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With this general view o f the nature o f Digestion 
before us, we can now examine more satisfactorily the 
structure and mode o f action o f the organs concerned 
in effecting it  Chymification being the first step in the 
complicated process, we shall begin with the organ by 
which it is performed, namely the STOMACH.

(The Physiology of Digestion by Andrew Combe, 1837)
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1. List of Abbreviations

APC -  adenomatous polyposis coli

ATCC -  American Type of Culture Collection

COX -  cyclooxygenase

DAG -  diacylglycerol

DCC -  deleted in colon cancer gene

DMEM -  Dulbecco’s modified Eagle’s medium

EGF -  epidermal growth factor

EGF-R -  epidermal growth factor-receptor

ERK1/2 -  extracellular sinal-regulated kinase-1/2

FAK -  focal adhesion kinase

FCS -  fetal calf serum

FGF-1/-2 -  fibroblast growth factor-1/ -2

GDP / GTP- guanil diphosphate / triphosphate

GI -  gastrointestinum / gastrointestinal

HGF -  hepatocyte growth factor

IL-la/p -  interleukin-lalpha/beta

IND -  indomethacin

IP3 -  inositol triphosphate

MCC -  mutated in colorectal cancer gene

MAPK -  mitogen activated protein kinase

MEK -  MAP kinases kinase (or MAPKK)

MLCK -  myosin light chain kinase

NSAID(s) -  nonsteroidal anti-inflammatory drug(s)



PDGF -  platelet-derived growth factor

P G -  prostaglandin

PGE2 -  prostaglandin-E2

PG I2- prostacyclin

PKC -  protein kinase C

PLCy -  phospholipase C-gamma

PMN -  polymorphonuclear

R a f-  serine/theronine kinase

Ras -  small G-protein, product of a proto-oncogene

Rb -  retinoblastoma

SAPK -  signal-activated protein kinase

SEM -  standard error of mean

SDS-PAGE -  sodium dodecyl sulfate-polyacrylamide gel electrophoresis

S H 2 - Src homology-2

SOS -  son of sevenless adapter protein

TGF-o/p -  transforming growth factor-alpha/beta

TNFa -  tumor necrosis factor-alpha

TP -  trefoil peptid

TXA -  tromboxane

VEGF -  vascular endothelial growth factor



2. Preface

The gastrointestinal (GI) tract has an important function in the body. It stores ingested 

food and beverages for digestion, prepares the various components for absorption and transfers 

actively the physiologically necessary compounds into the blood stream and lymphatic system. 

On the other hand, the GI tract also performes excretory functions. Thus the GI tract contributes 

in many ways to homeostasis of the body. Stomach being an organ of GI tract possesses major 

roles. The primery function of the stomach is to serve as a storage reservoir. The hydrochloric 

acid in the stomach breaks food down into small particles and pepsin begins to process of 

breaking down protein molecules to amino acids. The stomach gradually empties its contents 

through the pyloric sphincter into the duodenum, the upper portion of the intestine, where most 

of the absorption takes place. Beside its food storage and digestive function, the stomach 

secretes bioactive peptides (intrinsic factor, gastrin).

In the scope of the present Thesis I would like to introduce two groups of experiments 

dealing with two major disorders of the stomach; gastric injury/ulceration and gastric cancer. It 

is known that nonsteroidal anti-inflammatory drugs interfere with gastric mucosal injury healing 

and with the proliferation of some GI cancers (e.g. colon). The first group of experiments 

(showed in Part I) searches after the molecular mechanisms involved in the delay of gastric 

restitution caused by a non-selective nonsteroidal anti-inflammatory drug, indomethacin. The 

role of actin cytoskeleton and the inhibition of focal adhesion kinase will be showed in the delay 

of gastric restitution. The second group of experiments (showed in Part II) was aimed to study 

the anti-proliferatory effect of nonsteroidal anti-inflammatory drugs (indomethacin and a 

cyclooxygenase-2 selective nonsteroidal anti-inflammatory drug, NS-398) and the proliferatory 

effect of a gastrointestinal hormone, gastrin in gastric adenocarcinoma. The molecular
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mechanisms involved in these two distinct areas of GI research seem to share quite a lot of 

common aspects, the basic mechanisms ivolved are common.
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Part L

Indomethacin-induced Delay in Gastric Restitution is Associated 

with the Inhibition of Focal Adhesion Kinase, Tensin and Actin

3. Backgound

3.1. Nonsteroidal anti-inflammatory drugs

Nonsteroidal anti-inflammatory drugs (NSAIDs) are usually designated antipyretic or 

nonnarcotic analgestics to separate them from the more potent narcotic analgestics, but they are 

also highly effective anti-inflammatory agents. They relieve pain of diverse causes, including 

headache, joint and muscle pain. They lower the elevated body temperature and reduce 

inflammation, which is specially used in rheumatoid arthritis and rheumatic fever. NSAIDs are 

the most commonly used drugs with — 120 million prescriptions per year and over more than 200 

over-the-counter products in the USA [Wolfe MM et al, 1999].

Aspirin is the far most important and most commonly used drug of the group. A German 

chemist, Kolbe, proposed in 1873 that salicylic acid be used to treat infections because it 

obviously would liberate phenol and therefore prove bactericidal. Then Swiss physician, Carl 

Buss, reported the antipyretic effect of willow bark and related it to its salicylate (salicin) 

content. The antirheumatic effect of pure salicin was described soon after. In 1883, Knorr, 

German chemist, discovered antipyrine, a second class of antipyretics. In 1886, in the school of 

the internist Kussmaul, two students gave acetanilide to a patient accidentally thinking that it was 

a parasiticide. Fortunately, the patient had fever and the beneficial effect was noted. This error
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suggested to the Bayer organization that they might dispose of a surplus of para-aminophenol by 

converting it to some analog of acetanilide, and in this way ethoxyacetanilid (phenacetin) was 

prepared. The same laboratory, looking for an alternative to sodium salicylate, restudied 

acetylsalicylic acid and demonstrated the superiority of aspirin as an antipyretic in 1899.

NSAIDs such as aspirin, indomethacin, ibuprofen and others, control pain and 

inflammation by inhibiting cyclooxygenase (COX) or prostaglandin-endoperoxide synthase 

(Figure 1). COX first identified over 30 years ago, is the rate-limiting enzyme that catalyzes the 

formation of prostaglandin from arachidonic acid [Vane JR, 1971]. This enzyme exists as two 

isoforms, cyclooxygenase-1 and-2 (COX-1 and COX-2) [Yokoyama C et al, 1989; Hla T et al, 

1992]. The constitutive isoform or COX-1 is expressed in most tissues [Vane J, 1994]. The 

inducible isoform, COX-2, is produced in response to proinflammatory cytokines and growth 

factors in a variety of cells and is constitutively expressed in brain and kidneys [Kubuju D et al, 

1991; Jones DA et al, 1993; Dubois RN et al, 1994, 1998]. Both enzymes are inhibited by non- 

selective nonsteroidal anti-inflammatory drugs, while COX-1 and COX-2 are specifically 

inhibited by selective COX-1 and COX-2 inhibitors, respectively (Table 1).

Chronic use of NS AIDs causes gastric erosion in -60  % of users, gastroduodenal ulcers 

in -29 % of users, often with severe gastrointestinal (GI) bleeding and/or perforations and even 

leads to death. The costs of these side effects exceed $12 billion per year only in the US [Lee 

ER et al, 1975; Fries JF, 1991; Scheiman JM, 1996]. In Hungary —1,5 % of the population 

regularly intakes NSAID, and -30-37% of these users get GI complication [Nemesánszky E, 

1995].
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Arachidonic Acid

Figure 1. Role of cyclooxygenases. COX converts arachidonate to prostaglandin G2 by 
inserting two oxygen molecules and then reducing this intermediate to prostaglandin H2 (PGH2) 
[Smith WL et al, 1991; Memett L, 1992]. Prostaglandin H2 is an unstable metabolite that is 
converted to an array of prostaglandins, including prostaglandin E2 (PGE2), prostacyclin (PGI2), 
and tromboxanes (TXA), which have both autocrine and paracrine functions. Citokines, growth 
factors and various mitogens stimulate inducible COX expression. PGE2 is a potent vasodilative 
component resulting inflammatory oedema. Tromboxan (TXA) is a vasoconstrictor mainly 
produced in trombocytes, lymphocytes, monocytes and endothelial cells.

Table 1. Comparison of IC50 values of various NSAIDs on COX-1 and
COX-2 inhibition [Jones RA, 1999]

NS AID Ratio COX-1: COX-2

Aspirin 0.12
Diclophenac 38.00

Etodolac 179.00
Ibuprofen 0.86

Indomethacin 0.30
Loxoprofen- SRS 3.20

NS-398 1263.00
Oxaprozin 0.061

Zaltoprofen 3.80
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3.2. Indomethacin

Indomethacin (IND), although it is certainly more toxic and not suggested as a simple 

analgestic, is used only in a few special situations and after safer drug have not given a desired 

effect. These special situations are acute gouty arthritis, rheumatoid spondylitis and 

osteoarthritis of the hip. In the laboratory, since IND seems to be more effective than aspirin in 

inhibition of prostaglandin synthesis, it is commonly used in a wide-range of studies representing 

the features of NSAIDs. IND was chosen for our experiment because of these above reasons.

3.3. Gastric Injury

Gastric mucosal injury by NSAIDs includes: a) superficial injury limited to exfoliation 

of the surface epithelium, b) deep mucosal injury whereas in addition to superficial epithelium, 

microvessels are also damaged and erosions are formed with the loss of its electrical and barrier 

function, and c) deep injury penetrating the mucosa and muscularis mucosa -  an ulcer (Figure 

2) [Cotran RS et al, 1994; Tamawski AS et al, 1990, 1993].

M ucosa —

Muscularis 
mucosae “

Submuoosa

Musculan's- 
propria

Figure 2. Diagram of a healing ulcer consisting of ulcer margin and granulation tissue

Ulcer Margin Ulcer Margin
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3.4. Superficial Injury Healing (Restitution)

Following superficial mucosal injury, the continuity of the surface epithelium is promptly 

reestablished within a few hours by the process referred to epithelial restitution [Lacy ER et al, 

1984]. This process involves migration of the epithelial cells from the gastric pits and upper 

regions of the glands bordering injury to cover the denuded mucosal surface. Restitution is 

independent of cell proliferation since, but requires an intact basement membrane [Svanes K et 

al, 1982; Morris GP, 1986; Watanabe S et al, 1994].

3.5. Gastric Erosion Healing

Focal deep mucosal necroses are mucosal erosions, whereas in addition to superficial 

epithelium, microvessels are also damaged with the loss of its electrical and barrier function. The 

repair of such injury requires not only restoration of surface epithelium and glandular epithelial 

cells, but also the reestablishment of connective tissue and the microvascular network, crucial for 

delivery of oxygen and nutrients to the area. The molecular mechanisms involved in erosion 

healing are fairly identical with the mechanism of ulcer healing (described below).

3.6. Ulcer Healing

Gastric, duodenal or intestinal ulcers are deep necrotic lesions penetrating through the 

entire mucosal thickness and the muscularis mucosae (Figure 2). Healing of gastric ulcer is a 

kind of wound repair. Wound healing is consistant of three different elements. These are re- 

epithelialization, angiogenesis, and fibroplasia. They are separate but interdependent processes 

that gradually restore tissue integrity to the wound.

Vascular and microvascular changes - endothelial injury, thrombi, formation and vascular 

constriction - are the earliest events occurring during formation of experimentally-induced
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gastric ulcers [Tamawski AS et al, 1990]. These vascular changes cause ischemic necrosis of 

the mucosa and muscularis mucosae. Polymorphonuclear (PMN) leukocytes and macrophages 

are attracted by a variety of signals, such as growth factors released by platelets and fibrin 

degradation products. PMN leukocytes phagocytize necrotic tissue and release pro- 

inflammatory cytokines [e.g. tumor necrosis factor alpha (TNFa), interleukin (IL) IL-la and IL- 

1(3], which in turn activate local fibroblasts, endothelial and epithelial cells [Clark R, 1996; 

Martin P, 1997]. Initial infiltration of the ulcer with PMN leukocytes is reduced after several 

days and is followed by accumulation of macrophages via recruitment of blood monocytes and 

local tissue macrophages [Martin P, 1997]. These macrophages remove necrotic debris by 

phagocytosis, and upon activation, release a variety of growth factors and cytokines including 

transforming growth factors alpha (TGFa) and beta (TGF(3), fibroblast growth factors (FGFs) -1 

and -2, platelet derived growth factor (PDGF), and vascular endothelial growth factor (VEGF) at 

the ulcer site [Bennett NT et al, 1993; Clark R, 1996; Martin P, 1997]. Macrophages are 

essential participants for ulcer healing as evidenced by the fact that inhibition of macrophage 

infiltration impairs and delays healing [Martin P, 1997].

Morphologically, an ulcer consists of a distinct (a) ulcer margin - the epithelial 

component - and of (b) granulation tissue at the ulcer base (Figure 2). The latter - the 

connective tissue component - is composed of fibroblasts, macrophages and proliferating 

endothelial cells which form microvessels [Cotran RS et al, 1994; Tamawski AS et al, 1990, 

1993].

3.7. Ulcer margin

Ulcer margin is a zone of normal mucosa adjacent to the ulcer. In this region, the 

epithelial cells bordering the ulcer de-differentiate, express EGF-receptor (EGF-R), and then
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actively proliferate [Tamawski AS et al, 1992, 1993]. Simultaneously, epithelial cells start to 

migrate toward the ulcerated area. This process is called re-epithelialization, which is 

endoscopically the disappearance of whitish exudates, and has been suggested to indicate the 

healing of gastric ulcer [Basson MB et al, 1992; Martin P, 1997; Tamawski AS et al, 1993, 

1997]. Cell proliferation supplies the epithelial cells necessary for reconstmction of the gastric 

glands, re-epithelialization is dependent on cell proliferation contradictory to restitution. 

Without restoration of a continuous epithelial "barrier", granulation tissue (the other essential 

component) would be vulnerable to mechanical or chemical injury and infections thereby 

preventing ulcer healing [Bennett NT et al, 1994; Tamawski AS et al, 1993, 1997].

3.8. Granulation Tissue

Granulation tissue develops at the ulcer base within 48-72 hrs after ulceration [Cotran 

RS et al, 1994; Tamawski AS et al, 1990, 1991, 1993, 1997], consisting of proliferating 

connective tissue cells, including macrophages, fibroblasts, and proliferating endothelial cells. 

Proliferating connective tissue cells restore the lamina propria, endothelial cells form 

microvessels through the process of angiogenesis [Bennett NT et al, 1993; Cook GA et al, 

1997; Martin P, 1997; Tamawski AS et al, 1990, 1991, 1993, 1997] , supplying oxygen and 

nutrients for proliferating tissue components (Figure 3, Table 2).

3.9. Regulation of Re-epithelialization

Cell proliferation, division, migration and re-epithelialization are activated by growth 

factors (Figure 3.) [Bennett NT et al, 1993; Cotran RS et al, 1994; Tamawski AS et al, 1993]. 

In addition to initial pool of growth factors derived from the platelets, macrophages and injured 

tissue activates genes encoding for the growth factors such as, EGF, bFGF, PDGF, Trefoil
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peptids (TP), and hepatocyte growth factor (HGF) in a well coordinated, sequential manner in 

the mucosa of the ulcer margin [Cook GA et al, 1997; Taupin D et al, 1999]. These growth 

factors produced locally, activate migration and proliferation and accelerate gastrointestinal 

mucosal healing (Table 2).

1. Luminal factors: i  I+, i  pepsin, t  mucus/bicarbonate

Mucosa —

Muscularis 
mucosae —

Submucosa

Muscularis - 
propria

2. Growth factor: EGF, bFGF, HGF, TP

3. Granulation tissue: Supplies connective tissue and rricrovessel 
(angiogenesis) for mucosal reconstruction

Figure 3. Diagram of components participating in the healing of ulcer. Healing of the ulcer 
is accomplished by filling the mucosal defect with: 1) cell migrating from the healing zone and 
replicating under influence EGF, trefoil peptides, HGF, bFGF and other growth factors and 
cytokines as well as 2) connective tissue cells including microvessels originating from the 
granulation tissue and growing under influence of bFGF, VEGF, PDGF and angiopoietins 
(Angi, Ang2). (Modified from Tarnawski AS et al, 1991).
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Table 2. Structural, cellular and molecular changes in the epithelial 
component of the ulcer (ulcer margin)

Cellular changes: 1) Cell de-differentiation
2) Cell proliferation
3) Re-epithelialization (migration onto granulation tissue)
4) Tube formation and gland regeneration & gland 
reconstruction in the ulcer scar

Molecular changes: Activation of genes encoding for:
• EGF and EGF-R
• Trefoil peptides
• PDGF
• Hepatocyte growth factor (HGF) and c-met/HGF-R
• Early response genes: c-fos, c-jun, egr-1, SP-1
• Other growth factors and cytokines

Activation of epithelial cells is accomplished by binding growth factors to their specific 

receptors (e.g. EGF to EGF-R) on the epithelial cell membrane, this process triggers a number of 

intracellular signaling events that culminate in cell migration and proliferation [Basson et al, 

1992; Bennett NT, 1993; Ciacci C et al, 1993; Dignass AU et al, 1994, Tamawski AS, 1993; 

Majumdar APN et al, 1996; Martin P, 1997; Podolsky DK, 1994, 1997; Takahashi M et al, 

1997; Watanabe S et al, 1995, 1996]. Growth factors stimulate cell migration by inducing actin 

cytoskeleton re-arrangements: actin stress fiber assembly, lamelipodia and focal adhesion 

formation, which are all crucial for cell motility [Santos MF et al, 1997]. Phospholipase C-y 

(PLCy) activation is required for EGF- and PDGF-induced cell motility [Polk DB, 1998; 

Bomfeldt KE et al, 1995]. The molecular basis of how PLCy modulates actin filament 

rearrangement allowing cell migration is not well understood. One possible mechanism of 

migration may involve the direct hydrolysis of PIP2 by PCLy and subsequent mobilization of 

membrane-associated actin modifying proteins, such as tensin, paxillin, focal adhesion kinase 

(FAK) and/or myosin light chain kinase (MLCK) [Chen HC et al, 1994]. PLCy activity may
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also promote cell motility secondary to the generation of second messengers or by altering the 

membrane-cytoskeleton associations in focal adhesions.

An attractive hypothesis proposes that cytoskeleton, especially the actin microfilament 

system, mediates a signal transduction cascade inside the cell [Boonstra J et al, 1995]. The actin 

binding proteins appear to interact with metabolites of the phosphoinositide pathway [van Delft 

S et al, 1995], which results in actin polymerization. It has also been reported that formation of 

membrane ruffles as a result of actin polymerization is associated with activation of the Ras 

pathway and also involves phosphatidyl inositol 3-kinase (PI-3K) [Auger KR et al, 1996; Chen 

HC et al, 1994]. Moreover, studies in A431 cells indicate that EGF-R is associated with the 

actin micro filament system [den Harting JC et al, 1992; van Bergen en Henegouwen PM et al, 

1992; van Delft S et al, 1995] and, more importantly, biochemical analysis demonstrated that 

EGF-R itself is an actin binding protein [den Harting JC et al, 1992]. The relationship and 

interactions between the cytoskeleton and the EGF-triggered signaling cascade may explain the 

mechanisms of EGF-induced cell migration, which involves cytoskeletal rearrangements as the 

major moving force.

