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Abstract
In addition to regulating acid secretion, the gastric 
antral hormone gastrin regulates several important 
cellular processes in the gastric epithelium including 
proliferation, apoptosis, migration, invasion, tissue 
remodell ing and angiogenesis. Elevated serum 
concentrations of this hormone are caused by many 
conditions, particularly hypochlorhydria (as a result of 
autoimmune or Helicobacter pylori  (H pylori )-induced 
chronic atrophic gastritis or acid suppressing drugs) 
and gastrin producing tumors (gastrinomas). There 
is now accumulating evidence that altered local and 
plasma concentrations of gastrin may play a role during 
the development of various gastric tumors. In the 
absence of H pylori  infection, marked hypergastrinemia 
frequently results in the development of gastric 
enterochromaffin cell-like neuroendocrine tumors and 
surgery to remove the cause of hypergastrinemia 
may lead to tumor resolution in this condition. In 
animal models such as transgenic INS-GAS mice, 
hypergastrinemia has also been shown to act as a 
cofactor with Helicobacter  infection during gastric 
adenocarcinoma development. However, it is currently 
unclear as to what extent gastrin also modulates 
human gastr ic adenocarc inoma development. 
Therapeutic approaches targeting hypergastrinemia, 

such as immunizat ion with G17DT, have been 
evaluated for the treatment of gastric adenocarcinoma, 
with some promising results. Although the mild 
hypergastrinemia associated with proton pump 
inhibitor drug use has been shown to cause ECL-cell 
hyperplasia and to increase H pylori -induced gastric 
atrophy, there is currently no convincing evidence 
that this class of agents contributes towards the 
development of gastric neuroendocrine tumors or 
gastric adenocarcinomas in human subjects.
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INTRODUCTION
Gastric epithelial malignancy represents a significant 
burden of  disease. The commonest lesion is gastric 
adenocarcinoma, which is the fourth commonest 
malignancy worldwide, and because it is associated 
with a high mortality, this tumor remains the second 
commonest cause of  cancer-related death globally. The 
distribution of  gastric epithelial malignancies is not 
uniform between different populations, with increased 
prevalence being found in East Asia including Japan and 
China (where 42% of  cases occur), as well as in Eastern 
Europe and South America[1]. This epidemiology raises 
significant questions as to the predisposing factors for 
gastric malignancy. Current data suggest that a number 
of  different variables affect an individual’s risk of  gastric 
carcinogenesis, amongst which are environmental 
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factors such as infection with Helicobacter pylori (H 
pylori), smoking and diet, as well as host factors such 
as achlorhydria and specific cytokine polymorphisms. 
Another important host factor which may play a role 
during gastric carcinogenesis is the hormone gastrin.

As well as acting as a potential cofactor during gastric 
adenocarcinoma development, gastrin is also known to 
play a major role in the pathogenesis of  other gastric 
tumor types, particularly neuroendocrine (carcinoid) 
tumors. There is therefore accumulating evidence that 
gastrin not only influences tumor development, but 
could also be a potential therapeutic target for various 
gastric neoplasias. These issues will be the main focus of  
this editorial.

GASTRIN BIOCHEMISTRY AND 
PHYSIOLOGY
Synthesis and processing
The presence of  a hormone that stimulated gastric acid 
secretion in the pyloric mucosa was first demonstrated in 
1906[2]. Gastrin was subsequently shown to be secreted 
from neuroendocrine G cells which are principally 
located in the antrum of  the stomach. The gastrin gene is 
located on the long arm of  chromosome 17 and encodes 
a 101 amino acid polypeptide, preprogastrin. This gene 
product is subjected to a series of  post translational 
modifications which result in the synthesis of  a number 
of  biologically active peptides[3] (Figure 1). Immediately 
after translation, preprogastrin is cleaved to form 
progastrin, which is transported to the Golgi network, 
where it is packaged into secretory vesicles. Further 
post-translational modification occurs at this site, firstly 
to form gastrin-34-Gly, the C-terminal glycine extended 
form of  gastrin-34. This peptide may then undergo 
further cleavage into gastrin-17-Gly or amidation to 
generate gastrin-34, which in turn may be cleaved to 
form gastrin-17. Progastrin, glycine extended gastrins 
and amidated gastrins are all biologically active and exert 
different functions within gastric and other mucosae. 
Progastrin and glycine extended gastrins act particularly 
on the colonic mucosa as mitogens[4,5], glycine extended 
and amidated gastrins have been shown to affect 
the differentiation of  gastric oxyntic mucosa, whilst 
amidated gastrin promotes cell proliferation as well as 
acid secretion in the stomach. In the human stomach, 
the conditions for post-translational modification of  
gastrin are such that there is almost complete amidation 
of  glycine extended forms of  gastrin, hence the 
predominant form of  secreted gastrin is gastrin-17[3].

Cellular effects of gastrin
Acid secretion: Gastrin is secreted in response to a 
number of  luminal stimuli, including the presence of  
amino acids and dietary amines (reviewed in[3]). Calcium 
receptors on the surface of  the G-cell also sense 
luminal calcium and modulate the gastrin secretory 
response[6], with increased calcium resulting in increased 
gastrin secretion. Following secretion into the gastric 

vasculature, gastrin binds to CCK-2 receptors, which are 
expressed on the surface of  gastric enterochromaffin-
like (ECL) cells and parietal cells[7] (Figure 2). The 
predominant mode of  secretagogue action is via ECL 
cell secretion of  histamine and this pathway effectively 
amplifies the prosecretory signal. Continued gastrin 
secretion is negatively regulated by the secretion of  
somatostatin via D-cells, which are located in the oxyntic 
mucosa. In physiological states, these mechanisms 
maintain appropriate gastric pH.

Proliferation: Studies in dogs in 1972 provided the 
first evidence of  mucosal proliferation in response 
to gastrin[8], however these studies were triggered 
by earlier clinical observations of  increased gastric 
mucosal proliferation in patients with Zollinger-Ellison 
syndrome (ZES). Subsequently, increased fundic 
mucosal proliferation was demonstrated in rodent 
models including Mastomys following the administration 
of  an H2 receptor antagonist which rendered them 
hypergastrinemic. These animals demonstrated gastric 
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gland elongation and increased numbers of  cells which 
stained for Ki67, a marker of  proliferation[9]. In normal 
humans, the infusion of  gastrin at supraphysiological 
levels has also been shown to result in increased gastric 
cell proliferation, as demonstrated by 3H-thymidine 
labelling studies[10].

Endocrine cell proliferation in the stomachs of  
patients with ZES was first reported in 1974[11]. Further 
evidence that hypergastrinemia provides a proliferative 
drive to ECL cells emerged from studies in which rats 
were rendered hypergastrinemic by treatment with 
either proton pump inhibitor (PPI) or H2 receptor 
antagonist drugs. ECL cell hyperplasia was not observed 
in control untreated animals or in rats that had been 
antrectomized prior to treatment with high-dose PPI[12]. 
These observations in rats have to some extent been 
corroborated in other species, as ECL cell hyperplasia 
has now also been demonstrated fol lowing PPI 
treatment of  chickens, hamsters and guinea pigs[13,14]. 
ECL cell hyperplasia of  this magnitude does not 
however appear to occur in mice or humans treated with 
acid suppressant drugs.

