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Abstract
Background & Aims—Transgenic, insulin–gastrin (INS–GAS) mice have high circulating
levels of gastrin. On a FVB/N background, these mice develop spontaneous atrophic gastritis and
gastrointestinal intraepithelial neoplasia (GIN) with 80% prevalence 6 months after Helicobacter
pylori infection. GIN is associated with gastric atrophy and achlorhydria, predisposing mice to
non-helicobacter microbiota overgrowth. We determined if germ-free INS–GAS mice
spontaneously develop GIN and if H. pylori accelerates GIN in gnotobiotic INS–GAS mice.

Methods—We compared gastric lesions and levels of mRNA, serum inflammatory mediators,
antibodies, and gastrin among germ-free and H. pylori-monoinfected INS-GAS mice. Microbiota
composition of specific pathogen-free (SPF) INS-GAS mice was quantified by pyro-sequencing.

Results—Germ-free INS-GAS mice had mild hypergastrinemia but did not develop significant
gastric lesions until they were 9 months old; they did not develop GIN through 13 months. H.
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pylori monoassociation caused progressive gastritis, epithelial defects, oxyntic gland atrophy,
marked foveolar hyperplasia and dysplasia, and strong serum and tissue proinflammatory immune
responses (particularly in male mice) between 5 and 11 months post infection (P<0.05, compared
with germ-free controls). Only 2 of 26 female, whereas 8 of 18 male, H. pylori-infected INS-GAS
mice developed low- to high-grade GIN by 11 months post infection. Stomachs of H. pylori-
infected SPF male mice had significant reductions in Bacteroidetes and significant increases in
Firmicutes.

Conclusions—Gastric lesions take 13 months longer to develop in germ-free INS–GAS mice
than male SPF INS-GAS mice. H. pylori-monoassociation accelerated gastritis and GIN but
caused less-severe gastric lesions and delayed onset of GIN compared to H. pylori-infected INS-
GAS mice with complex gastric microbiota. Changes of gastric microbiota composition might
promote GIN in the achlorhydric stomachs of SPF mice.
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Introduction
Helicobacter pylori infection, often acquired during childhood, is frequently subclinical but
susceptible individuals may develop severe gastritis, peptic ulcer, gastric atrophy and gastric
cancer [1]. H. pylori is the most important risk factor for distal stomach cancer and is the
fourth most common cancer and second leading cause of cancer deaths [1,2]. H. pylori
infection has an overall prevalence from 11% in industrialized to 95% in developing
countries [3,4]. Highest infection rates persist among children, disadvantaged and immigrant
populations. The mechanisms of H. pylori transmission are poorly understood although data
suggest suboptimal sanitation conditions increase risk of H. pylori infection [3].

While H. pylori infection has been unequivocally linked epidemiologically to gastric cancer,
other risk factors are important in determining overall gastric cancer risk [1]. Our studies
using H. felis and H. pylori infection of C57BL/6 and INS-GAS mice led to the development
of mouse models of severe gastritis, gastric atrophy, dysplasia and gastric adenocarcinoma
[5–8]. Dysplasia and invasion of the muscularis mucosa and submucosa vasculature by
gastric glands in these mice are features compatible with gastric adenocarcinoma in humans
[1]. Additionally, intramucosal carcinoma or high-grade gastrointestinal intraepithelial
neoplasia (GIN) are compatible with those first described for lower bowel carcinomas in
rodents [9].

Transgenic INS-GAS mice over-express human gastrin regulated by a rat insulin promoter.
Elevated gastrin is associated with increased risk for gastric glandular atrophy and cancer in
humans, making this mouse a unique model of gastric adenocarcinoma [6,10]. Specific
pathogen free (SPF) INS-GAS mice exhibit hypergastrinemia that leads to gastric
hyperplasia and GIN within 20 months [6,11]. INS-GAS mice infected with H. pylori or H.
felis developed gastric carcinomas by 6–7 months of age; analogous to development of
gastric cancer after decades of chronic H. pylori gastritis in humans [6–8,12]. Similar to
human patients with gastric preneoplasia, INS-GAS mice (uninfected or infected with H.
pylori) progress to gastric cancer following development of gastric atrophy and
hypochlorhydria, a condition that predisposes the stomach to enteric bacterial overgrowth.