The mechanisms involved in regulation of restitution and re-epithelialization diverse on 

the scope of growth factors present for stimulation of migration. Restitution can be triggered by 

only those growth factors, which are present in time of or shortly following the injury (do not 

have to be synthesized). The saliva and other GI juices (gastric, intestinal) play a major role in 

continuous supply of growth factors for the stomach and other part of the GI tract (e.g. EGF, 

trefoil peptides) [Podolsky DK et al, 1994, 1997], which can easily stimulate epithelial 

restitution upon acute injury within minutes.
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3.10. Signaling Pathways in the Mucosa of the Ulcer Margin

Several studies demonstrated that gastric ulceration triggers activation of genes encoding 

for EGF, its receptor - EGF-R, trefoil peptides and other regulatory peptides in epithelial cells of 

the ulcer margin [Bennett NT et al, 1993; Ferrara N, 1999; Ciacci C et al, 1993; Clark R, 1996; 

Cook GA et al, 1997; Dignas AU et al, 1997; Martin P, 1997; Podolsky KD, 1994, 1997; 

Tamawski AS et al, 1990, 1993]. Tamawski and colleagues [1993], utilizing acetic acid-induced 

gastric ulcers in rats, demonstrated in vivo that gastric ulceration triggers overexpression of EGF 

and its receptor, EGF-R, in epithelial cells of the ulcer margin and that healing of the epithelial 

component of ulcers involves activation of the EGF-R -  MAPK (Erk) signal transduction 

pathway (Figure 4) [Pai R et al, 1998]. In the mucosa of the ulcer margin there is a marked (440 

- 900 %) increase in Erkl and Erk2 activities and phosphorylation [Pai R et al, 1998]; 

phosphorylated Erkl and -2 translocate to the nuclei of epithelial cells and activate c-fos gene 

[Tamawski AS et al, 1998b]. Blockage of this pathway with a specific inhibitor of EGF-R 

kinase, tyrphostin A46, dramatically delayed ulcer healing [Pai R et al, 1998]. Subsequent 

observations demonstrated that during experimental gastric ulcer healing, EGF-R associates with 

the adapter proteins, Grb2, She, and the guanidine nucleotide exchange factor SOS, leading to 

activation of Raf-1 kinase [Pai R et al, 1997]. These studies have delineated the importance of 

signaling pathway: EGF-R, adapter proteins (Grb2, She, SOS), Ras, Raf-1 kinase and MAP 

(Erkl/2) kinase for the restoration of the epithelial component during gastric ulcer healing [Pai R 

et al, 1997, 1999; Tamawski AS et al, 1998, 1998b]. Other regulatory peptides (e.g. trefoil 

peptides and endothelin) may utilize EGF-R signaling pathway by transactivating the EGF 

receptor [PrenzelN et al, 1999].
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EG F

Figure 4. Diagrammatic representation of EGF-R-mediated activation of Ras and PLC 
signaling pathways. EGF-R consists o f three major domains: the extracellular domain (ExD), 
the transmembrane segment (TS), and the intracellular protein tyrosine kinase domain (InPTK). 
Binding of EGF to EGF-R leads to receptor dimerization followed by autophosphorylation [P] 
on specific tyrosine residues of the intrinsic protein tyrosine kinase (InPTK). The Growth factor 
receptor binding protein 2 (Grb2) is bound to the nucleotide exchange factor, Son of Sevenless 
(SOS), in the cytoplasm through the interaction of two SH3 domains on Grb2 with a proline-rich 
region in the C-terminus of SOS. This Grb2-SOS complex is recruited to the plasma membrane 
by binding of an SH2 domain on Grb2 to one of the autophosphorylated tyrosine residues on the 
activated EGF-R. Recruitment of the Grb2-SOS complex to the plasma membrane brings it into 
the proximity of GDP-bound Ras (inactive), which is associated with the plasma membrane by a 
lipid modification. SOS is then able to mediate the exchange of GTP for the GDP bound to Ras, 
thereby leading to Ras activation. Activated Ras participates in the activation of serine/theronine 
kinase, Raf, which in turn activates, through phosphorylation, the MAP kinases kinase (MEK, 
MAPK/ERK kinase). Activated MEK then phosphorylates MAPK, which is translocated into the 
nucleus where it activates transcriptional factors. Another pathway of EGF-R signaling is 
through PLCy. The products of PLCy are two second messengers: inositol triphosphate (IP3) and 
diacylglycerol (DAG). IP3 is release into the cytoplasm, where it increases cytosolic free 
calcium. An increase in free cytosolic calcium activates Ca2+ - and calmodulin-dependent CAM 
kinases and triggers cytoskeletal changes (e.g. polymerization o f F-actin). DAG acts on the cell 
membrane, where it activates protein kinase C (PKC). Activation of the latter by EGF can cause, 
at least in some cells, elevation of intracellular pH.
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3.11. Regulation of Angiogenesis

Angiogenesis - formation of new microvessels - is essential for delivery of oxygen and 

nutrients to the healing site and thus for ulcer healing and tissue regeneration. The growth of 

granulation tissue and formation of new microvessels through angiogenesis is stimulated by 

bFGF, VEGF, PDGF, angiopoietins (Ang-1 and Ang-2) (Table 3) [Folkman J et al, 1992, 1996; 

Santos MF et al, 1997] and possibly by other growth factors and cytokines, including IL-1 and 

TNFa.

Table 3. Structural, cellular and molecular changes in granulation tissue

Structural and cellular 
changes

1)

2)

Angiogenesis endothelial cell proliferation, 
migration and formation new capillary vessels. 
Fibroblast proliferation and matrix formation.

Molecular changes: Activation of senes encodins for:
• bFGF & FGF-R 1, 2, 4
• VEGF and flk-l/KDR
• Angiopoietin 1 (Ang-1)
• Angiopoietin 2 (Ang-2)
• Tie 2 receptor (common receptor of angiopoietins)
• Tie 1 receptor (ligand not identified yet)
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4. Introduction and Aims

NSAIDs, such as IND, delay gastric ulcer healing in vivo [Wang JY et al, 1989; Inauen 

W et al, 1988; Tamawski AS et al, 1991], in part by inhibiting re-epithelialization and also 

cause delayed restitution of mucosal injury in vivo [Erikson RA, 1988; Takeuchi K et al, 1989] 

and in vitro [Giap AO et al, 1999]. However, the subcellular targets and molecular 

mechanism(s) of IND-induced inhibition of restitution remain unknown.

In some cells, such as fibroblasts, characteristic changes occur at the wound edge during 

cell migration. These changes include the protrusions of the plasma membrane resulting in 

formation of lamellipodia and filopodia, and re-arrangements of focal adhesion complexes 

attaching cells to the extracellular matrix. At focal adhesions the polymerized actin filaments 

(stress fibers) interact with focal adhesion-associated proteins, such as FAK, tensin, paxillin, 

vinculin, Src and ce-actinin [Smilenov LB et al, 1999; Bockholt SM et al, 1992; Ilic D et al, 

1997]. The focal adhesions serve as traction points over which the cell moves forward by the 

tension generated by contraction of the actin-myosin network [Lauffenburger DA et al, 1996]. 

Cell migration is dependent on re-arrangement of cell cytoskeletal structures, predominantly 

actin filaments.

FAK - a cytoplasmic (non-receptor) tyrosine kinase, becomes activated upon 

autophosphorylation within focal adhesions [Ilic D et al, 1997] and, in turn, phosphorylates 

several other substrate proteins, such as tensin and paxillin that are also localized to focal 

adhesions [Bockholt SM et al, 1993; Schaller MD et al, 1995; Hildebrand JD et al, 1995; 

Gilmore AP et al, 1996]. In fibroblasts, FAK has been shown to play a central role in the 

regulation of cell proliferation, spreading and migration [Gilmore AP et al, 1996; Ilic D et al, 

1995; Cary LA et al, 1996]. Overexpression of FAK in Chinese hamster ovary (CHO) cells, for
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example, stimulates cell migration, while mutation of tyrosine phosphorylation site at tyrosine- 

397 of FAK inhibits cell migration [Cary LA et al, 1996; Tamura M et al, 1997].

Tensin is an actin capping protein, which anchors actin filaments to focal adhesions and 

other cellular structures [Lin S et al, 1989]. Tensin phosphorylation by FAK [Davis S et al, 

1991] may affect its actin capping activity [Auger KR et al, 1996]. Tensin by possessing both 

actin binding and phosphotyrosine binding properties, is considered to be not only a structural 

component of the cytoskeletal network, but also a coordinator of cytoskeletal signaling [Chuang 

JZ et al, 1995; Zhu T et al, 1998]. The expression and the roles of FAK and tensin in gastric 

epithelial cells and in gastric wound restitution have not been studied. It is also unknown 

whether tensin phosphorylation is affected by EGF and/or IND. The aims of the present study 

were to determine whether EGF and/or IND affect restitution of wounded gastric epithelial 

monolayers and to examine the roles and temporal relationship of FAK and tensin 

phosphorylation and actin stress fiber formation during wound restitution.
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5. Materials and Methods

5.1. Cell Culture

Human gastric epithelial (MKN 28) cells derived from gastric tubular adenocarcinoma 

[Hoyo H et al, 1977] were grown in RPMI 1640 medium supplemented with 10 % fetal bovine 

serum (Atlanta Biol., Norcross, GA) at 37°C in a humidified incubator containing 5 % C 0 2. 

Subsequently, cells were starved and treated with either medium containing vehicle (controls) or 

0.5 mM IND for 16 hrs. EGF (10 ng/ml) was then added to the same medium and monolayers 

were incubated for further 24 hrs to assess wound restitution, actin, FAK localization, or for 5-60 

min to assess phosphorylation levels of FAK, tensin. After incubation cells were washed in ice- 

cold PBS, lysed and analyzed as described below. The optimal concentrations of IND and EGF 

used in the present study, were based on our previous dose-dependent studies [Szabó I et al, 

1996, 1997; Sasaki E et al, 1998; Pai R et al, 1999; Jones MK et al, 1999a] and on dose- 

dependent studies (0.1 - 0.5 mM for IND).

5.2. Animals

This study was approved by the subcommittee for Animal Studies of the Long Beach 

(CA, USA) Department of Veterans Affairs Medical Center. Fourty male Sprague-Dawly rats 

weighting 300-350 g were studied. Rats were fasted overnight and received, intragastrically, 

either vehicle or 5 mg/kg IND (1 ml) and 3 min later 2 ml 5 % NaCl solution to produce 

exfoliation of gastric surface epithelium. At 1, 4 or 8 hrs after hypertonic saline administration, 

rats were anesthetized, their stomachs were excised, and the animals were euthanized. The 

stomachs were opened along the greater curvature, rinsed with 0.9 % NaCl, and gastric tissues
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were excised and frozen immediately in liquid nitrogen and stored at -8 0 °C for 

immunohistochemistry.

5.3. In vitro Restitution Assay

Three 8 mm wide longitudinal wounds were made on confluent monolayers MKN 28 

cells in 100-mm plastic dish using a razor blade similarly as described by Sato and Rifkin [Sato 

Y et al, 1989]. The cells were washed and incubated with serum free media containing either 

vehicle or 0.5 mM IND (Sigma, St. Louis, MO, USA) for 16 hrs and then 10 ng/ml EGF (R&D, 

La Jolla, CA, USA) or vehicle was added into the medium.

Restitution of wounded monolayers was evaluated at 24 hrs after EGF treatment. Briefly, 

after fixation in methanol and staining with hematoxylin and eosin; the restitution rate was 

determined by measuring the area that the cells migrated into the wound using a video imaging 

system (Metamorph; Universal Imaging Corp., West Chester, PA, USA). To eliminate potential 

observer’s bias, the plates were coded and evaluated by an observer unaware of the code. The 

restitution was expressed as the mean ±SD of area (mm2) of cells migrated into the wound in 

three separate experiments, each performed in triplicate. To determine specific contributions of 

cell migration and proliferation to restitution, some studies were also performed in the presence 

of mitomycin C (2 /xg/ml) (Calbiochem-Novabiochem, Minneapolis, MN, USA) added to the 

cultures 2 hrs before wounding to inhibit cell proliferation.

5.4. Cell Death Detection Assay

Cells were plated in six-well plates on glass coverslips. After reaching confluence,

monolayers were wounded and cultured in serum-free medium containing either 0.5 mM IND or

its vehicle for 16 and 40 hrs. Cell death was evaluated by terminal deoxynucleotide transferase

(TdT)-mediated dUTP nick end-labeling (TUNEL) using a commercial kit (Roche Diagnostic
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Corp., Indianapolis, IN, USA). Briefly, monolayers were air-dried and fixed with 4 % 

paraformaldehyde for 1 hr. After blocking with 3 % H2O2, coverslips were incubated with the 

TUNEL reaction mixture. Following incubation with anti-fluorescein antibody conjugated with 

horse-radish peroxidase (POD), monolayers were developed with DAB substrate. Omission of 

the TdT enzyme in the TUNEL reaction served as a negative control and resulted in no staining. 

Since this staining visualizes both apoptotic and necrotic cells, discrimination of apoptosis from 

necrotic cell death was assessed based on cellular morphology. Morphological features of 

apoptotic cell death were: cell shrinkage, condensation of chromatin, cytoplasmic budding and 

formation of apoptotic bodies. Cells displaying cytoplasmic and nuclear swelling or membrane 

rupture were classified as cell undergoing necrotic cell death. Cell death was evaluated by 

randomly counting 1000 cells on coded coverslips. The results were expressed as apoptotic and 

necrotic indices, respectively, reflected as percentage of apoptotic or necrotic cells per total 

number of all counted cells.

5.5. Caspase-3 Activity Assay

MKN 28 cells were wounded, as in re-epithelialization assays, and incubated in serum 

free media containing either vehicle or IND (0.5 mM). After 16-hr or 40-hr incubation with IND 

or vehicle, caspase-3 activity was determined by colorimetric CaspACE Assay System (Promega 

Corp., Madison, WI, USA). Monolayers were washed twice in ice-cold PBS and lysed in cold 

caspase assay lysis buffer. The assays was perfomed in a total volume of 100 fxl (cell lysayes, 

caspase assay buffer, DMSO, dithioethritol, destilled water) in 96-well plates for 4 hrs, 

absorbance was measured using a Ymax microplate reader (Molecular Devices, Sunnyvale, CA, 

USA) at 405 nm. Relative absorbance was determined by using negative control (monolayers 

treated with 50 fiM Z-VAD-FMK caspase inhibitor for 16 hrs) and positive controls (monolayers

treated with 50 ng/ml anti-Fas antibody for 16 hrs). Caspase-3 specific activity was calculated
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by measuring the absorbance of known amounts of p-nitroaniline (pNA) and determined protein 

concentration of each cell lysate sample.

5.6. Immunocytochemistry of Wounded MKN 28 Monolayers

Cells were plated in six-well plates on glass coverslips. After reaching confluence, 

monolayers were wounded and cultured in serum-free medium containing either vehicle or IND 

(0.5 mM) for 1, 4, 8 and 16 hrs. In some experiments EGF (10 ng/ml) or an equal volume of 

vehicle was added to 16-hr IND (0.1 mM, 0.25 mM or 0.5 mM) preincubated cells grown on 

coverslips, and further incubated for 24 hrs. Cells were washed twice in phosphate-buffered 

saline (PBS), fixed in 4 % paraformaldehyde solution for 20 min at 4°C, and permeabilized with 

acetone for 5 min at -20°C. The cells were then incubated with either fluorescein isothiocyanate 

(FITC)-conjugated phalloidin (5 /xl/ml in PBS, Molecular Probes, Eugene, OR, USA) which 

selectively binds to polymerized F-actin or with rabbit polyclonal anti-FAK antibody (Santa 

Cruz Biotech., Santa Cruz, CA, USA) (2 /ig/ml). Coverslips for FAK staining were incubated 

with Alexa-conjugated anti-rabbit secondary antibody (Molecular Probes) (1:200) for 30 min. 

After washing with PBS, the all coverslips were mounted onto glass slides using ProLong 

Antifade Kit (Molecular Probes). Omission of the primary FAK antibody in 

immunocytochemistry served as a negative control and resulted in no staining. High 

magnification images of random cells localized in the migrating front of wound edges were taken 

by a Nikon PCM confocal microscope (Nikon Corp., Japan). All images were captured under 

the same parameters (magnification, brightness and frame average). The evaluation of 

fluorescence labeling for F-actin was carried out by average intensity measurement of standard 

size cytoplasmic areas in individual cells on captured images. FAK localization to focal 

adhesion points was counted on coded slides as number of adhesion points stained for FAK on 

the perimeter of individual cells.
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5.7. Immunocytochemistry of Rat Gastric Specimens

Frozen gastric specimens were cut with a cryostat (10 /xm thick; Jung Cryostat, Leica, 

Deerfield, IL, USA), and permeabilized in aceton for 5 min at -20°C. Slides were then 

incubated with either fluorescein isothiocyanate (FITC)-conjugated phalloidin (5 /xl/ml in PBS, 

Molecular Probes) or with rabbit polyclonal anti-FAK antibody (Santa Cruz Biotech.) (2 pig/ml). 

Coverslips for FAK staining were incubated with FITC-conjugated anti-rabbit secondary 

antibody (Sigma) (1:100) for 30 min. After washing with PBS, all slides were mounted using a 

ProLong Antifade Kit. Images of FAK staining and phalloidin labeling of rat gastric mucosa 

were viewed under a Nikon Optiphot microscope and captured using a Nikon DXM1200 digital 

camera.

5.8. Immunoprecipitation and Immunoblotting of FAK and Tensin

MKN 28 cells were wounded as described in restitution assays and cultured in serum free 

media containing either vehicle or IND (0.5 mM) for 1, 4, 8 and 16 hrs. EGF (10 ng/ml) or an 

equal volume of vehicle was then added to monolayers, and further incubated for 5-60 min. In 

some experiments, wounded monolayers were treated with vehicle or inhibitors of EGR-R kinase 

[PD 153035 (1 piM) for 16 hrs or AG 1478 (250 nM) for 20 min (both Calbiochem- 

Novabiochem, La Jolla, CA, USA)] prior to EGF treatment. The cells were washed twice in ice- 

cold PBS and lysed in cold lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5 

% Nonidet P-40, 5 mM NaF, 1 mM NasVCL, 1 mM phenylmethylsulfonyl fluoride, 10 /xg/ml 

aprotinin and 10 pig/ml leupeptin.

Frozen rat gastric mucosal tissue specimens were homogenized using a Polytron

homogenizer (Kinematica AG, Litau, Switzerland) in the same lysis buffer. FAK and tensin

phosphorylation levels were determined by immunoprecipitation with anti-FAK (Santa Cruz
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Biotech.) and anti-tensin (Transduction Laboratories, Lexington, KY, USA) antibodies, 

respectively, followed by immunoblotting using antiphosphotyrosine monoclonal antibody 

(Santa Cruz Biotech.). In brief, 1 /xg anti-FAK polyclonal or 2 /xg anti-tensin monoclonal 

antibody was incubated with protein A-Sepharose beads (25 /x 1 and 50 /xl, respectively) for 2 

hours at 4°C under constant stirring. Aliquots of clarified cell lysates containing equal amounts 

of protein (250 /xg for FAK and lmg for tensin) were added to the protein A-Sepharose 

beads/antibody complex and incubated overnight at 4°C under constant stirring. The beads were 

washed four times in lysis buffer, resuspended in SDS sample loading buffer and boiled for 5 

min. After centrifugation for 5 min, the supernatants were subjected to 7.5 % SDS-PAGE, and 

transferred to nitrocellulose membranes. The membranes were immunoblotted with anti

phosphotyrosine antibody. After washing, bound antibody was detected with a 

chemiluminescence (ECL) kit (Amersham Pharmacia Biotech, Buckinghamshire, UK). Density 

of protein bands corresponding to 125 kDa (FAK) and 215 kDa (tensin) were analyzed using a 

video image system (Metamorph, Universal Imaging). The blots were stripped and re-probed 

with anti-FAK or anti-tensin antibodies to determine total protein levels. Phosphorylation levels 

were expressed as the density ratio of phosphorylated to total protein bands.

To determine whether IND affects cellular protein levels, aliquots of the same lysates 

(150 /xg protein) were subjected to SDS-PAGE and immunoblotted using anti-glucose-6- 

phosphate dehydrogenase (G6PDH) antibody following the same procedure described above. 

G6PDH is a constitutively expressed housekeeping protein and has been used as a marker of 

synthetic performance [Kletzien RF et ál, 1994; De Hause RB et al, 1996].

5.9. Statistical Analysis

Results were expressed as mean ± standard deviation (SD). Statistical significance 

between differently treated groups was determined by analysis of variance followed by two-
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tailed Mann-Whitney Latest. A p  value of <0.05 was considered statistically significant. 

Pearson’s correlation coefficient between the inhibition of EGF-induced FAK or tensin 

phosphorylation and reduction of re-epithelialization or stress fibers were analyzed.