To investigate the molecular mechanisms by which 
gastrin promotes proliferation, a number of  gastric 
cancer cell lines that express the CCK-2 receptor have 
been employed. It has recently been shown that the 
proliferation of  MKN-45 cells, which are derived from 
a poorly differentiated gastric carcinoma and which have 
been reported to express the CCK-2 receptor, decreased 
when treated with the CCK-2 receptor antagonist AG-
041R[15]. Several cell lines which have independently been 
stably transfected with the CCK-2 receptor (but using 
different expression vectors) have been generated from 
AGS gastric cancer cells (which do not constitutively 
express the CCK-2 receptor). The AGS-B cell line 
(transfected with human full-length CCK-2 receptor 
using the pcDNA Ⅰ vector and neomycin selection) 
was found to proliferate more rapidly in the presence 
of  gastrin, a process that was associated with the 
upregulation of  cyclin D1[16]. In contrast, the effects of  
gastrin on the proliferation of  AGS-GR cells (transfected 
with the human full length CCK-2 receptor driven by the 
EF1α promoter under puromycin selection) were more 
complex. When cultured in the presence of  gastrin-17, 
AGS-GR cells showed a reduced rate of  proliferation, an 
effect that was abrogated by the addition of  a CCK-2 
receptor antagonist. However, when AGS-GR cells were 
co-cultured with AGS cells that had been transfected 
with a green fluorescent protein producing construct 
(AGS-GFP cells) in the presence of  serum-free medium, 
gastrin exposure caused an increase in the proliferation 
of  the AGS-GFP cells. This suggests that gastrin 
treatment of  AGS-GR cells results in the secretion of  
growth factors that are capable of  acting in a paracrine 
manner to stimulate the proliferation of  AGS-GFP cells. 
Further analysis of  the underlying mechanisms showed 
that epidermal growth factor ligands, particularly heparin 
binding epidermal growth factor (HB-EGF) were 
involved[17].

HB-EGF promotes cell cycling and is overexpressed 

by a number of  cancer cell lines, including some gastric 
cancer cell lines and is of  particular relevance to this 
article as it provides a potential molecular link between  
H pylori infection, gastrin and increased cell proliferation[18]. 
H pylori infection of  gastric cancer cell lines has been 
shown to significantly increase HB-EGF levels and this 
effect is dependent upon the presence of  the CCK-2 
receptor. The most likely explanation is that H pylori 
induces cells to secrete gastrin, which in turn binds to 
and activates the CCK-2 receptor, resulting in HB-EGF 
secretion. This hypothesis is supported by evidence from 
animal models, as INS-GAS hypergastrinemic mice also 
overexpress HB-EGF in the premalignant lesions which 
develop following Helicobacter felis (H felis) infection[19]. 
This may partly explain the observed synergy between 
hypergastrinemia and Helicobacter infection during gastric 
carcinogenesis in this animal model.

Apoptosis: Apoptosis is a fundamental cellular process 
which is often dysregulated during the development 
of  malignancy. There is accumulating evidence that 
gastrin modulates the apoptosis of  both normal and 
transformed gastric epithelial cells and these mechanisms 
may contribute towards tumor development.

Several models of  carcinogenesis are based upon the 
somatic mutation hypothesis proposed by Vogelstein 
in relation to colon cancer[20]. This hypothesis suggests 
that sequential defects are acquired by a tissue stem cell, 
eventually leading to the development of  dysplastic and 
malignant phenotypes. This hypothesis suggests that an 
early failure in targeting mutated stem cells for apoptosis 
allows them to survive and generate mutated clones 
which progress to cancer. In the stomach however, an 
alternative mechanism of  adenocarcinoma development 
has recently been proposed, as the gastric cancers which 
arise in H felis infected mice appear to develop in tissue 
that was originally derived from bone marrow stem cells. 
Houghton, Wang and colleagues studied C57BL/6 mice 
which had undergone bone marrow transplantation 
from GFP producing mouse strains or ROSA26 mice, 
thus allowing tissues that originated from the bone 
marrow rather than preexisting mucosal stem cells to be 
observed[21]. Following H felis infection, gastric cancers 
developed in these mice at a similar rate to other H felis-
infected C57BL/6 mice, however, the tumors arose in 
glands which produced GFP, indicating that the tissue 
was initially derived from the bone marrow transplant. 
The authors propose that gastric stem cells undergo 
apoptosis as a result of  Helicobacter infection, and that 
the stem cell niche is replaced by pluripotent stem 
cells which were originally located in the bone marrow. 
These cells may be more susceptible to malignant 
transformation than the previously incumbent gastric 
epithelial stem cells. 

Gastrin signalling via the CCK-2 receptor appears 
to increase the susceptibi l i ty of  normal gastr ic 
epithelial cells in vivo to undergo apoptosis. In Mastomys 
treated with H2 antagonist drugs, a two-fold increase 
in apoptosis was obser ved in hypergastr inemic 
animals relative to controls [9]. In addition, when 
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mice were subjected to 12 Gy gamma irradiation or 
Helicobacter infection, increased numbers of  apoptotic 
cells were observed in the gastric corpus mucosa of  
hypergastrinemic animals[22,23]. Increased radiation-
induced apoptosis was demonstrated both in transgenic 
INS-GAS mice and also in a model of  drug-induced 
hypergastrinemia involving FVB/N mice treated 
with omeprazole. Treatment with a CCK-2 receptor 
antagonist abolished the observed increases in gastric 
epithelial apoptosis in both cases, suggesting that this 
response is both gastrin and CCK-2 receptor dependent. 
In gastric biopsy samples obtained from humans with 
both H pylori infection and hypergastrinemia, similar 
observations of  increased apoptosis were also made[23]. 
These results suggest that hypergastrinemia may increase 
the susceptibility of  gastric epithelial stem cells to 
undergo apoptosis, thus permitting the engraftment of  
bone marrow derived cells as suggested by Houghton 
and Wang[21].

Antiapoptotic effects of  gastrin have however also 
been described, particularly in transformed cell types. 
For example, amidated gastrin inhibits the apoptosis of  
rat pancreatic acinar cancer cells (AR42J), by signalling 
through a CCK-2 receptor and an AKT-mediated 
mechanism[24,25]. Similarly, the human gastric cancer cell 
line MKN-45 has been shown to be more susceptible 
to apoptosis when treated with a CCK-2 receptor 
antagonist and this was associated with upregulation 
of  Bax and downregulation of  Bcl-2[15]. More recently, 
gastrin has also been shown to inhibit AGS-GR cell 
apoptosis in a manner dependent upon the expression 
of  the anti-apoptotic protein mcl-1. Increased mcl-1 
expression was also observed in the type 1 gastric 
neuroendocrine tumors of  hypergastrinemic patients[26].

The effects of  gastrin on gastric apoptosis therefore 
appear to depend upon the underlying physiological 
and pathological conditions. There are thus a number 
of  important questions which still need to be answered, 
not only regarding the effects of  gastrin on apoptosis in 
differing circumstances, but also regarding the role of  
apoptosis during the development of  gastric carcinoma 
and other gastric malignancies.

