 weeks postinfection
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Figure 3.3: Photomicrographs of H*/K*ATPase stained gastric glands
without H. felis infection and at 6, 20 weeks post H. felis infection (black
arrows indicate parietal cells) (A). Parietal cell index from C57BL/6 male
mice infected with H. felis and culled at 2, 4, 6, 9, 12, 20 weeks post

infection (uninfected mice were used as controls) (B). Parietal cell
distribution in C57BL/6 male mice infected with H. felis and culled 2, 4, 6,

9, 12, 20 weeks post-infection (C). (*p< 0.05 relative to untreated mice by
Student'st-test).
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3.4.1.4 Effect of H. felis infection on gastric epithelial cell proliferation

To investigate the effect of H. felis on gastric epithelial proliferation,

immunohistochemistry for Ki67 (Mib1) was performed. This suggested that

the number of proliferating cells increased with time following H. felis

infection (Figure 3.4A).

30 hemi-glands per mouse were scoredfor Ki67-positive cells (n= a minimum

of 6 mice per group). This showed an increase in Ki67-1 index (number of

stained cells/total numberof cells x 100) following H. felis infection, with a

maximum index being observed at 4 weeks post-infection (p < 0.05). No

significant differences were observed between 4 weeks and 6-20 weeks

(Figure 3.4B).

The cell positional distribution of Ki67 stained cells also showed that the

numberof proliferating cells increased with time following H. felis infection.

Figure 3.4C showsthe significant cell positional differences at each time

interval.
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Figure 3.4: of Ki67 stained gastric glands at 2 and 4 weeks postH.felis
infection and untreated gastric glands as control (black arrows indicate
Ki67-stained cells) (A). Ki67 cell index from C57BL/6 male mice infected
with H.felis and killed at different time intervals of 2, 4, 6, 9, 12, 20 weeks

post infection and uninfected mice as controls (B). Cell positional
distribution of proliferating cells in C57BL/6 male mice infected with H.
felis and killed at different time intervals of 2, 4, 6, 9, 12, 20 weeks (C).
(Horizontal bars showsignificant cell position by modified median test) (*p< 0.05
relative to untreated mice by Student'st-test).
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3.4.1.5 Effect of H. felis infection on gastric epithelial cell apoptosis

To explore the effects of H. felis infection on gastric epithelial apoptosis,

immunohistochemistry was performed for active (cleaved) caspase-3. This

suggested that the numberof apoptotic cells increased with time following H.

felis infection (Figure 3.5A).

At each time point (2, 4, 6, 9, 12, 20 weeks) following H.felis infection, a

minimum of 6 gastric corpus tissue sections were scored at 3 different tissue

levels (luminal surface, top half and bottom half of glands) for the presence of

active caspase-3 stained cells.

This scoring method was implemented dueto the fact that very few apoptotic

cells could be observed within gastric corpus glands of C57BL/6 mice.

As shownin Figure 3.5B, the numberof apoptotic cells increased with time

following infection when compared with the uninfected group.
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Figure 3.5: Photomicrographs of active caspase-3 stained cells at 2 and 4
weekspostH.felis infection and untreated group as control in low and high
magnifications (black arrows indicate apoptotic cells) (A). Number of
apoptotic cells per section from C57BL/6 male mice infected with H. felis and
killed at different time intervals of 2, 4, 6, 9, 20 weeks and an uninfected

groupas control (B). *P<0.05 compared to non-infected mice by Student's t-test.
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3.4.1.6 H. felis infection had no effect on Tff2 expression in gastric

epithelium

To study the progression from Helicobacter-induced gastritis to intestinal

metaplasia, we investigated the expression of Tff2, which is expressed in

mucous neck cells of gastric corpus glands. There was no apparent

difference in Tff2 expression at different time points following H.felis infection

comparedto uninfected controls (Figure 3.6).

 

 
 

 

 

SARSSS.a   
 

Aaeles 12 weeks

Figure 3.6: Photomicrographs of immunohistochemistry for Tff2 in
C57BL/6 male mice infected for different time intervals (2, 6 and 12
weeks) and untreated control mice. (Black arrows indicate Tff2-stained

cells).
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3.4.2 Effect of H. felis infection upon Bak expression in mouse

models

To study the mechanisms regulating apoptosis in H. felis-infected gastric

epithelium, we hypothesized that the pro-apoptotic Bcl-2 family member Bak

could regulate H. felis-induced apoptosis in mousestrains which are prone to

gastric cancer development.

3.4.2.1. Bak immunohistochemistry in C57BL/6 mice

Immunohistochemistry for Bak wasinitially performed in male C57BL/6 mice.

Cytoplasmic Bak expression was increased 2 weeks postH.felis infection

comparedwith 4, 6, 9, 12 and 20 weeks(Figure 3.7).

3.4.2.2. Bak immunohistochemistry in INS-GAS and FVB/N mice

Gastric infection with Helicobacter bacterial species in transgenic

hypergastrinaemic INS-GAS mice has been shown to accelerate the

developmentof gastric cancer (Wanget al., 2000)

Immunohistochemistry for Bak was therefore also performed to assess the

effect of H. felis upon gastric epithelial Bak expression in male INS-GAS and

FVB/N mice compared to non-infected controls at 2 and 6 weekspost-H.felis

infection.

Gastric epithelial Bak expression appeared to increase 2 weeks post-H.felis

infection, then to return to normallevels by 6 weekspost-H.felis infection in

both mouse strains. Cytoplasmic Bak expression was observedat the top of
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gastric glands. Bak expression also appeared to be increased in INS-GAS

mice compared with the FVB/N background strain (Figure 3.8).
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Figure 3.7: Photomicrographs of immunohistochemistry for Bakin
C57BL/6 male mice infected with H.felis for different time periods.
(A) Uninfected control. (B) 2 weeks post-infection. (C) 4 weeks
post-infection. (D) 6 weeks post-infection. (E) 9 weeks post-
infection. (F) 12 weeks post-infection. (G) 20 weeks post-infection.
(Black arrows indicate Bak-stained cells).
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Figure 3.8: Photomicrographs of immunohistochemistry for Bak in INS-
GAS and FVB/N male mice infected with H. felis for different time periods.
(A) Uninfected INS-GAS control. (B) INS-GAS 2 weeks post-infection. (C)
INS-GAS6 weekspost-infection. (D) Uninfected FVB/N control. (E) FVB/N 2
weeks post-infection. (F) FVB/N 6 weeks post-infection. (Black arrows
indicate Bak-stained cells).
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3.4.2.3 Western blotting for Bak in INS-GAS and FVB/N mice

SDS-PAGEwas performed on gastric mucosal scrapes from male INS-GAS

and FVB/N mice as described in Section 2.8.3, with 20ug of protein loaded

for each sample (2x control FVB/N, 2x control INS-GAS, 2x 2 weeks post-H.

felis infection in FVB/N, 2x 2 weeks post-H. felis in INS-GAS, 2x 6 weeks

post-H. felis infection in FVB/N, 2x 6 weeks post-H.felis infection in INS-

GAS). Membranes were probed with rabbit polyclonal anti-Bak primary

antibody coupled to a HRP-conjugated anti-rabbit secondary antibody. An

identical membrane was probed with rabbit anti-B-tubulin for comparison.

The developed membranes(Figure 3.9) showed that Bak protein expression

did not alter significantly in mice with and without H. felis infection in both

INS-GAS and FVBINstrains.

Therefore, it appears that total Bak expression doesnot increase following H.

felis infection, although immunohistochemistry suggests that protein

localisation does change.
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Figure 3.9: Bak Western blot comparing control gastric epithelial cells
from FVB/N and INS-GAS mice to 2 and 6 weeksH.felis infected mice.
Each bandrepresents protein obtained from one individual mouse.
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3.4.3 Effect of Bak deletion on the gastric mucosa of untreated mice

In order to assess further whether bak expression affects the outcome of

Helicobacter felis infection in the stomach, we have studied the gastric

phenotype of homozygously bak-null mice.

3.4.3.1 Bak-null mice displayed increased gastric corpus mucosal

thickness

Mean gastric corpus mucosal thickness was quantified from histological

sections of 12 week old male and female C57BL/6 and Bak-null mice. Mean

gastric corpus mucosal thickness wassignificantly increased in Bak-null mice

compared to their counterpart wild-type mice. Gender differences had no

significant effect upon gastric corpus mucosal thickness in both Bak-null and

wild-type mice. Moreover, there was no statistically significant interaction

between gender and Bak deletion upon gastric corpus mucosal thickness

(Figure 3.10).
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Figure 3.10: Mean + SD gastric mucosal thickness in male and female
C57BL/6 and Bak-null mice. Two-way ANOVA (Genotype, p<0.001;
Gender, p=0.408, interactions, p=0.1). n=6 mice per group.

3.4.3.2. Bak deletion does not alter the mean parietal cell numberin

male and female mice

Immunohistochemistry was performed for H*/K*-ATPase to assess whether

bak deletion had any effect upon gastric parietal cell numbers. Although the

ANOVA test suggested a significant difference in parietal cell number

associated with gender, this effect is difficult to interpret. In Bak-null mice,

there was nosignificant alteration in mean parietal cell numberin either male

or female mice. There was nosignificant interaction between Bak deletion

and gender upon meanparietal cell number (Figure 3.11A and B).

Following Bak deletion, the gastric parietal cells were however shown to be

distributed further towards the top of gastric glands (Figure 3.11C). This is

likely to be at least partly due to the increased gastric corpus gland length

found in Bak-null mice (Figure 3.10).
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Figure 3.11: (A) Representative photomicrographs showing
H*/K*ATPase staining in gastric corpus mucosa of C57BL/6 and Bak-
null mice ((i) C57BL/6 male mice, (ii) Bak-null male mice, (iii) C57BL/6
female mice and (iv) Bak-null female mice)) (Black arrows indicate
parietal cells). (B) Mean parietal cell number + SD in each group. (C)
Parietal cell number against box position. Two-way ANOVA
(Genotype, p=0.928; Gender, p<0.01, interactions, p<0.001). n=6.
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3.4.3.3. Bak deletion led to increased numbers of gastric mucosal

proliferating cells

To assess the effect of Bak deletion and gender upon gastric epithelial

proliferation, immunohistochemistry was performed for Ki67 on gastric corpus

sections from male and female C57BL/6 and Bak-null mice (Figure 3.12A).

Mean numbers of Ki67-positive cells in ten individual areas per mouse

section were scored and this showed significant increase in the numberof

Ki67-positive cells in Bak-null mice of both sexes compared with wild-type

C57BL/6 mice. Gender did not have a significant impact upon gastric corpus

mucosalproliferation in either C57BL/6 or Bak-null mice (Figure 3.12B).

In Bak-null mice, the gastric mucosal proliferating cells were also shown to

be distributed further towards the top of gastric glands (Figure 3.12C). This

may again partly result from the increased gland length which was also

observed in Bak-null mice (Figure 3.10).
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Figure 3.12: (A) Representative photomicrographs showing Ki67-
stained cells in the gastric corpus mucosa of C57BL/6 and Bak-
null mice ((i) C57BL/6 male mice, (ii) Bak-null male mice,(iii)
C57BL/6 female mice and (iv) Bak-null female mice)) (black
arrows indicate proliferating cells). (B) Mean number of Ki67
stained cells + SD in each group. (C) Total Ki67 stained cells
against box position. Two-way ANOVA (Genotype, p<0.001;
Gender, p=0.484, interactions, p=0.149). n=6.
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3.4.3.4 Bak-null mice displayed a reduction in gastric epithelial

apoptotic cell numbers

Immunohistochemistry for active caspase-3 was performed to assess the

effect of Bak deletion upon gastric epithelial apoptosis in male and female

mice. The numberof apoptotic (active caspase-3 positive) cells was reduced

in Bak-null mice compared to wild-type C57BL/6 mice and this was observed

in both male and female animals (Figure 3.13A).

Ten areas per mouse were scored in both male and female mice of both

strains. In both male and female mice, the mean numberof apoptotic cells

was found to be significantly reduced in Bak-null mice compared with wild-

type mice. (p<0.01, Figure 3.13B).

In Bak-null mice, the gastric mucosal apoptotic cells were again shown to be

distributed further towards the top of gastric glands (Figure 3.13C). The

increased gland length found in Bak-null mice may again be partly

responsible for this observation (Figure 3.10).
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Figure 3.13: (A) Representative photomicrographs showing active
caspase-3-stained cells in the gastric corpus mucosa of C57BL/6
and Bak-null mice ((i) C57BL/6 male mice, (ii) Bak-null male mice,
(iii) C57BL/6 female mice and (iv) Bak-null female mice)) (black
arrows indicate apoptotic cells). (B) Mean apoptotic stained cells
number + SD in each group. (C) Total caspase-3 stained cells
against box position. Two-way ANOVA (Genotype, p=0.009;
Gender, p=0.092, interactions, p=0.949). n=6.
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3.4.4 Short term H.felis infection in Bak-null mice

To study the effects of Bak deletion on short term H.felis-infected mice, 6

week old male and female C57BL/6 and Bak-null mice wereorally infected by

gavage with H. felis 3 times during the course of 1 week. Mice were then

sacrificed at 6 weeks post-infection. We examined the gastric mucosa using

histology and immunohistochemistry for infection status, inflammation,

H*/K*ATPase(a parietal cell marker), Ki67 (a proliferation marker) and active

caspase-3 (an apoptosis marker).

3.4.4.1. Bak deletion does not affect H. felis colonisation in male or

female mice following short term H.felis infection

In all infected male and female C57BL/6 and Bak-null mice, H. felis was

observedin gastric antral glands by H and staining (Figure 3.14A-D). There

was no signifcant differance in the mean H.felis infection score between

male and female C57BL/6 and Bak-null mice (Figure 3.14E).

3.4.4.2 Female mice showedan increased gastric corpus inflammation

score compared with male mice following short term H.felis

infection

The gastric mucosa of infected female mice showed increased inflammation

compared with male mice regardless of Bak deletion (Figures 3.15A-D).

Histological scoring was performed to determine the severity of inflammation

6 weekspost-H.felis infection. In female mice, the inflammation score was

significantly higher compared with male mice regardless of Bak deletion
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(p<0.001). However Bak-null mice displayed no significant change in the

inflammation score compared with C57BL/6 mice. (Figure 3.15E).
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Figure 3.14: Representative H & E-stained sections of C57BL/6 and
Bak-null mouse antral gastric mucosa in (A) C57BL/6 male 6 weeks
post-H. felis infection, (B) Bak-null male 6 weeks post-H. felis
infection, (C) C57BL/6 female 6 weekspost-H. felis infection and (D)
Bak-null female 6 weeks post-H.felis infection (black arrows indicate H.
felis). (E) Mean (*) H. felis infection score at 6 weeks post-H. felis

infection in male and female C57BL/6 and Bak-null mice ((¢) indicates
an individual mouse). 0= no bacteria observed, 1= few bacteria observed
and 2= multiple bacteria observed. Mann Whitney (Genotype, p=1;

Gender, p=0.189). n=6.
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Figure 3.15: Representative H & E-stained sections of C57BL/6 and
Bak-null mice antral gastric mucosa in (A) C57BL/6 male 6 weeks
post-H. felis infection, (B) Bak-null male 6 weeks post-H. felis
infection, (C) C57BL/6 female 6 weekspost-H.felis infection and (D)
Bak-null female 6 weeks post-H.felis infection (black arrows indicate
inflammatory  cells)(original magnification x63). (E) Mean (+)

inflammation score at 6 weeks following H. felis infection of
C57BL/6 and Bak-null male and female mice ((¢) indicates an
individual mouse). O0= no inflammation, 1= small multifocal leukocyte
accumulations in mucosa, 2= coalescing mucosal inflammation; early
sub-mucosal extension, 3= coalescing mucosal inflammation with
prominent multifocal extension + follicle formation and 4= severe diffuse
inflammation of mucosa, sub-mucosa, with or without deeper layers.
Mann Whitney (Genotype, p=0.241; Gender, p<0.001). n=6.
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3.4.4.3 Gastric corpus mucosal thickness was increased in female

C57BL/6 and Bak-null mice compared with male mice following

short term H.felis infection

Under the light microscope, histological examination of gastric corpus

mucosa sections from C57BL/6 and Bak-null male and female mice was

undertaken. Gastric gland lengths were quantified (with a minimum of ten

gastric glands per mouseper group) in both male and female C57BL/6 and

Bak-null mice.

Meangastric corpus mucosal thickness was found to be significantly higher

in infected female C57BL/6 and Bak-null mice compared with male mice. Bak

deletion had no significant effect on gastric mucosal thickness in both sexes.

No significant interaction between gender and Bak deletion was found

(Figure 3.16).