Notably, antibiotic eradication therapy (omeprazole, metronidazole, and clarithromycin)
targeting H. pylori infection in male SPF INS-GAS mice resulted in reduced gastric cancer
risk; attenuation of gastric lesions was most pronounced when treatment was administered 8
weeks post infection (wpi) compared to mice treated 12 or 22 wpi [13]. Importantly, similar
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eradication therapy administered to age-matched helicobacter-free male SPF INS-GAS mice
also significantly delayed onset of GIN [13,14]. This result suggested antimicrobial therapy
may eradicate not only H. pylori but other micro-organisms that may colonize the atrophic
gastric epithelium, suggesting enteric bacteria colonizing the atrophic stomach further
promote gastritis, genotoxic damage and the progression to neoplasia [13,14].

Because INS-GAS mice progress to GIN following the development of gastric atrophy and
metaplasia, which creates a niche for intestinal microbiota, this study determined if germfree
(GF) INS-GAS mice developed gastritis or GIN and whether H. pylori monoassociation
reproducibly induced GIN in gnotobiotic INS-GAS mice lacking lower bowel microbiota.

Methods
Mice

The animal protocol was approved by the Massachusetts Institute of Technology Committee
on Animal Care. GF INS-GAS mice on a FVB/N background (Tg (Ins1-GAS) 1Sbr) [11]
were maintained in a facility accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care, International. GF mice were housed in sterile
isolators on autoclaved hardwood bedding in solid-bottomed polycarbonate cages and fed
autoclaved rodent diet (Prolab RMH 3000, PMI Nutrition International) and sterile water ad
libitum. Isolators were surveyed weekly and confirmed negative for microbial contaminants.
The isolator housing H. pylori-infected mice was contaminated after 8 weeks with
Staphylococcus sp; however, no confounding effects were observed and the control mice
housed in a separate isolator remained GF. Historically, Staphylococcus sp. have had no
measurable impact on the colonization or antibody response in H. pylori-monoassociated
mice [15].

Experimental Design
Eighty-seven, 6 week old male and female INS-GAS mice were raised in GF isolators; 46
mice were infected by oral gavage with 200 μl of 109 colony forming units/mL of H. pylori
(SS1 strain) on alternate days for a total of 3 doses [16]. At 1 month post-infection (mpi),
two mice were euthanized and their stomachs cultured on selective medium to confirm
infection. At 5, 7, 9, and 11 mpi, mice were euthanized and necropsied. An additional 5
male SPF INS-GAS mice, 3 infected as described above and 2 uninfected controls, were
euthanized and necropsied at 22 weeks of age (15 wpi) for analysis of the gut flora
composition.

Sample Collection
Immediately following CO2 euthanasia, blood was collected via cardiac puncture; serum
separated and stored at −70°C. The stomach and proximal duodenum were aseptically
removed and incised along the greater curvature. Four individual linear gastric strips from
the lesser curvature were sectioned for culture, flash frozen for RNA analysis, stored at
−70°C for DNA extraction or preserved in 10% neutral-buffered formalin for
histopathologic evaluation. Details of the Histological Analysis, Confirmation of H. pylori
Colonization, Gastrin Radioimmunoassay, Analysis of Microbiota Composition,
ELISA for Serum IgG2a and IgG1 Response, Cytokine and Chemokine Serum Levels
and Gastric mRNA Levels are reported in Supplementary Materials and Methods.

Statistical analysis
Gastric lesion scores and microbiota compositions were compared by Mann-Whitney U test.
Antibody, inflammatory mediator, and serum gastrin responses were compared using
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Student’s t test. Statistical analysis was performed using GraphPad Prism 4.0 (GraphPad
Software, Inc., La Jolla, CA) with values of p<0.05 considered significant.

Results
H. pylori colonization was confirmed in all monoassociated INS-GAS mice

H. pylori infection of all dosed mice was confirmed at necropsy by culture of gastric tissue
on selective medium. Randomly selected control mice across all time points were negative
for infection.

Elevated serum gastrin in germfree INS-GAS mice was further increased by H. pylori
infection

GF INS-GAS mice had developed mild hypergastrinemia when first evaluated at 7 months
of age, equivalent to the 5 mpi time point, compared to previously published values of 43 ±
13 pM for age-matched wildtype FVB mice [6](Figure 1). The gastrin levels in the GF INS-
GAS mice at 7 mpi were comparable to levels in SPF INS-GAS mice[6]. Serum gastrin
levels were significantly elevated in male and female H. pylori-monoassociated mice from 7
to 11 mpi compared to age-matched GF controls (all p values <0.05), but did not rise in GF
INS-GAS mice. H. pylori-infected males had significantly greater serum gastrin
concentrations than infected females at 7 mpi (p < 0.05) but there was no significant
difference in gastrin concentrations between infected males and females at 9 or 11 mpi.