Angiogenesis: Angiogenesis is an essential feature 
required for tumor survival . In a number of  GI 
malignancies, cyclooxygenase (COX)-2, an important 
rate-limiting step in the prostaglandin synthesis pathway, 
has been implicated in enhancing angiogenesis. For 
example, in human studies, COX-2 expression has 
been associated with the development of  a more dense 
microvasculature around gastric tumors[27]. Gastrin has 
been shown to enhance COX-2 secretion in AGS-E cells 
(which have been stably transfected with the full-length 
human CCK-2 receptor on a EF1α promoter, but by 
a different research group from those who produced 
AGS-GR cells) via an Akt-dependent mechanism[28]. 
Studies of  patients with atrophic gastritis secondary to 
chronic Helicobacter infection have shown that, in addition 
to elevated levels of  gastrin, these patients also have 
significantly higher levels of  COX-2 mRNA compared 

to unaffected controls, a phenomenon that is reversed 
after H pylori eradication[29]. The mechanisms mediating 
increased COX-2 transcription in this setting have not 
been fully investigated to date, and it is not clear whether 
this effect is solely related to hypergastrinemia associated 
with Helicobacter infection and gastric atrophy or whether 
additional independent factors also influence COX-2 
production.

Case control studies of  patients taking aspirin 
and other COX inhibiting drugs have demonstrated a 
reduction in relative risk not only of  gastric cancer, but 
also of  colon cancer. Aspirin now has an established role 
in colon cancer prevention, however, its role in preventing 
diseases of  the gastric epithelium is less convincing, due 
in part to the increased risk of  GI bleeding associated 
with its use. Selective COX-2 inhibitors may have some 
potential as gastric cancer chemopreventive agents, 
however the serious cardiovascular side effects associated 
with the long-term use of  the current generation of  
these drugs makes it unlikely that they will be adopted 
for this purpose. 

In addition to the potential indirect role of  gastrin 
upon angiogenesis via COX-2 expression, gastrin has also 
been suggested to have direct effects upon angiogenesis 
using an in vitro system. When human umbilical vein 
endothelial cells (HUVECS) were seeded onto fibroblast 
monolayers, they formed vascular structures in response 
to various angiogenic stimuli, including both amidated 
and glycine extended forms of  gastrin. This response 
was associated with increased production of  HB-EGF 
and with elevated levels of  matrix metalloproteinase 
(MMP)2, MMP3 and MMP9[30].

Migration and invasion: Other fundamental cellular 
processes which are involved in promoting carcinogenesis 
and that are modulated by hypergastrinemia are tissue 
remodeling and invasion. Gastric cancer development 
involves extensive remodeling of  the gastric mucosa 
during a hypergastrinemic premalignant phase (atrophic 
gastritis), in order to institute the conditions required 
for gastric carcinogenesis. Similar mechanisms are 
thought to be responsible for the local invasion and 
metastasis that occur in frankly malignant lesions. These 
processes are complex and are controlled by numerous 
different mechanisms, however, gastrin does appear to 
play a regulatory role. For example, gastrin has been 
shown to increase levels of  MMP-9 via an MAPK AP-1 
dependent pathway in human patients with gastric 
cancers and gastric neuroendocrine tumors, resulting 
in tissue remodelling and invasion[31]. Serum levels of  
MMP-7 have also been found to be elevated in patients 
who were hypergastrinemic as a result of  either MEN-1 
or pernicious anemia, and similar observations have 
been made both in transgenic hypergastrinemic INS-
GAS mice and in gastrin-knockout mice treated with 
exogenous gastrin[32].

AGS-GR cells have again been used to investigate the 
mechanisms responsible for the effects of  gastrin upon 
cellular migration and invasion. In response to gastrin 
stimulation, AGS-GR cells undergo a morphological 
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change, with the induction of  a branched phenotype, 
coupled with extensive remodelling of  the cell’s actin 
cytoskeleton. These effects were abrogated by treatment 
with a CCK-2 receptor antagonist and the alteration in 
morphology was not seen when the parent AGS cell line 
was exposed to gastrin. In addition to the morphological 
changes observed in this cell line, there was also evidence 
of  a change in migration which was again mediated 
via a CCK-2 receptor-dependent pathway. AGS-GR 
cells, but not AGS cells showed increased migration 
when cultured in the presence of  amidated gastrin and 
experiments involving the co-culture of  AGS-GR and 
AGS-GFP cells demonstrated that the effects of  gastrin 
on cell migration were at least in part due to paracrine 
signalling[33]. 

INSIGHTS FROM TRANSGENIC ANIMAL 
MODELS
Generation of  a number of  transgenic mouse strains 
over the last 15 years has greatly facilitated understanding 
of  the mechanisms by which members of  the gastrin 
family of  peptides regulate the processes involved in 
gastric epithelial carcinogenesis (summarised in Table 1). 

Hypergastrinemic mouse models
HGAS: hGas mice transgenical ly overexpress a 
complete human gastrin mini gene including the 
gastrin promoter region in some liver cells. Because the 
enzymes required for the post-translational processing 
of  preprogastrin are not present in this tissue, hGas 
mice selectively overexpress human progastrin[4]. These 
mice show increased colonic proliferation and increased 
susceptibility to colonic carcinogenesis[4]. However, in 
contrast to the INS-GAS mice described below, there 
is no overt gastric phenotype, and no alterations were 
observed in gastric proliferation[4] or radiation-induced 
apoptosis[23] in comparison to wild-type. This suggests 
that the effects of  the gastrin family of  peptides on 
gastric mucosa are predominantly due to amidated forms 
of  the hormone[4].

INS-GAS: In contrast to the liver, neuroendocrine cells, 
including those present in pancreatic islets, possess the 
appropriate enzymatic machinery to allow processing of  
progastrin into glycine extended and amidated forms of  
the hormone. Transgenic INS-GAS mice were created 
by expressing a human gastrin minigene spliced onto 
the insulin promoter and this resulted in expression of  
the gene in the pancreatic islets of  adult animals. INS-
GAS mice therefore have elevated serum concentrations 
of  amidated gastrin[34]. At a young age, these mice have 
a two-fold increase in plasma gastrin levels compared to 
wild-type, show increased numbers of  gastric parietal 
cells and ECL cells and secrete up to twice the amount 
of  acid[4]. Beyond 5 mo of  age however, there are 
progressive changes in gastric histology and physiology 
in these animals, with a reduction in acid secretion, 
such that at 12 mo they secrete less acid than wild-type 

controls, and by 20 mo they are essentially achlorhydric. 
This is associated with a progressive loss of  gastric 
parietal cells and ECL cells over the same time period. 
Concomitant with these changes in the oxyntic mucosa, 
there is macroscopic evidence of  hypertrophy in the 
gastric fundus and histological evidence of  intestinal 
type metaplasia, a histological entity that is widely 
recognized as being premalignant. By 20 mo of  age, 
there is evidence of  gastric dysplasia in 100% and frank 
malignancy in 75% of  mice. In comparison, wild-type 
FVB/N mice maintained under similar conditions did 
not develop metaplasia, dysplasia or gastric carcinoma[19].