Mean gastric corpus mucosal thickness was found to be significantly

increased following short term H. felis infection compared to non-infected

counterparts in the case of C57BL/6 female mice. However, in all other

groups the mean gastric mucosal thickness was not significantly changed

following short term H.felis infection compared to non-infected mice (Figure

3.26).
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Figure 3.16: Mean + SD gastric mucosal thickness in male and female
C57BL/6 and Bak-null mice 6 weeksfollowing H.felis infection. Two-way
ANOVA(Genotype, p=0.968; Gender, p<0.05, interactions, p=0.617). n=6.
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3.4.4.4 Bak deletion led to increased gastric atrophy in both male and

female mice following short term H.felis infection

Bak deletion led to a significant reduction in the numbers of gastric corpus

parietal cells observed 6 weeks post-H. felis infection in both male and

female mice as determined by immunohistochemical staining for H*/K*-

ATPase (Figure 3.17A).

The mean parietal cell numberwassignificantly decreasedin H.felis-infected

Bak-null male and female mice compared to C57BL/6 wild-type counterparts.

In infected female mice, the mean parietal cell number was also significantly

lower than in infected male mice regardless of Bak deletion. The mean

parietal cell numberdid not however showanysignificant interaction between

gender and Bakgene deletion (Figure 3.17B).

Moreover, there wasa significant reduction in the mean parietal cell number

following short term H.felis infection compared to non-infected micein all

groups except male C57BL/6 mice (Figure 3.27).

Parietal cells distribution profiles were similar in both male and female

C57BL/6 and Bak-null mice following 6 weeks of H. felis infection (Figure

3.17C).
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Figure 3.17: (A) Representative photomicrographs showing
H*/K*ATPase staining in gastric corpus mucosa of C57BL/6 and Bak-
null mice following 6 weeks of H.felis infection ((i) CS7BL/6 male mice,
(ii) Bak-null male mice, (iii) C57BL/6 female mice and (iv) Bak-null
female mice)) (black arrows indicate parietal cells). (B) Mean parietal cell
number + SD in each group. (C) Parietal cell number against cell
position. Two-way ANOVA (Genotype, p=0.002; Gender, p<0.001,
interactions, p=0.506). n=6.
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3.4.4.5 Gender and Bak deletion did not alter gastric epithelial

proliferation following short term H.felis infection

To assess whether Bak deletion affected gastric epithelial cell proliferation

following short term H. felis infection in both male and female mice,

immunohistochemical staining for Ki67 was performed. Staining showed that

the numberof proliferating gastric epithelial cells was unchanged following 6

weeks of H.felis infection in both male and female C57BL/6 and Bak-null

mice (Figure 3.18A).

The mean number of Ki67-positive cells in ten individual areas per mouse

section was scored and no significant changes in the numbers of Ki67-

positive cells were demonstrated following short term H. felis infection in

either male or female C57BL/6 and Bak-null mice. There was no significant

interaction between gender and Bak deletion upon gastric epithelial cell

proliferation (Figure 3.18B).

In female C57BI/6 mice, short term H. felis infection led to a significant

increase in proliferating cells compared with non-infected mice, while in all

other groups there was no significant change in the amount of gastric

epithelial cell proliferation compared with non-infected counterparts (Figure

3.28).

The distribution of proliferating cells was similar in C57BL/6 and Bak-null

mice 6 weeksfollowing H. felis infection (Figure 3.18C). However while the

distribution of proliferating cells was similar in non-infected and infected Bak-

null mice, there was a shift in the distribution profile of proliferating cells
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towards the upperportions of gland only in C57BL/6 micefollowing infection

(Figure 3.12C and Figure 3.18C).

172



173

  T
o
t
a
l
K
i
-
6
7
s
t
a
i
n
e
d

ce
ll

s
p
e
r
1
0
a
r
e
a
s

e
8

8
1

SN

C57BL6 infected male C5/BL/6 infected female BAK-nullinfected male BAK-nuil infected female

_ 8

 
8 i

 
 

F
e
m
a
l
e

              
             

Sete
P
L
a

p
e
t

oe
t
e
e
s

-
;

f
a
y
t
g
O
N
T

B
o
o
t
s

a
y
s

a
y
e
!
p
h
a
t

V
e

C
E
N
:
y
e
r
w
n
o
s

H
e

v
e

L
i
e
hy

,
T
e
,

e
h
T
R

L
P
i
n
e
,

o
e

B
A
Y

e
n
e
?

Pa
p
S
a
g
e
t
O
r

a

         

  
 

=
N
e
r
a

ta
m
w
e
e

_
a
t
e
e
s

i
.

w
h

h
i
e

g
e
o
y
M
e

t
y

2
'

P
P
9

O
M

n
a
s

S
e
r
e
e
s

3

        
    

a

 
 

 

ote
oh
~sa,

a:
=<

  
 

 

  
 

      
#

le
i

m
y

ce
di
te

o
o
o
c
h

     

 
t
o
n
g

ai
900

,
wa
ht

se

 

 
 
 

 



 

 

50 —— C57BL/6 infected male

- - BAK-null infected male

   

  

40 —— C57BL/6 infected female

- - BAK-null infected female

30

20

K
i
-
6
7
s
t
a
i
n
e
d
c
e
l
l
s

10

Distancefrom gland base  
 

Figure 3.18: (A) Representative photomicrographs showing
Ki67-stained cells in gastric corpus mucosa of C57BL/6 and
Bak-null mice following 6 weeks of H. felis infection ((i)
C57BL/6 male mice,(ii) Bak-null male mice,(iii) CS57BL/6 female
mice and (iv) Bak-null female mice)) (black arrows indicate
proliferating cells). (B) Mean numberof Ki67-stained cells + SD
in each group. (C) Total number of Ki67-stained cells against
cell position. Two-way ANOVA (Genotype, p=0.313;
Gender, p=0.768, interactions, p=0.466). n=6.
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3.4.4.6 Gastric epithelial apoptosis was reduced in Bak-null mice

following short term H.felis infection

To examinethe effect of Bak deletion on gastric mucosal apoptosis following

H. felis infection, immunohistochemistry was performed against active

caspase-3 in the gastric corpus mucosa of male and female C57BL/6 and

Bak-null mice. There were decreased numbersof apoptotic cells following 6

weeks of H. felis infection in Bak-null male and female mice compared to

their wild-type counterparts (Figure 3.19A).

Ten areas per mouse were scored in both Bak-null and C57BL/6 mice

following 6 weeksof H.felis infection. The mean numberof apoptotic cells

was found to be significantly reduced in Bak-null mice post-infection

compared with infected C57BL/6 male and female mice. Gender had no

significant impact upon mean apoptotic cell number with and without Bak

deletion (Figure 3.19B).

Following short term H. felis infection, the number of apoptotic cells was

howevernotstatistically significantly different in all of groups compared with

non-infected controls (Figure 3.29).

In C57BL/6 female mice, apoptotic cells were distributed further towards the

top of gastric glands following 6 weeksof H.felis infection compared to non-

infected mice (Figure 3.19C). However the distribution profile in the other

groups appearedsimilar to those observedpriorto infection (Figure 3.13C).
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Figure 3.19: (A) Representative photomicrographs showingactive
caspase-3-stained cells in the gastric corpus mucosa of C57BL/6
and Bak-null mice following 6 weeks of H. felis infection ((i)
C57BL/6 male mice, (ii) Bak-null male mice,(iii) C57BL/6 female
mice and(iv) Bak-null female mice)) (black arrows indicate apoptotic
cells). (B) Mean apoptotic stained cells number + SD in each
group. (C) Total caspase-3-stained cells against cell position.
Two-way ANOVA (Genotype, p=0.003; Gender, p=0.632,
interactions, p=0.840). n=6.
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3.4.5 Long term H.felis infection in Bak-null mice

To study the effects of Bak deletion upon long term H.felis infection, groups

of male C57BL/6, male Bak-null, female C57BL/6 and female Bak-null mice

(age of 6 weeks with a minimum of 6 mice per group) were orally infected by

gavage with H. felis 3 times during the course of one week. Mice were then

sacrificed at 48 weekspost-infection. We examined the gastric mucosa using

histology and  immunohistochemistry for infection, inflammation,

H*/K*ATPase (a parietal cell marker), Ki-67 (a proliferation marker) and

active caspase-3 (an apoptosis marker).

3.4.5.1. H. felis colonisation is consistent in both male and female

mice, with and without Bak deletion, following long term

infection

In all infected mice, H. felis was observed in gastric antral glands (Figure

3.20A-D). The mean H.felis infection score showed no significant change

between either male or female C57BL/6 and Bak-null mice following long

term H.felis infection (Figure 3.20E).

3.4.5.2 Female mice showed increased gastric corpus inflammation

comparedwith male mice following long term H.felis infection

The gastric mucosa of infected female mice showedincreased inflammation

compared with male mice in both C57BL/6 and Bak-null strains (Figure

3.21A-D). Histological scoring was performed to determine the severity of

inflammation at 48 weeks post-H.felis infection in male and female Bak-null
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and C57BL/6 mice. The inflammation score was found to be significantly

higherin infected female compared to male mice regardless of Bak deletion

(Figure 3.21E).
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Figure 3.20: Representative H & E-stained sections of C57BL/6 and
Bak-null mouse antral gastric mucosa in (A) C57BL/6 male 48 weeks

post-H. felis infection; (B) Bak-null male 48 weeks post-H. felis

infection, (C) C57BL/6 female 48 weeks post-H.felis infection and (D)

Bak-null female 48 weeks post-H.felis infection (black arrows indicate

H.felis) (original magnification x40). (E) Mean(+) H. felis infection score

at 48 weekspost-H.felis infection in male and female C57BL/6 and

Bak-null mice ((¢) indicates an individual mouse). O= no bacteria

observed, 1= few bacteria observed and 2= multiple bacteria observed.

Mann Whitney (Genotype, p=0.576; Gender, p=0.298). n=10 in C57BL/6

and Bak-null male mice. n=6 in C57BL/6 and Bak-null female mice.
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Figure 3.21: Representative H & E-stained sections of C57BL/6 and

Bak-null mice antral gastric mucosa in (A) C57BL/6 male 48 weeks

post-H. felis infection, (B) Bak-null male 48 weeks-post H. felis

infection, (C) C57BL/6 female 48 weekspost-H.felis infection and (D)

Bak-null female 48 weekspost-H.felis infection (black arrows indicate

inflammatory cells) (original magnification x40). (E) Mean (é)

inflammation score at 48 weeks following H. felis infection of

C57BL/6 and Bak-null male and female mice ((¢) indicates an

individual mouse). 0= no inflammation, 1= small multifocal leukocyte

accumulations in mucosa, 2= coalescing mucosal inflammation; early sub-

mucosal extension, 3= coalescing mucosal inflammation with prominent

multifocal extension + follicle formation and 4= severe diffuse inflammation

of mucosa, sub-mucosa, with or without deeper layers. Mann Whitney

(Genotype, p=0.241; Gender, p<0.001). n=10 in C57BL/6 and Bak-null

male mice. n=6 in C57BL/6 and Bak-null female mice.
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3.4.5.3 There was no changein gastric mucosal thickness following

long term H.felis infection of Bak-null mice

Histological sections from 48 weeks post-H. felis infected male and female

C57BL/6 and Bak-null mice were examined under the light microscope.

Gastric gland lengths were quantified (with a minimum of ten gastric glands

per mouse per group) in both infected male and female C57BL/6 and Bak-

null mice. Mean gastric mucosal thickness was not significantly different

between any of these groups. Although the mean gastric mucosal thickness

in infected female Bak-null mice appeared to be slightly lower than the mean

mucosal thickness in all other groups, this change was notstatistically

significant (Figure 3.22).

In long term H. felis infection, gastric mucosal thickness was found to be

significantly increased in all groups except female Bak-null mice compared

with non-infected mice (Figure 3.26).
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Figure 3.22: : Mean + SD gastric mucosalthickness in male and female

C57BL/6 and Bak-null mice following 48 weeks of H. felis infection.

Two-way ANOVA (Genotype, p=0.284; Gender, p=0.319,

interactions, p=0.212). n=10 in C57BL/6 and Bak-null male mice. n=6 in

C57BL/6 and Bak-null female mice.
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3.4.5.4 Bak-null mice showed increased gastric mucosal atrophy

following long term H.felis infection

In male and female Bak-null mice, long term H. felis infection led to a

reduction in the numberof parietal cells within gastric glands (Figure 3.23A).

The meanparietal cell numberwassignificantly decreasedin H.felis-infected

Bak-null mice compared with infected C57BL/6 male and female mice.

Genderhad nosignificant effect on the meanparietal cell number regardless

of Bak deletion. There wasnosignificant interaction between gander and Bak

deletion upon parietal cell number (Figure 3.23B).

After long term H.felis infection the mean parietal cell number was however

not statistically significantly different in all groups compared with non-infected

controls (Figure 3.27).

No significant differences in parietal cell distribution were observed between

male and female C57BL/6 or male and female Bak-null mice following long

term H.felis infection (Figure 3.23C).
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Figure 3.23: (A) Representative photomicrographs showing
H*/K*ATPasestaining in gastric corpus mucosa of C57BL/6 and Bak-
null mice following 48 weeks ofH.felis infection ((i) C57BL/6 male mice,
(ii) Bak-null male mice, (iii) C57BL/6 female mice and (iv) Bak-null
female mice)) (black arrows indicate parietal cells). (B) Mean parietal cell
number + SD in each group. (C) Parietal cell number against cell
position. Two-way ANOVA (Genotype, p<0.05; Gender, p=0.271,
interactions, p=0.567). n=10 in C57BL/6 and Bak-null male mice. n=6 in
C57BL/6 and Bak-null female mice.
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3.4.5.5 Bak deletion had no effect upon gastric proliferation in both

male and female mice following long term H.felis infection

To investigate the effect of long term H.felis infection upon gastric epithelial

proliferation in male and female C5/7BL/6 and Bak-null mice,

immunohistochemistry was performed for Ki67 in gastric corpus sections

from groups of infected male C57BL/6, infected male Bak-null, infected

female C57BL/6 and infected female Bak-null mice (Figure 3.24A).

Mean numbers of Ki67-positive cells in ten different areas per mouse section

were scored. No significant change in the number of Ki67-positive cells was

observed following 48 weeks H.felis infection in Bak-null mice compared to

C57BL/6 wild-type mice. The number of proliferating cells was also not

significantly changed in male compared to female mice regardless of Bak

deletion. There was no significant interaction between gender and Bak

deletion upon gastric epithelial proliferation (Figure 3.24B).

Following long term H. felis infection, the mean number of gastric mucosal

proliferating cells number was significantly increased in C57BL/6 wild-type

male and female mice compared with non-infected control mice. In Bak-null

mice, the amountof proliferating cells did not changesignificantly following

long term H.felis infection compared with non-infected animals (Figure 3.28).

No significant differences in the distribution of Ki67-positive cells were

observed in male C57BL/6, male Bak-null, female C57BL/6 and female Bak-

null mice following long term H.felis infection (Figure 3.24C).
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Figure 3.24: (A) Representative photomicrographs showing Ki67-
stained cells in the gastric corpus mucosa of C57BL/6 and Bak-
null mice 48 weeks post-H.felis infection ((i) CS7BL/6 male mice,
(ii) Bak-null male mice, (iii) C57BL/6 female mice and (iv) Bak-null
female mice)) (black arrows indicate proliferating cells). (B) Mean Ki-
67 stained cell number + SD in each group.(C) Total Ki67-stained
cells against cell position. Two-way ANOVA(Genotype, p=0.191;
Gender, p=0.844, interactions, p=0.107). n=10 in C57BL/6 and Bak-
null male mice. n=6 in C57BL/6 and Bak-null female mice.
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3.4.5.6 Bak deletion led to decreased gastric apoptosis in male and

female mice following long term H.felis infection

To examine the effect of long term H. felis infection on gastric mucosal

apoptosis, immunohistochemistry was performed against active caspase-3 in

the gastric corpus mucosa of male C57BL/6, male Bak-null, female C57BL/6

and female Bak-null mice. Decreased numbers of apoptotic cells were

observed in male and female Bak-null mice relative to their wild-type

counterparts following 48 weeksofH.felis infection (Figure 3.25A).

Ten areas per mouse were scored in both male and female C57BL/6 and

Bak-null mice following 48 weeksof H. felis infection. The mean numberof

apoptotic cells was found to be significantly decreased in Bak-null mice

compared with C57BL/6 wild-type mice post-infection. There was also a

significant reduction in the number of apoptotic cells in female mice

compared with male mice 48 weekspost-H.felis infection regardless of Bak

deletion. There was however nosignificant interaction between gender and

Bak deletion upon mean apoptotic cell number(Figure 3.25B).

Following long term H.felis infection, the mean apoptotic cell number was

significantly increased in C57BL/6 male mice compared with non-infected

mice. In all other groups the mean apoptotic cell number was notstatistically

significantly different compared with non-infected mice (Figure 3.29).