6. Results

6.1. Results of In vitro Experiments

6.1.1. Restitution of Wounded MKN 28 Monolayers

EGF treatment stimulated re-epithelialization of wounded gastric epithelial monolayers 

by 59 ± 8 %, compared to vehicle treated monolayers. IND significantly inhibited wound re- 

epithelialization under the basal condition by 73 ± 12 % and inhibited EGF-stimulated re- 

epithelialization by 67 ± 9 % (both p<0.005) (Figure 5) (Table 4).

Figure 5. Restitution of wounded MKN 28 monolayers. Wounded cell monolayers were 
pretreated with either vehicle or 0.5 mM indomethacin (IND) for 16 hrs and incubated with EGF 
(10 ng/ml) or vehicle for a further 24 hrs. After fixation and staining, the restitution rate was 
determined by measuring the area that the cells migrated into the wound using a video imaging 
system

To differentiate the effect of IND on cell migration and proliferation, we performed the 

restitution assay in the presence of mitomycin C (2 /zg/ml), which abolishes MKN 28 cell 

proliferation [Ricci V et al, 1996]. In these experiments, EGF significantly stimulated the
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migration of MKN 28 cells by 53 ± 7 %, clearly indicating that cell migration is predominantly 

responsible for restitution, and that the possible induction of cell cycle arrest by IND does not 

play a major role in IND-induced inhibition of restitution of wounded monolayers. Treatment 

with IND in mitomycin C-treated monolayers significantly reduced both baseline and EGF- 

stimulated migration (72 ± 11 %, 65 ± 9 %, respectively; both p<0.005). Thus, cell proliferation 

had only a minor contribution to restitution measured at 24 hrs after EGF or its vehicle treatment.

Table 4. Restitution of wounded human gastric monolayers cultured without and with 
mitomycin C and effects of EGF and indomethacin

Treatment
Restitution

Restitution in p resen t o f  
m itom ycin C  (2 jug/ml)

A re a * % o f  control A rea* % o f  
con tro l* *

Control (vehicle) 11.5 ±  2.1 100 10.7 ± 2 .0 93.4

EGF (10 ng/m l) 18.4 ± 2 .T 159.0 16.5 ±  2 .5a 143.0

Indom ethacin (0.5 m M ) 3.1 ±  0.5a 27.0 3.0 ±  0.5a 26.0

Indomethacin + EGF 6.1 ±  1.0a’b 52.5 5.8 ±  0.9a,b 50.5

NOTE. Data are expressed as means ± SD, n=T2.
* Area of cells is expressed in mm2 per 2 cm wounding edge.
** Compared to control monolayers without mitomycin C co-treatment. 
ap<0.005 vs. vehicle treated monolayers. 
bp<0.005 vs. EGF treated monolayers.

6.1.2. Apoptotic/ Necrotic Indices and Caspace-3 Activity

Since IND can cause gastric cell apopotosis, we evaluated apotosis in MKN 28 cells after 

IND treatment. We found a moderate but significant increase in apoptosis at the end of 16 and 

40-hr time periods. The percentage of apoptotic cells was 4.37 ± 1.07 after 16-hr treatment with 

0.5 mM IND, compared to 3.43 ± 0.75 % in the vehicle treated groups (p<0.05). After 40 hrs of 

IND treatment, we also found a moderate and significant increase in number of apoptotic cells 

(to 6.50 ± 1.44 %; p<0.01), while monolayers incubated with vehicle had no further increase
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(Table 2). The number of cells undergoing necrotic death was insignificant (<1 %) in all 

experimental conditions.

IND did not significantly affect caspase-3 activity of MKN 28 monolayers after 16-hr 

incubation. Caspase-3 activity was significantly increased in experiments with 40-hr IND- 

treatment (97 ± 8 % increase, p<0.01) vs. vehicle-treated controls (Table 5).

Table 5. Induction of apoptosis by indomethacin in human gastric monolayers

Treatment
TUNEL assay Caspase-3 activity assay

Apoptotic  
index*

% o f
control

A ctivity** % o f
control

Control (vehicle) 16 hrs 3.43 ± 0 .7 5 100 0.072 ± 0 .0 1 100

Indom ethacin (0.5 m M ) 16 hrs 4.37 ±  1 .07a 127.4 0.079 ±  0.02 109.6

Control (vehicle) 40 hrs 3.45 ± 0 .7 5 100.6 0.076 ± 0 .0 1 105.6

Indom ethacin (0.5 m M ) 40 hrs 6.50 ± 1 .4 4  b 188.4° 0.149 ± 0 .0 3 b 196.9°

NOTE. Data are expressed as means ± SD, n=12
* Apoptotic index is calculated as percentage of apoptotic cells per total number of cells.
** Caspase-3 activity is expressed in pmol/hr/mg protein.
0 Calculated as percentage of control (40 hr vehicle-treated) monolayers. 
ap<0.05 vs. control (16 hr vehicle-treated) monolayers. 
bp<0.01 vs. control (40 hr vehicle-treated) monolayers.

6.1.3. Actin Stress Fiber Formation of MKN 28 Monolayers.

Phalloidin labeling of actin filaments in cells lining at wounded margins demonstrated a 

significant enhancement of actin stress fiber formation after 24-hr EGF treatment (43 ± 11 % 

increase vs. baseline; p<0.05) (Figure 6). IND treatment caused a significant inhibition of actin 

stress fiber formation at baseline (20 ± 4 % inhibition; p<0.05) as well as following 24-hr EGF 

stimulation (24 ± 7 % inhibition; p<0.05) (Figure 6).
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Vehicle EGF Vehicle_________ EGF
0.5 mM IND

Figure 6. Phalloidin labeling of F-actin in wounded MKN 28 monolayers. Wounded cell 
monolayers were pretreated with either vehicle or 0.5 mM indomethacin (IND) for 16 hrs and 
incubated with EGF (10 ng/ml) or vehicle for a further 24 hrs. Intensity of fluorescence signal 
was measured by confocal microscopy. Values are expressed as the mean ± SD (% of control, 
n=12) of three independent experiments.

Compared with controls (Figure 7A), IND treatment did not affect stress fiber formation 

up to 16 hrs of IND treatment (Figure 7B). The loss of actin stress fibers was apparent at 24 hrs 

and fully manifested at 40 hrs after IND incubation (Figure 7C and F). The loss of stress fibers 

by IND was found dose dependent (Figure 7D -  F).

Cells localized inside the confluent monolayer showed qualitatively similar changes in 

stress fiber formation, but quantitatively they were significantly less expressed. At the baseline 

(non-stimulated condition), the number of actin filaments was less than in cells located at the 

wound edge. The effect of IND on baseline actin filaments in cells localized inside the confluent 

monolayer was not detectable by intesity measurement. However, these cells responded to EGF
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stimulation with increased stress fiber formation, but these changes were less prominent than in 

cells localized at the wound edge.

Figure 7. Phalloidin labeling of F-actin in wounded MKN 28 monolayers. Wounded cell 
monolayers were treated with (A) vehicle or (B) 0.5 mM indomethacin (IND) for 16 hrs or (C) 
0.5 mM IND for 24 hrs. To determine the dose-relation of IND treatment to the loss of stress 
fiber formation, monolayers were treated with (D) O.lmM or (E) 0.25mM or (F) 0.5 mM IND 
for 40 hrs. Sixteen hrs after IND treatment (B), the F-actin filaments were not changed 
compared to vehicle-treated monolayers (A), the loss of stress fiber formation was apparent after 
24 hrs (C). The various concentrations of IND (0.1 mM, 0.25 mM and 0.5 mM) caused a dose- 
dependent loss of stress fibers in human gastric monolayers (D-F).
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Immunostaining showed spotted localization of FAK in all groups. The major difference 

between vehicle-treated and E/GF-treated monolayers was found at the periphery of cells as 

demonstrated by increased FAK localization to focal adhesion points. EGF treatment caused 

increased recruitment of FAK to focal adhesions in migrating cells at the wound edge -  a 78 ± 

13 % increase compared to vehicle-treated monolayers (p<0.05) (Figure 8). Monolayers treated 

with IND showed a significant loss of FAK recruitment to focal adhesion points in the periphery 

of cells at the wound edge -  a 63 ± 15 % reduction at baseline and a 62 ± 14 % reduction (vs. 

EGF) in IND + EGF treated groups (both p<0.05) (Figure 8).

6.1.4. FAK Localization to Focal Adhesions

Figure 8. FAK localization to focal adhesions in wounded MKN 28 monolayers. Wounded 
cell monolayers were pretreated with either vehicle or 0.5 mM indomethacin (IND) for 16 hrs 
and incubated with EGF (10 ng/ml) or vehicle for a subsequent 24 hrs. FAK was visualized by 
immunostaining with specific antibody as described under the Methods section. Arrows indicate 
FAK signal localized to focal adhesion points at the cell periphery. The number of FAK 
fluorescence clusters was evaluated by randomly counting 50 cells at wound edge on each coded 
coverslip. Values are expressed as the mean ± SD (% of control, n=12) of three independent 
experiments.
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EGF treatment of MKN monolayers increased tyrosine phosphorylation of FAK and 

tensin. The EGF-stimulated tyrosine phosphorylation of FAK peaked at 5 min (45 ± 7 %; 

p<0.005) and remained significantly elevated for 30 min (Figure 9A). Pretreatment with EGF-R 

kinase inhibitors, PD 153035 and AG 1478, significantly prevented EGF-stimulated increase of 

FAK phosphorylation (79 ± 8 % and 92 ± 9 % inhibition, respectively; bothp<0.01) (Figure 10.). 

The EGF treatment stimulated tensin phosphorylation within 5 min (26 ± 7 % increase; p<0.05); 

this increase was sustained for 30 min (Figure 9B).

6.1.5. Tyrosine Phosphorylation of FAK and Tensin in MKN 28 Monolayers
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Figure 9. EGF stimulation of tyrosine phosphorylation of focal adhesion kinase (FAK) and 
tensin in wounded MKN 28 monolayers. Wounded cell monolayers were cultured in serum- 
free medium for 16 hrs and incubated with EGF (10 ng/ml) or vehicle for 5-60 min.
(A) Tyrosine phosphorylation of FAK was determined by immunoprecipitation of FAK using 
specific antibody followed by Western blot analysis using phosphotyrosine antibody (p-Tyr). 
The same membrane was stripped and re-probed for total FAK protein using anti-FAK antibody. 
Upper panel: Representative Western blots showing phosphorylated and total FAK protein
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levels. Lower panel: Quantification of FAK phosphorylation levels in MKN 28 cells expressed 
as relative density ratios ± SD (% of control, n=9) of phosphorylated and total FAK protein 
levels.
(B) Tyrosine phosphorylation of tensin was determined by immunoprecipitation of tensin using 
specific antibody followed by Western blot analysis using phosphotyrosine antibody (p-Tyr). 
The same membrane was stripped and re-probed for total tensin protein using anti-tensin 
antibody. Upper panel: Representative Western blots showing phosphorylated and total tensin 
protein levels. Lower panel: Quantification of tensin phosphorylation levels in MKN 28 cells 
expressed as relative density ratios ± SD (% of control, n=9) of phosphorylated to total tensin 
protein levels.

10 ng/ml EGF

Figure 10. Inhibition of EGF receptor kinase inhibits focal adhesion kinase (FAK) 
phosphorylation in wounded MKN 28 monolayers. Wounded cell monolayers were 
pretreated with vehicle or PD 153035 (1 pM) for 16 hrs or AG 1478 (250 nM) for 30 min, and 
then EGF (10 ng/ml) or vehicle was then added to the media for 5 min. Tyrosine 
phosphorylation of FAK was determined by immunoprecipitation as described in Methods 
section. Upper panels: Representative Western blots showing phosphorylated and total protein 
levels. Lower panels: Quantification of phosphorylation levels in MKN 28 cells expressed as 
relative density ratios ± SD (% of control, n=9) of phosphorylated to total FAK protein levels.

Sixteen-hr IND pretreatment significantly inhibited the baseline and EGF-stimulated 

FAK phosphorylation (19 ± 7 % inhibition; p<0.05; and 32.4 ± 7 % inhibition; p<0.005;
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respectively) (Figure 11 A). IND did not affect the low baseline level of tensin phosphorylation, 

but significantly inhibited EGF-stimulated tensin phosphorylation by 18±5 % (p<0.05) (Figure 

11B). Inhibition of baseline FAK phosphorylation by IND was present after 4-hr incubation 

(17±6 %, p<0.05) and 8-hr incubation (19±7 %; p<0.05) (Figure 12).

The IND-induced inhibition of EGF-stimulated FAK and tensin phosphorylation strongly 

correlated with both the IND-induced inhibition of EGF-induced restitution (r=0.994 and 

r=0.842; respectively; p<0.05) and the IND-induced inhibition of stress fiber formation (r=0.986 

and r =0.656, respectively; p<0.05).
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Figure 11. Inhibition of tyrosine phosphorylation of focal adhesion kinase (FAK) and 
tensin by indomethacin (IND) in wounded MKN 28 monolayers. Wounded cell monolayers 
were pretreated with either vehicle or IND (0.5 mM) for 16 hrs and incubated with EGF (10 
ng/ml) or vehicle for 5 min. (A) Tyrosine phosphorylation of FAK. (B) Tyrosine 
phosphorylation of tensin. Phosphorylation levels was determined by immunoprecipitation as 
described in the Methods section. Upper panels: Representative Western blots showing
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phosphorylated and total protein levels. Lower panels: Quantification of phosphorylation levels 
in MKN 28 cells expressed as relative density ratios ± SD (% of control, n=9) of phosphorylated 
to total FAK or tensin protein levels.
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Figure 12. Time line of indomethacin-induced inhibition in tyrosine phosphorylation of 
FAK in wounded MKN 28 monolayers. Wounded cell monolayers were treated with either 
vehicle or indomethacin (0.5 mM) for 1, 4, 8 and 16 hrs. Tyrosine phosphorylation of FAK was 
determined by immunoprecipitation as described in the Methods section. Upper panels: 
Representative Western blots showing phosphorylated and total protein levels. Lower panels: 
Quantification of phosphorylation levels in MKN 28 cells expressed as relative density ratios ± 
SD (% of control, n=9) of phosphorylated to total FAK protein levels.

6.1.6. Protein level of glucose-6-phosphate-dehydrogenase (house-keeping) protein

Western blot analysis using anti-glucose-6-phosphate dehydrogenase antibody 

(housekeeping protein) demonstrated that IND did not inhibit protein synthesis indicating that 

IND-induced inhibition of phosphorylation is not due to altered protein synthesis (Figure 13).
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Figure 13. IND does not effect the protein level of glucose-6-phosphate-dehydrogenase 
house-keeping protein in wounded MKN 28 monolayers. Wounded cell monolayers were 
cultured in serum-free medium.
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6.2. In vivo Experiments

6.2.1. F-actin Labeling in Rat Gastric Mucosa

In rat gastric mucosa injured by hypertonic saline, surface epithelial continuity was 

almost completely restored at 8 hrs after injury. In the gastric mucosa of rats pretreated with 

IND, epithelial restitution was delayed. The number of epithelial cells migrating from the 

glandular pits to the surface was significantly reduced in the gastric mucosa of rats pretreated 

with IND vs. vehicle-pretreated controls at 4 hrs after injury (Figure 14). In the gastric mucosa 

of IND-pretreated rats, the migrating epithelial cells showed less intracellular actin filaments 

than epithelial cells of vehicle-treated rats (Figure 14).

Figure 14. Phalloidin labeling of F-actin in migrating surface epithelial cells of rat gastric 
mucosa at 4 hrs after injury. Rats received either (A and C) vehicle or (B and D)
indomethacin (5 mg/kg, 1ml) intragastrically (i.g.), and 3 min later rats were given 2 ml 5 % 
NaCl i.g. Arrows indicate the migrating surface epithelial cells. Original magnification: A and 
BX200; C and D X400.
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6.2.2. FAK Localization to Adhesion Points in Rat Gastric Mucosa

Immunostaining for FAK showed spotted localization of intracellular FAK in superficial 

migrating epithelial cells (Figure 15). The number FAK recruited to the periphery (adhesion 

points) of the migrating cells was significantly reduced in gastric mucosa of rats pretreated with 

IND than in vehicle-treated at 8 hrs after injury (Figure 15).

Figure 15. Focal adhesion kinase (FAK) distribution in migrating surface epithelial cells 
of rat gastric mucosa at 8 hrs after injury. Rats received either (A) vehicle or (B) 
indomethacin (5 mg/kg, 1 ml) intragastrically (i.g.), and 3 min later rats were given 2 ml 5 % 
NaCl i.g. FAK was visualized by immunostaining with specific antibody as described in the 
Methods section. Arrows indicate FAK signal localized to the cell periphery. Original 
magnification: X I000.

6.2.3. Tyrosine Phosphorylation of FAK in Rat Gastric Mucosa

Tyrosine phosphorylation of FAK was significantly increased in rat gastric mucosa at 4 

and 8 hrs after injury (74 ± 10 % increase at 4 hrs, p<0.001; 42 ± 11 % increase at 8 hrs, p<0.05; 

respectively) (Figure 16). IND pre-treatment significantly inhibited the injury-induced FAK 

phosphorylation at 4 hrs (53 ± 8 %; p<0.001) and 8 hrs (55 ± 8 %; p<0.001) compared to vehicle 

(Figure 16).
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Figure 16. Focal adhesion kinase (FAK) phosphorylation in injured and non-injured rat 
gastric mucosa. Rats received either (A and C) vehicle or (B and D) indomethacin (IND) (5 
mg/kg, 1ml) intragastrically (i.g.), and 3 min later rats were given either 2 ml 5 % NaCI or water 
i.g. Tyrosine phosphorylation of focal adhesion kinase (FAK) was determined by 
immunoprecipitation as described in the Methods section. Upper panels: Representative 
Western blots showing phosphorylated and total FAK protein levels. Lower panels: 
Quantification of phosphorylation levels in gastric mucosa expressed as relative density ratios ± 
SD (% of control, n=9) of phosphorylated to total FAK protein levels.
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7. Discussion

The present study shows that IND, a non-selective cyclooxygenase inhibitor, significantly 

impairs both basal and EGF-stimulated restitution of human gastric monolayers. Furthermore, 

IND-induced inhibition of in vitro restitution is associated with the early inhibition of FAK 

phoshorylation and late disruption of actin stress fiber formation, as well as inhibition of FAK 

recruitment of to focal adhesions. The inhibition of actin stress fiber formation showed a strong 

correlation with reduced phosphorylation of FAK and tensin. IND pretreatment also delayed in 

vivo restitution of rat gastric mucosa injured by hypertonic saline inhibited injury-induced FAK 

phosphorylation and recruitment of FAK to focal adhesions.

Mucosal restitution is an early phase of superficial injury repair. It involves migration of 

viable cells from the area bordering necrosis into the damaged surface to cover the denuded 

basement membrane and to re-establish epithelial continuity [Jones MK et al, 1999b]. This 

process is stimulated by a number of growth factors, including EGF, TGF-o, PDGF and trefoil 

peptides [Jones MK et al, 1999b; Kató K et al, 1999].

Our study shows that IND inhibits epithelial wound restitution in vitro, both under basal 

and EGF-stimulated conditions. Furthermore, it showed that this action is accomplished 

predominantly by inhibition of cell migration rather than cell proliferation or enhancement of 

apoptosis or cell cycle arrest. In this regard, our studies are in agreement with previous studies 

demonstrating that migration is the major component of the early phase of restitution (up to 24 

hrs) and that cell proliferation becomes more important only during later 24 - 48 hr period 

[Watanabe S et al, 1995b; Murai T et al, 1996].

EGF-induced actin polymerization and stress fiber formation depend on EGF-R tyrosine 

kinase activity, since the selective tyrosine kinase inhibitors abolish EGF-induced actin
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polymerization [Rijken PJ et al, 1995]. Moreover, EGF-R has been shown to bind directly to 

actin (van Bergen en Henegouwen PM et al, 1992) and induce serine phosphorylation [van Delft 

S et al, 1995]. In this context, our findings suggest that the action of EGF on FAK 

phosphorylation requires EGF-R activation, and that EGF-R can mediate signals downstream via 

activating FAK.