Whilst INS-GAS mice developed gastric malignancies 
spontaneously over 2 years, it was also shown that this 
process was accelerated significantly by H felis infection. 
After 6 mo, there was significantly more gastric atrophy 
in all H felis-infected INS-GAS mice relative to both 
uninfected INS-GAS and H felis-infected FVB/N 
mice. In addition, there was also evidence of  malignant 
progression, with 85% of  infected INS-GAS mice being 
reported as showing at least intramucosal carcinoma 
after 6 mo of  infection, in comparison to 12.5% of  the 
uninfected INS-GAS group and none of  the FVB/N 
groups[19]. Subsequent investigations have demonstrated 
that H pylori as well as H felis can induce gastric cancer in 
these mice, however there was a significant difference in 
susceptibility between male and female INS-GAS mice. 
After 7 mo of  infection, four of  12 infected males were 
found to have gastric adenocarcinoma, whilst none of  
the other groups developed malignancies. In this study, 
progression to metaplasia and dysplasia was observed in 
all groups, but more severe changes were present in male 
than female animals[35].

The H felis-infected INS-GAS model has also been 
used to investigate the effects of  administering the 
CCK-2 receptor inhibitor YF476. When this drug, in 
conjunction with the H2 receptor antagonist loxtidine, 
was given to INS-GAS mice infected with H felis, 
it significantly inhibited the development of  gastric 
atrophy, dysplasia, and adenocarcinoma[36].

MTI/G-Gly and INS-GAS/MTI/G-gly: A third 
type of  transgenic mouse that produces glycine 
extended gastrin has also been created by inserting 
two stop codons into the human gastrin gene after 
glycine-72. This transgene was spliced with the mouse 
metallothionein promoter to create transgenic animals 
that express the transgene in all tested tissue types and 
which constitutively overexpress glycine extended forms 
of  gastrin[5]. This mouse model does not demonstrate 
a gastric phenotype histologically, and gastric tumors 
are not seen in the mice at 1 year of  age[5]. In order to 
investigate whether glycine extended forms of  gastrin 
modulated the effects of  amidated gastrin upon the 
stomach, INS-GAS and MTI/G-Gly mice were crossed 
to generate doubly transgenic INS-GAS/MTI/G-Gly 
mice. These mice demonstrated less mucosal atrophy 
than INS-GAS mice and there was evidence of  
acid hypersecretion rather than the hypochlorhydria 
observed in INS-GAS mice. The altered phenotype of  
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INS-GAS/MTI/G-Gly mice appeared to result from 
reduced gastric epithelial apoptosis rather than due to 
any changes in proliferation[37]. However, these changes 
in atrophy did not result in a reduction in malignant 
susceptibility, as at 18 mo all INS/GAS and all INS-GAS/
MTI/G-Gly mice had developed gastric malignancies[37].

Gastrin-deficient mice
The consequences of  gastrin deficiency in vivo have 
been investigated by a number of  groups by generating 
gastrin knockout mice. Under normal animal house 
conditions, these animals develop gastric atrophy, with 
thinner gastric mucosae, fewer H+/K+ ATPase-positive 
parietal cells and impaired acid secretion[38,39]. In addition, 
the oxyntic mucosa contains fewer chromogranin A 
immunopositive ECL cells and increased numbers of  
TFF-2-expressing cells, indicative of  spasmolytic peptide 
expressing metaplasia (SPEM)[40]. Also, ECL cells appear 
to be clustered towards the bottom of  the gastric gland 
of  gastrin knockout mice and there is a reduced rate of  
parietal cell migration to the base of  the gland in these 

animals[41]. 
The gastric phenotype of  gastrin knockout[42] 

mice predisposes these animals to colonisation of  the 
stomach with bacteria[43], resulting in inflammation and 
an initial increase in parietal and G-cell numbers[44]. The 
long term effect of  this chronic inflammatory state may 
be to promote malignant transformation, and in some 
laboratories gastric tumors have been found in gastrin 
knockout mice by 1 year of  age[42,45]. When the specific 
effects of  infection with H pylori strain 119/95 (a CagA 
positive, VacA positive strain previously shown to cause 
gastritis acutely[46], and gastric epithelial lymphomas with 
chronic infection in C57Bl/6 mice[47]) were investigated 
in these mice, there was an alteration in acid secretion, 
thought to be stimulated through a vagal response 
mechanism, but no increased risk of  tumor development 
was observed at 6 mo[48].

Transgenic mice resistant to gastrin
CCK-2 receptor null mice have also been produced 
independently by two groups. These mice demonstrate 

Table 1  Phenotype of mice with transgenic alterations in members of the gastrin family of peptides

Transgenic 
strain 

Transgenic abnormality Gastric phenotype Susceptibility to gastric 
carcinoma

Other relevant phenotype

hGAS[4] Human gastrin minigene 
expressed in liver-
resulting in elevated serum 
levels of human progastrin

No known gastric phenotype Not altered Increased colonic mucosal 
proliferation[4,113] and susceptibility 
to azoxymethane-induced colon 
cancer[114]

MTI/G-Gly[5] Human gastrin gene with 
two stop codons after 
glycine-72, spliced with 
MTI promoter. Transgenic 
animals have elevated serum 
levels of glycine extended 
gastrin

No known gastric phenotype Not altered Increased colonic mucosal 
proliferation[5]

INS-GAS[34] Human gastrin minigene 
spliced with insulin 
promoter expressed in 
pancreatic islets-resulting 
in elevated serum levels of 
amidated gastrin

Initial gastric mucosal 
hypertrophy and excess gastric 
acid secretion. By 5 mo, gastric 
atrophy and hypochlorhydria. 
Increased gastric proliferation 
and increased susceptibility to 
apoptosis

Increased (spontaneous 
tumors at 20 mo and 
H Felis-induced tumors 
at 6 mo)

Increased colonic mucosal proliferation 
in proximal and distal colon but not 
rectum initially observed in 1-year-old 
animals[4], but no difference in 
apoptotic or mitotic rates seen in 
10-12-wk-old mice[113] and no increase 
in AOM-induced cancers[114]

INS-GAS/
MTI/G-Gly[37] 

MTI/G-Gly mice crossed 
with INS-Gas mice to result 
in a “double” transgenic 
mouse that expresses both 
increased amidated and 
glycine extended forms of 
gastrin

Hyperchlorhydric at birth but 
unlike INS-GAS, no mucosal 
atrophy at older ages. Reduced 
apoptosis compared to INS-
GAS with similar levels of 
proliferation. Overall rates 
of malignant progression 
comparable to INS-GAS

Increased

GAS-KO[38] Gastrin knockout mice 
generated by targeted gene 
disruption

Achlorhydric with reduced 
parietal cell numbers (gastric 
atrophy), clustering of ECL cells 
at gland bases and increased 
TFF2-positive cells (spasmolytic 
polypeptide expressing 
metaplasia)

Increased Increased susceptibility to 
azoxymethane-induced colon 
carcinogenesis[115] (despite normal 
untreated proliferation indices[113]) 

CCK-B-null[49] Gastrin receptor knockout 
mice generated by targeted 
gene disruption

Marked gastric atrophy and 
achlorhydria. Morphologically 
abnormal ECL cells with loss of 
normal secretory vesicles and 
replacement with dense core 
granules and microvesicles

Not reported Increased sensitivity to dopamine[116] 
and altered behaviour in response to 
alcohol[117,118] and other stimuli[119,120]
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marked gastric atrophy and reduced acid secretion as 
predicted[49-51]. There is also evidence of  morphological 
changes in ECL cells, resulting in cells with loss 
of  normal secretory vesicles and replacement with 
microvesicles and dense core granules[52]. As far as we are 
aware, there are no reports of  increased susceptibility to 
gastric carcinogenesis in CCK-2 null animals. 