Bak deletion had no significant effect upon apoptotic cell distribution in the

gastric corpus mucosa of both male and female mice following long term H.

felis infection (Figure 3.25C).
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Figure 3.25: (A) Representative photomicrographs showing
active caspase-3-stained cells in the gastric corpus mucosa of
C57BL/6 and Bak-null mice 48 weeks post-H.felis infection ((i)
C57BL/6 male mice,(ii) Bak-null male mice,(iii) CS7BL/6 female
mice and (iv) Bak-null female mice)) (black arrows indicate
apoptotic cells). (B) Mean apoptotic stained cells number + SD in
each group.(C) Total active caspase-3-stained cells against cell
position. Two-way ANOVA(Genotype, p<0.001; Gender, p=0.003,
interactions, p=0.082). n=10 in C57BL/6 and Bak-null male mice.
n=6 in C57BL/6 and Bak-null female mice.
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3.4.6 Results summary showing significant differences as a result of

H.felis infection in groups of mice

3.4.6.1 Gastric mucosal thickness
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Figure 3.26: Mean + SD gastric mucosal thickness in male and
female C57BL/6 and Bak-null mice following 6 or 48 weeks of H.
felis infection along with non-infected controls. Unpaired t-test
(*P<0.01 and **P<0.001).

3.4.6.2 Gastric mucosal atrophy
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Figure 3.27: Mean + SD gastric parietal cell number in male and
female C57BL/6 and Bak-null mice following 6 or 48 weeks of H.
felis infection along with non-infected controls Unpaired t-test

(*P<0.01 and **P<0.001).
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3.4.6.3 Gastric mucosalproliferation
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Figure 3.28: Mean + SD gastric mucosal proliferating cells in male
and female C57BL/6 and Bak-null mice following 6 or 48 weeksof H.
felis infection along with non-infected controls. Unpaired t-test
(*Ps0.01 and **P<0.001).

3.4.6.4 Gastric mucosal apoptosis
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Figure 3.29: Mean + SD gastric mucosal apoptotic cells in male and
female C57BL/6 and Bak-null mice following 6 or 48 weeks of H.
felis infection along with non-infected controls. Unpaired t-test
(*P<0.01).

193



 

 

Non-infected

MALE
C57BL/6
MICE

FEMALE
C57BL/6
MICE

MALE BAK-
NULL MICE

FEMALE
BAK-NULL

MICE

 

MUCOSAL
THICKNESS tT

Compared with
wild-type mice

t
Compared with

wild-type mice

 

PARIETAL CELL
J

Comparedwith

male mice

y
Compared with

male mice

 

t t

 

PROLIFERATION Compared with Compared with
wild-type mice wild-type mice

APOPTOSIS § u   Compared with

wild-type mice  Compared with

wild-type mice

 
 

Table 3.1: Summary of findings found in uninfected C57BL/6 and Bak-
null mice from both sexes.
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Table 3.2: Summary of findings found in C57BL/6 and Bak-null mice
from both sexes following 6 weeksof H.felis infection.
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Table 3.3: Summary of findings found in C57BL/6 and Bak-null mice
from both sexes following 48 weeksofH.felis infection.
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35 Discussion

Our initial time course experiment showed that H. felis infection of C57BL/6

male mice resulted in a decline in the number of the parietal cells until 6

weekspost-infection, followed by a return to baseline numbers by 20 weeks.

Studies have previously shownthat H. felis-infected C57BL/6 female mice

have decreased numbers of gastric parietal cells (Fox et al., 1996). The

mechanismsinvolved in the loss of parietal cells during H. felis infection have

not been well defined, although the possible development of parietal cell

autoantibodies has been suggested (Sakagami et al., 1996). We did not

investigate the presence of these antibodies in our experiments. Loss of

bacterial colonisation with time as a result of hypochlorhydria could be one

possible explanation contributing to why parietal cell numbers returned to

normal by 20 weekspostH.felis infection.

We demonstrated in our study that H. felis infection caused increased gastric

mucosalproliferation in C57BL/6 mice in a time course dependent manner,

and this is consistent with previous studies (Wang et al., 1998, Fox et al.,

1996). The proliferative zone (or postulated stem cell zone) of the gastric

mucosa is normally located in the neck region of the gastric gland, at the

junction of the base of the pit and the upper region. In our study, gastric

epithelial proliferating cells were visualised in this same location. Previous

studies have also suggested that expansion of the proliferative zone is

associated with an increased risk of gastric cancer (Lipkin et al., 1985).

However, the mechanism for this alteration is unclear. One possibility is that

an ongoing cycle ofinflammation-mediated epithelial destruction, followed by

activation of growth factors and subsequent regeneration may lead to
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increasedcell turnover. Our data also showed that the number of apoptotic

epithelial cells was increased with time following H.felis infection of C57BL/6

male mice. Again, this is consistent with other previous studies (Wangetal.,

1998). H. felis-induced apoptosis was seen predominantly in the neck region

of gastric corpus glands. The mechanism for this changein the distribution of

apoptotic cells is unknown. It has previously been demonstrated that y-

radiation induces murine gastric epithelial apoptosis within the proliferative

zone andthis apoptosis is regulated by p53 and various membersof the Bcl-

2 family of proteins (Przemecket al., 2007).

The pro-apoptotic protein Bak plays a crucial role in regulating colonic

epithelial cell homeostasis and regulates the response of these cells to DNA

damage-inducedinjury (Duckworth and Pritchard, 2009). Bak-null mice were

reported to be reproductively fit without any demonstrable phenotype, but

when Bak-null mice were crossed with Bax-null mice (another pro-apoptotic

Bcl-2 family member), severe phenotypic abnormalities were observed.

These included webbedfeet, failure of vaginal development in female mice,

neurological disorders and increased numbersof myeloid and lymphoid cells.

This suggests that Bak and other pro-apoptotic Bcl-2 family members have

overlapping roles in regulating apoptosis during mammalian development

and tissue homeostasis (Lindsten et al., 2000).

We have shown by immunohistochemistry that Bak expression was elevated

at 2 weeks, but not at other time points following H.felis infection in C57BL/6,

FVB/N and INS-GAS mouse models. Bak and Bax have previously been

associated with H. pylori infection and both proteins are induced in the
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transformed AGSgastric epithelial cell line following H. pylori infection and in

gastric mucosal biopsies from patients colonised by H. pylori (Chenetal.,

1997). In addition, overexpression of Bcl-2 has been described in both

intestinal metaplasia and in gastric dysplasia as a result of long-term H. pylori

infection (Clarke et al., 1997, Lauwers et al., 1994). In both INS-GAS and

FVB/N mousestrains, our results did not show anysignificant increasesin

total Bak protein abundance expression following H. felis infection by

Western Blotting. However, immunohistochemistry suggested that protein

localisation was altered post-infection.

We have shown that untreated Bak-null mice have increased numbers of

gastric corpus proliferating cells. This is likely to contribute to the significant

increase in gastric corpus mucosal thickness observed in Bak-null mice

compared with C57BL/6 wild-type mice of both sexes. These findings are

similar to those previously reported in colonic crypts, where hyperplasia was

observed in Bak-null mice (Duckworth and Pritchard, 2009). Together, these

findings suggest that the Bak protein is at least partially responsible for

controlling gastric corpus gland length.

In this study we did not demonstrate an actual change in parietal cell

numbers in untreated Bak-null mice. Although the ANOVAtest suggested

that there wasa significant difference in parietal cell numbers associated with

gender, this effect was unlikely to be real as it was not consistent for both

C57BL/6 and Bak-null mice. In Bak-null mice, there was no significant

alteration in mean parietal cell numbers in either male or female mice.
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Wehave also shownthat uninfected Bak-null mice have reduced numbersof

apoptotic cells within the gastric corpus epithelium. Along with the increased

rate of proliferation observed within Bak-null glands, this may be responsible

for the observed gastric gland hyperplasia. Whether there is a feedback

mechanism between the amount of apoptosis and the level of proliferation

within gastric glands remainsto be elucidated.

Apoptosis in the stomach contributes to regulating the rate of epithelial cell

turnover and is accelerated during Helicobacterinfection in both humans and

in animal models. In our study we used H.felis infection as a damage-

inducing apoptosis factor and have evaluated the subsequent gastric

epithelial pathology in Bak-null male and female mice. The rationale for using

short- and long-term H. felis infection time points was to assess early and

late pathological changesin the gastric mucosa. At both timepoints, andin all

infected male and female C57BL/6 and Bak-null mice, H. felis colonization

was observedin gastric antral glands. There was no signifcant difference in

the mean H. felis infection score between male and female C57BL/6 and

Bak-null mice at any timepoint.

Both C57BL/6 and Bak-null female mice showed increased gastric corpus

mucosalinflammation compared with male mice following short- and long-

term H.felis infection. Previous studies have also demonstrated that H. felis-

infected female mice display an earlier onset and more significant gastric

mucosal inflammation compared with male H. felis-infected C57BL/6 mice

(Court et al., 2003). These findings reveal that gender is an important factor

to consider in studying host responses to Helicobacterinfection.
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Gastric corpus mucosal thickness wasfoundto besignificantly increased in

female C57BL/6 and Bak-null mice compared with their male counterparts

following short-term H. felis infection. We also showed that gastric mucosal

thickness was increased in female C57BL/6 mice compared with non-

infected controls, suggesting that female mice develop more gastric

pathology compared to male mice following short-term H. felis infection. This

is consistent with pathological changes found in H. felis infected female

C57BL/6 mice (Court et al., 2003). Following long-term H.felis infection there

was no significant change in mean gastric mucosal thickness between male

and female mice regardless of Bak deletion. However compared to

uninfected counterparts, long-term infected Bak-null and C57BL/6 mice from

both sexes developed significant increases in mean gastric mucosal

thickness. These findings demonstrate that infection, but not Bak deletion, is

responsible for this observed phenotype.

We showed that Bak-null mice displayed significantly more gastric corpus

mucosal atrophy compared with C57BL/6 male and female mice, following

both short- and long-term H.felis infection. This is likely to be due to the fact

that in Bak-null mice there was no compensatory increase in proliferating

gastric cells following H. felis infection that was observed in C57BL/6 wild-

type mice. Deletion of the pro-apoptotic Bak protein appears to accelerate

gastric mucosal atrophy following H. felis infection in this murine model. In

this study there was a significant reduction in the mean parietal cell number

following short-term H. felis infection compared to non-infected mice in all

groups except male C57BL/6 mice. Thesefindings show that male C57BL/6
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mice are more resistant than female mice to the development of gastric

pathology following short-term H.felis infection.

The present study demonstrated that C57BL/6 male and female mice,

infected long-term with H. felis, have increased gastric epithelial cell

proliferation in the corpus mucosa. This increase was not observed in Bak-

null male and female mice infected with H.felis for the long-term, suggesting

that Bak does not play a role in the regulation of H. felis-induced proliferation

within gastric mucosal glands. Previous studies have also demonstrated that

Bak did not play anyrole in regulating proliferation in the small intestinal

epithelium following induced damage (Duckworth and Pritchard, 2009). In

female C57BL/6 mice, both short- and long-term H. felis infection caused a

significant increase in gastric epithelial proliferation compared with uninfected

female C57BL/6 controls. In male C57BL/6 mice, this phenomenon wasonly

observedfollowing long-term H.felis infection. These data also confirm that

in the C57BL/6 mousestrain, females respond earlier than males to H.felis

infection. It has been shown that female rats had increased levels of gastric

epithelial proliferation compared with male rats following ethanol-induced

gastritis, and that these changes were due to sex hormones(Liu et al., 2001).

Finally, we have shownthat following short-term H.felis infection, Bak-null

mice displayed significant reductions in the numbers of epithelial apoptotic

cells compared with C57BL/6 mice and there was no significant gender-

specific effect upon apoptosis at this timepoint. It has been previously

demonstrated that the pro-apoptotic Bak protein had an important role in

regulating radiation-induced and Helicobacter-induced gastric epithelial
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apoptosis (Chen et al., 1997, Przemeck et al., 2007). Our studies have

therefore confirmed that the Bak protein regulates damage-induced

apoptosis in the stomach. In long-term H. felis infection, both Bak deletion

and female genderwere foundto significantly reduce the numberof epithelial

gastric corpus apoptotic cells. These findings are in agreement with previous

reports which have suggested that in female mice,following long-term H..felis

infection, there are increased numbersof apoptotic gastric epithelial cells in

the corpus mucosa compared with male mice (Court et al., 2003).

In conclusion, gastric epithelial atrophy, proliferation and apoptosis were

increased following H. felis infection of wild-type mice. Bak deficiency led to

altered gastric epithelial apoptosis, proliferation and mucosal thickness in

untreated mice. Following both short- and long-term H.felis infection, Bak

deletion resulted in increased gastric atrophy and decreased susceptibility to

apoptosis. Gender differences and Bak expression are therefore important

factors that determine the gastric epithelial response following Helicobacter

infection and may ultimately regulate progression toward gastric

carcinogenesis.
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4. Chapter Four

Effects of an epidermal growth factor receptor (EGFR)

inhibitor upon the developmentof

Helicobacter-induced gastric precancerous changes

in hypergastrinaemic INS-GAS mice
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4.1 Abstract

Gastric infection with Helicobacter bacterial species in transgenic

hypergastrinaemic INS-GAS mice has been shown to accelerate the

development of gastric cancer. The epidermal growth factor receptor (EGFR)

is a 170-kDa transmembrane glycoprotein that normally plays an important

role in regulating cell proliferation, differentiation and growth. H. pylori and

gastrin have been shown to transactivate the EGFR in an autocrine, or

paracrine mannerrespectively. EGFR is commonly overexpressed in human

gastric cancer and its abundance is also elevated in H. pylori-associated

gastritis. We therefore sought to examine the effects of treatment with an

EGFR inhibitor upon the development of gastric mucosal inflammation,

atrophy, proliferation and apoptosis in untreated and Helicobacter-infected

INS-GASand wild-type FVB/N mice.

Groups of 6 week old male INS-GAS and wild-type FVB/N mice were

infected with H. felis three times by oral gavage. Six weeks post-infection,

infected and uninfected controls were fed either control or EKB-569 -

supplemented diet (~10mg/kg mouse/day). Mice were sacrificed at 9 months

post-infection. EGFR mRNA abundance wasassessed by quantitative real-

time PCR (qPCR). Mucosalthickness, inflammation (H & E staining), gastric

epithelial cell proliferation (Ki67), apoptosis (active caspase 3) and parietal

cell density (H*K°-ATPase) were assessed immunohistologically in the

gastric corpus.

H. felis infection of INS-GAS mice resulted in significant increases in EGFR

mRNA abundance, corpus inflammation, mucosal thickness, Ki67-positive
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epithelial cells and active caspase 3-positive epithelial cells, as well as a

reduced number of parietal cells relative to uninfected controls. In both

untreated and H.felis-infected hypergastrinaemic mice, EKB-569 increased

EGFR mRNAabundance,but had no effect on gastric epithelial proliferation,

apoptosis, parietal cell number, inflammation or mucosalthickness. This is in

contrast to the Mongolian gerbil H. pylori model, in which EKB-569 was

previously shown to reduce epithelial proliferation to apoptosis ratios and

reduce corpus atrophy and metaplasia. Although EGFR haspreviously been

found to be important in regulating cell growth and proliferation in the gastric

corpus, these studies have demonstrated that its inhibition had no significant

effect upon the development of H. felis-induced gastric pathology in this

transgenic murine model.
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4.2 Introduction

INS-GAS mice have elevated levels of human amidated gastrin and were

created by inserting a human gastrin minigene into the insulin promoter of

pancreatic beta cells (see section 1.7.3). This resulted in expression of the

gastrin gene in the pancreatic islets of adult animals (Wang et al., 1993).

INS-GAS mice on an FVB/N background develop gastric mucosal dysplasia

and carcinoma by 20 months of age whereas their wild-type FVB/N

counterparts do not. It has also been shownthat the spontaneous process of

gastric cancer development was accelerated by H. felis infection in this

mouse model. After 6 months of H. felis infection, there was significantly

increased gastric atrophy in INS-GAS mice compared to non-infected INS-

GASorH.felis-infected FVB/N mice (Wanget al., 2000). In previous studies

it has also been shown that male INS-GAS mice develop more severe gastric

pathology than female INS-GAS mice following Helicobacter infection (Fox et

al., 2003a).

The epidermal growth factor receptor (EGFR; ErbB1) is a 170 kDa trans-

membrane glycoprotein that consists of a single polypeptide chain of 1186

amino acids. It plays an important role in cell growth, differentiation and

proliferation. EGFR belongs to the EGFRfamily of receptor tyrosine kinases,

which in addition to EGFR (ErbB1), consists of ErbB2, ErbB3 and ErbB4.All

EGFR family members have an_ extra-cellular portion, a_ single

transmembrane domain, and a cytoplasmic portion (Olayioye et al., 2000).

For manycellular processes such as survival, proliferation, differentiation and

migration, the ErbB family of receptors represent the external-to-internal

signal transduction point. EGFR membersalso play a majorrole in regulating
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epithelial cancer growth, progression and metastasis (Barnes and Kumar,

2003).