Germfree INS-GAS mice had delayed onset of gastritis and did not develop GIN through
the 11 mpi timepoint

Control GF INS-GAS mice had minimal to no gastric lesions when necropsied at 7 months
of age. Background lesions attributable to overexpression of gastrin were evident as
progressive hyperplasia, dysplasia and atrophy in GF controls between 9 and 11 months of
age (p<0.001), correlating to 7 and 9 mpi for the H. pylori-infected mice (Table 1, Figure 2
and 3). No GIN was observed in GF controls through 13 months of age (equivalent to 11
mpi for H. pylori group).

H. pylori monoassociation accelerated gastritis and GIN in gnotobiotic INS-GAS mice
H. pylori-infected INS-GAS mice developed significant progressive gastric pathology
(p<0.05 to <0.001) between 5 and 9 mpi compared to age-matched uninfected controls
(Table 1, Figure 2 and 3). Mucous metaplasia and hyalinosis were similarly noted in mice
from each experimental group; thus, these parameters had no association with H. pylori
infection (Table 1). H. pylori-infected mice had mild to moderate inflammation, moderate
epithelial defects, progressive oxyntic atrophy with pseudopyloric metaplasia, marked
foveolar hyperplasia and moderate to severe dysplasia that became progressively more
severe with time (Figure 2a, 2b, and 3). Between 5 and 7 mpi there were significant
increases in inflammation, metaplasia (p<0.01), dysplasia, oxyntic atrophy, and hyperplasia
(p<0.001) contributing to overall higher total pathology scores (p<0.001) in infected mice.
Additionally, atrophy, dysplasia, and total pathology scores continued to increase
significantly between 7 and 9 mpi (p<0.02). The severity of gastric lesions plateaued in H.
pylori-infected mice between 9 and 11 mpi and was restricted primarily to the corpus as
noted in previous studies [8,13]. As previously reported [8], H. pylori-infected male mice at
5 mpi had higher atrophy scores than infected females (p<0.05), by 7 mpi had significantly
higher atrophy (p<0.05), hyperplasia, dysplasia (p<0.01) and overall total pathology scores
(p<0.01) than infected females. Dysplasia and total pathology scores remained significantly
higher in infected males compared to infected females at 9 mpi (p<0.04). However, at 11
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mpi there were no significant differences in total pathology or subfeature scores between H.
pylori-infected males and females (Figure 3).

Development of GIN was characterized by progressive dysplasia including loss of glandular
organization, crowding, and atypia with variable globoid dysplasia, a feature characterized
by disorderly stratification of proliferating gastric glandular epithelial cells that are
expanded by large cytoplasmic mucus vacuoles with nuclear margination, most prominently
in infected males[17]. One of 5 H. pylori-infected male mice at 7 mpi and 2 of 4 infected
males at 9 mpi had dysplasia scores of 3, consistent with low grade GIN. An additional 2
infected males at 9 mpi had dysplasia scores of 3.5, consistent with high grade GIN. At 11
mpi, 1 of 4 infected males had low grade GIN and 2 of 4 infected males had high grade GIN.
Notably, only 1 of 6 infected females developed low grade GIN by 9 mpi and only 1 of 7
infected females had low grade GIN at 11 mpi. In summary, only 2 of 26 female, but 8 of 18
male, H. pylori-infected INS-GAS mice developed low to high grade GIN through 11 mpi
attributable to H. pylori monoassociation and hypergastrinemia. Thus, H. pylori-
monoassociation accelerated gastritis and GIN compared to GF controls.