CAUSES OF HYPERGASTRINEMIA
Persistent hypergastrinemia can occur as a consequence 
of  a number of  different pathological states. These 
can broadly be divided into conditions which cause 
uncontrolled excess gastrin secretion such as gastrin-
secreting tumors, and the normal physiological response 
to suppressed gastric acid secretion (Table 2). There is 
evidence that hypergastrinemia, particularly that which 
results from gastrinomas and chronic atrophic gastritis, 
may be associated with the development of  gastric 
malignancies.

ZES
Neuroendocrine tumors of  the pancreas and duodenum 
are rare, and are either functional, secreting one of  a 
variety of  neuropeptides, or non functioning, where 
elevated levels of  neuropeptides are not detected. Of  
the functional tumors, the commonest hormone to be 
secreted is gastrin, accounting for up to 30% of  such 
neoplasms. Gastrinomas have an incidence of  0.5-3 per 
million population per year[53] and were first described, 
along with a syndrome of  gastric hypersecretion, in 1955 
by Zollinger and Ellison[54]. The majority of  gastrinomas 
are sporadic, however, approximately 12% are associated 
with the multiple endocrine neoplasia syndrome type 
1 (MEN1)[55], in association with functional adenomas 
of  the parathyroid (90%), pituitary [e.g. prolactinomas 
(17%)] and pancreas [e.g. insulinomas (10%)][56]. 

Unlike the first report by Zollinger and Ellison, in 
which one patient had radical surgery, but continued 
to secrete gastric acid and eventually died, and another 
required a total gastrectomy to control the adverse 
effects of  gastric acid hypersecretion, today the 
prognosis for patients with gastrinoma is relatively good. 
The most important prognostic factor is the presence 
or absence of  hepatic metastases. Patients without 
hepatic metastases at presentation (more than 75% of  
cases) have a 90%-100% 10-year survival, whilst those 
with metastatic disease have only a 10%-20% 10-year 
survival[53]. The advent of  H2 receptor antagonists 

and subsequently PPIs has enabled control of  gastric 
acid hypersecretion in the majority of  patients, thereby 
reducing the risk of  peptic ulceration. These therapies 
have made a significant impact upon the effects 
of  ZES, however they target the consequences of  
hypergastrinemia rather than the underlying hormone 
production. Thus, surgery to remove the primary 
gastrinoma remains the only potentially curative option. 
This is feasible in at least 20%-45% of  patients with 
sporadic ZES, but in far fewer patients with MEN1/
ZES, as they are more likely to have multiple or diffuse 
tumors that are not amenable to surgery[53].

Helicobacter infection 
H pylori infection is an important independent risk 
factor for gastric carcinogenesis and gastric atrophy. 
Observational data suggest that H pylori infection 
directly causes mild degrees of  hypergastrinemia. 
For example, asymptomatic patients with H pylori 
colonisation have been shown to have elevated serum 
gastrin concentrations relative to a control population, 
despite similar gastric acid output[57], while Levi et al[58] 
demonstrated that following H pylori eradication, there 
was a reduction in fasting serum gastrin concentration. 
It has also been demonstrated that following eradication 
of  H pylori, there was an increase in somatostatin mRNA 
and a concomitant decrease in gastrin mRNA in patients 
with duodenal ulcers. This was associated with increased 
numbers of  D-cells in the gastric corpus[59], suggesting 
that the hypergastrinemia caused by H pylori infection 
may result from a loss of  somatostatin control over 
gastrin secretion.

Atrophic gastritis
Gastric atrophy is defined as the loss of  parietal 
cell mass, leading to decreased acid secretion and 
consequent increased luminal pH. This interrupts the 
somatostatin negative feedback mechanism and results in 
hypergastrinemia. The most important causes of  gastric 
atrophy are autoimmune (associated with pernicious 
anemia) and chronic H pylori infection. Both types of  
atrophic gastritis are associated with hypergastrinemia, 
although the fasting serum gastrin concentration is 
usually more markedly elevated in the autoimmune type, 
due to the more profound loss of  parietal cells.

Autoimmune atrophic gastritis: The epidemiology 
of  autoimmune atrophic gastritis is similar to that 
of  other autoimmune diseases, with a female to male 
predominance approaching 2:1 and with individuals in 
their 7th decade or later being typically affected[60]. This 
condition is characterised by vitamin B12 deficiency 
as a result of  loss of  intrinsic factor and is associated 
with autoantibodies towards gastric parietal cells and/or 
intrinsic factor. These autoantibodies are found in the 
sera of  70% and 55% of  patients with pernicious anemia 
respectively and at least one autoantibody is present in 
85% of  patients. Although it has been demonstrated 
that these antibodies can be cytotoxic in vitro[61], it is less 

Table 2  Causes of hypergastrinemia in humans

Acidic gastric pH Elevated gastric pH

Gastrinoma Chronic atrophic gastritis
Antral predominant H pylori infection    Autoimmune
Pyloric obstruction    H pylori infection
Renal failure Acid-suppressing medication
Retained gastric antrum following 
Billroth Ⅱ gastrectomy

Vagotomy
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clear whether they are the responsible for causing gastric 
atrophy in vivo.

H pylori -associated atrophic gastritis: The second 
important cause of  gastric atrophy is chronic H pylori 
infection. Most commonly, primary infection occurs 
in childhood, hence many patients have long-term 
colonization of  the stomach. This can have a number 
of  consequences, ranging from increased gastric acid 
secretion and associated peptic ulcer disease to gastric 
atrophy with resultant increased luminal pH. The latter 
is associated with an increased risk of  gastric cancer. 
The factors that influence the clinical outcomes of  
H pylori infection in individual patients remain poorly 
understood. The site of  colonization within the stomach 
appears to be important however, with antral infections 
being particularly associated with peptic ulcer disease, 
whereas gastric corpus colonization is more likely to lead 
to gastric atrophy. 

H pylori occupies a niche in the mucus layer of  
the gastric mucosa and produces urease enzymes 
which allow the pH of  the immediate environment 
to be raised to physiological levels, thus facilitating 
prolonged colonization. Various bacterial, host and 
environmental factors have been suggested to influence 
the response to H pylori infection. For example, mouse 
models have demonstrated that polarization of  the 
immunological response towards a Th1 type increases 
the risk of  developing gastric atrophy and subsequent 
gastric cancer[62], while genetic studies have suggested 
that polymorphisms in immune-response genes may 
also influence the consequences of  infection in human 
subjects[63].

H pylori is associated with gastric autoimmunity, 
although the specific mechanisms involved are not yet 
fully understood. Presotto et al[64] demonstrated that 
58% of  79 asymptomatic patients with detectable anti-
parietal cell antibodies had serological or histological 
evidence of  H pylori infection compared to 39% of  a 
control population (P = 0.03). It has also been proposed 
that early gastric autoimmunity may be reversible 
when concomitant H pylori infection is treated[65]. The 
precise interactions between H pylori infection and the 
development of  autoimmune gastritis therefore warrant 
further investigation.