It has been shown that EGFRis overexpressed in human gastric cancer and

that there is a clear correlation between overexpression of this protein and

poorer prognosis (Zheng et al., 2004). H. pylori infection leads to an increase

in EGFR expression (Keateset al., 2007). It has been also shownthat after

H. pylori infection, increased EGFR expression and transactivation occurs via

heparin-binding (HB)-EGFrelease from epithelial cells (Dickson et al., 2006).

In vivo andin vitro studies have also shownthat H. pylori-related activation of

EGFR had an anti-apoptotic effect on gastric epithelial cells (Yan et al.,

2009).

We therefore hypothesised that EGFR mediated signalling modulates the

pro-carcinogenic effect of Helicobacter infection in the stomach. We have

therefore investigated whetherinhibition of EGFR signalling modulates the

consequences of Helicobacter infection using a mouse model that is

susceptible to gastric cancer development.
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4.3 Aims

The aimsof this chapter were:

1. To investigate the time course of development of gastric mucosal

inflammation, atrophy, proliferation and apoptosis in H.felis-infected INS-

GAS mice.

2. To examine the effects of treatment with an EGFRinhibitor upon the

development of gastric mucosal inflammation, atrophy, proliferation and

apoptosis in untreated and Helicobacter-infected INS-GAS and wild-type

FVB/N mice.
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4.4 Results

4.4.1 Time-course of H.felis infection in hypergastrinaemic INS-GAS

mice.

To investigate the effect of hypergastrinaemia and Helicobacter infection on

gastric mucosa, a minimum of 5 male INS-GAS mice per group wereinfected

by gavagewith H.felis and killed 12, 24, and 36 weeksafter inoculation. The

same numbers of aged matched non-infected INS-GAS male mice were

killed at each time point as controls.

4.4.1.1. H. felis gastric colonisation decreased over time in infected

INS-GAS mice.

In most infected male INS-GAS mice, H. felis organisms were observed in

gastric antral glands, whereas no H.felis could be visualised in the gastric

antral glands of non-infected mice (Figures 4.1 A-C). The mean H.felis

infection score decreasedsignificantly at 36 weeks compared with 12 and 24

weekspost-H.felis infection (Figure 4.1D). Very few bacteria could be seen

in gastric corpus glands at any time point postinfection.

4.4.1.2 Gastric corpus inflammation increased over time following

H. felis infection of INS-GAS mice.

The gastric mucosa of infected INS-GAS mice showed more inflammation

compared to non-infected INS-GAS mice (Figures 4.2A-C). Histological

scoring was performed to determine the severity of inflammation at 12, 24
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and 36 weekspost-H.felis infection. The inflammation score wassignificantly

increased at 36 weeks compared with 12 and 24 weeksfollowing H.felis

infection. There was also a significant increase in the mean inflammation

score at 24 weeks compared with 12 weeks post-H. felis infection (Figure

4.2D).
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Figure 4.1: Representative H & E-stained sections of INS-GAS mouse
antral gastric mucosa at (A) 12 (B) 24 and (C) 36 weeks post-H.felis
infection (black arrowsindicating H. felis)(original magnification x63). (D)
Mean(+) H. felis infection score at 12, 24 and 36 weeks post-H.felis

infection of INS-GAS mice ((¢) indicates an individual mouse). Mann-
Whitney (p= 0.008 12 weeks; p= 0.016 24 weeks compared with 36 weeks
following H.felis infection). O= no bacteria observed, 1= few bacteria observed
and 2= multiple bacteria observed. n= 6 per group.
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Figure 4.2: Representative H & E-stained sections of INS-GAS mouse
corpus gastric mucosaat (A) 12 weeks, (B) 24 weeks and (C) 36 weeks
post-H. felis infection (black arrows indicating inflammatory cells)
(original magnification x20). (C) Mean (*) inflammation score at 12, 24,

and 36 weekspost-H.felis infection of INS-GAS mice ((¢) indicates an
individual mouse). Mann-Whitney (p<0.05, p<0.001 at 12 weeks
compared with 24 and 36 weeksfollowing H. felis infection respectively;
p<0.01 at 24 weeks compared with 36 weeks post-H.felis infection). O= no
inflammation, 1= small multifocal leukocyte accumulations in mucosa, 2=
coalescing mucosal inflammation; early sub-mucosal extension, 3=
coalescing mucosal inflammation with prominent multifocal extension +
follicle formation and 4= severe diffuse inflammation of mucosa, sub-
mucosa, with or without deeper layers. n=6 at 12 and 24 weeks; n=7 at 36

weeks.
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4.4.1.3. H. felis infection resulted in increased mucosal thickness in

INS-GAS mice.

Histological sections from infected and non-infected INS-GAS mice were

examined underthe light microscope. Gastric gland lengths were quantified

(with a minimum of ten gastric glands per mouseper group) in both infected

and non-infected INS-GAS mice at each time point (Figure 4.3G). Gastric

mucosal thickness was markedly increased in infected INS-GAS mice

compared to uninfected controls (Figures 4.3A-F) at all time points post

infection.

4.4.1.4 Parietal cell number decreased following H. felis infection of

INS-GAS mice.

Following H.felis infection, the numberof parietal cells within gastric glands

of INS-GAS mice decreased overtime (Figure 4.4 A).

The mean numberof parietal cells per mouse wassignificantly decreased in

infected INS-GAS mice compared to controls 24 and 36 weeks following H.

felis infection. However, no significant difference in mean parietal cell number

was observed 12 weeks following H. felis infection (Figure 4.4B). Parietal

cells in infected INS-GAS mice showed the same distribution pattern along

the gland axis compared to controls at each time-point (Figure 4.4C).
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Figure 4.3: Representative H & E-stained sections from gastric
mucosa of INS-GAS mice either 12 weeks (A), 24 weeks (C) and 36
weeks (E) uninfected or 12 weeks (B), 24 weeks (D) and 36 weeks (F)
post-H. felis infection (original magnification x20). (G) Mean + SD
gastric mucosalthickness in INS-GAS mice at 12, 24, and 36 weeks
post-H.felis infection. *p<0.05 and #p<0.01 compared to non-infected
controls at each time point. n=6 per group.
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Figure 4.4: (A) Parietal cell immunohistochemistry at 12(i), 24(iii) and
36(v) weeks in non-infected INS-GAS mice and at 12 (ii), 24(iv) and
36(vi) weeks post-H.felis infection (black arrows indicating parietal cells)
(original magnification x10). (B) Mean + SD parietal cell number at 12, 24
and 36 weekspost-H.felis infection in INS-GAS mice. (C) Parietal cell
distribution in INS-GAS mice at 12, 24, and 36 weeks post-H. felis

infection). *p<0.05 compared to non-infected controls at each time point.

n=6 per group.
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4.4.1.5 Gastric epithelial cell proliferation increased with time

following H.felis infection of INS-GAS mice.

To assess whether H. felis infection affected gastric epithelial cell

proliferation, immunohistochemical staining for Ki67 was performed. Staining

showed that the numberofproliferating gastric epithelial cells increased over

time following H. felis infection of INS-GAS mice (Figure 4.5A). The mean

numberof Ki67-stained cells per mouse was found to besignificantly higher

in infected mice compared to controls at 12, 24 and 36 weeks post-H.felis

infection (Figure 4.5B). Proliferating gastric epithelial cells in infected INS-

GAS mice were shown to be distributed similarly to non-infected controls

(Figure 4.5C)

4.4.1.6 H. felis infection induced gastric mucosal cell apoptosis in

INS-GAS mice.

Immunohistochemistry for active caspase-3 was performed to assess the

effect of H. felis infection upon gastric epithelial apoptosis in INS-GAS mice

compared to non-infected controls at 12, 24 and 36 weeks post-H. felis

infection. The number of apoptotic (active caspase-3 positive) cells was

increased over time following infection (Figure 4.6A,B). At each time point

post-H. felis infection, the gastric epithelial apoptotic cells were shown to be

distributed further towards the top of gastric glands in infected mice

comparedto non-infected controls (Figure 4.6C).
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Figure 4.5: (A) Ki67 immunohistochemistry at 12(i), 24(iii) and 36(v)
weeksin non-infected INS-GAS mice and12 (ii), 24(iv) and 36(vi) weeks
post-H. felis infection (black arrows’ indicating proliferative
cells)(original magnification X10) in the gastric corpus mucosa of INS-
GAS mice. (B) Mean number + SD of Ki67-positive cells in INS-GAS
mice at 12, 24, and 36 weeks post-H.felis infection. (C) Ki67-positive
cell distribution in INS-GAS mice at 12, 24, and 36 weeks post-H.felis

infection). *p<0.05 compared to non-infected controls at each time point.

n=6 pergroup at each time point.
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Figure 4.6: (A) Representative immunohistochemistry images
showing active caspase-3 stained cells at 12(i), 24(iii) and 36(v)
weeks in non-infected INS-GAS mice and 12(ii), 24(iv) and 36(vi)
weeks post-H. felis infection of INS-GAS mice (black arrows
indicating apoptotic cells) (original magnification X10). (B) Mean
number + SD of apoptotic cells in INS-GAS mice at 12, 24, and 36
weeks post-H. felis infection. (C) active caspase 3-positive cell
distribution in INS-GAS mice at 12, 24, and 36 weeks post-H. felis

infection. *p<0.01 compared to non-infected controls at each time point.

n=6 per group.

223

 



4.4.1.7 Long term H. felis infection led to increased serum gastrin

concentrations in INS-GAS mice.

To investigate the effect of H. felis infection upon plasma gastrin

concentration, plasma samples from INS-GAS mice were taken at 12, 24 and

36 weeks post-infection and gastrin concentrations were compared to non-

infected controls at each time point. The gastrin plasma concentration

increased following H. felis infection at 36 weeks compared to non-infected

mice (Figure 4.7).
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Figure 4.7: Mean + SD plasma gastrin concentration in INS-GAS
mice 12, 24 and 36 weekspost-H.felis infection. *p<0.001 compared
to 36 weeks control. (Data were provided by Prof. A. Varro, Department
of Physiology, University of Liverpool). n=6 mice per group.
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4.4.2 Effects of an EGFR inhibitor upon the development of

Helicobacter-induced gastric neoplasia in hypergastrinaemic

INS-GAS mice.

4.4.2.1 H. felis infection of INS-GAS mice resulted in a significant

increase in EGFR expression.

To study the effects of treatment with an EGFRinhibitor on H.felis-infected

INS-GAS mice, male INS-GAS mice wereorally infected by gavage with H.

felis. Six weeks post-infection, infected and non-infected control mice were

fed either control, or EKB-569 (an EGFR inhibitor) supplemented food. Mice

were then sacrificed at 9 months post-infection. At post mortem, gastric

tissue was taken for analysis of RNA. Mean relative EGFR mRNA

abundance was shownto besignificantly higher in infected mice compared to

non-infected controls. Mean relative EGFR mRNA abundance was also

increased following EGFR inhibition in infected INS-GAS mice (Figure 4.8).

These data demonstrate that H. felis infection and EGFR inhibition

significantly increase EGFR expression in the gastric epithelial cells of male

INS-GAS mice.
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Figure 4.8: Mean + SD relative mRNA abundancein INS-GAS mice
with and without H. felis infection and with and without EKB-569
treatment. *p<0.01comparing infected to uninfected mice. **p<0.01
comparing EKB-569 treated infected mice to infected mice on control diet
(Data were provided by Prof. J. Crabtree, Institute of Molecular Medicine,
University of Leeds).

4.4.2.2 EGFRinhibition did not alter the H. felis colonisation rate in

either INS-GAS or FVB/N mice.

EKB-569 treatment did not alter the amount of H. felis gastric antral

colonisation in INS-GAS mice compared to infected mice on control diet

(Figure 4.9A) as viewed by histological examination.

H. felis infection scores did not change significantly post-EGFRinhibition in

INS-GAS mice compared to infected mice on control diet. Again in FVB/N

mice, there was no significant difference in the H. felis infection score
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following EKB-569 treatment compared to infected mice on normal diet.

However, in some FVB/N mice bacteria could not be observed, suggesting

that these mice may not have been successfully infected (Figure 4.9B).

4.4.2.3 EKB-569 treatment had a minoreffect on inflammation scores

in both INS-GAS and FVB/N mice.

Samples from the gastric corpus mucosa of infected INS-GAS male mice

either with or without EKB-569 treatment were assessed for inflammation

using H&E staining (Figure 4.10A). EGFR inhibition resulted in significantly

increased inflammation in the gastric corpus mucosa of infected male INS-

GAS mice comparedto infected mice on the control diet (Figure 4.10B).

Gastric corpus mucosainflammation was also assessedin infected INS-GAS

male mice either with or without EKB-569 treatment using anti-CD 3 and anti-

CD 20 immunohistochemistry as markers of T and B_ lymphocytes

respectively. No apparent alteration in cytoplasmic CD 3 and CD 20

expression could be observed in the gastric corpus mucosaof infected male

INS-GAS mice on EKB-569 diet relative to infected mice on the control diet

(Figure 4.11).

In infected FVB/N mice, there was no significant difference in the

inflammation score of gastric corpus mucosa between EGFRtreated and

untreated mice. In a few infected FVB/N were there was unsuccessfulH.felis

colonisation, as no mucosal inflammation was observed in these animals

(Figure 4.10B). However, the inflammation score washigherin infected INS-

GAS mice compared to wild-type FVB/N mice.
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Figure 4.9: (A) Photomicrographs showing H.felis in the antral
mucosa of INS-GAS mice with (ii) and without (i) EKB-569

treatment. FVB/N mice with (iv) and without (iii) EKB-569

treatment (black arrowsindicating H.felis) (original magnification is

63x). (B) Mean(+) H. felis infection score in H.felis infected INS-

GAS and FVBI/N mice with and without EGFR inhibition ((¢)

indicates an individual mouse). Mann Whitney (p=0.059 in INS-GAS

mice, p=0.79 in FVB/N mice). (n=9 in INS-GAS mice, n=5 in FVB/N
infected control mice and n=6 in FVB/N infected on EGFRa).
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Figure 4.10: (A) Representative photomicrographs of H. felis
infected INS-GAS mice with (ii) or without (i) EKB-569 treatment
(original magnification is 20x). FVB/N mice with (iv) and without(iii)
EKB-569 treatment (black arrows indicating inflammatory cells)
(original magnification is 40x). (B) Mean(+) inflammation score in INS-

GAS and FVBI/N mice following H. felis infection with and without
EGFRinhibition ((¢) indicates an individual mouse). Mann Whitney
(p=0.01 in INS-GAS mice, p=0.54 in FVB/N mice). (n=9 in INS-GAS mice

and n=6 in FVB/N mice).
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Figure 4.11: Representative photomicrographs showing CD 3 and
CD 20 immunohistochemistry staining in INS-GAS mouse gastric
mucosa following H. felis infection, with and without EKB-569
treatment (i) CD 3 in infected INS-GAS on control diet, (ii) CD 3 in
infected INS-GAS on EKB-569diet, (iii) CD 20 in infected INS-GAS
on control diet (iv) CD 20 in infected INS-GAS on EKB-569 diet

(original magnification 63x).
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4.4.2.4 H.felis infection led to increases in mucosal thickness in both

INS-GAS and FVBIN mice with and without EKB-569 treatment.

Histological examination of gastric corpus mucosa sections from INS-GAS

mice, pre and post-H.felis infection and with and without EKB-569 treatment

showed that gastric corpus mucosal thickness increased post-infection and

that EGFR inhibition had no effect (Figure 4.12A).

Mean gastric corpus mucosalthickness was found to be significantly higher

in infected INS-GAS mice compared to non-infected mice regardless of

EGFRinhibition. In FVB/N mice, there was a slight increase in mean mucosal

thickness following H. felis infection, but this was notstatistically significant.

There was therefore no effect of EKB-569 treatment upon gastric mucosal

thickness in these mouse models (Figure 4.12B).
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Figure 4.12: (A) H & E photomicrographs showing INS-GAS
mouse gastric corpus with or without H. felis infection, with or

without EKB-569 treatment ((i) uninfected INS-GAS control diet,
(ii) infected INS-GAS control diet, (iii) uninfected INS-GAS
EGFRaand(iv) infected INS-GAS EGFRa)(original magnification
40x). (B) Mean + SD gastric mucosal thickness in INS-GAS and
FVBIN mice 36 weekspost-H.felis infection and in non-infected
controls. *p<0.01 in non-infected INS-GAS control compared with
infected INS-GAScontrol. # p<0.01 in non-infected INS-GAS EGFR
a compared with infected INS-GAS EGFRa.(n=9 in INS-GAS mice

and n=6 in FVB/N mice).
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4.4.2.5 EKB-569 did not affect parietal cell number in INS-GAS or

FVB/N mice with or without H.felis infection.

H.felis infection led to a significant reduction in the numbersof gastric corpus

parietal cells in both FVB/N and INS-GAS mice, as determined by

immunohistochemicalstaining for H*/K* ATPase (Figure 4.13A).

The meanparietal cell number wassignificantly decreased in H.felis infected

FVB/N and INS-GASinfected mice compared to uninfected control mice.