It is known that in polarized epithelia EGF acts predominantly on the basolateral EGF 

receptors. In our experiments, basolateral EGF-R are exposed in the cells localized at the wound 

edge. Moreover, apical EGF receptors have been described on the cell surfaces in several cell 

lines, and in primary gastric mucosal cells [Chen MC et al, 2001]. While Kuwada and 

colleagues [Kuwada SK et al, 1998] demonstrated in EGF receptor-transfected polarized kidney 

epithelial cells that FAK is tyrosine phosphorylated more by basolateral than apical EGF 

exposure, other studies describe that both apical and basolateral EGF-R mediate ligand-induced 

tyrosine phosphorylation of junction proteins [Chen MC et al, 2001].

Several groups of investigators have made major contributions to the understanding of 

some of the mechanisms of EGF-induced intestinal epithelial cell migration and wound healing. 

Polk demonstrated that intestinal epithelial cell migration requires intact EGF-R tyrosine kinase, 

phospholipase C, and protein kinase C activities, and that phospholipase C may play a key 

regulatory role in this process [Polk DB, 1998]. Other groups demonstrated the interactions of 

FAK with the extracellular matrix proteins and the involvement of phosphatidylinositol 3-kinase 

in this process in fibroblasts and pancreatic cells [Tamura M et al, 1999; Tapia JA et al, 1999]. 

However, those studies were performed in non-gastric cells and it is not certain whether the same 

mechanisms will apply to gastric mucosal epithelial cells. Furthermore, expression of FAK and 

tensin have never been demonstrated in gastric cells.

While we recognize the important roles of the above mechanisms, in our experiments we 

focused our attention on F-actin, FAK and tensin for the following reasons.
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Cell migration requires a proper reorganization and re-assembly of actin filaments. 

Studies in v itro  in several cell lines have shown that EGF-induced activation of EGF-R leads to 

reorganization of the actin cytoskeleton [Matrisian LM e t a l, 1990; Yoshida KT e t a l, 1990]. 

McCormack and colleagues demonstrated in v itro  that migration of IEC-6 cells depends on actin 

polymerization [McCormick SA e t a l, 1992, 1998] and other studies have demonstrated that 

EGF induces rapid reorganization of actin in human A431 cells [Rijken PJ e t a l, 1991]. Our 

present study demonstrated in human gastric-derived MKN 28 cells that EGF significantly 

increases actin stress fiber formation and that IND reduces both basal and EGF-stimulated actin 

stress fiber formation, which closely correlates with and likely results in reduced wound re- 

epithelialization.

Increased expression and/or activation of FAK have been shown to increase cell motility 

[Ilic D e t a l, 1995; Romer LH e t a l, 1994]. Withers and colleagues have shown that there is a 

direct correlation between FAK activity and phosphotyrosine content [Withers BE e t a l, 1996]. 

In migrating cells, phosphorylated FAK localizes to focal adhesions [Weiner TM e t a l, 1993; 

Gates RE e t a l, 1994]. In contrast, inhibition of FAK phosphorylation has been shown to 

decrease both cell proliferation and motility [Guan JL e t a l, 1997; Burridge K et a l, 1992]. 

Tyrosine de-phosphorylation of focal adhesion proteins is correlated with their reduced 

recruitment to focal adhesions and decrease in the length and number of actin stress fibers in 

keratinocytes and Swiss 3T3 cells [Weiner TM e t  a l, 1993; Gates RE e t a l, 1994; Casamassima 

A e t a l, 1997; Rakin S e t  a l, 1994].

Other investigators found that the elevation of FAK's phosphotyrosine content following 

cell adhesion to the extracellular matrix, directly correlates with increased FAK activity [Calalb 

MB e t a l, 1995]. Our study demonstrated that IND-induced inhibition of restitution involves 

reduced FAK phosphorylation and reduced FAK recruitment to focal adhesions in wounded
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gastric monolayers under both basal and EGF-stimulated conditions and in vivo in migrating 

epithelial cells to restitute injured rat gastric mucosa.

Tensin, actin capping protein, links actin filaments to focal adhesions [Lo SH et al, 1994] 

and is phosphorylated by FAK. Lo and colleagues have shown that tensin plays a crucial role in 

the actin-dependent maintenance of cell structural integrity in fibroblasts and is involved in the 

transmission of signals regulating fibroblast spreading and growth [Lo SH et al, 1994]. 

Therefore, our present finding that IND inhibits EGF-stimulated tyrosine phosphorylation of 

FAK and tensin, implicates the reduced phosphorylation of these proteins in the mechanism of 

NSAID-induced disruption of actin stress fibers and thereby inhibition of restitution. Our 

present study demonstrated the presence of tensin in human gastric epithelial cells, its increased 

phosphorylation by EGF and reduction of phosphorylation by IND. The level of tensin 

phosphorylation at baseline was low and therefore the effect of IND on basal levels was 

undetectable by our methodology. Our observation is supported by a study in rat embryonic 

fibroblasts showing that phosphorylation of tensin cannot be detected under an unstimulated 

(baseline) condition [Bockholt SM et al, 1993]. In our present study we found strong correlation 

between EGF-stimulated wound restitution, increased actin stress fiber formation and enhanced 

FAK and tensin phosphorylation. While these strong correlations indicate a linear relationship, 

they do not prove a causal relationship. However, these results should be considered in the 

context of the known (described above) crucial roles of actin, FAK, and tensin in cell motility 

and thus re-epithelialization. Furthermore, IND-induced inhibition of FAK phosphorylation 

precedes its inhibitory effect on actin polymerization. Therefore, actin depolymerization cannot 

be the cause of FAK dephosphorylation, but rather is the consequence of decreased FAK 

activity. Ridyard and colleagues showed that treatment of primary cultures of chick embryo 

cells with antisense oligonucleotides to FAK reduces the level of FAK protein expression, which 

causes the loss of stress fibers [Ridyard MS et al, 2001].
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In conclusion, our data show for the first time that FAK and tensin are expressed in 

human gastric epithelial cells and are phosphorylated in response to EGF. IND treatment 

inhibits stress fiber formation and phosphorylation of FAK and tensin, suggesting a possible 

mechanism for interference with mucosal restitution. Since actin polymerization (stress fiber 

formation) and focal adhesion function are crucial for cell migration, these findings provide a 

new insight into the mechanism for NSAIDs’ interference with restitution following acute gastric 

mucosal injury.
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Part II.

Effect of Gastrin and a Selective and Nonselective COX-2 Inhibitor 

on the Growth of Gastric Adenocarcinoma

8. Background and Introduction

8.1. Gastric Cancer

Gastric cancer is the seventh most frequent cause of cancer mortality in the US. It has 

projected for 2002, approximately 21,600 Americans will be diagnosed with gastric cancer and 

12,400 will die of it [American Cancer Society, 2002]. The disease is much more common in 

other countries, principally Japan, Central Europe, Scandinavia, Hong Kong, South and Central 

America, China, Korea and on the territory of the former Soviet Union [American Cancer 

Society, 2002]. There are about 700,000 new cases diagnosed each year worldwide. It is still 

the second most common cancer and the second most common cause of cancer death in the 

world, surpassed only by the rapid increase in lung cancer since the 1970s [Parkin DM et al, 

1999]. All over the world, wherever data are reliably available, there has been a marked 

divergence in the prevalence of and death from stomach and lung cancer, with a marked 

continued decline in stomach cancer and a marked and persistent increase in lung cancer, which 

is almost universally associated with the increasing use of tobacco. The striking association of 

gastric adenocarcinoma with lower socioeconomic status, the evidence linking Helicobacter 

pylori with gastric atrophy, intestinal metaplasia, and gastric adenocarcinoma, and the declining 

incidence of gastric adenocarcinoma worldwide suggest that gastric adenocarcinoma is a 

worthwhile model with which to explore the role of environmental factors in human cancer and
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the potential of preventing and decreasing the prevalence of such environmentally linked cancers 

[Craanen ME e t a l, 1992; Mayne ST e t a l , 2001].

Although a large number of risk factors have been associated with gastric 

adenocarcinoma (Table 6), a definite etiology for the majority of gastric adenocarcinomas is still 

unknown [Rustgi AK e t a l , 1995; Ramon JM e t a l , 1993; Correa P e t a l , 1994; Hanson LE et 

a l, 1994; You WC e t a l , 2000; Mayne ST e t a l, 2001]. The pathogenesis is most likely 

multifactorial. Although it has long been postulated that there is a sequence of histologic 

premalignant changes, progressing from atrophic gastritis to intestinal metaplasia and ultimately 

to gastric adenocarcinoma, these premalignant histologic changes may be necessary but clearly 

not sufficient for the development of adenocarcinoma. [Wee A e t a l, 1992; Correa P, 1992; 

Rokkas T e t  a l, 1991]. Although genetic abnormalities occur in gastric adenocarcinoma (Table 

7), current knowledge of them does not yet permit the formulation of a sequence of progression 

or accumulation of genetic abnormalities analogous to that described for the progression of 

colorectal adenocarcinoma [Correa P e t al, 1994; Uchino S e t a l, 1992; Joypaul BU e t al, 1994; 

Tamura G e t a l, 1994, 1996; Mironov NM e t a l, 1994; Rhyu MG e t a l, 1994; Chong JM e t al, 

1994; Tahara E, 1995, Chae KS e t a l, 2002; Testino G e t a l, 2002; Testino G e t a l, 2002]. 

Nevertheless, gastric adenocarcinoma forms a component of Lynch syndrome II, one of the 

hereditary nonpolyposis colorectal cancer syndromes [La Vecchia C e t a l, 1992; Lynch HT e t  

al, 1993]. Some patients with familial adenomatous polyposis (FAP) develop gastric adenomas 

and gastric adenocarcinomas [Luk GD, 1995]. Extensive epidemiologic data strongly suggest 

the importance of environmental factors, especially dietary factors [Ramon JM e t a l, 1993]. 

Evidence suggests that infection with H . p y lo r i ,  particularly c a g A +  strains infection may be an 

important etiologic agent [The Eurogast Study Group, 1993; Hanson LE e t a l, 1993]. The World 

Health Organization declared, in 1994, H. p y lo r i  infection a Group 1 carcinogen, definitive cause 

of human neoplassias, similar to tobacco. Helicobacter and Gastric Collaborative Group [2001]



found that 5.9 is the best estimate of relative risk of non-cardiac carcinoma associated with H.

p y lo r i  infection. In gastric carcinogenesis H. pylori might cause the severe imbalance of 

proliferation and apoptosis resulting to precancerous lesions (intestinal metaplasia, severe 

dysplasia), leading to p53-Rb tumor suppressor system mutation and telomerase reactivation, 

finally causing cancer [Lan J e t a l, 2003].

Table 6. Risk factors of gastric adenocarcinoma

Low socioeconomic status 
Tobacco smoking 
High intake of salted, pickled, 

smoked foods, cholesterol, 
animal protein

High intake of poorly preserved 
foods

Low intake of fruits and vegetables, 
folate, vitamin C, B<$

High intake of alcohol, vitamin B12 
H e lic o b a c te r  p y lo r i  infection 
Hereditary nonpolyposis colorectal 

cancer (Lynch II)
Barrett's esophagus (cardia and 

gastroesophageal junction)

Table 7. Genetic abnormalities in gastric adenocarcinoma
[modified from Feldman M et al, 1996]

Abnormalities Gene Approximate frequency %)
DNA aneuploidy 70
Tumor suppressor gene (allelic loss) p 5 3 65 [Testino G e t  a l, 2002"

APC 35 [Jin Z e t a l, 2002]
MCC 30
DCC 27 [Cho JH e t a l ,  1996]

Micro satellite instability 25 [Fang DC e t  a l, 2001]
Oncogene amplification k-sam 15

c-m e t 7
c -e rb  B-2 7

Oncogene mutations ra s 8 [Testino G e t  a l, 2002]

Postgastrectomy (>20 years) 
Pernicious anemia 
Peutz-Jeghers syndrome 
Ménétrier's disease 
Familial adenomatous polyposis 
Adenomas 
Intestinal metaplasia 
Chronic atrophic gastritis 
High-grade dysplasia 
Hamartomas 
Hyperplastic polyps 
Fundic gland polyps 
Benign gastric ulcers
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Although many investigators have postulated a sequence of histologic events in the 

progression to gastric adenocarcinoma, definitive experimental or clinical evidence confirming 

this progression does not exist [Genta RM et al, 2001]. Dysplasia is not found in the normal 

stomach, but it can be a precursor lesion for gastric adenocarcinoma. Dysplasia in about 10 % of 

patients may progress in severity over the course of 5 to 15 years, but in the majority of people, 

dysplasia either regresses or remains stable [Clouston AD, 2001]. High-grade dysplasia may be 

only a transient phase in the progression to gastric adenocarcinoma, or it may relentlessly 

progress to adenocarcinoma in virtually all cases [Rugge M et al, 1994; You WC et al, 1994]. 

Gastric epithelial dysplasia usually occurs in the setting of atrophic gastritis or intestinal 

metaplasia and is frequently found coincidentally and concurrently with gastric adenocarcinoma. 

Thus there may not be a true dysplasia-carcinoma sequence in the stomach, but the occurrence of 

dysplasia and adenocarcinoma may be merely the end result of common etiologic factors [Rugge 

M et al, 1994].

Most epidemiologic studies suggest a contributory role for dietary factors. Although 

studies are seldom conclusive or consistent, the available data suggest that the risk of gastric 

adenocarcinoma is increased in areas of lower socioeconomic status, higher use of tobacco and 

alcohol, limited access to refrigeration and proper food storage, and limited access to fresh fruits 

and vegetables (vitamin C, vitamin Bő, folate, /3-carotene) [Kabat G et al, 1993; Hanson LE et 

al, 1994; Mayne ST et al, 2001].

Although there is a strong association among chronic atrophic gastritis, intestinal

metaplasia, and adenocarcinoma, and although populations with high prevalence of chronic

atrophic gastritis and intestinal metaplasia have up to a 25-fold increase in gastric

adenocarcinoma, chronic atrophic gastritis and intestinal metaplasia may be so common so as to

render this finding of little predictive importance [Rokkas T et al, 1991; Kató I et al, 1992].

Even in areas of high prevalence, probably less than 1 % of patients with chronic atrophic
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gastritis or intestinal metaplasia develop adenocarcinoma each year (lifetime risk of gastric 

adenocarcinoma is about 1 in 15 in the general worldwide population).

Patients with pernicious anemia are also at an increased risk of developing gastric 

adenocarcinoma [Hsing AW et al, 1993; Affronti J et al, 1994], However, only about 5 - 10 % 

of patients eventually develop gastric adenocarcinoma; these proportions are not substantially 

different from the lifetime risk of gastric adenocarcinoma in high-risk areas worldwide.

Patients who have undergone gastrectomy for benign disease are at increased risk of 

developing adenocarcinoma 15 or more years after gastrectomy. Studies with long follow-up 

show 50 - 70 % increased risk of gastric adenocarcinoma after 15 to 25 years. In patients 

undergone subtotal or near total gastrectomies, dysplasia occur mostly near the anastomotic site 

[Dubrow R, 1993; Fisher SG et al, 1993].

Patients with Ménétrier's disease also appear to have an increased risk of gastric 

adenocarcinoma, as high as 10 - 15 % in some reports. But the condition is extremely rare, and 

the reported studies may reflect referral bias or other confounding factors [Hsu CT et al, 1991].

8.2. Gastrin

The gastrointestinal peptid gastrin has been implicated in a wide variety of functions, 

including secretion of gastric [Forte JG et al, 1987] and pancreatic [Solomon TE, 1987] juices, 

satiety [Moran TH et al, 1992], and the growth of the gastrointestinal tract [Dembinski AB et al, 

1980]. Gastrin is an important growth factor for gastrointestinal tract (GI) and has been reported 

to be trophic to different GI tissues [Majundar A et al, 1982; Dembinski AB et al, 1980] 

including parietal cells [Majumdar A et al, 1982], enterochromaffin cells [Hakanson R et al, 

1991], colonic [Johnson LR, 1987] and pancreatic [Dembinski AB, 1980] epithelial cells. The
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receptors for gastrin have been identified in most of these tissues. Besides of these main 

functions of gastrin, it has been shown to have function on the stimulating of growth in several 

neoplasms including colonic [McGregor DB e t a l, 1982; Sirinek KR e t a l, 1985; Winsett OE et 

al, 1986], pancreatic [Smith JP e t a l , 1995] and gastric cancers [Watson SL e t a l , 1989]. Gastrin 

administration is able to enchance the growth of carcinogen-induced colonic cancer in rats 

[Winsett OE e t a l , 1986], human colon cancer cells in culture and tumor xenografts to nude mice 

[Smith JP e t a l , 1988], therefore it would be interesting to see whether gastrin enhances the 

growth of gastric cancer.

8.3. NSAIDs and Gastric Cancer

Epidemiological studies have reported a decrease in the incidence of gastric cancer in 

chronic users of NSAIDs [Gridley G e t  a l, 1993; Isomaki H e t  a l, 1978; Laakso M e t a l, 1986; 

Coogan PF e t  a l, 2000; Farrow DC e t a l, 1998; Langham MJS e t a l, 2000; Thun MJ e t al, 

1991]. Many tumors, including gastric carcinoma, contain high concentrations of PGs which 

promote cellular proliferation, tumor growth and angiogenesis [Rigas B e t a l, 1993; Bennett A e t  

al, 1987; Shiff SJ e t a l, 1996; Lupulescu A, 1996; Form DM e t a l, 1983]. Using APC knockout 

mice, Oshima and colleagues provided genetic evidence linking COX-2 expression to colonic 

tumor promotion [Oshima M e t a l, 1996]. Upregulation of COX-2 has also been demonstrated 

in human gastric adenocarcinomas as well as in pre-cancerous lesions of the stomach such as 

metaplasia and gastric adenoma cells vs. normal gastric tissue [Lim HY e t a l, 2000; Ristimaki A 

et a l, 1997; Uefuji K e t a l, 1998]. It has therefore been postulated that NSAIDs exert their 

cancer chemopreventive properties through inhibition of COX-2 and thus inhibition of 

prostaglandins. The possible anti-neoplastic actions of NSAIDs include the induction of
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apoptosis and/or inhibition of cellular proliferation [Schiff SJ et al, 1995]. IND, a non-selective 

NSAID, induces apoptosis in human gastric cancer cells (AGS) [Zhu GH et al, 1999a, 1999b].

EGF and other growth factors upon binding to their receptors activate receptor protein 

tyrosine kinases, which trigger signaling cascades transmitting mitogenic and proliferative 

signals to the nucleus. This is accomplished by sequential activation of various cytoplasmic 

protein kinases including mitogen activated protein kinase (MAPK) [Davis RJ, 1993]. There are 

several isoforms of MAPK (ERK1, ERK2, SAPK, p38, HOG1 kinase and ERK5) [Davis RJ, 

1993]. The ERK2 (extra-cellular regulated kinase) controls cellular growth and differentiation. 

Constitutive over-expression of MAPK promotes cellular transformation. Pharmacological 

inhibition or mutational inactivation of MAPK blocks neuronal differentiation, and results in cell 

cycle arrest in fibroblasts [Cowley S et al, 1994; Pang L et al, 1995; Pages G et al, 1993]. 

Sebolt-Leopold and colleagues demonstrated an 80 % inhibition of colon carcinoma growth in 

rodents treated with an oral MAPK inhibitor (PD 184352) [Sebolt-Leopold JS et al, 1999], The 

in\olvement of MAPK/ERK2 in the progression of gastric cancer however remains unknown.
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9. Aims

Since the gastrin administration seems to be able to enhance the growth of carcinogen- 

induced colonic cancer, we examined

• in vitro the stimulating effect of gastrin on tumor proliferation of human gastric 

adenocarcinoma and

compared that effect of pentagastrin, which is usually used in vivo animal 

experiments, with the stimulating effect of human gastrin-17, that is more often 

used in vitro circumstances.