GASTRIC TUMORS ASSOCIATED WITH 
HYPERGASTRINEMIA
The hypergastrinemia which results from the causes 
described above is associated with increased risks of  

developing various different gastric tumors.
Hypergastrinemia in the absence of  H pylori infection 

is most strongly associated with the development 
of  gastric neuroendocrine tumors. In contrast, the 
hypergastrinemia associated with chronic H pylori 
infection may act as a co-factor during the development 
of  gastric adenocarcinoma. In the following section, 
we will discuss the role of  gastrin in the pathogenesis, 
diagnosis, and treatment of  these specific gastric tumor 
types.

Gastric neuroendocrine tumors
Pathogenesis: Gastric neuroendocrine (carcinoid) 
tumors are the classical example of  gastrin-induced 
malignancies. These neoplasms are derived from ECL 
cells, which are the most abundant neuroendocrine cell 
type in the oxyntic mucosa. Hypergastrinemia alone 
appears to be sufficient to induce ECL cell hyperplasia, 
however, for macroscopic neuroendocrine tumor 
formation, additional triggers are required. For example, 
lifelong therapy of  rats with PPIs resulted in the 
development of  ECL cell tumors[66], whereas the same 
has not been observed in humans despite induction 
of  hypergastrinemia[13,14]. This suggests that additional 
host or environmental factors are required for tumor 
development. 

The typical conditions in which ECL tumors develop 
are either gastric atrophy associated with pernicious 
anemia (type Ⅰ gastric neuroendocrine tumors), or the 
presence of  prolonged hypergastrinemia and mutation 
of  the MEN1 gene in ZES associated with MEN 
type Ⅰ (type Ⅱ gastric neuroendocrine tumors)[67]  
(Table 3). The latter condition provides further evidence 
that hypergastrinemia alone may be insufficient to cause 
gastric neuroendocrine tumors, as the relative risk for 
developing such neoplasms is at least 70 fold lower in 
patients with sporadic ZES compared with those who 
have ZES associated with MEN1[68].

In pernicious anemia, there is a reduction in 
the number of  gastric parietal cells and subsequent 
achlorhydria. This affects the somatostatin feedback 
loop that controls gastrin secretion, thereby rendering 
the patient hypergastrinemic. Hypergastrinemia then 
provides a proliferative drive to ECL cells (Figure 3). The 
achlorhydric environment also provides opportunities 
for further microenvironmental changes, including the 
provision of  a niche for bacterial colonization. Interest 
in this aspect of  gastric carcinogenensis has been present 
since the 1980s, when numerous studies demonstrated 
increased levels of  N-nitroso compounds (potential 
carcinogens that are metabolised by intra gastric bacteria 
from nitrosamines) in the gastric lumens of  patients 

Table 3  Types of gastric neuroendocrine tumor

Type Associated diseases Proportion of gastric NETs Typical endoscopic findings Plasma gastrin Gastric juice pH Prognosis

Ⅰ Chronic autoimmune 
atrophic gastritis

80% Multiple < 1 cm polyps High ~7 Good

Ⅱ ZES and MEN1   5% Multiple < 1 cm polyps High < 2 Variable
Ⅲ None 15% Single 2-5 cm polyp Unchanged 1-2 Poor
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with both atrophic gastritis and gastric malignancy[69].
The major risk factor in addition to hypergastrinemia 

that promotes the development of  type Ⅱ gastric 
neuroendocrine tumors is mutation of  the MEN1 
gene. Gastric neuroendocrine tumors are seen in less 
than 1% of  patients with sporadic ZES, whilst in those 
with ZES associated with MEN type Ⅰ, the prevalence 
is 13%-43%[70]. A recent prospective study of  57 
consecutive hypergastrinemic MEN1 patients reported 
that 100% had abnormal ECL cell distribution and 23% 
had gastric neuroendocrine tumors.

The MEN1 gene encodes a 610-amino-acid protein, 
menin. Menin is expressed in many diverse tissue 
types and is localized in the nucleus. It binds directly 
to DNA in a sequence-independent manner and is 
also capable of  binding several other nuclear factors 
including transcription factors and DNA repair proteins. 
The physiological function of  menin is as a tumor 
suppressor, although the specific mechanism of  action is 
less clear. The mutations seen in the MEN1 gene result 
in either reduced expression of  menin or in some cases 
complete absence of  menin[56].

Interestingly, local rather than somatic mutations of  
menin may also be of  significance in the pathogenesis of  
type Ⅰ gastric carcinoids and two studies have assessed 
loss of  heterozygosity (LOH) of  11q13, the locus for 
the MEN1 gene, in this tumor type. The smaller study 

assessed three gastric neuroendocrine cell tumors and 
demonstrated LOH at this locus in two patients and 
a localized mutation of  MEN1 in one[71]. The larger 
study investigated 17 type Ⅰ gastric neuroendocrine 
tumors, four type Ⅲ gastric neuroendocrine tumors and 
two histologically defined neuroendocrine carcinomas. 
47.1% of  type Ⅰ neuroendocrine tumors had LOH at 
11q13 compared to 25% of  the type Ⅲ neuroendocrine 
tumors, while both neuroendocrine carcinomas showed 
substantial deletions at this locus[72].

Diagnosis: Clearly, measurement of  fasting serum 
gastrin concentration is an important component 
in the diagnostic pathway for patients with gastric 
neuroendocrine tumors. Once a histological diagnosis 
of  gastric neuroendocrine tumor has been made, it is 
imperative to ascertain the type of  tumor, as well as its 
stage, as this will influence treatment. Defining the type 
of  tumor can be achieved in most cases by measuring 
the fasting serum gastrin concentration along with the 
pH of  gastric juice (Figure 4). In the presence of  a 
normal or low fasting serum gastrin concentration, a 
diagnosis of  sporadic or type Ⅲ gastric neuroendocrine 
tumor is most likely. In the context of  an elevated serum 
gastrin concentration, the gastric juice pH determines 
whether a type Ⅰ lesion (neutral pH) or type Ⅱ lesion 
(acidic pH) is present. This simple algorithm provides 
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the initial data that inform future investigations. Many 
of  these lesions are still gastrin sensitive at the time of  
diagnosis, and in such cases, removal of  the source of  
hypergastrinemia by antrectomy (type Ⅰ) or gastrinoma 
resection (type Ⅱ) should result in tumor regression. 
To investigate whether a type Ⅰ gastric neuroendocrine 
tumor is gastrin sensitive, it may be useful to perform 
an octreotide suppression test. This involves biopsying 
the gastric corpus mucosa and neuroendocrine tumors 
pre and post octreotide infusion and assessing whether 
there is a reduction in mRNA abundance for the 
secretory components of  ECL cells, such as histidine 
decarboxylase, following octreotide administration. 
This surrogate is then used as a marker for gastrin 
sensitivity[73].