Archival slides from a previous study [8,13,14] utilizing H. pylori-infected SPF INS-GAS
male mice with a complex microbiota at the same time points was re-scored for overall
degree of pathology and dysplasia by our pathologist (S.M.). The raw data generated from
the previous study was comparable and there was a high degree of concordance between
pathologists. H. pylori-monoassociated INS-GAS male mice had less severe gastric lesions
and delayed onset of GIN compared to the SPF INS-GAS males. Median atrophy,
metaplasia and dysplasia scores from the previously published study were significantly
higher and hyperplasia scores significantly lower in H. pylori-infected SPF mice than in H.
pylori-monoassociated male INS-GAS mice at the 7 mpi time point [13] (Figure 4a). SPF
control male INS-GAS mice at the same time point had significantly greater inflammation,
atrophy, hyperplasia, metaplasia and dysplasia compared to germ free controls (Figure 4a).
H. pylori-infected SPF mice had an 100% incidence of GIN at 7mpi, 20% low-grade and
80% high-grade (Figure 4b). Only 10% of H. pyori-monoassociated males developed GIN,
all low grade.

H. pylori-monoassociated male INS-GAS mice developed a higher IgG2a to IgG1 ratio of H.
pylori-specific antibodies than infected females

All H. pylori-infected mice seroconverted by 5 mpi (p<0.01) (data not shown). The Th1-
associated IgG2a responses of female and male infected INS-GAS mice were similar
(Supplemental Figure 1). While the Th2-associated IgG1 response in H. pylori-infected
females remained stable across all time points, the IgG1 response of H. pylori-infected
males steadily declined from 5 mpi to 11 mpi. Thus, the H. pylori-infected males had a
gradually increasing Th1-associated IgG2a to Th2-associated IgG1 ratio which became
significant at 9 mpi (p<0.05). These results reflected a greater pro-inflammatory response to
H. pylori in male compared to female mice. Infected females had a significantly higher IgG1
response than males at 11 mpi (p<0.05) indicative of a more robust Th2 response.

H. pylori-monoassociated mice had significant pro- and anti-inflammatory systemic and
gastric tissue responses

When gastric pathology peaked in severity at 9 mpi, serum levels of pro- and anti-
inflammatory cytokines were significantly greater in H. pylori-monoassociated male and
female mice compared to GF controls (figure 5a). Additionally, H. pylori-monoassociated
female INS-GAS mice had a delayed inflammatory response (figure 5b). Details are
reported in Supplementary Materials.
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Gastric tissue mRNA levels maintained a pattern of predominantly proinflammatory gene
expression in all H. pylori-infected mice compared to GF controls across all time points
(p<0.01, figure 5c). At 5 mpi, H. pylori-monoassociated females expressed higher levels of
some pro-inflammatory genes, however, the gender difference was insignificant at 7 mpi
and by 11 mpi, males had higher levels of some pro-inflammatory genes. Details are
reported in Supplementary Materials

H. pylori infection and microbiota composition in male SPF INS-GAS mice
Samples from 5 male INS-GAS/FVB mice (three 22 week old (15 wpi) H. pylori-infected
mice and two uninfected controls) were subjected to microbiota analysis using 454
sequencing of partial 16S rDNA amplicons. The gastric microbiota composition of infected
vs. control mice showed significant differences at the phylum level (figure 6). H. pylori-
infected SPF male mice showed a significant reduction in the relative number of Gram-
negative Bacteroidetes and a significant increase in the relative number of Firmicutes in the
stomach (p<0.05 for both comparisons), while no significant alterations of microbiome
composition were detected in cecum or colon. As expected owing to different concentrations
of oxygen available in stomach vs. cecum or colon, the composition within the Firmicutes
phylum differed significantly between stomach, cecum and colon samples, with a very high
proportion of Lactobacillaceae in the gastric samples (84% vs. 2.2% in cecum and colon),
and high content in Ruminococcaceae and Lachnospiraceae in the cecum/colon samples.
There were no significant differences of Firmicutes composition between infected and
control animals. H. pylori-infected SPF INS-GAS/FVB mice showed a significantly
increased species richness (ACE and Chao estimators) in all analyzed parts of the GI tract.
Details are reported in Supplementary Materials.