Since increased and unregulated cell proliferation and reduced cell apoptosis are 

important features of cancer growth, we also aimed determine whether

• NS-398, a selective COX-2 inhibitor and/or IND, a non-selective COX inhibitor:

1) inhibit gastric cancer cell proliferation,

2) if this inhibition is mediated via MAPK(ERK2), and

3) whether NSAIDs trigger apoptosis in gastric cancer cells.
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10. Observations

10.1. Effect of Gastrin of Gastric Cancer Growth

Gastrin possesses the same five-amino acid carboxy terminal end as cholecyctokinin 

(CCK). Originally two types of CCK receptors have been described (CCK-A and CCK-B) 

[Wank SA et al, 1992]. Recently the CCK-B receptor and gastrin receptor have been cloned, 

and they appeared to be identical. This CCK-B/gastric receptor has been reported to be present 

on the surface of cancer cells isolated from humans surgical specimens [Frucht H et al, 1992; 

Singh P et al, 1985; Upp JR et al, 1989] and on rat and human colonic (WiDr, HT-29, CoLo 

205, T84, YAMC) [Hoosen NM et al, 1990; Smith JP et al, 1996], pancreatic (PANC-1, BON) 

[Smith JP et al, 1994], and gastric (MKN 95) [Weinstock J et al, 1988; Watson SL et al, 1989] 

cell lines.

Nowadays, a new era has started when an incomplete growth inhibition by highly 

selective CCK-A and CCK-B receptor antagonists was found on pancreatic tumor cell line, AR4- 

2J [Seva C et al, 1994] and on fibroblast cell line, Swiss-3T3 [Singh P et al, 1995] cells after the 

incubation with glycine-extented gastrin. The mouse colon cell line, YAMC, was also found to 

express surface receptor selective for glycine-extended gastrin-17 [Seva C et al, 1994].

10.1.1. Materials and Methods

10.1.1.1. Cell Culture

The human gastric adenocarcinoma cell line (AGS, CRL-1739) was obtained from 

American Type Culture Collection (ATCC, Rockville, MA, USA), originally isolated in i979 by 

Barranco SC and Townsend CM jr, from an adenocarcinoma of the stomach resected from a 54-
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year-old Causasian female person. The cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) containing 10 % FCS, L-glutamine, penicillin and streptomycin in usual doses 

at 37 °C in a humidified (95 %) incubator containing the atmosphere of 95 % air and 5 % C 02. 

The DMEM was purchased from Sigma-Aldrich (Budapest, Hungary), the FCS was from Gibco 

BRL (Life Technologies Ltd., Gaithersburg, MA, USA). Pentagastrin and human gastrin-17 

were from Zeneca Limited (Macclasfield, UK) and Sigma-Aldrich (Budapest, Hungary). The 

cells were seeded on incubating plates in 104 initial numbers. After the 24 hrs, the growth media 

of the cells were changed to serum-free medium containing vehicle or pentagastrin (10‘9 -  10"5 

M) or gastrin-17 (10‘10 -  10'7 M).

10.1.1.2. Detection of Proliferation

For the measurement of cell line proliferation we preceed several methods following a 5- 

day incubation in serum-free medium containing vehicle or pentagastrin or gastrin-17. For the 

detection of the metabolically active cells we used Cell Titer 96AQueous Assay purchased from 

Promega, which is composed of solutions of a novel tetrazolium compound (MTS) and an 

electron coupling reagent (PMS). The absorbency of the produced formazan was measured at 

490 nm with Dynatech 6000 Elisa Reader directly from 96 well assay plates without additional 

processing.

The changes of total protein content of the wells were measured by the method of 

Bradford [Bradford M, 1976] using Coomassie Brillant G-250 for another method for the 

determination of cell proliferation. Firstly, the cells were seeded onto 96 well assay plates, and 

incubated with gastrin/pentagastrin concentrations. After 5-day growth, the cells were incubated 

with 0.1 % Triton X-100. Fifteen juL of sample were put onto 96 well assay plates together with
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200 fiL Bradford reagent [Bradford M, 1976]. Then, the measurement was carried out using 

Dynatech 6000 Elisa Reader at 595 nm within 5 min.

Cell growth measurements were also evaluated by performing cell counts of treated cells. 

Cells were harvested after 5-day incubation with various concentrations of gastrin or pentagastrin 

or their vehicle on 6 well assay plates, and counted in hemocytometer.

10.1.1.3. Statistical analysis

Student’s t test was used to compare data between two groups. Values are expressed as 

mean ± standard deviation (SD). P  values less than 0.05 were considered significant.

10.1.2. Results

10.1.2.1. Results of Proliferation Assay

10"5 M pentagastrin incubation caused the lowest extinction detected (Figure 17). 

Actually, it slightly inhibited the growth of the cell line (88 % of control). Under smaller 

concentrations of pentagastrin (10'9 -  10‘6 M), the propagation of the cell line increased parallel 

with the decrease of pentagastrin concentration. The maximal effect (120.5 % of control on the 

5th day) could be reached with 10"8 M pentagastrin concentration.

In case of human gastrin-17, the cell proliferation changed similarly with the decrease of 

concentration. The 10'9 M dose caused the maximal absorbency (123.7 % of control) at the end 

of the 5th day. Otherwise, similar and almost equal changes could be detected (Figure 18).
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Figure 17. Proliferation of AGS cells incubated with either vehicle or pentagastrin (109 -  
10"5 M) for 5 days detected by proliferation assay. Significant difference (*) in cell 
proliferation vs. control (p<0.05).

Figure 18. Proliferation of AGS cells incubated with either vehicle or gastrin-17 (1010 -n
10' M) for 5 days detected by proliferation assay. Significant difference (*) in cell 
proliferation vs. control (p<0.05).

64



i

10.1.2.2. Changes of Protein Content

The method of Bradford led us to similar results, although, the standard errors were the 

highest in these measurements. The total protein contents in wells of assay plates containing 

gastrin/pentagastrin were compared to that value measured in wells of controls with no 

gastrin/pentagastrin in the medium. The maximal effects were reached with the same 

concentrations of gastrin-17 and pentagastrin as in case of the proliferation assay (gastrin: 10'9 

M; pentagastrin: 10'8 M) (p<0.001). However, it may be predicted that the gastrin-17 was found

to be more capable to increase the protein content of the AGS cells (27.5 mg/ml vs. 25 mg/ml, 

detected on the 5th day).

Control 10'10M 109M 108M 107M -6M 10-5M

Pentagastrin Gastrin

Figure 19. Changes of total protein content pro well containing AGS cells incubated with 
vehicle or pentagastrin (10‘9 -  10-5 M) or gastrin-17 (1010 -  10'7 M) for 5 days. The protein 
content was determined by the method of Bradford described under Materials and Methods. 
Significant difference (*) in cell proliferation vs. control (p < 0.05).
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10.1.2.3. Changes of Cell Number

Similar tendencies were found in the results of cell counting. The extents of stimulation 

were similar to the results of proliferation assays (pentagastrin: 122 %; gastrin-17: 120 % on the 

5 th day).

Control 10'10M 109M 10'8M 107M 10‘6M 10‘5M

0  Pentagastrin U Gastrin

Figure 20. Proliferation of AGS cells incubated with vechicle or pentagastrin (10'9 -  10'5 
M) or gastrin-17 (10'10 -  10'7 M) for 5 days determined by cell counting in haemocytometer.
Significant difference (*) in cell number vs. control (p<0.05).

10.1.3. Discussion

The aim of our study was to compare the tumor growth-promoting effect of pentagastrin 

and gastrin-17 in vitro on human cultured gastric adenocarcinoma cells. Pentagastrin is typically 

used in experiments involving animals because it is more available and less costly than gastrin- 

17. Human gastrin-17 is mostly used in vitro experiments.
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We chose gastric cancer, AGS cell line. AGS cells contain Alcian blue and PAS positive 

granules [Kokoska EK et al, 1998] in their cytoplasm, which are consistent with cells that secrete 

mucopolysaccharides. Results of electron microscopic analysis revealing junctional complexes 

and rudimentary apical microvillae [Kokoska EK et al, 1998], also suggest that AGS cells 

possess the ability to differentiate morphologically and have characteristic traits consistent with 

mucus secreting cells. Sharma and colleagues demonstrated that this cell line to be an excellent 

model for studying H. pylori infection under in vitro conditions [Sharma SA et al, 1995]. These 

results and our personal experience with this cell line led us to believe that this cell line is an 

excellent model for the study of the propagation of gastric cancer.

Each method for detection of proliferation stimulated by gastrins resulted analogue trends 

to the results of both other methods. We found that pentagastrin is 10 times less potent 

stimulator of tumor growth of the AGS cells than gastrin-17. It suggests that smaller gastrin 

forms are more readily metabolized or degraded than the larger forms. Because of these 

pharmacological differences, dosages of pentagastrin are needed to be higher than gastrin-17. 

The AGS cells might be CCK-B/gastrin like receptor positive. Our results are in correlate with 

results of other studies. Majumdar and colleagues found similar differences in the effective 

dosages of pentagastrin and gastrin on rat pancreatic tissue [Majumdar A et al, 1979]. Smith and 

colleagues proceeded observations suggesting similar results on human pancreatic 

adenocarcinoma cell line (PANC-1) [Smith JP et al, 1995].
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10.2. Effect of NSAIDs on Gastric Cancer Growth

10.2.1. Materials and Methods

10.2.1.1. Cell lines

Human gastric epithelial (MKN 28) cells derived from gastric tubular adenocarcinoma 

[Hoyo H, 1977] were grown in RPMI 1640 medium supplemented with 10 % fetal bovine serum 

(Atlanta Biol., Norcross, GA) at 37°C in a humidified incubator containing 5 % CO2. Cells were 

incubated for 6, 16, 24 and 48 hr in media containing either vehicle, IND at concentrations of 

0.25-0.5 mM, orNS-398 at concentrations of 50-100 pM.

10.2.1.2. Cell Proliferation Assay

The effect of IND and NS-398 on MKN 28 cell proliferation was studied by determining 

the incorporation of 3H-thymidine into cellular DNA. Cells (4 x 10'4 cells/well) were growing 

for 24 hr in 24-well culture plates until 70 - 75 % confluence. Cells were serum-starved for 24h 

and treated for 16 hr with either vehicle, IND or NS-398 for 24 or 48 hr. Three hours prior to 

termination of the experiment, 0.5 pCi of [methyl-3H]thymidine was added to each well. After 

incubation, the cells were washed three times with PBS, lysed with 0.5 N NaOH, neutralized 

with 0.5 N HC1, and the radioactivity was measured. The optimal concentrations of IND and 

NS-398 were determined by our previous dose-dependent studies [Fujiwara Y et al, 1995]. 

These studies also assured that these doses of IND do not reduce cell viability below 90 %.

10.2.1.3. Apoptosis/Cell Death Detection Assay

MKN 28 cells were plated in 6-well plates on glass coverslips. After reaching 

confluence, monolayers were wounded and cultured in serum-free medium containing either 0.5
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or 0.25 mM IND or 50 or 100 juM NS-398 or their vehicles for 24 hrs. Cell death was evaluated 

by terminal deoxynucleotide transferase (TdT)-mediated dUTP nick end-labeling (TUNEL) 

using a commercial kit (Roche Diagnostic Corp.), and following manufacturer’s instructions. 

Briefly, monolayers were air-dried and fixed with 4 % paraformaldehyde for 1 hr. After 

blocking with 3 % H2O2, coverslips were incubated with the TUNEL reaction mixture. 

Following incubation with anti-fluorescein antibody conjugated with horseradish peroxidase 

(POD), monolayers were developed with DAB substrate. Omission of the TdT enzyme in the 

TUNEL reaction served as a negative control and resulted in no staining. Since this staining 

visualizes both apoptotic and necrotic cells, discrimination of apoptosis from necrotic cell death 

was assessed based on cellular morphology. Morphological features of apoptotic cell death 

were: cell shrinkage, condensation of chromatin, cytoplasmic budding and formation of 

apoptotic bodies. Cells displaying cytoplasmic and nuclear swelling or membrane rupture were 

classified as cell undergoing necrotic cell death. Cell death was evaluated by randomly counting 

1000 cells on each coverslip. The results were expressed as apoptotic and necrotic indices, 

respectively, reflected as percentage of apoptotic or necrotic cells per total number of all counted 

cells.

10.2.1.4. Determination of Mitogen-activated Protein Kinase Activity

ERK2 activity was determined as described in our previous study [Jones MK et al, 

1999c]. Briefly, cells were incubated in medium containing either vehicle (controls) or the 

indicated concentration of IND or NS-398. The cells were then lysed on ice; 30 pg of total 

protein from each experimental sample was added to a conjugate of protein A Sepharose and 1 

pg anti-ERK2 antibody (Santa Cruz Biotech.) and mixed at 4°C for 2 hrs. The conjugates were 

then pelleted by centrifugation and washed four times. After the final wash, buffer was removed

69



completely and 40 pl of MAPK assay mixture (10 mM HEPES, pH 7.5; 10 mM MgCl2; 50 pM 

ATP; 30 pg myelin basic protein; and 4 pCi [32P] ATP) was added to each sample. The samples 

were incubated at 30°C for 20 min and the reaction was terminated by the addition of sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer [Jones MK et al, 1999c]. The 

samples were then electrophoresed on 15 % acrylamide gels. After electrophoresis, the gels 

were stained with Coomassie brilliant blue and dried. The gels were autoradiographed; the 

myelin basic protein bands were cut out and radioactivity was counted in a scintillation counter.

10.2.1.5. Ras Activation Assay

MKN 28 cells were plated in 100-mm tissue culture dishes and grown until ~80 % 

confluent in RPMI 1640 supplemented with 10 % fetal bovine serum. The cells were serum- 

starved for 16 hrs and metabolically labeled for an additional 8h in serum-free, phosphate-free 

RPMI containing 200 pCi/ml 32PC>4. During the serum starvation and metabolic labeling, cells 

were incubated with either vehicle (control), 0.5mM IND, or 100 pM NS-398. Ras activation 

was determined as described [Downward J et al, 1990]. Briefly, cells were washed with ice-cold 

PBS and lysed on ice in 1 ml of lysis buffer (50 mM Hepes, pH 7.5; 500 mM NaCl; 5 mM 

MgCl2; 1 % Triton X-100; 0.5 % deoxycholate; 0.05 % SDS; 1 mM EGTA; 10 mM 

benzamidine; and 10 pg/ml each of aprotinin, leupeptin and soybean trypsin inhibitor). Ras 

proteins contained in the cell lysates were immunoprecipitated with rat monoclonal anti-Ras 

antibody (Y13-259; Santa Cruz Biotech.). The guanine nucleotides bound to the Ras proteins 

were eluted in 16 pi of 2 mM EDTA; 5 mM dithiothreitol, 1 mM GTP, 1 mM GDP, 0.2 % SDS 

at 68°C for 20 min and fractionated by thin-layer chromatography. Quantification was 

performed using a phosphorimager (Molecular Dynamics, Sunnyvale, CA, USA). The percent
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of GTP bound to Ras (as an indicator of Ras activation) was calculated as cpm in GTP/(cpm in 

GTP + cpm in GDP) normalized for moles phosphate in each nucleotide.

10.2.1.6. Statistical analysis

Student's t test was used to compare data between two groups (e.g., control and growth 

factor-treated group). One-way ANOVA and Bonferroni correction were used to compare data 

between three or more groups. Values are expressed as mean ± standard deviation (SD). P  

values less than 0.05 were considered significant.

10.2.2. Results

10.2.2.1. Effects of IND and NS-398 on proliferation of MKN 28 cell lines

To evaluate the effects of IND and NS-398 on proliferation of gastric cancer cells, 

various concentrations of IND (0.25 mM - 0.5 mM) or NS-398 (50 pM - 100 pM) were added to 

the culture medium for 24 and 48 hrs. Control group consisted of cells treated with vehicle. Cell 

proliferation was determined using 3H-thymidine uptake. Compared to control, both the higher 

and lower concentrations of IND and NS-398 significantly inhibited cell proliferation at 24 and 

48 hrs (Figure 21).
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A

B

Figure 21. Effect of indomethacin (A) and NS-398 (B) on DNA synthesis in MKN28 cells 
reflecting cell proliferation. MKN 28 cells (2.5xl0’4 cells/well) were grown for 24 hrs in 24- 
well culture plates to attain 70-75 % confluence and subjected to reduced serum (5 % FBS) 
condition for 24 hrs. Subsequently, cells were treated with indomethacin (0.25 mM or 0.5 mM) 
or NS-398 (50 pM or 100 pM) for 24 and 48 hrs. Three hours prior to termination of the 
experiment, 0.5 pCi of [methyl-3H] thymidine was added to each well. After incubation, the cells 
were washed with phosphate buffered saline (PBS), lysed with 0.5 N NaOH, neutralized with 0.5 
N HC1, and the radioactivity was measured. Data are expressed as cpm (mean ± SD) from three 
separate experiments performed in triplicate.
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10.2.2.2. Effect of IND and NS-398 on MAP (ERK2) kinase activity

Various concentrations of IND (0.25 mM-0.5 mM) and NS-398 (50 pM-100 pM) were 

added to MKN 28 cell lines for 24 hrs. Cells treated with vehicle served as controls. MAP 

(ERK2) kinase activity was measured by incorporation of radiolabeled phosphate into myelin 

basic protein. Compared to control, both NSAIDs significantly inhibited ERK2 activity (Figure 

22).

MBP

Figure 22. Effect of indomethacin and NS-398 on ERK2 activation in MKN28 cells. Top
panel: autoradiography from representative experiment showing the in vitro phosphorylation of 
the substrate, myelin basic protein (MBP), by ERK2 immunoprecipitated from cytosolic lysates. 
Lanes represent ERK2 activity in cells incubated with medium containing vehicle (lane 1, left); 
0.25 mM indomethacin (IND) (lane 2); 0.5 mM IND (lane 3); 50 pM NS-398 (lane 4) and 100 
pM NS-398 (lane 5, right). B) The ERK2 activity was determined by measuring the levels of 
radiolabeled [y-32P] ATP incorporated into MBP (pmole/mg protein) by ERK2 
immunoprecipitated from cell lysates. Values represent mean ± SD of 3 experiments performed 
in triplicates.
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10.2.2.3. Effects of IND and NS-398 on Ras activation in MKN28 cells

IND (0.5 mM) and NS-398 (100 pM) were added to the MKN 28 cell media, and Ras 

activation was evaluated. Compared to control treatment with vehicle, neither IND nor NS-398 

(at their higher concentration) significantly affected Ras activation in MKN 28 cells (Figure 23).

Figure 23. Effect of indomethacin and NS-398 on Ras activation in MKN 28 cells. Ras
activation was determined as described in Materials and Methods. MKN 28 cells were serum- 
starved for 24 hrs and treated with either vehicle (control), 0.5 mM indomethacin, or 100 pM 
NS-398 for the final 16 hrs of the serum starvation. Upper panel: representative autoradiograph 
of the eluted GTP and GDP from Ras immunoprecipitated from MKN 28 cells cultured under the 
above conditions. Lower panel: quantitative data of the percent of GTP binding as a measure of 
the percent of Ras activation. Results are the mean ± SD of three independent determinations. 
% GTP bound is calculated as [cpm in GTP/(cpm in GTP + cpm in GDP)] x 100 normalized for 
moles phosphate in each nucleotide.
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IND (0.25 mM - 0.5 mM) and NS-398 (50 pM - 100 pM) were added to the MKN 28 cell

10.2.2.4. Effects of IND and NS-398 on apoptosis of MKN28 cells

media, and apoptosis was evaluated using the TUNEL assay. Compared to control treatment 

with vehicle, both concentrations of IND and NS-398 significantly induced apoptosis in MKN 28 

cells (Figure 24). Necrotic index was < 1 % in all experiments.

Figure 24. Effect of indomethacin and NS-398 on apoptosis in MKN 28 cells. MKN 28
cells were grown on collagen coated glass coverslips to attain confluence. Cell monolayers were 
incubated with either vehicle, indomethacin (0.25 mM and 0.5 mM) or NS-398 (50 pM and 100 
pM) for 24 hrs. Cell apoptosis was evaluated by the TUNEL assay as detailed in the Methods 
Section. The data are expressed as apoptotic index reflecting percentage of apoptotic cells per 
total number of all cells counted (1000 cells/condition).