Treatment: Those type Ⅰ and Ⅱ gastric neuroendocrine 
tumors that retain gastrin sensitivity may be amenable 
to treatment by methods which reduce elevated serum 
gastrin concentrations. This may involve locating and 
excising a primary gastrinoma in the case of  a type Ⅱ 
gastric neuroendocrine tumor, or surgical antrectomy 
in a patient with pernicious anemia and autoimmune 
chronic atrophic gastritis. Very occasionally, large 
type Ⅰ gastric carcinoids grow autonomously and 
are no longer gastrin-sensitive, and such tumors may 
require gastrectomy. Future treatments for types 1 and 2 
neuroendocrine tumors may include the use of  CCK-2 
receptor antagonists to inhibit the effects of  elevated 
serum gastrin concentrations.

Gastric Adenocarcinoma
Pathogenesis: Gastric adenocarcinoma accounts for the 
greatest mortality and morbidity associated with primary 
malignancies of  the gastric mucosa. It develops through 
a stereotypical pathological sequence[74] characterized 
by progression from chronic active gastritis to atrophic 
gastritis, and via metaplastic lesions to dysplasia and 
malignancy (Figure 5). As described above, gastrin 

secretion is altered following Helicobacter infection. There 
is accumulating evidence, particularly from the INS-GAS 
animal model described above, that hypergastrinemia 
may contribute towards the development of  gastric 
atrophy and remodelling of  the gastric mucosa. However, 
it is currently not clear to what extent inferences about 
human gastric carcinogenesis can be made from the 
observations in these transgenic mice.

Diagnosis: Measurement of  fasting serum gastrin 
concentration is reasonably simple and therefore several 
groups have investigated whether such assessment 
assists in the diagnosis or helps to determine the 
management of  gastric cancer. Although a statistically 
significant elevation in serum gastrin concentration 
has been demonstrated in patients with gastric cancer 
compared to controls[75,76], the clinical usefulness of  
such assessment is currently limited. Attempts to use 
fasting serum gastrin concentration either as a marker of  
prognosis and resectability[77] or as a part of  a panel of  
surrogate markers for initial diagnosis[78] have also been 
unsuccessful, and such approaches have largely been 
superceded by advancements in endoscopy and imaging 
techniques. 

More recent ly, assessment of  ser um gastr in 
concentration has been evaluated as part of  a panel 
of  potential biomarkers for determining the presence 
and location of  gastric atrophy. A Swedish population 
of  1000 individuals between the ages of  20-80 years 
underwent gastroscopy with biopsies taken from the 
antrum, corpus and fundus to assess for the presence of  
atrophy and at the same time had blood taken for analysis 
of  gastrin-17, H pylori IgG antibody, pepsinogen Ⅰ and 
Ⅱ. This panel had a relatively high false positive result 
of  31%, although the authors defended this finding 
by emphasizing the potential pitfalls of  sampling 
error when relying on histological assessment of  small 
mucosal biopsies. Indeed, they asserted that the finding 
of  serological markers in keeping with atrophy in 
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4.9% of  patients with histological evidence of  H pylori-
associated non-atrophic gastritis, compared to just 0.8% 
of  H pylori-negative patients who had no histological 
evidence of  atrophy, potentially demonstrates the 
strength of  serology as a global marker of  atrophy rather 
than being limited to samples obtained from a small 
geographic area. Taking histology as the gold standard, 
these biomarkers diagnosed corpus atrophy with a 
positive predictive value of  69% (CI 95%: 66-72%) and 
a negative predictive value of  98% (95% CI: 97-99%) in 
this population[79].

Hansen et al[80] recently investigated a cohort of  
101 601 patients from whom serum samples were 
collected in Sweden in the 1970s. They compared 230 
patients who developed gastric cancer by 1992 with 
controls from the same cohort, and demonstrated a 
significant correlation between elevated serum gastrin 
concentration and low serum pepsinogen Ⅰ/Ⅱ ratios, 
and increased risk of  developing non-cardia gastric 
cancer. They also demonstrated that most cases of  
gastric cardia cancer were not associated with Helicobacter 
infection, and did not show an association with markers 
of  gastric atrophy; however, a minority of  cases had 
serological evidence of  past or present Helicobacter 
infection and an association with markers of  gastric 
atrophy. This suggests that gastric cardia cancers 
develop most commonly through a Helicobacter/gastrin-
independent mechanism, with a small subset having a 
similar etiology to non-cardia cancers.

The same panel of  biomarkers have also been 
assessed in other cohor ts, including a pediatr ic 
population, but in this case, they were found to be 
insufficiently sensitive to diagnose Helicobacter infection 
or the low incidence of  atrophy that is present in this 
population[81]. Endoscopic evaluation of  the upper 
GI tract therefore remains the accepted gold standard 
for the assessment of  mucosal lesions of  the GI tract; 
however, there may be a role, which needs further 
investigation, for a panel of  biomarkers such as those 
described above in identifying adults at particularly high 
risk of  gastric atrophy. 

Treatment: Various groups have assessed whether 
immunohistochemical analysis of  gastric carcinoma 
tissue for the presence of  gastrin and/or the CCK-2 
receptor is useful for predicting prognosis. Normal 
gastric mucosa expresses the CCK-2 receptor on ECL 
cells and parietal cells. Immunohistochemical studies 
using archival samples have shown that as the Correa 
sequence progresses, with development of  gastric 
atrophy and parietal cell loss, an increased percentage 
of  cells in the gastric corpus express the CCK-2 
receptor[82]. In normal gastric corpus mucosa, gastrin 
immunopositive cells are not detectable; however, 
with progression down the Correa sequence, increased 
expression of  gastrin and its precursors have been 
observed[82]. An immunohistochemical study based on 
a tissue array of  304 gastric cancer resection specimens 
from Korea demonstrated that 56.5% expressed CCK-2 
receptors within the malignant tissue and that gastrin was 

detectable within the tumor mass in 47.7%[83]. A Welsh 
study has also demonstrated adverse survival in patients 
whose gastric tumors stained positively for gastrin[84]. 
These observations suggest that gastrin may represent 
a potential therapeutic target for the prevention or 
treatment of  gastric carcinoma. Initial attempts at 
targeting gastrin to improve survival in gastric cancer 
used proglumide, a weak CCK-2 receptor inhibitor, 
and a randomized controlled trial demonstrated 
no survival benefit following treatment with this 
drug[85]. Subsequent developments have included the 
development of  G17DT, an immunogenic mimic of  
gastrin 17 that causes the production of  anti-gastrin 
antibodies[86]. Immunization with this agent improved 
the survival of  severe combined immune deficient 
(SCID) mice xenografted with the human gastric cancer 
cell line, MGLVA1asc, and this effect was equivalent to 
combination chemotherapy with 5-FU and leucovorin. 
Moreover, the use of  5-FU in conjunction with G17DT 
appeared to have an additive effect[87]. G17DT was well 
tolerated in phase Ⅱ clinical trials[88], hence a multicenter 
phase Ⅱ trial of  G17DT in conjunction with 5-FU and 
cisplatin in advanced gastric cancer has recently been 
performed. 60% of  G17DT treated patients successfully 
developed anti-gastrin-17 antibodies and this subgroup 
showed significantly improved survival[89].