Discussion
While the presence of gastric atrophy (loss of parietal cells) predisposes humans to the
development of gastric cancer, it is clear that the time course for progression is quite
delayed, suggesting that other factors may be required. Acute parietal cell loss (such as in
the DMP777 transgenic mouse model) is not sufficient [18]. The presence of chronic
inflammation, associated with H. pylori infection, is also presumed to be required. Parietal
cell loss has a number of consequences, including the loss of gastric acid secretion which
inhibits the growth of most (non-H. pylori) bacteria. Indeed, several studies have suggested
a variety of enteric bacteria colonize the hypochlorhydric stomach. Bacterial overgrowth of
the stomach leads to increased conversion of dietary nitrates into carcinogens such as N-
nitrosamines or nitric oxide, both potent mutagens, thus promoting gastric cancer.
Additionally, overgrowth with enteric organisms may enhance inflammatory responses
accelerating atrophy, metaplasia and cancer. Thus, there is a strong correlation between H.
pylori infection, inflammation leading to gastric atrophy and bacterial overgrowth
[13,14,19–22]. Enteric bacterial overgrowth plus H. pylori infection may be the predominant
causes of gastric atrophy, rather than strictly H. pylori infection [23,24]. A number of animal
studies demonstrated bacterial overgrowth in the setting of achlorhydria, or infection with
non-H. pylori pathogens (such as Acinetobacter lwoffii) can lead to chronic gastritis and
atrophy [25,26]. Indeed, in late stages of chronic H. pylori infection, H. pylori colonization
decreases, and thus the beneficial effects of antibiotic eradication regimens could be due as
much to effects on the bacterial overgrowth as they are to specific eradication of H. pylori
[13].

Prior reports in H. pylori-monoassociated tox 176 transgenic mice on a FVB/N background
and wild type FVB/N mice demonstrated direct causation between gastritis and H. pylori
infection [27]. Similarly, H. felis-monoassociated Swiss Webster mice and H. felis-
monoassociated Sprague Dawley rats developed chronic active gastritis by 8 weeks post
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infection [28,29]. However, in the current study, we have attempted to separate out the
distinct effects of H. pylori and enteric flora on gastric carcinogenesis. Our findings, for the
first time, demonstrate H. pylori-infection alone can cause gastric cancer in INS-GAS mice.
In general, the degree of atrophy, metaplasia, dysplasia and development of GIN in H.
pylori-monoassociated male mice were markedly lower at 7 mpi than those observed in
studies with H. pylori-infected SPF INS-GAS males [6,8,13]. There was no significant
difference in inflammation scores between H. pylori- monoassociated and H. pylori-infected
SPF male mice at 7mpi. In a H. felis, H. polygyrus co-infection study in C57BL/6 mice there
were similarly increased gastric inflammatory scores in the H. felis and co-infected groups;
however, the co-infected group developed less gastric atrophy, hyperplasia, and metaplasia
[30]. Thus inflammation alone does not correlate with the development of preneoplastic
lesions. Significant increases in gastric hyperplasia, atrophy and dysplasia were not apparent
until 9 mpi in H. pylori-monoassociated mice. Consistent with these pathological changes,
and previously noted in SPF H. pylori-infected mice, pro-inflammatory mediators and Th-1
associated H. pylori serum antibody were also significantly increased in H. pylori-
monoassociated mice compared to uninfected controls. At 7 mpi in male H. pylori-
monoassociated INS-GAS and previously reported H. pylori-infected SPF INS-GAS mice,
levels of tissue-derived TNF-α and IFN-γ mRNA, as well as inflammation-associated iNOS,
were significantly upregulated compared to age matched controls [13]. However, mRNA
tissue levels of IFNγ, a potent proinflammatory cytokine known to induce reactive oxygen
species, were four fold lower in the H. pylori-monoassociated mice compared to historical
results from H. pylori-infected SPF mice, further supporting the attenuated pathology noted
in the H. pylori-monoassociated mice [13,31]. The differences noted between these two
models support our hypothesis that enteric microbiota colonizing the stomach (i.e. bacterial
overgrowth) exacerbate H. pylori-initiated disease and thus play an important role in gastric
cancer progression. Also consistent with recent studies, a Th17 response, evident by
upregulation of IL-17 in gastric tissue and sera, was associated with H. pylori-induced
gastric pathology in monoassociated INS-GAS mice [32–35].

Interestingly, GF INS-GAS mice demonstrated delayed development and significantly
decreased hypergastrinemia associated lesions compared to age-matched SPF INS-GAS
mice [6,13]. GF INS-GAS mice had lower serum gastrin levels than SPF INS-GAS mice at
11 mpi, suggesting a role for gastric colonization with enteric microbiota in the progression
and severity of hypergastrinemia-associated gastritis [6]. These data are consistent with
earlier published reports that antibiotic therapy of omeprazole-treated animals resulted in
lower serum gastrin levels, suggesting that hypergastrinemia in the setting of
hypochlorhydria was largely due to bacterial overgrowth of the stomach [26]. Thus
colonization of the atrophic stomach with complex microbiota may promote gastric
inflammation, premalignancy, and cancer.