Following EGFRinhibition, there was a significant reduction in parietal cell

numberin infected INS-GAS mice comparedto uninfected controls. In FVB/N

mice there was significant reduction in the numberof corpus parietal cells

following H.felis infection regardless of EKB-569 treatment. EKB-569 had no

significant effect on parietal cell number in FVB/N or INS-GAS mice (Figure

4.13B).

EGFRinhibition also had no effect upon parietal cell distribution in either INS-

GASor FVB/N mice, with and without H.felis infection (Figure 4.13C).
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Figure 4.13: (A) Representative photomicrographs showing
H*/K* ATPase staining in INS-GAS mouse gastric mucosa
with and without H.felis infection and with and without EKB-
569 treatment (i) non-infected INS-GAS/ control diet, (ii)
infected INS-GAS/ control diet, (iii) non-infected INS-GAS

EGFRa and (iv) infected INS-GAS EGFRa (black arrows
indicating parietal cells) (original magnification 10x). (B) Mean
parietal cell number + SD in each group. (C) Parietal cell
numberagainst cell position. * p<0.01 in non-infected/ FVB/N /
Control diet compared with infected/ FVB/N /Control diet. #
p<0.01 in non-infected/ INS-GAS/ EGFR a compared with
infected/ INS-GAS/ EGFRa. (n=9 in INS-GAS mice and n=6in

FVB/N mice)
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4.4.2.6 EGFR inhibition had no effect upon gastric mucosal

proliferation in either INS-GAS or FVB/N mice.

To assess the effect of EGFR inhibition upon gastric epithelial proliferation

with and without H. felis infection, immunohistochemistry was performed for

Ki67 in gastric corpus sections from INS-GAS mice (Figure 4.14A).

Mean numbersof Ki67-positive cells in ten different areas per mouse section

were scored and there was a significant increase in the number of Ki67-

positive cells following H.felis infection regardless of EGFR inhibition in INS-

GAS mice. However, in FVB/N mice there wasnosignificant difference in the

numberof Ki-67 positive cells before or after EGFRinhibition, with or without

H.felis infection (Figure 4.14B).

Ki67-positive cells were distributed further away from the base of gastric

glands following H. felis infection, with and without EKB-569 treatment

compared to the non-infected INS-GAS mice. With regards to FVB/N mice,

H. felis infection and EGFRinhibition did not affect the distribution of Ki67-

stained cells (Figure 4.14C).
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Figure 4.14: (A) Representative photomicrographs showing
Ki67 staining in gastric mucosal cells in INS-GAS mice with
and without H. felis infection, with and without EGFR

inhibition ((i) non-infected INS-GAS controldiet, (ii) infected
INS-GAScontroldiet,(iii) non-infected INS-GAS/ EGFRa and
(iv) infected INS-GAS EGFRa) (arrowsindicate proliferating
cells) (original magnification 10x). (B) Mean number + SD of
Ki67-stained cells. (C) Ki67 stained cell number against
position in INS-GAS and (D) FVB/N mice 36 weeksfollowing
H. felis infection, with and without EKB-569 treatment.

*p<0.01 in non-infected INS-GAS on control diet compared with
infected INS-GAS on control diet. # p<0.01 in non-infected INS-
GAS EGFR a comparedwith infected INS-GAS EGFRa.(n=9in
INS-GAS mice and n=6 in FVB/N mice).
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4.4.2.7 EGFRinhibition had no effect upon gastric mucosal apoptosis

in either INS-GAS or FVB/N mice.

To examine the effect of EGFR inhibition on gastric mucosal apoptosis

following H. felis infection, immunohistochemistry was performed against

active caspase-3 in the gastric corpus mucosa of INS-GAS mice. There were

increased numbersof apoptotic cells following H. felis infection regardless of

EKB-569 treatment (Figure 4.15A).

Ten areas per mouse were scored in both FVB/N and INS-GAS mice before

and after H. felis infection and with and without EGFR inhibition. The mean

numberof apoptotic cells was found to be significantly increased in INS-GAS

mice post-infection regardless of EGFRinhibition. Although the numberof

apoptotic cells appeared to be increased in infected FVB/N mice compared to

uninfected groups, the difference was notstatistically significant and there

was no effect of EGFR inhibition either with or without H. felis infection

(Figure 4.15B).

Neither H. felis infection nor EGFRinhibition had an effect upon apoptotic cell

distribution in the gastric corpus mucosa of INS-GAS or FVB/N mice (Figure

4.15C).
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Figure 4.15: (A) Representative photomicrographs showing
gastric mucosal apoptotic bodies in INS-GAS mice with and
without H.felis infection, with and without EGFRinhibitionin(i)
non-infected INS-GAScontroldiet, (ii) infected INS-GAS control
diet, (iii) non-infected INS-GAS EGFRaand(iv) infected INS-GAS
EGFRa (black arrows. indicate apoptotic cells) (original
magnification 10x). (B) Mean numbers + SD of active caspase-3
stained cells. (C) Number of active caspase-3 stained cells
against cell position in INS-GAS and (D) FVB/N mice 36 weeks
following H. felis infection, with and without EKB-569 treatment.

*o< 0.01 in non-infected INS-GAS control diet compared with
infected/INS-GAS control diet. #p<0.01 in non-infected INS-GAS
EGFR a compared with infected INS-GAS EGFRa. (n=9 in INS-GAS

mice and n=6 in FVB/N mice).
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4.4.2.8 EKB-569 treatment increased plasma gastrin concentrations in

FVB/N micefollowing long term H.felis infection.

Blood samples were collected from both FVB/N and INS-GAS mice either

uninfected and fed a control diet, non-infected and fed an EKB-569 diet,

infected and fed a normaldiet or infected and fed an EKB-569 diet. Plasma

gastrin concentrations were measured. Plasma gastrin concentration was

significantly increased following EKB-569 treatment in infected FVB/N mice

compared to infected FVB/N mice on normal diet. In non-infected FVB/N

mice, it also appeared to beslightly increased following EGFR inhibition but

this was notstatistically significant. In INS-GAS mice from both infected and

non-infected groups, plasma gastrin concentration appeared to be slightly

reduced following EKB-569 treatment. However these differences were not

statically significant (Figure 4.16).
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Figure 4.16: Mean + SD gastrin plasma concentrations in non-infected
INS-GAS and FVB/N mice or 36 weeksfollowing H.felis infection, and
with and without EKB-569 treatment. (Data were provided by Prof. A.
Varro, departmentof Physiology, University of Liverpool). *p< 0.01 in infected
FVB/N on control diet compared with infected/FVB/N following EKB-569
treatment. (n=9 in INS-GAS mice and n=6 in FVB/N mice).
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4.5 Discussion

In previous studies, it has been established that the INS-GAS mouseis a

good model for investigating host-bacterial interactions in the context of

gastric carcinogenesis, and that male INS-GAS mice show an increased

response to Helicobacter infection compared to female INS-GAS mice (Fox

et al., 2003a). For this reason we used male INS-GAS mice to conduct our

studies. One further reason for using male mice in our experiments is that

female hormones affect the colonisation of bacteria in the gastric mucosa,

which leads to decreased gastric pathology in the INS-GAS mouse model

(Ohtaniet al., 2007).

In our studies we found that H. felis colonisation of the gastric mucosa of

INS-GAS mice reduced over time following infection (Figure 4.1) and this is

consistent with other findings, where H. pylori colonisation levels in infected

male INS-GAS mice also declined over time following infection (Ohtani etal.,

2007). This may be a result of gastric atrophy and hypochlorhydria.

Inflammation scores were also increased overtime in infected INS-GAS mice

comparedto their control counterparts (Figure 4.2).

In the time course experiment, H. felis infection led to increased corpus

mucosal thickness in male INS-GAS mice, while no changes were observed

in non-infected mice at each time point (Figure 4.3). Hypergastrinaemia has

previously been shown to cause gastric mucosal thickening, howeverthis

histological effect progressed to atrophy by 20 months of age in INS-GAS

mice (Wangetal., 1996). It has been demonstrated that during early H. pylori

infection of humans there is a mild increase in gastrin levels (1.5-2 fold
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increase compared non-infected subjects) (Mulholland et al., 1993). H. felis

infection and hypergastrinaemia seem to interact to cause the increased

gastric mucosal thickness observed in INS-GAS micein this study.

Our data suggest that the numberof parietal cells declined over time in non-

infected male hypergastrinaemic mice; however this reduction was not

statistically significant (Figure 4.4). This is not entirely consistent with other

findings in male INS-GAS mice, where the numberof parietal cells was found

to decrease by approximately 70% by the age of 10 months; with a small

numberof parietal cells only being found by 20 months of age (Wangetal.,

2000). In our experiments, we observed that H. felis infection led to a

significant reduction in parietal cell number compared to uninfected controls

at each time point following infection. H. felis infection of various inbred

mouse strains leads to gastric atrophy and parietal cell loss (Wangetal.,

1998, Sakagamiet al., 1996). The relationship between H.felis infection and

hypergastrinaemia has previously been addressed by (Wang etal., 2000),

who showed that there was a synergistic interaction between these two

factors to produce gastric atrophy in male INS-GAS mice.

Our results also showed that the mean numberof proliferating cells was

significantly increased following H. felis infection compared to uninfected

controls (Figure 4.5). Although not statistically significant, the number of

gastric mucosalproliferating cells in male INS-GAS mice wasincreased over

time following 9 monthsof observation. Gastrin itself has been shownto play

an important role in the regulation of gastric mucosal proliferation and

differentiation (Dockray et al., 2005, Dockrayet al., 2001). We found that the

244



number of proliferating gastric mucosal cells was significantly increased

following H. felis infection in male INS-GAS mice compared to non-infected

controls. Previous studies have also show that INS-GAS mouse corpus

mucosa demonstrated increased proliferation following H. felis infection

compared to gastrin-deficient or C57BL/6 mice (Takaishiet al., 2009).

Wehave also shown that over time in male INS-GAS mice, the number of

apoptotic cells was significantly increased compared to non-infected mice

following H. felis infection (Figure 4.6). It has been previously shown that

hypergastrinaemia renders gastric epithelial cells more susceptible to

apoptosis after exposure to y-radiation in INS-GAS and omeprazole-treated

hypergastrinaemic FVB/N mice.It has also been demonstrated that gastric

corpus biopsies taken from H. pylori-infected patients with a moderate

degree of hypergastrinaemia showed a significant increase in apoptosis

comparedto patients with mild or normal serum gastrin concentrations (Cui

et al., 2004, Przemeck et al., 2008). In non-infected INS-GAS mice, we

observed no significant difference in the numbers of gastric epithelial

apoptotic cells at various time points of observation up to 9 months,

suggesting that hypergastrinaemia does not induce apoptosis byitself, but

requires an initiating factor such as Helicobacter infection or radiation

exposure. We observed that the majority of apoptotic cells were distributed

towardsthe top of the gastric glands at each time point after-H.felis infection.

It is therefore likely that both hypergastrinaemia and H. felis infection

increase susceptibility to apoptosis in gastric glands. In this project we have

not investigated the mechanisms by which hypergastrinaemia and H.felis

infection induce gastric epithelial apoptosis, but it has been reported that with
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ageing, hypergastrinaemia increases the gastric expression of pro-apoptotic

proteins such as bax; as well as decreasing the expression of anti-apoptotic

bcl-2. Previous studies have shownthat H. felis infection in INS-GAS mice

induced apoptosis via CCK-2 and H2 receptor dependent signalling

pathways (Cuiet al., 2006).

In this chapter it was demonstrated that ageing of INS-GAS mice over 9

months led to increased amidated gastrin plasma concentrations, moreover

this increase was exaggerated further by H.felis infection (Figure 4.7). This

finding concurs with other studies which showedthat, in INS-GAS mice, H.

felis infection exacerbated hypergastrinaemia to a level 2.5-fold higher than

uninfected controls (Takaishi et al., 2005). Consistent with other studies, we

also showed that the increase in gastrin plasma concentration was

associated with increased parietal cell loss following H. felis infection

(Takaishi et al., 2005, Wang et al., 2000, Cui et al., 2004).

EGFR is a memberof the EGFR family of receptor tyrosine kinases, which

consists of EGFR (ErbB1), ErbB2, ErbB3 and ErbB4. These receptors are

widely expressed in human tissues (Olayioye et al., 2000) and act as external

to internal signal transduction points for many cellular processes, including

proliferation, survival, migration, and differentiation (Barnes and Kumar,

2003). Each EGFRconsists of an extracellular domain where ligand binding

takes place, a short transmembrane domain and a cytoplasmic region

containing the catalytic protein tyrosine kinase (Schlessinger, 2000).

EKB-569 is a strong irreversible inhibitor of EGFR’s tyrosine kinase activity

(Wissneret al., 2003). It has been shown that EGFRis transactivated by H.
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pylori infection (Keates et al., 2007, Wallasch et al., 2002) and by other

molecules that are known to be upregulated by H. pylori infection such as

gastrin (Varro et al., 2002). Therefore, we hypothesised that this EGFR

tyrosine kinase inhibitor may have a_ therapeutic potential as a

chemopreventive agent in Helicobacter infection. Oral administration of EKB-

569 has previously been shownto result in a reduction of intestinal polyp

formation in APC “'* mice (Torrance et al., 2000). Moreover, combinations

of EKB-569 and cyclooxygenaseinhibition resulted in synergistic activity in

prevention of tumour development in this animal model (Torrance et al.,

2000).

It has previously been demonstrated that epidermal growth factor receptor

(EGFR) expression is increased in gastritis and following H. pylori infection

(Coyle et al., 1999, Wong et al., 2001). In agreement with this, we

demonstrated that H.felis infection resulted in increased expression of EGFR

in the gastric mucosa of male INS-GAS mice (Figure 4.8). In addition,

previous studies have suggested that a cag” but not cag’ strain of H. pylori

up-regulated EGFR mRNA and protein expression in the AGS cell line

(Keates et al., 2007). It is relevant to note that this cell line was derived from

gastric adenocarcinoma cells and therefore does not show identical

characteristics to normal gastric epithelial cells in vivo. In both untreated and

H.felis-infected hypergastrinaemic mice, EGFRinhibition led to a significant

increase in EGFR mRNA abundance compared to mice on a control diet.

This phenomenon was also observed when AGS cells were treated with

neutralising antibody to EGFRora tyrosine kinaseinhibitor following H. pylori

infection (Keates et al., 2007).
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Our data however demonstrated no significant consequences of EKB-569

treatment upon gastric mucosal thickness, parietal cell density, proliferation

or apoptosis; either in the presence or absenceof H.felis infection in male

INS-GAS mice and FVB/N mice compared to mice consuming a control diet

(Figures 4.9-4.14). Following H. felis infection, we again observed increases

in corpus mucosal thickness, proliferation (Ki-67 stained cells), apoptotic

epithelial cells and a reduction in parietal cells in both INS-GAS and FVB/N

mice; however EGFRinhibition did not affect any of these parameters. This is

in contrast to male Mongolian gerbils, where EKB-569 treatment resulted in a

significant reduction in corpus atrophy, mucosal metaplasia and

proliferation/apoptosis ratio following H. pylori infection (Jeremy, 2006). This

differential effect may be explained by the fact that INS-GAS mice have

elevated levels of human amidated gastrin which may be resistant to EKB-

569 treatment, whereas Mongolian gerbils do not.

In the first timecourse study we noticed that in male INS-GAS mice the

plasma gastrin concentration was elevated following H. felis infection at 36

weeks compared to non-infected mice (Figure 4.7). On the other hand, it was

slightly reduced 9 months post-infection in the same mouse model in the

second (EKB-569) study (Figure 4.16). There is no clear explanation for this

difference, except the fact that these two experiments were doneatdifferent

times and underdifferent conditions.

In summary, our studies showed that hypergastrinaemia and H..felis infection

promoted gastric mucosal pathology in a murine model and that EGFR
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inhibition had no significant effect upon the development of H.felis-induced

gastric pathology in the INS-GAS mouse model.
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5. Chapter Five

Effect of Helicobacter infection and hypergastrinemia

upon Mcl-1 expression in mouse and humangastric

mucosa
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5.1 Abstract

Mcl-1 is a memberof the Bcl-2 family of proteins, and can act as an apical

molecule in apoptosis control, promoting cell survival by interfering at an

early stage in the cascadeof events leading to the release of cytochrome c

from mitochondria. It has a very short half life and is a highly regulated

protein. Gastrin is a major physiological regulator of gastric acid secretion

that also plays importantroles in the regulation of proliferation, differentiation,

and apoptosis of gastric epithelium. Mice that transgenically overexpress

gastrin (INS-GAS mice) are prone to the developmentof gastric carcinoma;a

process whichis accelerated by Helicobacterfelis infection. We hypothesised

that Helicobacter infection and gastrin may regulate apoptosis by specifically

altering the expression of the anti-apoptotic Mcl-1 protein.

Treatment of stomach-derived, transformed AGSer cells with 10 nM of

gastrin for six hours led to a maximal increase in Mcl-1 protein abundance.