Gastric mucosa-associated lymphoid tissue (MALT) 
lymphomas
MALT lymphomas are marginal zone lymphomas 
derived from the mucosa-associated lymphoid tissue of  
the stomach. They occur in patients with gastric atrophy 
and are strongly associated with H pylori infection. MALT 
lymphomas are associated with both hypergastrinemia 
and overexpression of  the CCK-2 receptor in the 
gastric mucosa. The presence of  hypergastrinemia is not 
surprising in view of  the association with gastric atrophy, 
but the overexpression of  CCK-2 receptor suggests a 
potential mechanism through which gastrin may exert a 
trophic effect in this tumor type[90,91].

Fundic cystic gland polyps
These lesions are found in the oxyntic mucosa and 
are described by the World Health Organization as a 
proliferation of  surface foveolar cells lining elongated, 
distorted pits that extend deep into the stroma. They show 
hyperplasia of  mucous neck cells and variable amounts 
of  cystic dilatation[92]. Although they are not intrinsically 
dysplastic, progression to gastric malignancy has been 
reported, particularly when there is underlying familial 
adenomatous polyposis or juvenile polyposis. Patients 
with these conditions have fundic cystic gland polyps on 
endoscopy in up to 90%[93] of  cases and of  these polyps, 
up to 40%-50%[93,94] have associated dysplasia.

Patients without inherited polyposis syndromes, 
however, account for the vast majority of  those with 
fundic cystic gland polyps. In this group, the association 
between polyps and dysplasia is far less clear cut. 
Although dysplasia and cancers have been reported 
in patients who have these lesions[95-97], it is not clear 
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whether the incidence of  malignancy is significantly 
higher than that of  the normal population. 

The association between fundic gland polyps and 
gastrin is derived from the recognition that these lesions 
occur more commonly in patients who are taking long-
term PPIs. However, PPI-induced fundic cystic gland 
polyps probably have a different etiology compared to 
the sporadic polyps that occur in patients who are not 
taking PPIs (which are associated with somatic mutations 
in β-catenin[92,96,97]) and the polyps associated with FAP 
or juvenile polyposis, where there are known molecular 
aberrations. It has been suggested that PPI-induced 
fundic cystic gland polyps arise as a result of  impaired 
glandular flow after hypergastrinemia-induced parietal 
cell hyperplasia has caused a mechanical obstruction to 
the gland[98]. However, this does not appear to be related 
to the severity of  hypergastrinemia, as a small Norwegian 
study has shown equivalent degrees of  hypergastrinemia 
in patients taking PPIs with and without fundic gland 
polyps[99]. 

In the context of  PPI usage, the risk of  malignant 
transformation is extremely low and there is at present no 
recommendation either for endoscopic removal of  lesions 
or for any form of  endoscopic surveillance in patients 
with fundic cystic gland polyps who are taking PPIs, 
unless they also have a familial polyposis syndrome[98].

DISCUSSION
Evidence therefore suggests that gastrin may affect 
the risk of  developing various epithelial and possibly 
lymphoid gastric malignancies by altering key cellular 
pathways including proliferation, apoptosis, migration, 
tissue remodelling and possibly angiogenesis. Gastrin is 
also a potential therapeutic target for the treatment of  
various gastric tumors. For example, surgical approaches 
to correct hypergastrinemia may be employed for 
some gastric neuroendocrine tumors, while agents 
such as G17DT have shown some promise in phase Ⅱ  
clinical trials in advanced gastric adenocarcinoma[89]. 
Such approaches may also have future uses in the 
prevention of  malignancy, for example in patients who 
have precursor lesions such as ECL cell hyperplasia or 
gastric atrophy. If  such therapies prove effective, there 
may additionally be a need to reconsider the role of  
endoscopic surveillance for gastric atrophy, an approach 
that has lost favor recently.

In population terms, more people are hypergastrinemic 
than ever before as a result of  continued increases in the 
prescription rates of  PPI drugs. In comparison to the 
numbers of  individuals prescribed these drugs, gastrin-
associated malignancies are undoubtedly rare, however, 
there is an ongoing debate about the safety profile of  
these agents[98,100-102].

Animal studies have shown that ECL cell hyperplasia 
can occur in response to hypergastrinemia induced by 
chronic proton pump inhibition[12]. In rats that were 
rendered achlorhydric for their entire lifespan, ECL-
cell-derived neuroendocrine tumors also developed[66]. 
However, there is no convincing evidence that PPIs 

cause ECL cell malignancies in humans, possibly because 
PPIs do not usually induce complete achlorhydria[103]. 
Although no tumors have been found, there is evidence 
of  diffuse and linear patterns of  ECL cell hyperplasia in 
patients treated for a decade with PPIs[13-14,104].

There has also been concern about whether PPI 
treatment modulates the consequences of  chronic  
H pylori infection. Recent studies have compared patients 
treated with anti-reflux surgery and those treated 
with PPIs. In patients who were H pylori-negative, 
treatment for 7 years with a PPI made no difference to 
mucosal inflammation or atrophy. However, patients 
who were H pylori-positive over the same 7-year 
period showed increased progression towards mucosal 
atrophy and increased inflammation if  treated with a 
PPI, in comparison to those treated with surgery[104]. 
Although this suggests that H pylori infection should 
be eradicated before initiating chronic acid suppression 
therapy, the observed changes were modest and to date 
there has been no evidence of  progression beyond 
mucosal atrophy. The studies were not designed to 
assess whether there was any associated increase in the 
incidence of  gastric cancer, and much larger cohorts 
would be required to investigate this. Epidemiological 
database studies have been cited as demonstrating that 
PPI prescription is associated with an increased risk of  
gastric cancer[98]. However these data remain unpublished 
and this type of  retrospective analysis cannot reliably 
distinguish patients who have been prescribed PPIs for 
the presenting symptoms of  gastric cancer from any 
increase in the incidence of  gastric carcinoma as a result 
of  PPI use. 

Current evidence therefore suggests that the relatively 
modest hypergastrinemia induced by PPI drugs is not 
associated with malignant transformation in the human 
stomach. When considering the overall safety profile 
of  this class of  drugs, gastrin-independent adverse 
effects such as malabsorption of  vitamin B12[105,106] and 
iron[107], susceptibility to bacterial infection[108-110] and 
osteoporosis[111,112] should also be considered. Although 
CCK-2 receptor inhibition or combined PPI and CCK-2 
receptor inhibition have been suggested as potential ways 
of  reducing the gastrin-mediated side effects of  PPIs, 
it seems unlikely that this approach will be clinically 
useful whilst PPIs have such a good safety profile, and 
especially as some of  the adverse effects are probably 
related to hypochlorhydria rather than hypergastrinemia.

Our understanding of  the importance of  gastrin 
in gastric tumorigenesis has therefore increased 
significantly over recent years and the generation of  
transgenic animal models has greatly facilitated our 
understanding of  the mechanisms involved. Issues that 
still need clarification include the precise role of  gastrin 
in the pathogenesis of  human gastric adenocarcinoma, 
whether pharmacological targeting of  gastrin or 
its receptor is beneficial for the treatment and/or 
prevention of  various gastric tumors and whether PPI-
induced hypergastrinemia has any long term clinically 
important consequences, particularly in the context of  
chronic H pylori infection.
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