We previously described male predominance of H. pylori-induced lesions in INS-GAS mice
[7,8]. In this study, H. pylori-infected males consistently demonstrated earlier and more
severe gastric pathology. For example, at 9 mpi, 100% of H. pylori-infected males, but only
1 of 6 infected females had low to high grade GIN. Th1-associated antibody responses,
serum gastrin and host inflammatory responses were higher in infected males than infected
females across several time points. Interestingly, some of these gender differences were lost
with age. For example, while serum gastrin levels were significantly greater in infected
males compared to females at 5 and 7 mpi, levels were similar at 9 and 11 mpi. Consistent
with post-menopausal women having greater risk for developing gastric cancer, it is possible
that as infected INS-GAS females passed reproductive age, lower estrogen levels resulted in
loss of protection against GIN [36]. Additionally, H. pylori-infected ovariohysterectomized
INS-GAS females developed significantly more severe gastritis and increased inflammatory
mediator responses compared to infected intact females [12]. This effect was reversed with
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exogenous estrogen, demonstrating a protective effect of estradiol (E2) in H. pylori-induced
gastric cancer in the INS-GAS model [12].

Once a threshold of genetic damage in gastric mucosa from chronic H. pylori-induced
gastritis has been achieved and additional microflora have colonized the hypochlorhydric
stomach and further promoted inflammation and progression to GIN, H. pylori may no
longer be essential for progression to cancer [13,22,37]. Infection and/or host-mediated
inflammation can disturb the composition of intestinal microbiota resulting in the
elimination of some bacteria and overgrowth of others [38]. In the INS-GAS model, there is
a loss of parietal cells, resulting in the elevated gastric pH consistently observed in atrophic
gastritis [1,6]. H. pylori-monoassociated INS-GAS mice demonstrated elevated gastric pH at
7 and 9 mpi (unpublished). When the stomach mucosa is colonized with H. pylori, gastritis
rapidly ensues and parietal cell loss is accelerated with subsequent colonization of different,
non-indigenous microbiota such as enteric bacteria [13]. The link between hypochlorhydria,
gastric microbial diversity and density has been established in human clinical trials and in an
epidemiological study [39–42]. H. pylori may also increase gastric microbial mass and alter
microbiota composition by improving growth conditions for gut bacteria via production of
ammonia and bicarbonate substrates [20]. Our analysis by 454 pyrosequencing of the
microbiota composition of a small number of H. pylori-infected male SPF INS-GAS vs.
control male SPF INS-GAS mice provides evidence for a significant impact of H. pylori
infection on the composition of the gastric microbiota in INS-GAS mice. Prominent
alterations in the proportions of Gram-negative Bacteroidetes and of Gram-positive
Firmicutes were observed that were highly significant despite the small number of animals
tested. Interestingly, we also noted a significant increase in the number of species detected
in all parts of the GI tract (“richness” as quantified by ACE and Chao estimators) in the H.
pylori-infected mice compared to controls. A more extensive study with deeper sampling
will therefore be of interest as part of future studies into the mechanisms of cancer induction
by H. pylori in this model.

In conclusion, use of axenic animals can be an important component in elucidating the role
of commensal and pathogenic microbiota in intestinal inflammation and disease and can be
used to delineate the essential factors in gastric cancer progression [43,44]. Our findings
indicate that H. pylori alone can induce cancer in INS-GAS mice; however, the absence of
gastric colonization with enteric microbes significantly inhibited the development of gastric
cancer in the INS-GAS model. Importantly, the INS-GAS mouse is a model of gastric
corpus cancer, and our study has not addressed the importance of enteric flora in the
development of antral gastric cancer. [45]. Additional gnotobiotic studies utilizing a defined
group of or single commensal bacteria will provide further insight into the contributions of
specific enteric microbiota in progression of H. pylori-associated gastric disease [46,47].
Immunostimulatory properties of specific bacterial species in the H. pylori-infected INS-
GAS model also can be studied. For example, further dissection of Th17 responses in germ-
free mice colonized with specific bacterial species and H. pylori can be realized [48,49].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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GIN gastrointestinal intraepithelial neoplasia