Increased Mcl-1 expression was also observed at the luminal surface of

gastric corpus glands over time following H. felis infection of wild-type

C57BL/6 male mice. Long term hypergastrinaemia with and without H. felis

infection also increased Mcl-1 expression in the gastric mucosa of INS-GAS

mice. However, Mcl-1 expression did not appearto alter in the human gastric

mucosa following H. pylori infection. Hypergastrinaemia and H.felis infection

therefore appear to alter Mcl-1 expression in mice, but not humans. Further

workis required to determine the functional significance of this observation.
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5.2 Introduction

Gastric cancer is one of commonest cancers.It is recognized as the second

leading cause of cancer-related death and to be the 14" leading cause of

death worldwide (Houghton and Wang, 2005). There is a strong correlation

between gastric cancer development and Helicobacter pylori infection

(Uemuraet al., 2001).

Helicobacter bacterial infection leads to a chronic superficial gastritis that in

some cases progresses to atrophic gastritis, intestinal metaplasia and

dysplasia, with the eventual developmentof gastric cancer.

Important insights into the mechanisms underlying gastric cancer formation

have been derived from animal models of Helicobacter-mediated gastric

cancer. To date, the mouse has been the most useful model and can be

infected with H. pylori or H. felis. A number of inbred mouse strains have

been shown to develop gastric atrophy and intestinal metaplasia following

either H. pylori or H. felis infection (Houghton and Wang, 2005). It has also

been reported that progression to high-grade dysplasia and invasive gastric

carcinoma occurs in some inbred mouse models following H. felis infection.

The C57BL/6 mouse has been considered to be the most useful model for

metaplasia and cancer formation (Houghton and Wang, 2005).

Gastrin is a major physiological regulator of gastric acid secretion. It is also

known to regulate several cellular processes in the gastric mucosa including

proliferation, differentiation, migration and apoptosis. Gastrin exerts these

effects by binding to the CCK-2 receptor (Dockray et al., 2005). Gastrin is

synthesized by G cells in the antrum region of the stomach and binds to
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receptors which are found predominantly on parietal and enterochromaffin-

like cells (ECL). H. pylori infection leads to inflammation of the antrum and

down-regulation of somatostatin which in turn leads to an increase in gastrin

synthesis and release (Calam et al., 1997). Gastrin has previously been

shownto have anti-apoptotic effects in gastric cell lines (He et al., 2008) and

to alter the abundance of several members of the Bcl-2 family of proteins

(Ramamoorthy et al., 2004, Stepan et al., 2004, Todisco et al., 2001). In

recent studies it has been found that in INS-GAS mice (which transgenically

overexpress human amidated gastrin), the spontaneous process of gastric

cancer development wasaccelerated byH.felis infection (Wanget al., 2000).

In this chapter we have investigated whether gastrin and Helicobacter

infection regulate the in vivo expression of an anti-apoptotic member of the

Bcl-2 family of proteins named Mcl-1.

Apoptosis is a regulated process of cell deletion that plays a role in the

maintenance of tissue homeostasis in adult organisms (Fadeel and Orrenius,

2005). Resistance to apoptosis or dysfunction of apoptotic regulation may

result in carcinogenesis (Thompson, 1995). Apoptosis is highly regulated by

members of the Bcl-2 family of proteins which can either be pro-apoptotic

(such as Bax, Bak and Bad) or anti-apoptotic (such as Bcl-2, A1, Bcl-X_ and

Mcl-1).

Mcl-1 (myeloid cell leukemia-1) is an anti-apoptotic member of the Bcl-2

family of proteins, identified in 1993 (Kozopaset al., 1993). Mcl-1 expression

has been observedin epithelial cells in a variety of tissues, including, breast,

prostate, endometrium, epidermis, stomach, intestine, colon, and respiratory
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tract (Krajewski et al., 1995). Mcl-1 expression has also been described in up

to 75% of human gastric cancer biopsies (Krajewskaet al., 1996, Maeta et

al., 2004) and in patients infected with H. pylori (Chang et al., 2004). Even

more importantly, Mcl-1 expression was found to be an importantindicator of

tumor progression and postoperative recurrence in patients with gastric

carcinoma (Maeta et al., 2004). Mcl-1 has previously been shownto be up-

regulated by gastrin in a gastrin-responsive CCK-2 expressing gastric

epithelial cell line (AGSer). In addition, Mcl-1 expression has been

demonstrated in ECL cells of type | gastric carcinoid tumors (Pritchard etal.,

2008). Infection with CagA positive Helicobacter pylori has also been shown

to increase the expression of Mcl-1 in the gastric pits of Mongolian gerbils

(Mimuro et al., 2007).

We have therefore investigated whether Helicobacter infection and gastrin

interact to alter Mcl-1 expression in human and murine gastric epithelia.
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5.3 Hypothesis and aims

In this chapter our hypothesis is that Helicobacter infection and gastrin

regulate apoptosis by specifically altering the expression of an anti-apoptotic

memberof the Bcl-2 family of proteins, Mcl-1.

The aims of this chapter wereto:

1. Elucidate the effect of gastrin upon Mcl-1 expression in AGSercells (a

human gastric carcinoma cell line transfected with gastrin-CCK-2

receptor).

2. Examine the effect of H. felis infection upon Mcl-1 expression in C57BL/6

mouse stomach.

3. Investigate the effect of gastrin upon gastric Mcl-1 expression by

assessing its expression in INS-GAS mouse stomach, both in the

absence and presenceofH.felis infection.

4. Examine the effects of H. pylori infection and hypergastrinemia upon Mcl-1

expression in human gastric mucosa.
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5.4 Results

5.4.1 Effect of gastrin upon Mcl-1 expression in a gastric epithelial

cell line

5.4.1.1 Gastrin increases Mcl-1 protein abundance in AGSgr gastric

epithelial cells in a dose dependent manner

In order to explore the effect of gastrin upon Mcl-1 expression we used the

AGSerCell line. Cells were treated with different concentrations of G17 (100

pM, 500 pM, 1 nM, 5 nM and 10 nM) for 6 hours. Western blotting was

performed using a mouse monoclonal anti-Mcl-1 antibody (Calbiochem).

Strong bands were observedfollowing treatment with 1nM, 5nM and 10nM

G17 (Figure 5.1). Samples were also probed with an anti-pan-actin antibody

to confirm equal loading of the samples.

Presence of these bandsclearly demonstrates that AGSer cells express Mcl-

1 in a dose dependent mannerfollowing G17 treatment.
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Figure 5.1: G-17 dose response of Mcl-1 expression in AGSgrcells.
Western blots demonstrating Mcl-1 expression in protein samples from
AGSer cells 6 hours after treatment with several concentrations of G17.
Samples were probed with an anti-pan-actin antibody to demonstrate equal

loading of the samples.
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5.4.1.2 Gastrin increases Mcl-1 protein abundance in AGSgr gastric

epithelial cells in a time dependent manner

To determine the time course of Mcl-1 expression in AGSgeprcells following G-

17 treatment, cells were harvested and samples prepared after 1, 2, 4, 6, 8

and 24 hours of 10 nM G17 treatment. Western blotting was performed using

a mouse monoclonal anti-Mcl-1 antibody (Calbiochem). Results showed that

Mcl-1 expression increased at 1 hour with maximal expression at 6 hours

following G17 treatment (Figure 5.2).
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Figure 5.2: Time course of Mcl-1 expression following treatment of
AGSer cells with 10 nM G17. AGSgep cells were treated with 10 nM G17 and
harvested at intervals ranging from 0-24 hours. Western blots were probed
using an anti-Mcl-1 monoclonal antibody. The same samples were probed
using an anti-pan-actin antibody to show equalloading of the samples.
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5.4.2 Effect of H. felis infection upon gastric Mcl-1 expression in

mouse models

5.4.2.1 Mcl-1 expression increased over time following H. felis

infection in male C57BL/6 mice.

To investigate the effect of Helicobacter infection upon gastric Mcl-1

expression, 36 male C57BL/6 mice wereinfected with H.felis via oral gavage

at the age of 6 weeks and mice wereculled 2, 4, 6, 9, 12 and 20 weekslater

(n=6 mice per group as previously described in section 3.4.1). Uninfected

C57BL/6 male mice were used as controls (n=6, culled at 12 weeksof age).

As previously described, bacteria were observed by hematoxylin and eosin

stain (H and E stain) in the antrum of the gastric mucosa of all infected

animals, while no H.felis could be seen in non-infected mice (Figure 3.1A).

The meanantral H. felis score appeared to be constant overtime following H.

felis infection in male C57BL/6 mice (Figure 3.1B). There was increased

inflammation in the corpus of the gastric mucosa of infected male C57BL/6

mice relative to non-infected control mice (Figure 3.2A). The inflammation

score increased overtime post-H.felis infection with a maximum score being

observed at 6 weeks. This remained unchanged until 20 weekspost-H.felis

infection. Non-infected control mice showed almost no inflammation in their

corpusgastric mucosa(Figure 3.2B).

In order to investigate the effect of H. felis infection on expression of Mcl-1 in

the gastric mucosa, immunohistochemistry was performed for Mcl-1 using a

rabbit polyclonal antibody. Cytoplasmic Mcl-1 expression appeared to be
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increased at 6 weeks post-H. felis infection at the luminal surface of gastric

corpus glands compared with 2, 4, 9, 12 and 20 weeks, and uninfected

controls (Figure 5.3A).

At each time point (2, 4, 6, 9, 12, 20 weeks) following H. felis infection, a

minimum of 6 gastric corpus tissue sections were scored at 3 different tissue

levels along the gland axis (luminal surface, middle portion and basal portion)

for the presence of Mcl-1-stained cells. This method of scoring was

implemented due to the fact that only the luminal surface of gastric corpus

glands showed a marked change in Mcl-1 expression compared with the

middle and basal portions as previously described in Mongolian gerbils

(Mimuro et al., 2007). It was clear that the intensity of Mcl-1-staining was

increased significantly 6 and 9 weekspost-H.felis infection compared with

non-infected controls at the luminal surface of gastric corpus glands (p=0.002

and p=0.004 respectively). No significant differences were observed at other

time points following H. felis infection compared with non-infected controls at

the luminal surface of gastric corpus glands (Figure 5.3B). The intensity of

Mcl-1-staining cells did not changesignificantly at any time point post-H. felis

infection relative to uninfected control mice in either the middle or basal

portions of gastric corpus glands (Figures 5.3C and 5.3D).

To investigate this observation further, Western blotting was performed on

gastric mucosal scrapes from individual male C57BL/6 mice 2, 4, 6, 9, 12, 20

weeks post-H. felis infection (uninfected mice were used as controls as

described in section 2.8.3). 20ug of protein was loaded for each sample.

Membranes were probed with the same rabbit anti-Mcl-1 primary antibody
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(Santa Cruz) coupled to a HRP-conjugated anti-rabbit secondary antibody

(Dako, Ely, UK). An identical membrane was probed with a rabbit anti-B-

tubulin antibody to confirm equal sample loading. Samples from AGSepcells

with and without G17 treatment were used as positive controls. The

developed membranes (Figure 5.3E) showed that the Mcl-1 abundance

increased at 2 and 4 weeksfollowing H. felis infection. The Mcl-1 protein

bands from murine samples however had lower molecular weights compared

with human samples.
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Figure 5.3: (A) Photomicrographs showing Mcl-1 expression in gastric
corpus glands without H. felis infection and at 2, 4, 6, 9, 12 and 20
weeks post-H.felis infection in C57BL/6 mice. Mean (*) Mcl-1 staining

score at the luminal surface (B), middle (C) and basal (D) portions of
gastric corpus mucosain individual control male C57BL/6 mice and 2,
4, 6, 9, 12 and 20 weeks post-H. felis infection ((¢) indicates an
individual mouse) (0= no staining observed, 1= weak, 2= moderate and 3=
strong staining). (E) Western blot demonstrating Mcl-1 and ®—Tubulin
expression in samples from individual C57BL/6 mice; 2, 4, 6, 9, 12 and

20 weeksfollowing H. felis infection and un-infected mice as control.
Samples from AGSgp cells with and without G17 treatment were used
as positive controls. Mann Whitney for B (6 weeksvs uninfected, p=0.002;
9 weeksvs uninfected, p=0.004).
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5.4.2.2 Effect of gastrin upon Mcl-1 expression in INS-GAS mouse

gastric mucosa

In order to study the effect of gastrin upon Mcl-1 expression, Western blotting

was performed on gastric mucosal scrape lysates taken from 12 week old

INS-GAS and wild-type FVB/N mice, using the same rabbit polyclonal anti-

Mcl-1 antibody (Santa Cruz). An identical membrane was probed with a

rabbit anti-B-tubulin antibody for comparition. Mcl-1 expression was found to

be slightly increased in INS-GAS compared with FVB/N mice (Figure 5.4).
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Figure 5.4: Western blots demonstrating Mcl-1 and 6-Tubulin
expression in gastric samples from FVB/N and INS-GAS mice.
Protein lysates from AGSgr cells were used as a positive
control. Each band represents protein obtained from oneindividual

mouse.
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5.4.2.3 Effect of short term H. felis infection upon Mcl-1 expression in

INS-GAS and FVB/N_-_ mice

In the initial Ch57BL/6 mice time course experiment, gastric corpus mucosal

Mcl-1 expression wassignificantly increased by 6 weeksfollowing H. felis

infection. To study the effect of hypergastrinemia and short-term H. felis

infection upon Mcl-1 expression, groups of male FVB/N and INS-GAS mice

were infected with H. felis 3 times via oral gavage over the course of one

weekand culled 2 and 6 weekspost-H.felis infection.

5.4.2.3.1 H. felis gastric mucosa colonisation increased following short

term H.felis infection in both FVB/N and INS-GAS mice

In most infected FVB/N and INS-GAS mice, H. felis was observed in gastric

antral glands by H and staining (Figure 5.5A). There was a significant

difference in the mean H.felis infection score at 2 and 6 weekspost-H.felis

infection of FVB/N mice relative to non-infected controls (p=0.016). In INS-

GAS mice there was also a significant increase in mean H.felis infection

score at 6 weekspost-H.felis infection compared with non-infected controls

(p=0.016). However, there was no significant difference in mean H.felis

infection score at 2 weeks following H. felis infection compared with non-

infected controls in INS-GAS mice. There was nosignificant difference in

mean H.felis infection score between FVB/N and INS-GAS mice without

infection, or at any time point post-H.felis infection. (Figure 5.5B).
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5.4.2.3.2 Gastric mucosal inflammation increased over time following

short term H.felis infection in both FVB/N and INS-GAS mice

There was an increase in gastric corpus mucosal inflammation following

short-term H.felis infection in both FVB/N and INS-GAS micerelative to non-

infected control mice (Figure 5.6A). Histological scoring was performed to

determine the severity of inflammation following short-term H. felis infection.

In FVB/N mice, there was a significant increase in the mean inflammation

score at 2 (p=0.016) and 6 weeks (p=0.008) post-H.felis infection compared

with non-infected control mice and there was no significant change in the

meaninflammation score between 2 and 6 weeksfollowing H.felis infection.

In INS-GAS mice, there wasalso a significant increase in mean inflammation

score at 2 (p=0.029) and 6 weeks (p=0.016) post-H.felis infection compared

with non-infected control mice and no significant change in mean

inflammation score between 2 and 6 weeksfollowing H.felis infection was

observed. In addition, there was no significant change in the mean

inflammation score between FVB/N and INS-GAS mice without or at any time

point following H.felis infection (Figure 5.6B).
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Figure 5.5: (A) Representative H & E-stained sections of (i) non-
infected FVB/N mice,(ii) non-infected INS-GAS mice,(iii) 2 weeks
post-H. felis infected FVB/N mice, (iv) 2 weeks post-H. felis
infected INS-GAS mice, (v) 6 weeks post-H. felis infected FVB/N
mice and (vi) 6 weeks post-H.felis infected INS-GAS mice (black
arrows represent H.felis). (B) Mean (+) H. felis infection score of

antral gastric mucosa in control FVB/N and INS-GASmice andat 2
and 6 weeks post-H.felis infection ((¢) indicates an individual
mouse). 0= no bacteria observed, 1= few bacteria observed and 2=
multiple bacteria observed. Mann Whitney (In FVB/N mice 2 and 6
weeks post-H. felis infection compared with non-infected controls
p=0.016; in INS-GAS mice 6 weeks post-H. felis infection compared

with non-infected controls p=0.016).
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Figure 5.6: (A) Representative H & E-stained sections of (i) non-
infected FVB/N mice,(ii) non-infected INS-GAS mice,(iii) 2 weeks
post-H. felis infected FVB/N mice, (iv) 2 weeks post-H. felis
infected INS-GAS mice, (v) 6 weeks post-H. felis infected FVB/N
mice and (vi) 6 weeks post-H.felis infected INS-GAS mice (black
arrows represent inflammatory cells). (B) Mean (*) inflammation

score of antral gastric mucosa in control FVB/N and INS-GAS mice
and at 2 and 6 weeks post-H. felis infection ((*) indicates an
individual mouse). 0= no inflammation, 1= small multifocal leukocyte
accumulations in mucosa, 2= coalescing mucosal inflammation; early
sub-mucosal extension, 3= coalescing mucosal inflammation with
prominent multifocal extension + follicle formation and 4= severe diffuse
inflammation of mucosa, sub-mucosa, with or without deeper layers.
Mann Whitney (FVB/N control vs 2 weeksinfection, p=0.016; FVB/N
control vs 6 weeks infection, p=0.008; INS-GAS control vs 2 weeks
infection, p=0.029; INS-GAScontrol vs 6 weeksinfection p=0.016).