10.2.3. Discussion

This study demonstrated that both the non-selective NSAID, IND, and the selective 

COX-2 inhibitor NS-398 significantly inhibit proliferation of the human gastric cancer cell line 

MKN 28, reduce ERK2 activity and enhance apoptosis. Our results differ from those found in

I I Control

0
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the limited literature on the role of NSAIDs in gastric cancer. Sawaoka H et al [1998] and Tsuji 

S et al [1996] demonstrated inhibition of cell proliferation by both selective and non-selective 

NSAIDs in gastric cancer cell lines that over-expressed COX-2. However, cell lines such as 

MKN 28 and KATO III which express significantly more COX-1 than COX-2 were less 

suppressed by these same agents [Sawaoka H et al, 1998; Tsuji S et al, 1996]. These results 

would indicate that the anti-neoplastic properties of NSAIDs are dependent on COX-2 rather 

than COX-1 inhibition. The discrepancy between their findings and ours may be due to the 

concentrations of IND and NS-398 utilized for the respective experiments. We used 

significantly higher concentrations of both agents compared to previous studies, though it should 

be noted that even at these higher concentrations, cell viability was not reduced below 90 %. It 

is very likely that the anti-proliferative properties of both NSAIDs are dose dependent. It has 

been previously demonstrated that IND inhibits KATO III cell growth [Fujiwara Y et al, 1993]. 

This gastric cancer cell line expresses much less COX-2 than COX-1 and does not produce 

prostaglandins [Sawaoka H et al, 19998; Tsuji S et al, 1996]. The anti-proliferative action of 

IND on these cells was not reversed by the administration of exogenous prostaglandins. 

Therefore, the anti-neoplastic properties of NSAIDs on gastric cancer can not be explained by 

COX inhibition alone.

MAP (ERK2) kinase signaling pathway is essential for cell proliferation and may be one 

possible COX- independent target for NSAIDs. We have shown significant inhibition of MAP 

(ERK2) kinase activity and phosphorylation in gastric cancer cells treated with 0.5 mM IND, and 

50 pM and 100 pM NS-398 without a significant change in the protein levels of this enzyme. 

The activity of other upstream proteins in this pathway such as Ras is not markedly affected by 

NSAIDs treatment. These data suggest that the NSAID-induced inhibition of gastric cancer 

proliferation and growth is likely mediated by the inhibition of MAP (ERK2) kinase signaling
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pathway. Therefore, this study demonstrated for the first time that in addition to inhibition of 

cyclooxygenase, NSAIDs also inhibit phosphorylating enzymes-kinases such as ERK2 essential 

for transduction of mitogenic signals in gastric cancer cells.

Our results also demonstrated the induction of apoptosis by both IND and NS-398 in the 

MKN 28 cell line. Treatment with both NSAIDs significantly increased the apoptotic index by 

up to three fold. These results are consistent with those reported in other gastric cancer cell lines 

[Zhu GH et al, 1999a, 1999b]. However, this increase in cell apoptotic death was from ~3 % at 

baseline to 4.5 -  8.5 % and the majority of the cells (>90 %) remained viable. Therefore, such 

modest reduction of viable cells cannot account for very significant reductions of cell 

proliferation and MAPK activity. The signaling pathways regulating NSAID-induced apoptosis 

in gastric cancer are poorly understood. Zhu GH et al [1999a] has suggested that IND-induced 

apoptosis of gastric cancer cell lines is associated with either constitutive expression of wild-type 

p53 and/or increased expression of the proto-oncogene c-myc. Protein kinase C has also been 

shown to modulate NSAID-induced apoptosis by changing the expression of pro-apoptotic genes 

[Zhu GH et al, 1999b].

We conclude from our experiments that both non-selective and selective-COX-2 

inhibitors significantly suppress cellular proliferation and growth of the MKN 28 gastric cancer 

cell line. This inhibitory effect is likely mediated by inhibition of MAP (ERK2) kinase signaling 

pathway, which is the key pathway responsible for cell proliferation. In addition we have also 

shown that NSAIDs increase apoptosis in gastric cancer cells.
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11. Summary of New Results

The results of the present Thesis can provide a new insight in the molecular mechanism 

of gastric injury healing and cancer research. Summarizing these new results:

1. In wounded gastric epithelial monolayers EGF significantly stimulated wound restitution, 

actin stress fiber formation, increased FAK localization to focal adhesions, and 

phosphorylation of FAK and tensin,

2. IND inhibited wound restitution at the baseline and EGF-stimulated conditions.

3. IND-induced inhibition of FAK phosphorylation preceded changes in actin 

polymerization, indicating that actin depolymerization might be the consequence of 

decreased FAK activity.

4. In surface epithelial cells of rat gastric mucosa, FAK phosphorylation is induced 

following injury.

5. IND significantly delays epithelial restitution in vivo, reduces FAK phosphorylation and 

recruitment to adhesion points as well as actin stress fiber formation in migrating surface 

epithelial cells.

6. Our study indicates that FAK, tensin and actin stress fibers are likely mediators of EGF- 

stimulated restitution in wounded human gastric monolayers and potential targets for 

IND-induced inhibition of restitution.

7. Human gastrin-17 and pentagastrin stimulate the proliferation of human gastric cancer 

cells in correlation with their concentration, indicating a possible disadvantage for long

term proton-pump inhibitor (PPI) treatment.

8. Pentagastrin is 10 times less effective stimulator of proliferation of the gastric cancer than 

gastrin-17, and human adenocarcinoma cell line might be CCK receptor positive.
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9. Nonsteroidal anti-inflammatory drugs, IND and NS-398 significantly inhibit proliferation 

and growth of human gastric cancer cell line MKN 28. This effect is mediated by 

NSAID-induced inhibition of MAPK (ERK2) kinase signaling pathway, essential for cell 

proliferation. NSAIDs also increase apoptosis in MKN 28 cells.

10. In addition to inhibiting cyclooxygenase, NSAIDs inhibit a phosphorylating enzymes -  

kinases essential for migration and for signaling cell proliferation.

79



Acknowledgement

These studies were supported by the Hungarian National Research Found (OTKA), 

Hungarian Ministry of Welfare and Health (ETT), and Research Service of the U.S. Department 

of V eterans Affairs.

Special thanks should be addressed to Professors Gyula Mózsik (First Department of 

Medicine, University of Pécs), Péter Németh (Department of Immunology and Biotechnology, 

University of Pécs) and Andzrej Tamawski (Division of Gastroenterology, Department of 

Medicine, University of California, Irvine), to Drs. Beáta Bódis, György Rumi (First 

Department of Medicine, University of Pécs), Rama Pai, Michael K. Jones, Syeda Hussain 

(Division of Gastroenterology, Department of Medicine, University of California, Irvine), 

Hiroiumi Kawanaka (Department of Sugery II, Kyushu University), and Mrs. Judith Melczer 

(Department of Immunology and Biotechnology, University of Pécs) for their guidelines and 

assistance to perform these experiments.

80



References

Affronti J, Baillie J. Gastroscopic follow-up of pernicious anemia patients. Gastrointest Endosc 

1994; 40: 129.

American Cancer Society. Cancer Facts and Figures, 2002. Atlanta, GA: American Cancer 

Society, 2002.

Auger KR, Songyang Z, Lo SH, Roberts TM, Chen LB. Platelet-derived growth factor-induced 

formation of tensin and phosphoinositide 3-kinase complexes. J Biol Chem 1996; 271: 23452- 

7.

Basson MD, Módiin IM, Flynn SD, Jean BP, Madri JA. Independent modulation of enterocyte 

migration and proliferation by growth factors, matrix proteins and pharmacological agents in 

an in vitro model of mucosal healing. Surgery 1992; 112: 299-308.

Bennet A, Civier A, Hensby CN, Melhuish PB, Stamford IF. Measurement of arachidonate and 

its metabolites extracted from human normal and malignant gastrointestinal tissues. Gut 

1987;28:315-318.

Bennett NT, Schultz GS. Growth factors and wound healing: biochemical properties of growth 

factors and their receptors. Am J Surgery 1993; 165: 728-37.

Bockholt SM, Otey CA, Glenney JR Jr, Burridge K. Localization of a 215-kDa tyrosine- 

phosphorylated protein that cross-reacts with tensin antibodies. Exp Cell Res 1992; 203: 39- 

46.

Bockholt SM, Burridge K. Cell spreading on extracellular matrix proteins induces tyrosine 

phosphorylation of tensin. J Biol Chem 1993; 268: 14565-7.

Boonstra J, Rijken P, Humbel B, Cremers F, Verkleij A, en Heneouwen PB. The epidermal 

growth factor. Cell Biol Int 1995; 19: 413-30.

81



Bomfeldt KE, Rainses EW, Graves LM, Skinner MP, Krebs EG, Ross R. Platelet-derived 

growth factor. Distinct signal transduction pathways associated with migration versus 

proliferation. Ann N Y Acad Sci 1995; 766: 416-30.

Bradford M. A rapid and sensitive method for the quantitation of microgram quantities of 

protein utilising the principle of protein-dye binding. Analytical Biochemistry 1967; 72: 248- 

4.

Burridge K, Petch L, Romer LH. Signals from focal adhesions. Curr Biol 1992; 2: 537-9.

Calalb MB, Polte TR, Hanks SK. Tyrosine phosphorylation of focal adhesion kinase at sites in 

the catalytic domain regulates kinase activity: a role for Src family kinases. Mol Cell Biol 

1995; 15: 954-63.

Correa P. Human gastric carcinogenesis: A multistep and multifactorial process. Cancer Res 

1992; 52: 6735-40.

Correa P, Shiao Y. Phenotypic and genotypic events in gastric carcinogenesis. Cancer Res 1994; 

54: 1941-3.

Cary LA, Chang JF, Guan JL. Stimulation of cell migration by overexpression of focal adhesion 

kinase and its association with Src and Fyn. J Cell Sci 1996; 109: 1787-94.

Casamassima A, Rozengurt E. Tyrosine phosphorylation of pl30(cas) by bombesin, 

lysophosphatidic acid, phorbol esters, and platelet-derived growth factor. Signaling pathways 

and formation of a pl30(cas)-Crk complex. J Biol Chem 1997; 272: 9363-70.

Chae KS, Ryu BK, Lee MG, Byun DS, Chi SG. Expression and mutation analyses of MKK4, a 

candidate tumour suppressor gene encoded by chromosome 17p, in human gastric 

adenocarcinoma. Eur J Cancer 2002; 38: 2048-57.

Chen HC, Guan JL. Association of focal adhesion kinase with its potential substrate 

phosphatidylinositol 3-kinase. Proc Nat Acad Sci 1994; 91: 10148-52.

82



Chen MC, Goliger J, Bunnett N, Soil AH. Apical and basolateral EGF receptors regulate gastric 

mucosal paracellular permeability. Am J Physiol 2001: 280:G264-72.

Cho JH, Noguchi M, Ochiai A, Hirohashi S. Loss of heterozygosity of multiple tumor suppressor 

genes in human gastric cancers by polymerase chain reaction. Lab Invest 1996; 74: 835-41.

Chong JM, Fukayama M, Hayashi Y, Takizawa T, Koike M, Konishi M. Microsatellite 

instability in the progression of gastric carcinoma. Cancer Res 1994; 54: 4595-7.

Chuang JZ, Lin DC, Lin S. Molecular cloning, expression, and mapping of the high affinity 

actin-capping domain of chicken cardiac tensin. J Cell Biol 1995; 128: 1095-109.

Ciacci C, Lind SE, Podolsky DK. Transforming growth factor-p regulation of migration in 

wounded rat intestinal epithelial monolayers. Gastroenterology 1993; 105: 93-101.

Clark R. The Molecular and Cellular Biology of Wound Repair, 2nd ed, Plenum Press, New 

York, 1996.

Clouston AD. Timely topic: Premalignant lesions associated with adenocarcinoma of the upper 

gastrointestinal tract. Pathology 2001; 33: 271-7.

Coogan PF, Rosenberg L, Palmer JR, Strom BL, Zauber AG, Stolley PD, Shapiro S. 

Nonsteroidal anti-inflammatory drugs and risk of digestive cancers at sites other than the large 

bowel. Cancer Epidemiol Biomarkers Prev 2000;1:119-123.

Cook GA, Yeomans ND, Giraud AS. Temporal expression of the trefoil peptides following 

gastric ulceration in the transforming growth factor-a gene-deficient mouse. Am J Physiol 

1997; 272: G1540-9.

Cotran RS, Kumar V, Robbins SL. Gastric ulceration. In: Cotran RS, Kumar V, Robbins SL 

(Eds). Robbins Pathologic Basis of Disease. 5th ed, Saunders, Philadelphia, 1994; 773-777.

Cowley S, Paterson H, Kemp P, Marshall CJ. Activation of MAP kinase kinase is necessary and 

sufficient for PC12 differentiation and for transformation of NIH3T3. Cell 1994; 77: 841-52.

83



Craanen ME, Dekker W, Blok P, Ferwerda J, Tytgat GN. Time trends in gastric carcinoma: 

Changing patterns of type and location. Am J Gastroenterol 1992; 87: 572-9.

Davis RJ. The mitogen-activated protein kinase signal transduction pathway. J Biol Chem 1993; 

268: 14553-6.

Davis S, Lu ML, Lo SH, Lin S, Butler JA, Druker BJ, Roberts TM, An Q, Chen LB. Presence of 

an SH2 domain in the actin-binding protein tensin. Science 1991; 252: 712-5.

De Heus RB, Diegenbach PC, Van Raamsdonk W, Roberts BL. Changes in enzyme 

histochemical profiles of identified spinal motoneurons of the European eel, Anguilla 

anguilla, following cordotomy. Histochem J 1996; 28: 335-40.

den Hartigh JC, van Bergen en Elenegouwen PM, Verkleij AJ, Boonstra J. The EGF receptor is 

an actin-binding protein. J Cell Biol 1992; 119: 349-55.

Dembinski AB, Johnson LR. Growth of the pancreas and gastrointestinal mucosa by secretin, 

caerulein, and pentagastrin Endocrinology 1980; 106: 323-8.

Dignass AU, Lynch-Devaney K, Kindon H, Thim L, Podolsky DK. Trefoil peptides promote 

epithelial migration through a transforming growth factor-|3-independent pathway. J Clin 

Invest 1994; 94: 376-83.

Downward J, Graves JD, Wame PH, Rayter S, Cantrell DA. Stimulation of p21ras upon T-cell 

activation. Nature 1990; 346: 719-23.

Dubois RN, Tsujii M, Bishop P, Awad JA, Makita K, Lanahan A. Cloning and characterization 

of a growth factor inducible cyclooxygenase gene from rat intestinal epithelial cells. Am J 

Phys 1994; 266: G822-G827.

DuBois RN, Abramson SB, Crofford L, Gupta RA, Simon LS, Van de Putte LBA, Lipsky PE. 

Cyclooxygenase in biology and disease. FASEB1998; 12: 1063-1072.

Dubrow R. Gastric cancer following peptic ulcer surgery. J Natl Cancer Inst 1993; 85: 1268-70.

84



Erickson RA. Effect of 16,16-dimethyl PGE2 and indomethacin on bile acid-induced intestinal 

injury and restitution in rats. J Lab Clin Med 1988; 112: 735-44.

Fang DC, Yang SM, Zhou XD, Wang DX, Luo YH. Telomere erosion is independent of 

microsatellite instability related to loss of heterozygosity in gastric cancer. World J 

Gastroenterol 2001; 7: 522-6.

Farrow DC, Vaughan TL, Hansten PD, Stanford JL, Risch HA, Gammon MD, Chow WH, 

Dubrow R, Ahsan H, Mayne ST, Schoenberg JB, West AB, Rotterdam H, Fraumeni JF Jr, 

Blot WJ. Use of aspirin and other nonsteroidal anti-inflammatory drugs and risk of 

esophageal and gastric cancer. Cancer Epidemiol Biomarkers Prev 1998; 2: 97-102.

Ferrara N. Role of vascular endothelial growth factor in the regulation of angiogenesis. Kidney 

Int 1996; 56: 794-814.

Fisher SG, Davis F, Nelson R, Weber L, Goldberg J, Haemszel W. A cohort study of stomach 

cancer risk in men after gastric surgery for benign disease. J Natl Cancer Inst 1993; 85: 1303- 

10.

Folkman J, Shin Y. Angiogenesis. J Biol Chem 1992; 267: 10931-34.

Folkman J, D ’Amore PA. Blood vessel formation: What is its molecular basis? Cell 1996; 87: 

1153-5.

Form DM, Auerbach R. PGE2 and angiogenesis. Proc Soc Exp Biol Med 1983; 172: 214-8.

Forte J, Wolsin JM. HC1 secretion by the gastric oxyntic cells. In: Physiology of the 

gastrointestinal Tract. (2nd ed) Johnson LR (Ed) Raven, New York, vol 1, 1987; 853-63.

Fries JF. NSAIDs gastropathy: the second most deadly rheumatic disease? Epidemiology and 

risk appraisal. J Rheumatol 1991; 8: 6-10.

Fradit H, Gazdar AF, Park JA, Oie H, Jensen RT. Characterization of functional receptors for 

gastrointestinal hormones on human colon cancer cells. Cancer Res 192; 52: 1114-22.

85



Fujiwara Y, Tamawski A, Fujiwara K, Arakawa T, Kobayashi K. Inhibitory effects of 

indomethacin on growth and proliferation of gastric carcinoma cells KATO III. J Physiol 

Pharmacol 1993; 44: 147-54.

Fujiwara Y, Schmassmann A, Arakawa T, Halter F, Tamawski A. Indomethacin interferes with 

epidermal growth factor binding and proliferative response of gastric KATOIII cells. 

Digestion 1995; 56: 364-369.

Gates RE, King LE Jr, Hanks SK, Nanney LB. Potential role for focal adhesion kinase in 

migrating and proliferating keratinocytes near epidermal wounds and in culture. Cell Growth 

Differ 1994; 5: 891-9.

Genta RM, Rugge M. Review article: pre-neoplastic states of the gastric mucosa -  a practical 

approach by the perplexed clinician. Aliment Prarmacol Ther 2001; 25: 43-50.

Giap AO, Ma TY, Hoa NT, Tamawski AS. Does specific COX-2 inhibitor interfere with re- 

epithelialization of wounded gastric epithelial monolayers? Gastroenterology 1999; 

116:A576.

Gilmore AP, Romer LH. Inhibition of focal adhesion kinase (FAK) signaling in focal adhesions 

decreases cell motility and proliferation. Mol Biol Cell 1996; 7: 1209-24.

Girdley G, McLaughlin JK, Ekbom A, Klareskog L, Adami HO, Hacker DG, Hoover R, 

Fraumeni JF Jr: Incidence of cancer among patients with arthritis. J Natl Cancer Inst 

1993;85:307-311.

Guan JL. Role of focal adhesion kinase in integrin signaling. Int J Biochem Cell Biol 1997; 29: 

1085-96.

Hansson LE, Engstrand L, Nyren O, Evans DJ, Lindgren A, Bergstrom R, Andersson B, Athlin 

L, Bendtsen O, Trancz P. Helicobacter pylori infection: Independent risk indicator of gastric 

adenocarcinoma. Gastroenterology 1993; 105: 1098-103.

86



Hansson LE, Baron J, Nyren O, Bergstrom R, Wolk A, Lindgren A, Baron J, Adami OH. 

Tobacco, alcohol and the risk of gastric cancer: A population-based case-control study in 

Sweden. Int J Cancer 1994; 57: 26-31.

Hakanson R, Sundler F. Trophic effects of gastrin. Scand J Gastroenterol 1991; 180: 130-6.

Helicobacter and Gastric cancer Collaborative Group. Gastric cancer and Helicobacter pylori: a 

combined analyses of 12 case control studies nested within prospective cohorts. Gut 2001; 49: 

347-53.

Hildebrand ID, Schaller MD, Parsons JT. Paxillin, a tyrosine phosphorylated focal adhesion- 

associated protein binds to the carboxyl terminal domain of focal adhesion kinase. Mol Biol 

Cell 1995; 6: 637-47.

Hiyama T, Haruma K, Kitadai Y et al, K-ras mutation in Helicobacter py/on-associated chronic 

gastritis in patients with and without gastric cancer. Int J Cancer 2002; 97: 562-6.

Hla T, Neilson K. Human cyclooxygenase-2 cDNA. Proc Natl Acad Sci USA. 1992; 89: 7384-8.