271



5.4.2.3.3 Gastric Mcl-1 expression did not change following short-term

H. felis infection in FVB/N or INS-GAS mice

Gastric corpus mucosal tissue sections were immunostained for Mcl-1 and

then assessed under a light microscope. No marked differences were

observed between non-infected mice and following short-term H. felis

infection in either FVB/N or INS-GAS mice. Neither were there any noticeable

changes between FVB/N and INS-GAS mice(Figure 5.7A).

Scoring the luminal surface of gastric corpus glands from both FVB/N and

INS-GAS mice showed nosignificant difference in mean Mcl-1 expression

score in either FVB/N or INS-GAS following 2 and 6 weeks of H.felis

infection compared with uninfected controls. There was also no significant

change in Mcl-1 expression score observed between FVB/N and INS-GAS

mice, either without infection or following 2 and 6 weeksof H.felis infection

(Figure 5.7B).

Western blotting was also performed using mucosal scrapes taken from the

gastric corpus mucosa of both FVB/N and INS-GAS mice without H.felis

infection and at 2 and 6 weeksfollowing H. felis infection using the same

polyclonal anti-Mcl-1 antibody (Santa Cruz). An identical membrane wasalso

probed with rabbit anti-B-tubulin to show equal loading of the samples. Barely

detectable bands were observed, with no change in Mcl-1 abundance

observed between FVB/N and INS-GAS mice either without infection or

following 2 and 6 weeksofH.felis infection (Figure 5.7C).
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Figure 5.7: (A) Representative photomicrographs showing Mcl-1
staining in gastric corpus mucosa of (i) non-infected FVB/N mice,(ii)
non-infected INS-GAS mice,(iii) 2 weeks post-H. felis infected FVB/N
mice,(iv) 2 weeks post-H.felis infected INS-GAS mice,(v) 6 weeks post-
H. felis infected FVB/N mice and(vi) 6 weeks post-H.felis infected INS-
GAS mice. (B) Mean (*) Mcl-1 staining score at the luminal surface of

corpus mucosain control FVB/N and INS-GAS mice and at 2 and 6
weekspost-H.felis infection ((¢) indicates an individual mouse). (O= no
staining, 1= weak staining, 2= moderate staining and 3= strong staining
observed). (C) Western blot demonstrating Mcl-1 expression in gastric
samples from FVB/N and INS-GAS mice 2 and 6 weeks following H.felis
infection. Each band represents protein obtained from one individual mouse.
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5.4.2.4 Expression of Mcl-1 at later timepoints following H. felis

infection in INS-GAS mice

To further examine the effect of both H. felis infection and gastrin upon

gastric Mcl-1 expression and to investigate whether Mcl-1 expression altered

at a later timepoint following infection, a minimum of 6 male gastrin-

overexpressing INS-GAS mice per group were infected with H. felis 3 times

by oral gavage over one week and culled at 12, 24, and 36 weeks post-

infection (as previously described in section 4.4.1). Equivalent numbers of

non-infected INS-GAS male mice wereculled at each time point as controls.

In infected male INS-GAS mice, H. felis was observed in gastric antral

glands, whereas noH.felis could be observed in gastric antral glands of non-

infected mice (see section 4.4.1.1). The gastric mucosa of infected INS-GAS

mice showed increased inflammation compared to non-infected INS-GAS

mice (see section 4.4.1.2).

Immunohistochemistry was preformed for Mcl-1 in gastric corpus mucosal

samples taken from male INS-GAS mice culled at 12, 24 and 36 weeks,with

and without H. felis infection. Cytoplasmic Mcl-1 staining appeared to be

increased at the luminal surface of gastric corpus glands at 24 weekspost-H.

felis infection when compared with 12 and 36 weeks post-H.felis infection

(Figure 5.8A).

From our previous observations in C57BL/6 mice, we noticed that it was only

the luminal surface that altered in terms of Mcl-1 expression during the time

course of H.felis infection. Therefore we scored Mcl-1 staining at the luminal

surface of the gastric corpus mucosa of male INS-GAS mice. By scoring the
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luminal surface of gastric glands of each mouse (a minimum of 6 mice per

group), it was clear that Mcl-1 expression increased significantly at 24 weeks

post-H.felis infection (p=0.002) compared with 12 and 36 weeksfollowing H.

felis infection. In non-infected INS-GAS mice there wasalso a significant

increase in Mcl-1 expression at 24 weeks compared with the 12 and 36

weekstimepoints (p=0.004 and p=0.035 respectively) (Figure 5.8B).
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Figure 5.8: (A) Representative photomicrographs showing
Mcl-1 staining in the gastric corpus mucosa of INS-GAS mice.
(i) 12 weeks non-infected, (ii) 24 weeks non-infected, (iii) 36
weeks non-infected, (iv) 12 weeks post-H.felis infection, (v)
24 weeks post-H.felis infection and (vi) 36 weeks post-H.felis
infection. (B) Mean (*) Mcl-1 staining score at the luminal

surface of gastric corpus mucosa in control animals and at
12, 24 and 36 weeks post-H.felis infection in INS-GAS mice
((¢) indicates an individual mouse). 0= no staining, 1= weak
staining, 2= moderate staining and 3= strong staining observed.
Mann Whitney (24 weeks compared with 12 and 36 weekspost-H.
felis infection, p=0.002; 24 weeks controls compared with 12
weeks controls, p=0.004; 24 weeks controls compared with 36
weekscontrols, p=0.035).

277



5.4.3 Mcl-1 expression in human gastric mucosa

5.4.3.1 H. pylori infection did not alter Mcl-1 expression in human

gastric antral mucosa

In order to examinethe effect of H. pylori infection upon Mcl-1 expression in

human antral gastric mucosa, endoscopic biopsies were obtained from the

gastric antrum of 19 patients (10 women, 9 men, mean age 59.1 years, range

30-80 years). The presence or absenceof H. pylori infection was confirmed

by histology, rapid urease test and serology (table 5.1). Samples were

immunostained for Mcl-1 using a rabbit polyclonal anti-Mcl-1 antibody (Santa

Cruz). Weak diffuse cytoplasmic Mcl-1 expression was observed at the

luminal surface of gastric antral glands and there was no apparentdifference

between H. pylori-positive and negative samples (Figure 5.9A). Mcl-1

expression was scored by two independent scorers and their mean score

wascalculated. There wasnosignificant difference between H. pylori positive

and H. pylori negative patients (Figure 5.9B).

Western blotting was performed using a monoclonal anti-Mcl-1 antibody

(Calbiochem) on protein samples taken from the gastric antral mucosa of

additional 10 patients with and without H. pylori infection (table 5.2). An

identical membrane was probed with a rabbit anti-B-tubulin antibody for

comarison. No apparent change in Mcl-1 abundance was observed between

H. pylori-positive and H. pylori-negative patients (Figure 5.9C).
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Patient Sex Age PPI H. pylori H. pylori Urease Antral Corpus Fasting
number treatment serology present test histology histology serum

on gastrin
histology (pM)

Reactive Reactive 156
gastritis gastritis

  

Reactive
4 EF 44 - - - - gastritis Normal 14

Reactive
6 M TA + - - - gastritis Normal 333

8 F 56 - - - - Normal Normal TT

H. pylori H. pylori 214
gastritis gastritis

H. pylori H. pylori 52
12 M 79 3 i Bs gastritis gastritis

H. pylori H. pylori 360
14 F Gt : . : . gastritis gastritis

H. pylori H. pylori 12

gastritis gastritis

H. pylori H. pylori 4

gastritis gastritis

sTable 5.1: Patient characteristics of human samples used i
immunohistochemistry showing sex, age, PPI treatment, H. pylori
infection status, histological finding and gastrin serum concentration. —
(negative), + (positive), PPI (proton pumpinhibitor), M (male) and F (female).
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H. pylori Fasting

Patient PPI H. pylori present Urease Antral serum
Sex Age ; :

number treatment serology on test histology gastrin

histology (pM)

20 M 50 - + - - Active inflammation 220

21 M A ie + i is Mild superficial a6

gastritis

22 M 43 - - - - Reflux gastritis me

23 M 82 - - - - Reflux gastritis 9

5 e ‘ Previous H.pylori
24 E 40 + gastritis. 13

25 F 65 + + eb + H. pylori gastritis 24

26 F 51 - + + A H.pylori gastritis <3

27 M 53 - + 7 + H. pylori gastritis 19

28 F 53 - + - + H. pylori gastritis 8

29 E 47 - +e + EU H. pylori gastritis 20

 

Table 5.2: Patient characteristics of human gastric antral samples used
in Western blotting showing sex, age, PPI treatment, H. pylori infection

status, histological finding and gastrin serum concentration.
(negative), + (positive), PPI (proton pump inhibitor), M (male) and F (female).
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AGSgp Control H. pylori -ve H. pylori +ve

Hy ; \ |
20 21. «+22 23 24 25 26 27 28 29

  

Patient number
 

Mcl-1

 

 

 

6-Tubulin 8. : ss

go 2#2932e° - #2  
 

Figure 5.9: (A) Photomicrographs of Mcl-1-stained gastric antral
biopsies from humanpatients with (i) and without(ii) H. py/ori infection.
(B) Mean Mcl-1 (*) staining score at the luminal surface of gastric antral

biopsies from human patients with and without H. pylori infection ((¢)
indicates an individual patient) (O= no staining, 1= weak staining, 2=
moderate staining and 3= strong staining observed). (C) Western blots
demonstrating Mcl-1 and B—Tubulin expression in samples from gastric
antral biopsies of human patients with and without H. pylori infection.
Protein lysate from the AGSgrcell line was used as a positive control.
Each band represents protein obtained from oneindividual patient.
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5.4.3.2 H. pylori infection did not alter Mcl-1 expression in human

gastric corpus mucosa

To assessthe effect of H. pylori infection upon Mcl-1 expression in human

corpus gastric mucosa, endoscopic biopsies were obtained from the gastric

corpus of the same 19 patients (table 5.1). Samples were immunostained for

Mcl-1 as described in section 2.5.6. Diffuse cytoplasmic Mcl-1 staining was

again observed at the luminal surface of gastric corpus glands. This was

possibly more intense in H. pylori-positive samples than negative samples

(Figure 5.10A). However, the mean Mcl-1 staining index as determined by

two independent scorers was notsignificantly different between H. pylori-

positive and H. pylori-negative samples (Figure 5.10B).

Western blotting was performed as described for gastric antral mucosa on

protein samples taken from gastric corpus mucosa of 17 patients with and

without H. pylori infections (table 5.3). An identical membrane was probed

with a rabbit anti-B-tubulin antibody for comparison. Mcl-1 was observed to

possibly be more abundantin H. pylori-positive samples (Figure 5.10C).
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H. pylori Fasting

PPI H. pylori present  Urease Corpus serum
treatment serology on test histology gastrin

histol

Patient
number Sex Age

a F 34 - - - - Normal <20

33) E Sr ts - - - Normal 21

35 E 46 - - - - Mild inflammation <5

37 M 69 ct - - - Normal <12

39 F 64 - ab SE te H. pylori gastritis 46

41 F 64 - o + + H.pylori gastritis 33

43 F 49 + + a fy Gastritis 40

45 M 67 - + + =A H. pylori gastritis 11

Table 5.3: Patient characteristics of human gastric corpus samples used
in Western blotting showing sex, age, PPI treatment, H. pylori infection
status, histological finding and gastrin serum concentration. — (negative),
+ (positive), PPI (proton pumpinhibitor), M (male) and F (female).
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Patient +s —+—_, he,
Number 30 31 32 39 40 4
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Figure 5.10: (A) Photomicrographs of Mcl-1-stained gastric corpus
biopsies from human patients with (i) and without (ii) H. pylori
infection. (B) Mean (*) Mcl-1 staining score at the luminal surface of

gastric corpus biopsies from human patients with and without H.
pylori infection ((¢) indicates an individual patient) (O= no staining, 1=
weak staining, 2= moderate staining and 3= strong staining observed).
(C) Western blots demonstrating Mcl-1 and B—Tubulin expression in
samples from gastric corpus biopsies of human patients with and
without H. pylori infection. Protein lysate from the AGSgrcell line
was usedasa positive control. Each band represents protein obtained

from oneindividual patient.
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5.5 Discussion

Gastrin has been shownto regulate a numberof key cellular pathways in the

stomach, including proliferation, apoptosis, migration, and differentiation

(Dockray et al., 2005, Dockray et al., 2001). It has also been reported that

gastrin induces changesin the expression of several membersof the Bcl-2

family of apoptosis-regulating proteins. In this study we confirmed previous

observations that gastrin induces Mcl-1 protein expression in the AGSgepcells

in a time- and dose- dependent manner (Pritchard et al., 2008). Gastrin

exerts anti-apoptotic effects on the AR42J cell line (a pancreatic

adenocarcinomacell line) and this was associated with phosphorylation and

inhibition of the pro-apoptotic Bad protein (Ramamoorthy et al., 2004).

Similar effects of gastrin have been observed in IMGE-5 cells (gastric

epithelial cells) through Rac/Cdc42/PAKactivation (He et al., 2008). Inhibition

of pro-apoptotic Bax expression and induction of anti-apoptotic Bcl-x. by

gastrin have also been reported in IMGE-5 cells via the Rno/ROCK pathway

(He et al., 2008). In contrast, treatment of the colorectal carcinomacell line

Colo320 (which overexpresses the gastrin-CCK-2 receptor) with G17 caused

an increase in apoptosis, and this pro-apoptotic effect was shown to be

induced through increased expression of the stress response gene /EX-1,

and reduced expression of NFkB and its associated anti-apoptotic target

genes clAP1 and ciAP2 (Sebens Muerkosteret al., 2008). The pro- and anti-

apoptotic properties of gastrin may therefore be cell type specific and

dependentonthe targettissue.

Mcl-1 is an anti-apoptotic member of the Bcl-2 family of proteins, the anti-

apoptotic members of which prevent apoptosis by inhibiting the release of
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cytochrome c from mitochondria (Michels et al., 2005). It has been reported

that Mcl-1 has a rapid turnover rate (Cross et al., 2008, Derouetet al., 2004),

and in agreement our results (section 5.4.1.2) suggested that the maximum

abundance of Mcl-1 protein was observed at 6 to 8 hours following G17

treatment in the AGSer cell line. Expression was no longer observed

following 24 hoursof gastrin treatment.

We have shown by immunohistochemistry that the intensity of Mcl-1-staining

was increased significantly at both 6 and 9 weeks post-H. felis infection

compared with non-infected controls at the luminal surface of gastric corpus

glands in male C57BL/6 mice. Only the luminal surface of gastric corpus

glands showed a marked change in Mcl-1 expression and no change was

observed in the middle and basal sections, which is consistent with previous

findings in Mongolian gerbils (Mimuro et al., 2007). In contrast to the study in

Mongolian gerbils, our study showed that H. felis lacking the Cag

pathogencity island could increase Mcl-1 expression and hence induce an

anti-apoptotic effect. Inflammatory cytokines such as IL-6 have been reported

to induce Mcl-1 expression in AGS gastric carcinoma cells, and this was

shown to inhibit apoptosis induced by reactive oxygen species (Lin etal.,

2001). A maximal gastric mucosal inflammation score was observed 6 weeks

following H. felis infection and this may be responsible for the increase in

Mcl-1 expression observedat the sametime point.

Western blotting showed that Mcl-1 abundance increased in C57BL/6

stomachat 2 and 4 weeksfollowing H.felis infection. However, no increased

expression was visualized at these timepoints by immunohistochemistry
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which may be due to the fact that Mcl-1 total abundance and cellular

localization changeat different timepoints. The Mcl-1 protein bands obtained

from mouse samples had lower molecular weights compared with human

samples and this may be related to the differences in human and mouse Mcl-

1 gene sequence aspreviously reported (Akgulet al., 2000).

Our results showed nosignificant increase in Mcl-1 expression in the gastric

corpus mucosa of hypergastrinaemic INS-GAS compared with wild-type

FVB/N mice. Gastrin has been shownto both inhibit and stimulate apoptosis,

depending on thetargetcell type. INS-GAS mice have been reported to have

increased gastric epithelial cell apoptosis as well as an increased

susceptibility to carcinogenesis (Cui et al., 2006). Gastrin-induced alterations

in other pro-apoptotic growth factors, rather than direct effects of

hypergastrinaemia may be one possible explanation for our observations of

the effects of gastrin on apoptosis in the normal gastric mucosa in vivo.

Additional studies are required to elucidate the mechanism involved in

regulating gastrin-induced apoptosis in the stomach.

Following short-term H. felis infection, no significant alterations in luminal

gastric mucosal Mcl-1 expression were observedin either INS-GAS or FVB/N

mice. In contrast to C57BL/6 mice, Western blotting revealed barely

detectable bands with no changein Mcl-1 protein abundancein either INS-

GAS or FVB/N mice, with and without H.felis infection. The difference in Mcl-

1 expression between C57BL/6 and FVB/N mice maybe due to the known

strain related differences in apoptosis susceptibility as reported in a previous

study (Przemeck et al., 2007). By 24 weeks of age however, the gastric
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mucosa of INS-GAS mice showed increased Mcl-1 expression compared

with samples obtained at 12 and 36 weeks, both with and without H. felis

infection. These data indicate that long-standing hypergastrinaemia without

concurrent Helicobacter infection is sufficient to induce Mcl-1 expression.

Previous studies have reported that hypergastrinaemic INS-GAS mice

display gastric atrophy, which is accelerated by H.felis infection (Wangetal.,

2000). This is associated with increased plasma gastrin concentration and

apoptosis (Cui et al., 2004). In hypergastrinaemic rodents (Mastromys), an

association between gastrin and gastric epithelial apoptosis has also been

observed (Kidd et al., 2000). It has also been reported that an altered

Bax:Bcl-2 ratio may be the mechanism responsible for hypergastrinaemia-

induced apoptosis (Cui et al., 2006). In addition, long term H.felis infection

and y-radiation led to increased gastric mucosal apoptosis in INS-GAS mice

(Przemeck et al., 2007, Cui et al., 2006). All of the above studies are

howevercontradicting the hypothesis that H. felis infection prevents gastric

apoptosis by increasing local Mcl-1 expression. Our findings may suggest

that Mcl-1 has an indirect role in regulating gastrin-induced apoptosis.

Humangastric antral and corpus samples showed nosignificant difference in

Mcl-1 expression, with or without H. pylori infection by immunohistochemistry

and these findings were confirmed by Western blotting. Five patients in our

immunohistochemistry study were found to have high fasting serum gastrin

concentrations of >100 pM. These patients were all taking proton pump

inhibitors, which could explain the hypergastrinaemia that was observed. The

majority of patients assessed in our Western blotting study had fasting serum

gastrin concentrations <100 pM. It has been reported that hypergastrinaemia
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sensitises corpus epithelial cells to H. pylori-induced apoptosis in humans

(Przemeck et al., 2008). Gastric corpus apoptosis has previously been shown

to be increased in some patients infected with CagA-positive stains of H.

pylori, although several patients have showed similar levels of gastric corpus

apoptosis to both uninfected and CagA-negative H. pylori-infected patients

(and this effect is less pronounced than in the antrum (Mosset al., 2001)).

Wedid not assess Cag status in our study, and the contribution of this factor

with serum gastrin concentration upon apoptosis will require further study.

In our patient cohort, some patients were taking acid-suppressing

medication, which was associated with a degree of hypergastrinaemia

without any significant increase in Mcl-1 expression. It has been reported that

proton pump inhibitor use is associated with progression to gastric corpus

atrophyin patients infected with H. pylori, and it has been suggested that the

incidence of non-cardia adenocarcinomais elevated in patients taking acid-

suppressing medication relative to controls who have never received such

medication (Kuipers et al., 1996, Eissele et al., 1997, Garcia Rodriguezetal.,

2006). Our findings suggest that the use of acid-suppressing medication has

no effect upon gastric Mcl-1 expression, and therefore Mcl-1 may not be

involved in modulating apoptosis induced by either H. pylori infection or acid-

suppressing medication.

In conclusion, our findings show that gastrin increased the expression of the

anti-apoptotic Mcl-1 protein in a gastrin-responsive, CCK-2 receptor-

expressing gastric epithelial cell line. In addition, Helicobacter infection

induced Mcl-1 expression over time in the C57BL/6 mouse model; as did
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long-term hypergastrinaemia with and without H. felis infection in the gastric

mucosa of INS-GAS mice. No evidence was obtained for increased Mcl-1

expression in human gastric mucosa samples following H. pylori infection.

Increased Mcl-1 expression as a result of hypergastrinaemia may therefore

be a contributing factor for inhibiting apoptosis, thus promoting the

developmentof gastric cancer. Unlike in rodents, Mcl-1 may play norole in

regulating Helicobacter pylori-induced apoptosis in humans. Furtherclinical

studies in patients are however neededto clarify the relationship between

gastrin, Mcl-1 and H. pylori-induced gastric carcinogenesis.
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6. Chapter six

General Discussion
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6. Discussion

Gastric cancer is the second leading cause of cancer-related death and is

currently the 44" leading cause of death worldwide. Anatomically, gastric

canceris classified into proximal (also known as cardia) and distal (also

known as non-cardia) types. The association between Helicobacter pylori

infection and distal gastric canceris well established; with approximately 65%

of gastric cancers, 75% of non-cardia gastric cancers and lymphomas, and

5.5% of all global cancers believed to be due to H. pylori infection

(Malfertheiner et al., 2005). Although more than 50% of the world’s

population is thought to be infected with H. pylori, only a very small

proportion (< 1%) develops gastric cancer, and this is dependent on the

distribution and extent of gastritis following H. pylori infection. It has been

hypothesised that 60-80% of gastric cancer cases could be preventable

following successful H. pylori eradication therapy (Malfertheiner et al., 2005,

Amieva and El-Omar, 2008). Even though there are a variety of contributing

factors that probably influence an individual’s predisposition to gastric cancer

development, chronic inflammation is a commonfeature that links gastric

cancers to other types of malignancies. Histological changes that occur

during the development of the intestinal-type of gastric cancer werefirst

described by Correa. Multi-step progression occurs from normal gastric

mucosa following colonisation by Helicobacter species, with subsequent

development of chronic superficial gastritis that may progress to atrophic

gastritis, intestinal metaplasia and dysplasia, finally leading to the

development of gastric cancer (Fox and Wang, 2001, Correa, 1995).

Development of gastric atrophy is considered to be a crucial step in the
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Correa pathway of gastric cancer development, and many studies have

reported that gastric atrophy is more consistent with gastric cancer

development than any other histological change that occurs in the gastric

mucosafollowing Helicobacterinfection.

In this thesis | have investigated the impact of various genes upon

susceptibility to Helicobacter-induced gastritis, as well as the induction of

Helicobacter-induced gastric apoptosis. Cancer results from cells multiplying

following acquisition of genetic mutations. Whencell cycle and/or DNA repair

genes are mutated, cells may undergo uncontrolled proliferation, and this

mayin turn lead to cancer development. Failure of cells to undergo apoptosis

following DNA damageis another possible cause of cancerinitiation and may

provide an early indication of susceptibility to carcinogenesis (Hanahan and

Weinberg, 2000).

| have investigated the importance of genes that have previously been

reported to be involved in the regulation of apoptosis during Helicobacter

induced gastric carcinogenesis. Bak is a pro-apoptotic memberof the Bcl-2

family of proteins that directly regulates apoptosis. | have investigated the

importance of Bak in regulating gastric epithelial homeostasis, and have also

assessed the effects of gender and Bak deletion upon the developmentof

pathology in the gastric mucosa following short- and long-term H. felis

infection in murine models.

Bak appeared to be at least partly responsible for controlling gastric gland

length, as deletion of the Bak gene caused gastric gland hyperproliferation

and hyperplasia (sections 3.4.3.1 and 3.4.3.3). These findings were similar to
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those previously reported in colonic crypts, where hyperplasia was also

observed in Bak-null mice (Duckworth and Pritchard, 2009). Reduced levels

of spontaneous apoptosis within gastric glands may be one of the

contributing factors for this phenotype. Deletion of the Bak gene and

subsequentinhibition of apoptosis in gastric epithelial cells may have allowed

cells to continue to proliferate and therefore increase mucosal thickness.

Gender however had no significant effect upon non-inflammation-related

gastric mucosal phenotype changefollowing Bakdeletion. | also investigated

the importance of the Bak gene and genderin regulating H. felis-induced

gastric atrophy, proliferation and apoptosis. In C57BL/6 mice, | showed that

females developed more severe gastric mucosal pathology than male mice,

implying that gender is an important factor to consider when studying host

responses to Helicobacter infection. Bak deletion appeared to accentuate

gastric mucosal atrophy following H.felis infection, and led to disappearance

of the increase in gastric epithelial cell proliferation which is normally

observed in C57BL/6 mice following H.felis infection. This suggests that Bak

doesnotplay a role in regulating the compensatory increasein proliferation

which is normally observed within gastric glands following induction ofinjury.

Similar findings were reported in the small intestinal epithelium following

induction of DNA damage (Duckworth and Pritchard, 2009). My findings also

showed that pro-apoptotic Bak regulates damage-induced apoptosis in the

gastric epithelium, as the numberof apoptotic cells following H.felis infection

wassignificantly decreased in Bak-null mice compared with wild-type mice.

Synergistic interactions have previously been observed between

hypergastrinaemia and Helicobacter infection in promoting gastric cancer

296



development in male INS-GAS mice (Fox et al., 2003a, Fox et al., 2003b,

Wangetal., 2000). My ownfindings suggested that over time, male INS-GAS

mice had increases in plasma amidated gastrin concentrations; and that this

response was further enhanced by H. felis infection. Similar observations

have been previously reported elsewhere (Takaishi et al., 2009, Takaishiet

al., 2005, Wangetal., 2000). My data also supported previous evidence that

both hypergastrinaemia and Helicobacter infection together induce gastric

mucosalatrophy. A significant decrease in parietal numbers were observed

in infected INS-GAS mice compared with non-infected counterparts,

suggesting that there is a synergistic interaction between these twofactorsin

the developmentof gastric mucosal atrophy. Gastrin has been shownto play

an importantrole in regulating gastric mucosalproliferation and differentiation

(Dockray et al., 2005, Dockray et al., 2001). My results indicated that

hypergastrinaemia and Helicobacter infection interact to cause increased

gastric epithelial cell proliferation and mucosal thickness. These alterations

were found to be localised to the gastric corpus, with no such pathology

being observed in the antrum (Takaishi et al., 2009); suggesting that gastrin

may exert differential effects on the gastric corpus and antrum. My

observations also suggested that hypergastrinaemia alone wasnot sufficient

to induce gastric epithelial apoptosis, but required aninitiating factor such as

Helicobacterinfection. | did not investigate the mechanism of H.felis-induced

apoptosis in INS-GAS mice, but this could be assessed in future by altering

the expression of pro- and anti-apoptotic Bcl-2 family members in this

transgenic mousestrain. Previous studies have shownthatH.felis infection

in INS-GAS mice induces apoptosis via CCK-2 and H2 receptor-dependent
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signaling pathways (Cui et al., 2006). Further investigations to determine the

mechanism of H.felis-induced apoptosis are warranted.

Gastrin has previously been reported to exert a growth factor-like effect on

gastric cells. Helicobacter infection and gastrin have also both been reported

to transactivate the epidermal growth factor receptor (EGFR) in an autocrine

and paracrine manner, respectively. Based on these findings | therefore

hypothesised that inhibiting EGFR using the tyrosine kinase inhibitor EKB-

569 might ameliorate the development of the gastric mucosal phenotype

which results from both long-standing hypergastrinaemia and Helicobacter

infection in the INS-GAS mouse model. My findings confirmed that

Helicobacter infection and EGFRinhibition acted synergistically to increase

the expression of EGFRin the gastric mucosa of male INS-GAS mice (Figure

4.8). However | demonstrated no significant difference in gastric mucosal

thickness, parietal cell density, proliferation or apoptosis following EKB-569

treatment; either in the presence or absenceofH.felis infection in male INS-

GAS and FVB/N mice compared to mice consuming a control diet. These

observations therefore suggest that these murine models do not respond to

EKB-569 treatment, which is in contrast with previous findings in male

Mongolian gerbils; where EKB-569 treatment resulted in a_ significant

reduction in corpus atrophy, mucosal metaplasia and proliferation/apoptosis

ratio following H. pylori infection (Jeremy, 2006). This differential effect may

be explained by the fact that INS-GAS mice have elevated levels of human

amidated gastrin, and as such may beresistant to EKB-569 treatment

(whereas Mongolian gerbils do not).
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Gastrin signalling via the gastrin-CCK-2 receptor has previously been

associated with promotion ofcellular proliferation, migration and invasion and

with inhibition of apoptosis (Dockray et al., 2001, Varro et al., 2002, Noble et

al., 2003). Gastrin is also known to exert an anti-apoptotic effect in some

gastric cell lines (He et al., 2008). Mcl-1 is an anti-apoptotic memberof the

Bcl-2 family of proteins that is known to be upregulated in the majority of

gastric cancers, and has also been reported to be overexpressed in H. pylori-

infected patients (Krajewska et al., 1996, Maeta et al., 2004, Chang etal.,

2004). | therefore hypothesised that gastrin and Helicobacter infection

interact to alter Mcl-1 expression in human and murine gastric epithelia. In

AGSercells (a gastric carcinoma cell line transfected with the gastrin-CCK-2

receptor), maximal Mcl-1 abundance was observed 6 to 8 hours following

amidated gastrin-17 (G17) treatment, agreeing with reports that Mcl-1 has a

very short halflife (Pritchard et al., 2008). | also showedthat in C57BL/6 mice

at 6 and 9 weeks following H. felis infection, Mcl-1 expression was

significantly increased. This timepoint coincided with the maximal extent of

inflammation observed following H.felis infection. These results suggest that

inflammation may be responsible for the increased Mcl-1 expression

observed at this time point. | did not examine the potential mechanism forthis

observation, but circulating cytokines may contribute towards inflammation-

induced Mcl-1 expression (Kobayashi et al., 2005). Gastrin has previously

been shownto both inhibit and stimulate apoptosis (depending on the target

cell type). Gastrin-induced alterations in other pro-apoptotic growth factors,

rather than the direct effects of hypergastrinaemia may be one possible

explanation for my observations of the effects of gastrin on apoptosis in the
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normal gastric mucosa in vivo. Additional studies are required to elucidate

the mechanisms involved in regulating gastrin-induced apoptosis in the

stomach. | have shown that long-standing hypergastrinaemia without

concurrent Helicobacter infection was however sufficient to induce Mcl-1

expression, which may suggest that Mcl-1 has an indirect role in regulating

gastrin-induced apoptosis. In human gastric antral and corpus biopsy

samples, Mcl-1 was not shown to be overexpressed following H. pylori

infection. However, a relatively small number of patients were assessed in

our studies, and therefore further clinical studies are needed to clarify the

relationship between MclI-1 expression and H. pylori-induced gastric

carcinogenesis.

In summary, genderdifferences and Bak expression appears to be important

factors that determine the gastric epithelial response following Helicobacter

infection and may ultimately regulate progression toward gastric

carcinogenesis. Hypergastrinaemia and H. felis infection promote the

development of gastric mucosal pathology, but EGFR inhibition has no

significant effect upon the developmentof H.felis-induced gastric pathology

in the INS-GAS mouse model. Increased Mcl-1 expression as result of

hypergastrinaemia may be a contributing factor for inhibiting apoptosis in

animal models and thus promoting the development of gastric cancer.

However, our findings do not suggest that Mcl-1 plays a significant role in

regulating Helicobacter-induced apoptosis in humans.Furtherclinical studies

in patients are however needed to clarify the relationship between gastrin,

Mcl-1 and H. pylori-induced gastric carcinogenesis.
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To conclude, an altered balance between gastric epithelial apoptosis and

proliferation is known to predispose to gastric cancer development. In this

thesis | have assessed how two Bcl-2 family members namely pro-apoptotic

Bak and anti-apoptotic Mcl-1 regulate homeostasis of gastric epithelia

following Helicobacter infection. | have also examined the effect of

hypergastrinaemia in modulating gastric epithelial cell apoptosis and

proliferation in an inflammation related setting. Further studies, possibly using

primary human gastric gland cultures are warranted to test whether the

current in vivo findings obtained using mouse models are also relevant to

human subjects.

In this thesis, | have confirmed that genderis an important factor to consider

in studying the pathogenesis of Helicobacter induced gastric cancer as |

showed that female C57BL/6 developed more severe gastric mucosal

pathology than male mice. However, these findings are not consistent with

the higher incidence of gastric cancer found in male compared with female

humans. It would be interesting to know the mechanismsfor these gender

differences in this mouse model.

My observation indicated that EGFRinhibition by EKB-569 has no significant

effect upon the developmentof H. felis-induced gastric pathology in the INS-

GAS mouse model, suggesting that these mice may have EGFRinhibition

but the inhibition may be ineffective due to higher levels of amidated gastrin a

fact that is worth considering in any future clinical trials using EGFRinhibitor.
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