Hoosein NM, Kiener PA, Curry RC Brattain MG. Evidence for autocrine growth stimulation of 

cultured colon tumor cells by a gastrin/cholecystokinin-like peptide. Exp Cell Res 1990; 186: 

15-21.

Hoyo H. Establishment of cultured lines of human stomach cancer. Origin and their 

morphological characteristics. Niigata Igakuki Zasshi 1977; 91: 737-752.

Hsing AW, Hansson LE, McLaughlin JK, Nyren O, Blot WJ, Ekbom A. Pernicious anemia and 

subsequent cancer: A population-based cohort study. Cancer 1993; 71: 745-50.

Hsu CT, Ito M, Kawase Y, Sekine I, Ohmagari T, Hashimoto S. Early gastric cancer arising 

from localized Ménétrier's disease. Gastroenterol Jpn 1991; 26: 213-7.

Inauen W, Wyss PA, Kayser S, Baumgartner A, Schurer-Maly CC, Koelz HR, Halter F. 

Influence of prostaglandins, omeprazole, and indomethacin on healing of experimental gastric 

ulcers in the rat. Gastroenterology 1988; 95: 636-41.

87



Ilic D, Furuta Y, Kanazawa S, Takeda N, Sobue K, Nakatsuji N, Nomura S, Fujimoto J, Okada 

M, Yamamoto T. Reduced cell motility and enhanced focal adhesion contact formation in 

cells from FAK-deficient mice. Nature 1995; 377: 539-44.

Ilic D, Damsky CH, Yamamoto T. Focal adhesion kinase: at the crossroads of signal 

transduction. J Cell Sci 1997; 110: 401-7.

Isomaki H, Hakulinen T, Joutsenlahti U: Excess risk of lymphomas, leukemia, and myeloma in 

patients with rheumatoid arthritis. J Chronic Dis 1978; 31: 691-6.

Jin Z, Tamura G, Honda T, Motoyama T. Molecular and cellular profiles of gastric noninvasive 

neoplasia. Lab Invest 2002; 82: 1637-45.

Johnson LR. Regulation of intestinal growth. In: Johnson LR (Ed). Physiology of 

Gastrointestinal Tract. Vol 2, Raven, New York, 1987; 1173-208.

Jones DA, Carlton DP, McIntyre TM, Zimmerman GA, Prescott SM. Molecular cloning of 

human prostaglandin endoperoxide synthase type II and demonstration of expression in 

response to cytokines. J Biol Chem 1993; 268: 9049-9054.

Jones MK, Wang H, Peskar BM, Levin E, Itani RM, Sarfeh IJ, Tamawski AS. Inhibition of 

angiogenesis by nonsteroidal anti-inflammatory drugs: insight into mechanisms and 

implications for cancer growth and ulcer healing. Nat Med 1999; 5: 1418-23. (a)

Jones MK, Tomikawa M, Mohajer B, Tamawski AS. Gastrointestinal mucosal regeneration: 

role of growth factors. Front Biosci 1999; 4: D303-9. (b)

Jones MK, Sasaki E, Halter F, Pai R, Nakamura T, T. Arakawa, Kuroki T, Tamawski AS. HGF 

triggers activation of Cox-2 gene in rat gastric epithelial cells: action mediated through the 

ERK2 signaling pathway. FASEB J 1999; 13: 2186-95. (c)

Joypaul BU, Hopwood D, Newman EL, Qureschi S, Grant A, Ogston SA. The prognostic 

significance of the accumulation of p53 tumor-suppressor gene protein in gastric 

adenocarcinoma. Br J Cancer 1994; 69: 943.

88



Kábát G, Ng S, Wynder E. Tobacco, alcohol intake, and diet in relation to adenocarcinoma of 

the esophagus and gastric cardia. Cancer Causes Control 1993; 4: 123-32.

Kató I, Tominaga S, ItoY, Kobayashi S, Yoshii Y, Matsuura A, Kameya A, Kano T. Atrophic 

gastritis and stomach cancer risk: Cross-sectional analyses. Jpn J Cancer Res 1992; 83: 1041- 

6 .

Kató K, Chen MC, Nguyen M, Lehmann FS, Podolsky DK, Soil AH. Effects of growth factors 

and trefoil peptides on migration and replication in primary oxyntic cultures. Am J Physiol 

1999; 276: G1105-16.

Kletzien RF, Harris PK, Foellmi LA. Glucose-6-phosphate dehydrogenase: a "housekeeping" 

enzyme subject to tissue-specific regulation by hormones, nutrients, and oxidant stress. 

FASEB J 1994; 8: 174-81.

Konturek SJ, Brzozowski T, Majka J, Dembinski A, Slomiany A, Slomiany BL. Transforming 

growth factor alpha and epidermal growth factor in protection and healing of gastric mucosal 

injury. Scand J Gastroenterol 1992; 27: 649-55.

Kokoska ER, Smith GS, Rieckenberg CL, Deshpande Y, Banan A, Miller TA. Adaptive 

cytoprotection against deoxycholate-induced injury in human gastric cells in vitro. Dig Dis 

Sci 1998; 43: 806-15.

Kubuju D, Fletcher BS, Vamum BC, Lim RW, Herschman HR. TIS10, a phorbol ester tumor 

promoter-inducible mRNA from Swiss 3T3 cells, encodes a novel prostaglandin 

synthase/cyclooxygenase homologue. J Biol Chem 1991; 266: 12866-72.

Kuwada SK, Lund KA, Li XF, Cliften P, Amsler K, Opresko LK, Wiley HS. Differential 

signaling and regulation of apical vs. basolateral EGFR in polarized epithelial cells. Am J 

Physiol 1998; 275: C1419-28.

Laakso M, Mutru O, Isomaki H, Koota K. Cancer mortality in patients with rheumatoid arthritis. 

J Rheumatol 1986; 13: 522-6.

89



Lacy ER, Ito S. Microscopic analysis of ethanol damage to rat gastric mucosa after treatment 

with a prostaglandin. Gastroenterology 1982; 83: 619-625.

Lacy ER, Ito S. Rapid epithelial restitution of the rat gastric mucosa after ethanol injury. Lab 

Invest 1984; 51: 573-83.

Lan J, Xiong YY, Lin YX, Wang BC, Gong LL, Xu HS, Guo GS. Helicobacter pylori infection 

generated gastric cancer through p53-Rb tumor suppressor system mutatiuon and telomerase 

reactivation. World J Gastroenterol 2003; 8: 54-8.

Langman MJS, Cheng KK, Gilman EA, Lancashire RJ. Effect of anti-inflammatory drugs on 

overall risk of common cancer: case control study in general practice research database. BMJ 

2000; 320: 1642-6.

Lauffenburger DA, Horwitz AF. Cell migration: a physically integrated molecular process. Cell 

1996; 84: 359-69.

La Vecchia C, Negri E, Franceschi S, Gentile A. Family history and the risk of stomach and 

colorectal cancer. Cancer 1992; 70: 50-5.

Lee ER, Dagradi AE. Hemorrhagic erosive gastritis. A clinical study. Am J Gastroenterol 1975, 

63:201-8.

Lim HY, Joo HJ, Choi JH, Yi JW, Yang MS, Cho DY, Kim HS, Nam DK, Lee KB, Kim HC. 

Increased expression of cyclooxygenase-2 protein in human gastric carcinoma. Clin Cancer 

Res 2000; 6:519-25.

Lin S, Risinger MA, Butler JA. A model for protein-protein interactions involved in the linking 

of the actin cytoskeleton to transmembrane receptors for extracellular matrix. In: Aebi U, 

Engel J (Eds). Cytoskeletal and Extracellular Matrix Protein. Springer Series in Biophysics. 

Vol 3, Springer-Verlag, Berlin, 1989: 341-4.

Lo SH, Weisberg E, Chen LB. Tensin: a potential link between the cytoskeleton and signal 

transduction. Bioessays 1994; 16: 817-23.

90



Luk GD. Diagnosis and therapy of hereditary polyposis syndromes. Gastroenterologist 1995: 3: 

153-67.

Lupulescu A. Porstaglandins, their inhibitors and cancer. Prostaglandins Leukot Essent Fatty 

Acids 1996; 54: 83-94.

Lynch HT, Smyrk TC, Watson P, Lanspa SJ, Lynch JF, Lynch PM, Cavalier RJ, Boland CR. 

Genetics, natural history, tumor spectrum, and pathology of hereditary nonpolyposis 

colorectal cancer: An updated review. Gastroenterology 1993; 104: 1535-49.

Majumdar A, Goltermann N. Chronic administration of pentagastrin: effects on pancreatic 

protein and nucleic acid content and protein synthesis in rats. Digestion 1979; 19: 144-7.

Majumdar A, Johsin L. Gastric mucosal cell proliferation during development in rats and effects 

of gastrin. Am J Physiol 1982; 242: 135-9.

Majumdar APN, Fligiel SEG, Jaszewski R, Tureaud J, Dutta S, Chelluderai B. Inhibition of 

gastric mucosal regeneration by tyrphostin: Evaluation of the role of epidermal growth factor 

receptor tyrosine kinase. J Lab Clin Med 1996; 128: 173-80.

Mamett LJ. Aspirin and the potential role ofprostaglandins in colon cancer. Cancer Res 1992; 

52: 5575-89.

Martin P. Wound healing -  aiming for perfect skin regeneration. Science 1997; 276: 75-81.

Matrisian LM, Hogan BL. Growth factor-regulated proteases and extracellular matrix 

remodeling during mammalian development. Curr Top Dev Biol 1990; 24: 219-59.

Mayne ST, Risch HA, Dubrow R, Chow WH, Gammon MD, Vaughan TL, Farrow DC, 

Schoenberg JB, Stanford JL, Ahsan H, West AB, Rotterdam H, Blot WJ, Fraumeni JF. 

Nutrient intake and risk of subtypes of esophageal and gastric cancer. Cancer Epidemiol 

Biomark Prev 2001; 10: 1055-62.

McCormack SA, Viar MJ, Johnson LR. Migration of IEC-6 cells: a model for mucosal healing. 

Am J Physiol 1992; 263: G426-35.

91



McCormack SA, Blanner PM, Zimmerman BJ, Ray R, Poppleton HM, Patel TB, Johnson LR. 

Polyamine deficiency alters EGF receptor distribution and signaling effectiveness in IEC-6 

cells. Am J Physiol 1998; 274: C192-205.

McGregor DH, Jones RB, Karlin DA, Romsdahl MM. Trophic effects of gastrin on colorectal 

neoplasms in the rat. Ann Surg 1982; 195: 219-23.

Mironov NM, Aguelon MAM, Potapova GI, Omori Y, Gorunov OV, Kilmenkov AA, Yamasaki 

H. Alterations of (CA)n DNA repeats and tumor suppressor genes in human gastric cancer. 

Cancer Res 1994; 54: 41-4.

Moran TH, Sawyer TK, Seeb DH, Ameglio PJ, Lombard MA, McHugh PR. Potent and 

sustained satiety actions of a cholecystokiknin octapeptid analogue. Am J Clin Nutr 1992; 55, 

286-90.

Morris GP. Prostaglandins and cellular restitution in the gastric mucosa. Am J Med 1986; 81: 

23-9.

Mózsik Gy, Figler M, Nagy L, Patty I, Tárnok F. Gastric and small intestinal energy metabolism 

in mucosal damage. In: Mózsik Gy, Hanninan O, Jávor T (Eds). Gastrointestinal Defence 

Mechanism. Pergamon Press-Akadémiai Kiadó, Oxford-Paris-Budapest, 1981: 213-76.

Murai T, Watanabe S, Hirose M, Kobayashi O, Maehiro K, Ohkura R, Miwa H, Kitamura T, 

Ogihara T, Oide H, Miyazaki A, Sato N. Evaluation of ethanol on gastric epithelial 

restoration in vitro. Alcohol Clin Exp Res 1996; 20: 45A-46A.

Nemesánszky E. NSAIDs indukálta gastrointestinális károsodások klinikuma. In: Gömör B, 

Simon L, Lonovics J, Nemesánszky E (Eds). A nem-szteroid gyullladáscsökkentők. Medicom 

Press, Budapest, 1995: 75-77.

Oshima M, Dinchuk JE, Kargman SL, Oshima H, Hancock B, Kwong E, Trzaskos JM, Evans JF, 

Taketo MM. Suppression of intestinal polyposis in APC delta 716 knockout mice by 

inhibition of prostaglandin endoperoxide synthase-2. Cell 1996; 87: 803-9.

92



Pai R, Ohta M, Itani RM, Sarfeh IJ, Tamawski AS. Induction of mitogen-activated protein 

kinase signal transduction pathway during gastric ulcer healing in rats. Gastroenterology 

1998; 114: 706-13.

Pai R, Jones MK, Tomikawa M, Tamawski AS. Activation of Raf-1 during experimental gastric 

ulcer healing is Ras-mediated and protein kinase C-independent. Am J Pathol 1999; 155: 

1759-66.

Pages G, Lenormand P, L ’Allemain G, Chambard JC, Meloche S, Pouyssegur. Mitogen- 

activated protein kinases p42mapk and p44mapk are required for fibroblast proliferation. Proc 

Natl Acad Sci 1993; 90: 8319-23.

Pang L, Sawada T, Decker SJ, Saltiel AR. Inhibition of MAP kinase kinase blocks the 

differentiation of PC-12 cells induced by nerve growth factor. J Biol Chem 1995; 270: 13585- 

8.

Parkin DM, Pisani P, Ferlay J. Global cancer statistics. CA Cancer J Clin 1999; 49: 33-64.

Podolsky DK. Peptide growth factors in the gastrointestinal tract. In: Johnson LR (Ed). 

Physiology of the GI Tract. Vol 1, 3rd ed, Raven, New York, 1994: 129-67.

Podolsky DK. Healing the epithelium: Solving the problem from two sides. J Gastroenterol 

1997; 32: 122-6.

Polk DB. Epidermal growth factor receptor-stimulated intestinal epithelial cell migration 

requires phospholipase C activity. Gastroenterology 1998; 114: 493-502.

Prenzel N, Zwick E, Daub H, Leserer M, Abraham R, Wallasch C, Ullrich A. EGF receptor 

transactivation by G-protein-coupled receptors requires metalloproteinase cleavage of proHB- 

EGF. Nature 1999; 402: 884-8.

Ramon JM, Serra L, Cerdo C, Oromi J. Dietary factors and gastric cancer risk. A case-control 

study in Spain. Cancer 1993; 71:1731-5.

93



Rankin S, Rozengurt E. Platelet-derived growth factor modulation of focal adhesion kinase 

(pl25FAK) and paxillin tyrosine phosphorylation in Swiss 3T3 cells. Bell-shaped dose 

response and cross-talk with bombesin. J Biol Chem 1994; 269: 704-10.

Rhyu MG, Park WS, Jung YJ, Choi SW, Meltzer SJ. Allelic deletions of MCC/APC and p53 are 

frequent late events in human gastric carcinogenesis. Gastroenterology 1994; 106: 1584-8.

Ridyard MS, Sanders EJ. Inhibition of focal adhesion kinase expression correlates with changes 

in the cytoskeleton but not apoptosis in primary cultures of chick embryo cells. Cell Biol Int 

2001;25:215-26.

Ricci V, Ciacci C, Zarrilli R, Sommi P, Tummuru MK, Del Vecchio Blanco C, Bruni CB, Cover 

TL, Blaser MJ, Romano M. Effect of Helicobacter pylori on gastric epithelial cell migration 

and proliferation in vitro: role of VacA and CagA. Infect Immun 1996; 64: 2829-33.

Rijken PJ, Hage WJ, van Bergen en Henegouwen PM, Verkleij AJ, Boonstra J. Epidermal 

growth factor induces rapid reorganization of the actin microfilament system in human A431 

cells. J Cell Sci 1991; 100: 491-9.

Rijken PJ, Post SM, Hage WJ, van Bergen en Henegouwen PM, Verkleij AJ, Boonstra J. Actin 

polymerization localizes to the activated epidermal growth factor receptor in the plasma 

membrane, independent of the cytosolic free calcium transient. Exp Cell Res 1995; 218: 223- 

32.

Rigas B, Goldman IS, Levine L. Altered eicosanioid levels in human colon cancer. J Lab Clin 

Med 1993; 122: 518-23.

Ristimaki A, Honkanen N, Jankala H, Sipponen P, Harkonen M. Expression of cyclooxygenase- 

2 in human gastric carcinoma. Cancer Res 1997; 57: 1276-80.

Rokkas T, Filipe MI, Sladen GE. Detection of an increased incidence of early gastric cancer in 

patients with intestinal metaplasia type III who are closely followed up. Gut 1991; 32: 1110-3.

94



Romer LH, McLean N, Turner CE, Burridge K. Tyrosine kinase activity, cytoskeletal 

organization, and motility in human vascular endothelial cells. Mol Biol Cell 1994; 5: 349-61.

Rugge M, Farinad F, Baffa R, Sonego F, Di Mario F, Leandro G, Valiante F. Gastric epithelial 

dysplasia in the natural history of gastric cancer: A multicenter prospective follow-up study. 

Gastroenterology 1994; 107: 1288-96.

Rustgi AK. Gastrointestinal Cancers: Biology, Diagnosis, and Therapy. Philadelphia, Lippincott- 

Raven 1995.

Sasaki E, Pai R, Halter F, Komurasaki T, Arakawa T, Kobayashi K, Kuroki T, Tamawski AS. 

Induction of cyclooxygenase-2 in a rat gastric epithelial cell line by epiregulin and basic 

fibroblast growth factor. J Clin Gastroenterol 1998; 27(Suppl 1): S21-7.

Sato Y, Rifkin DP. Inhibition of endothelial cell movement by pericytes and smooth muscle 

cells: activation of latent transforming growth factor f t  like molecules by plasmin during 

coculture. J Cell Biol 1989; 109: 309-15.

Santos MF, McCormack SA, Guo Z, Okolicany J, Zheng Y, Johnson LR, Tigyi G. Rho proteins 

play a critical role in cell migration during the early phase of mucosal restitution. J Clin 

Invest 1997; 100: 216-25.

Sawaoka H, Kawano S, Tsuji S, Tsuji M, Murata H, Hori M. Effects of NSAIDs on proliferation 

of gastric cancer cells in vitro: possible implication of cyclooxygenase-2 in cancer 

development. J Clin Gastroenterol 1998; 27: S47-52.

Schaller MD, Otey CA, Hildebrand JD, Parsons JT. Focal adhesion kinase and paxillin bind to 

peptides mimicking beta integrin cytoplasmic domains. J Cell Biol 1995; 130: 1181-7.

Scheiman JM. NSAIDs gastrointestinal injury and cytoprotection. Gastroenterology Clinics of N 

Am 1996; 25: 279-8.

95



Schiff SJ, Qiao L, Tsai LL, Rigas B. Sulindac sulfide, an aspirin like compound, inhibits 

proliferation, causes cell cycle quiescence, and induces apoptosis in HT-29 colon 

adenocarcinoma cells. J Clin Invest 1995; 96: 491-503.

Schmassmann A, Tamawski AS, Peskar BM, Varga L, Flogerzi B, Halter F. Influence of acid 

and angiogenesis on kinetics of gastric ulcer healing in rats: interaction with indomethacin. 

Am J Physiol 1995; 68: G276-85.

Sebolt-Leopold JS, Dudley DT, Herrera R, Van Becelaere K, Wiland A, Gowan RC, Tecle H, 

Barrett SD, Bridges A, Przybranowski S, Leopold WR, Saltiel AR. Blockage of the MAP 

kinase pathway suppresses growth of colon tumors in vivo. Nature 1999; 5: 810-6.

Seva C, Dickinson CJ, Yamada T. Growth-promoting effects of glycine-extended progastrin. 

Science 1994; 265: 410-2.

Sherma SA, Tummuru MK, Miller GG, Blaser MJ. Interleukin-8 response of gastric epithelial 

cell lines to Helicobacter pylori stimulation in vitro. Infect Immun 1995; 63: 1681-7.

Shiff SJ, Rigas B. Nonsteroidal anti-inflammatory drugs and colorectal cancer: evolving 

concepts of their chemoproventive actions. Gastroenterology 1997; 113: 1992-8.

Smilenov LB, Mikhailov A, Pelham RJ, Marcantonio EE, Gundersen GG. Focal adhesion 

motility revealed in stationary fibroblasts. Science 1999; 286: 1172-4.

Singh P, Owlia A, Espeijo R, Dai B. Novel gastrin receptors mediate mitogenic effects of 

gastrin and processing intermediates of gastrin on Swiss3T3 fibroblasts. J Biol Chem 1995; 

270: 8429-38.

Singh P, Rae-Venter B, Townsend CM Khalil T Thompson JC. Gastrin recptors in normal and 

malignant gastrointestinal mucosa: age-associated changes. Am J Physiol 1985; 249: 761-9.

Sirinek KR, Levine BA, Moyer MP. Pentagastrin stimulates in vitro growth of normal and 

malignant human colon epithelial cells. Am J Surg 1985; 149: 35-8.

96



Feldman M, Schaerschmidt BF, Sleisenger MH. Gastrointestinal and Liver Disease. 6th edition, 

W. B. Saunders, Philadelphia, 1996.

Smith JP, Solomon TE. Effects of gastrin, proglumide, and somatostatine on growth of human 

colon cancer. Gastroenterology 1988; 95: 1541-8.

Smith JP, Liu G, Soundararajan V, McLaughlin PJ, Zagon IS. Identification and characterization 

of CCK-B/gastrin receptors in human pancreatic cancer cell lines. Am J Physiol 1994; 266: 

277-83.

Smith JP, Fantaskey AP, Liu G, Zagon IS. Identification of gastrin as a growth peptide in human 

pancreatic cancer. Am J Physiol 1995; 268: 135-41.

Smith JP, Stock EA, Wotring MG, McLaughlin PJ, Zagon IS. Characterization of the CCK- 

B/gastrin-like recptor in human colon cancer. Am J Physiol 1996; 271: 797-805.

Smith WL, Mamett LJ. Prostaglandin endoperoxid synthase: structure and catalysis. Biochem 

Biophys Acta 1991; 1083: 1-7.

Solomon TE. Control of exocrine pancreatic secretion In: Johnson LR (Ed). Physiology of 

Gastrointestinal Tract. Vol 2, Raven, New York, 1987; 1173-208.

Svanes K, Ito S, Takeuchi K, Silen W. Restitution of the surface epithelium of the in vitro frog 

gastric mucosa after damage with hyperosmolar sodium chloride. Morphologic and 

physiologic characteristics. Gastroenterology 1982; 82:1409-26.

Szabó I, Bódis B, Nagy L, Mózsik Gy. Evidence for the direct protective and toxic effect of 

ethanol, prostacyclin and indomethacin in isolated gastric mucosal mixed cells. Hungarian 

Weekly Medical Journal 1996; 137: 2687-9.

Szabó I, Bódis B, Nagy L, Mózsik Gy. Comparative studies on isolated mucosal mixed cells and 

hepatoma, myeloma cell lines with ethanol, indomethacin and their combination. 

Inflammopharmacology 1997; 5: 21-28.

97



Tahara E. Genetic alterations in human gastrointestinal cancers: The application to molecular 

diagnosis. Cancer 1995; 75: 1410-7.

Takahashi M, Ota S, Shimada T, Kawabe T, Okudaira T, Matsumura M, Kaneko N, Terano A, 

Nakamura T. Hepatocyte growth factor is the most potent endogenous stimulant of rabbit 

gastric epithelial cell proliferation and migration in primary culture. J Clin Invest 1995; 95: 

1994-2003.

Takeuchi K, Ishihara Y, Okada M, Niida H, Okabe S. A continuous monitoring of mucosal 

integrity and secretory activity in rat stomach: a preparation using a lucite chamber. Jpn J 

Pharmacol 1989; 49: 235-44.

Tamura G, Maesawa C, Suzuki Y, Tamada H, Satoh M, Ogasawara S, Kashiwaba R, Satodate R. 

Mutations of the APC gene during early stages of gastric adenoma development. Cancer Res 

1994; 54: 1149-51.

Tamura G. Molecular pathogenesis of adenoma and differentiated adenocarcinoma of the 

stomach. Pathol Int 1996; 46: 834-41.

Tamura M, Gu J, Danen EH, Takino T, Miyamoto S, Yamada KM. PTEN interactions with 

focal adhesion kinase and suppression of the extracellular matrix-dependent 

phosphatidylinositol 3-kinase/Akt cell survival pathway. J Biol Chem 1999; 274: 20693-703.

Tapia JA, Camello C, Jensen RT, Garcia LJ. EGF stimulates tyrosine phosphorylation of focal 

adhesion kinase (pl25FAK) and paxillin in rat pancreatic acini by a phospholipase C- 

independent process that depends on phosphatidylinositol 3-kinase, the small GTP-binding 

protein, p21rho, and the integrity of the actin cytoskeleton. Biochim Biophys Acta 1999; 

1448: 486-99.

98



Tamawski A, Hollander D, Stachura J, Krause WJ, Eltorai M, Dabros W, Gergely H. Vascular 

and microvascular changes - key factors in the development of acetic acid- induced gastric 

ulcers in rats. J Clin Gastroenterol 1990; 12: S148-57.

Tamawski A, Stachura J, Douglass TG, Krause WJ, Gergely H, Sarfeh U. Indomethacin impairs 

quality of experimental gastric ulcer healing: a quantitative histological and ultrastructural 

analysis. In: Gamer A, O’Brien PE (Eds). Mechanisms of Injury, Protection and Repair of the 

Upper Gastrointestinal Tract. Wiley & Sons, Chichester, 1991: 521-31.

Tamawski A, Stachura J, Durbin T, Sarfeh IJ, Gergely H. Increased expression of epidermal 

growth factor receptor during gastric ulcer healing in rats. Gastroenterology 1992; 102: 695-8.

Tamawski A. Cellular mechanisms of gastric ulcer healing. In: Domschke W, Konturek SJ 

(Eds). The Stomach. Springer-Verlag, Berlin/New York, 1993: 177-92.

Tamawski AS, Jones MK. The role of EGF and its receptor in mucosal protection, adaptation to 

injury and ulcer healing. Involvement of EGF-R signal transduction pathways. J Clin 

Gastroenterol 1998; 27: S12-20.

Tamawski AS, Pai R. Translocation of MAP (ERK-1 and -2) kinases to cell nuclei and activation 

of c-fos gene during healing of experimental gastric ulcer. J Physiol Pharmacol 1998; 49: 

479-87.

Tamawski AS, Tomikawa M, Ohta M, Sarfeh IJ. Antacid talcid activates in gastric mucosa genes 

encoding for EGF and its receptor. The molecular basis for its ulcer healing action. J Physiol 

Paris 2000; 94: 93-8.

Taupin D, Wu DC, Jeon WK, Devaney K, Wang TC, Podolsky DK. The trefoil gene family are 

coordinately expressed immediate-early genes: EGF receptor-and MAP kinase-dependent 

interregulation. J Clin Invest 1999; 103: R31-R38.

Testino G, Gada D, De laco F, Comaggia M. p53 and Ki-67 expression in epithelial gastric 

dysplasia and in gastric cancer. Panminerva Med 2002; 44 : 369-71.

99



The EUROGAST Study Group. An international association between Helicobacter pylori 

infection and gastric cancer. Lancet 1993; 341:1359-62.

Thun MJ, Namboodiri MM, Heath CWJ. Aspirin use and reduced risk of fatal colon cancer. N 

Engl J Med 1991; 325: 1593-6.

Tsuji S, Kawano S, Sawaoka H, Takei Y, Kobayashi I, Nagano K, Fusamoto H, Kamada T. 

Evidence for involvement of cyclooxygenase-2 in proliferation of two gastrointestinal cancer 

cell lines. Prostagland. Leukotrienes Essent Fatty Acids 1996; 55: 179-83.

Uchino S, Tsuda H, Noguchi M, Yokota J, Terada M, Saito T, Kobayashi M, Sigimura T, 

Hirohashi S. Frequent loss of heterozygosity at the DCC locus in gastric cancer. Cancer Res 

1992; 52: 3099-102.

Uefuji K, Ickhikura T, Mochizuki H, Shinomiya N. Expression of cyclooxygenase-2 protein in 

gastric adenocarcinoma. J Surg One 1998; 69: 168-72.

Upp JR, Singh P, Townsend CM, Thompson JC. Clinical significance of gastrin reeptors in 

human colon cancers. Cancer Res 1989; 49: 488-92.

van Bergen en Henegouwen PM, den Hartigh JC, Romeyn P, Verkleij AJ, Boonstra J. The 

epidermal growth factor receptor is associated with actin filaments. Exp Cell Res 1992; 199: 

90-7.

van Delft S, Verkleij AJ, Boonstra J, van Bergen en Henegouwen PMP. Epidermal growth 

factor induces serine phosphorylation of actin. FEBS Lett 1995; 357: 251-254.

Vane JR. Inhibition of prostaglandin synthesis as mechanism of action of aspirin-like drugs. 

Nature 1971;231:232-5.

Vane J. Towards a better aspirin. Nature 1994; 367: 215-216

Wang JY, Yamasaki S, Takeuchi K, Okabe S. Delayed healing of acetic acid-induced gastric 

ulcers in rats by indomethacin. Gastroenterology 1989; 96: 393-402.

100



Wank SA, Pisegna JR, DeWeerth A. Brain and gastrointestinal cholecystokinin receptor family: 

structure and functional expression. Proc Natl Acad Sci USA 1992; 89: 8691-5.

Watanabe S, Hirose M, Yasuda T, Miyazaki A, Sato N. Role of actin and calmodulin in 

migration and proliferation of rabbit gastric mucosal cells in culture. J Gastroenterol Hepatol 

1994; 9: 325-33.

Watanabe S, Wang XE, Hirose M, Oide H, Kitamura T, Miyazaki A, Sato N. Basic fibroblast 

growth factor accelerates gastric mucosal restoration in vitro by promoting mesenchymal cell 

migration and proliferation. J Gastroenterol Hepatol 1995; 10: 627-32.

Watanabe S, Hirose M, Wang XE, Maehiro K, Murai T, Kobayashi O, Mikami H, Otaka K, 

Miyazaki A, Sato N. A new model to study repair of gastric mucosa using primary cultured 

rabbit gastric epithelial cells. J Clin Gastroenterol 1995; 21: S40-4. (b)

Watanabe S, Wang XE, Hirose M, Oide H, Kitamura T, Miwa H, Miyazaki A, Sato N. Platelet- 

derived growth factor accelerates gastric epithelial restoration in rabbit cultured cell model. 

Gastroenterology 1996; 110: 775-9.

Watson SL, Durrant LG Morris D. Gastrin: growth-enhancing effects on human gastric and 

colonic tumor cells. Br J Cancer 1989; 59: 554-8.

Wee A, Kang JY, Teh M. Helicobacter pylori and gastric cancer: Correlation with gastritis, 

intestinal metaplasia, and tumour histology. Gut 1992; 33: 1029-32.

Weiner TM, Liu ET, Craven RJ, Cance WG. Expression of focal adhesion kinase gene and 

invasive cancer. Lancet 1993; 342: 1024-5.

Weinstock J, Baldwin GS. Binding of gastrin-17 to human gastric carcinoma cell lines. Cancer 

Res 1988; 48: 932-7.

Winsett OE, Townsend CM Glass EJ, Thompson JC. Gastrin stimulates growth of colon cancer. 

Surgery St. Louis 1986; 99: 302-7.

101



Withers BE, Hanks SK, Fry DW. Correlations between the expression, phosphotyrosine content 

and enzymatic activity of focal adhesion kinase, ppl25FAK, in tumor and nontransformed 

cells. Cancer Biochem Biophys 1996; 15:127-39.

Wolfe MM, Lichtenstein DR, Singh G. Gastrointestinal toxicity of nonsteroidal anti

inflammatory drugs. N Engl J Med 1999; 340: 1888-99.

Wright NA, Pike C, Elia G. Induction of a novel epidermal growth factor-secreting cell lineage 

by mucosal ulceration in human gastrointestinal stem cells. Nature 1990; 343: 82-5.

Yokoyama C, Tanabe T. Cloning of human gene encoding prostaglandin endoperoxide synthase 

and primary structure of the enzyme. Biochem Biophys Res Commun 1989: 165: 888-94.

Yoshida KT, Tsujino T, Yasui W, Kameda T, Sano T, Nakayama H, Toge T,Tahara E. 

Induction of growth receptor and metalloproteinases genes by epidermal growth factor and/or 

transforming growth factor-alpha in human gastric carcinoma cell line MKN 28. Jpn J Cancer 

Res 1990; 81: 793-8.

You WC, Zhao L, Chang YS, Blot WJ, Fraumeni JF. Progression of precancerous gastric 

lesions. Lancet 1995; 345: 866-7.

You WC, Zhang L, Gail MH, Chang YS, Liu WD, Ma JL, Li JY, Jin ML, Hu YR, Yang M, 

Blaser MJ, Correa P, Blot WJ, Fraumeni JF, Xu GW. Gastric dysplasia and gastric cancer: 

Helicobacter pylori, serum vitamin C, and other risk factors. J Natl Cancer Inst 2000; 92: 

1607-12.

Zhu T, Goh EL, Lobié PE. Growth hormone stimulates the tyrosine phosphorylation and 

association of p i25 focal adhesion kinase (FAK) with JAK2. FAK is not required for STAT- 

mediated transcription. J Biol Chem 1998; 273: 10682-9.

Zhu GH, Wong BCY, Ching CK, Lai KC, Lam SK. Differential apoptosis by indomethacin in 

gastric epithelial cells through the constitutive expression of wild-type p53 and/or 

upregulation of c-myc. Biochem Pharmacol 1999; 58: 193-200. (a)

102



Zhu GH, Wong BCY, Eggo MC, Ching CK, Yuen ST, Chan EYT, Lai KC, Lam SK. Non

steroidal anti-inflammatory drug-induced apoptosis in gastric cancer cells is blocked by 

protein kinase C activation through inhibition of c-myc. Br J Cancer 1999; 79: 393-400. (b)

103



List of Author’s Peer-reviewed Papers Published Related to Thesis

1. Szabó I, Bódis B, Nagy L, Mózsik Gy. Evidence for the direct protective and toxic effect of 
ethanol, prostacyclin and indomethacin in isolated gastric mucosal mixed cells. Hungarian 
Weekly Medical Journal 137: 2687-2689, 1996.

2. Szabó L Bódis B, Nagy L, Mózsik Gy. Comparative studies on isolated mucosal mixed 
cells and hepatoma, myeloma cell lines with ethanol, indomethacin and their combination. 
Inflammopharmacology 5: 21-28, 1997.

3. Szabó L Bódis B, Mózsik Gy, Németh P. Usage of scvangers on stable cultured (Sp2/0- 
Agl4 and Hep G2) cell lines as an approach to reveal the mechanisms of cytoprotection. In: 
Twenty Five Years of Peptic Ulcer Research in Hungary (1971-1996), Mózsik Gy, Nagy L., 
Király Á. (Eds.) Akadémiai Kiadó, Budapest pp. 275-283, 1997.

4. Szabó E Rumi Gy, Bódis B, Németh P, Mózsik Gy. Gastrin and pentagastrin enhance the 
tumor proliferation of human stable cultured gastric adenocarcinoma cells. J Physiol Paris 
94:71-4, 2000.

5. Tamawski AS, Arakawa T, Sekhon S, Ichikawa Y, Szabó IL, Szabó S, Sarfeh IJ. Isolation 
of morphologically and functionally intact gastric mucosal microvessels. J Physiol 
Pharmacol 51: 167-175,2000.

6. Jones MK, Wang H, Tomikawa M, Szabó IL, Kawanaka H, Sarfeh IJ, Tamawski AS. 
Isolation and characterization of rat gastric microvascular endothelial cells as a model for 
studying gastric angiogenesis in vitro. J Physiol Pharmacol 51: 813-20, 2000.

7. Szabó IL. Tamawski AS. Apoptosis in the gastric mucosa: Molecular mechanisms, basic 
and clinical implications. J Physiol Pharmacol. 51:3-15, 2000.

8. Ehring GR, Szabó IL. Jones MK, Sarfeh IJ, Tamawski AS. ATP-induced Ca2+-signaling 
enhances rat gastric microvascular endothelial cell migration. J Physiol Pharmacol 51: 799- 
811,2000.

9. Pai R, Szabó IL, Soreghan B, Tamawski AS. Indomethacin inhibits endothelial cell 
proliferation by suppressing cell cycle proteins and PRB phosphorylation. A key to its anti- 
angiogenic action? Mol Cell Biol Res Commun 4: 111-116, 2000.

10. Tamawski AS, Szabó IL. Apoptosis -  programmed cell death and its relevance to 
gastrointestinal epithelium: survival signals from the matrix. Gastroenterology 120: 294-8, 
2001.

11. Szabó IL. Pai R, Soreghan B, Jones MK, Baatar D, Kawanaka H, Tamawski AS. NSAIDs 
inhibit the activation of egr-1 gene in microvascular endothelial cells. A key to inhibition of 
angiogenesis? J Physiol (Paris) 95: 379-83, 2001.

104



12. Tamawski AS, Szabó IL, Soreghan B, Husain SS. Regeneration of gastric mucosa during 
ulcer healing is triggered by growth factors and signal transduction pathways. J Physiol 
(Paris) 95: 337-44, 2001.

13. Pai R, Szabó IL. Soreghan B, Tamawski AS. Nonsteroidal anti-inflammatory dmgs inhibit 
re-epithelialization by interferring with actin, Src, FAK, and tensin signaling. Life Sci 69: 
3045-55, 2001.

14. Szabó IL, Kawanaka H, Jones MK, Pai R, Soreghan B, Baatar D, Tamawski AS. Activation 
of hypoxia-inducible factor-la in gastric mucosa in response to ethanol injury. A trigger for 
angiogenesis. Life Sci 69: 3035-44, 2001.

15. Husain SS, Szabó IL. Pai R, Soreghan B, Jones MK, Tamawski AS. MAPK (ERK-2) 
kinase - a key target for NSAIDs-induced inhibition of gastric cancer cell proliferation and 
growth. Life Sci 69: 3045-54, 2001.

16. Baatar D, Jones MK, Pai R, Kawanaka H, Szabó IL. Kitano S, Tamawski AS. Esophageal 
ulceration activates keratinocyte growth factor and its receptor in rats: Implicatons for ulcer 
healing. Gastroenterology 122: 458-68, 2002.

17. Szabó IL, Pai R, Jones MK, Ehring GR, Kawanaka H, Tamawski AS. Indomethacin delays 
gastric restitution: association with the inhibition of focal adhesion kinase and tensin 
phosphorylation and reduced actin stress fibers. Exp Biol Med 227: 12-424, 2002.

18. Pai R, Soreghan B, Szabó IL, Pavelka M, Baatar D, Tamawski AS. Prostaglandin E2 
transactivates EGF receptor: A novel mechanism for promoting colon cancer growth and 
gastrointestinal hypertrophy. Nature Med 8: 289-93, 2002.

19. Baatar D, Jones MK, Pai R, Kawanaka H, Szabó IL, Moon WS, Kitano S, Tamawski AS. 
Selective cyclooxygenase-2 blocker delays healing of esophageal ulcers in rats and inhibits 
ulceration-triggered c-Met/Hepatocyta growth factor receptor induction and extracellular 
signal-regulated kinase-2 activation. Am J Path 160: 963-72, 2002.

20. Jones MK, Kawanaka H, Baatar D, Szabó IL. Pai R, Koh GY, Kim I, Sarfeh IJ, Tamawski 
AS. Gene therapy for gastric ulcers. Gene therapy for gastric ulcers with single local 
injection of naked DNA encoding VEGF and Angiopoietin-1. Gastroenterology 34: 1040-7, 
2001.

21. Kawanaka H, Jones MK, Szabó IL. Baatar D, Pai R, Sugimachi K, Sarfeh IJ, Tamawski AS. 
Activation of eNOS in rat portal hypertensive gastric mucosa is mediated by TNFa via PI-3 
kinase/Akt signaling pathway. Hepatology 35: 393-402, 2002.

22. Jones MK, Szabó IL. Kawanaka H, Husain SS, Tamawski AS. von Hippel Lindau tumor 
suppressor and HIF-1 alpha: new targets of NSAIDs inhibition of hypoxia-induced 
angiogenesis. FASEB J 16: 264-6, 2002.

105