mpi months post infection

SPF specific pathogen free

wpi weeks post infection

GF germfree
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Figure 1.
Serum gastrin levels were higher in H. pylori-infected male and female INS-GAS mice
compared to GF controls at 5, 7, 9, and 11 mpi.
* p < 0.05 – significant differences between H. pylori-monoassociated and GF control mice.
# p < 0.05 – significant differences between H. pylori-monoassociated male and female
mice.
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Figure 2.
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(a) Gastric lesions in H. pylori-monoassociated (male and female) and GF control (male)
mice at 5, 7, 9 and 11 mpi. Control GF INS-GAS mice did not develop significant gastric
lesions until the 7 mpi timepoint and no GIN was observed through 11 mpi. In contrast H.
pylori monoassociation caused progressive gastritis, epithelial defects, oxyntic gland atrophy
with metaplasia, marked foveolar hyperplasia and dysplasia, particularly in male INS-GAS
mice, between 5 and 11 mpi (p<0.05). Two of 26 female, whereas 8 of 18 male, H. pylori-
monoassociated INS-GAS mice developed low to high grade GIN during the 11 mpi
observation period. Bars = 200μ for 5 and 7 mpi; 400μ for 9 and 11 mpi. (b) Corresponding
higher magnification images (a) highlighting gastric metaplastic and dysplastic changes in
H. pylori-monoassociated and control INS-GAS. (All Bars = 40μM). Top left, Male, 7 mpi:
Loss of oxyntic glands from glandular metaplasia (pseudopyloric), mild to moderate
dysplasia characterized by glandular architectural distortion, loss of columnar orientation,
papillary infolding, nuclear stratification and mild nuclear atypia. Top right, Female, 7
mpi: Oxyntic loss, glandular metaplasia globoid mucous change, mild dysplasia
characterized by glandular elongation and coiling. Center left, Male, 9 mpi: Glandular
metaplasia, moderate to severe dysplasia characterized by severe architectural distortion,
glandular ectasia, infolding, disorganized nuclear stratification, cytoplasmic mucous
globules and nuclear margination (globoid dysplasia), sloughing of cells and mucous into
the glandular lumen. Additionally, loss of basement membranes from dysplastic glands with
rafts, finger–like extensions or single polygonal cells in the lamina propria and mild reactive
fibrosis indicative of lamina propria invasion. Right center, Female, 9 mpi: Glandular
metaplasia, loss of columnar orientation, architectural distortion, infolding, nuclear
stratification and nuclear atypia. Bottom left, Male, 11 mpi: Glandular metaplasia,
prominent globoid dysplasia, breaching of muscularis mucosa and herniation of dysplastic
gland into submucosa. Bottom right, Uninfected Male, 11 mpi: Metaplasia of some
oxyntic glands, occasional mild glandular distortion, luminal distension and loss of
columnar orientation.
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Figure 3.
Total pathology scores and subfeature scores of categorical lesions were significantly
increased in H. pylori-monoassociated mice compared to GF controls (p values ranging from
<0.05 to <0.01) and were more severe in H. pylori-monoassociated INS-GAS male mice
compared to females at 5, 7, 9, and 11 mpi.
* p < 0.01 – Significant differences between H. pylori- monoassociated male and female
mice.
** p < 0.05 – Significant differences between H. pylori- monoassociated male and female
mice.
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Figure 4.
(a) Subfeature pathology scores of categorical lesions and incidence of GIN were
significantly increased in H. pylori-infected SPF male mice at 7 mpi compared to H. pylori-
monoassociated males at 7 mpi and in the SPF control males compared to the GF control
males at 7 mpi (p values ranging from <0.01 <0.05). (b) Development of GIN was
significantly increased in H. pylori-infected SPF male mice at 7 mpi compared to H. pylori-
monoassociated males at 7mpi (Fishers exact t test: p = 0.0025).
*p ≤ 0.01- Significant differences between H. pylori monoassociated mice and GF control
mice or between H. pylori infected SPF mice and SPF control mice.
# p ≤ 0.01, ## p ≤ 0.05 - Significant differences between H. pylori infected SPF mice and H.
pylori-monoassociated mice or between SPF control mice and GF control mice.
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Figure 5.
Serum levels of cytokines and chemokines in GF control and H. pylori-monoassociated (a)
male INS-GAS mice at 9 mpi and in (b) comparable groups of females at 11 mpi. Within
each gender, all differences between infected and GF control mice were significant (males,
p<0.02; females p<0.04). (c) Fold-change of mRNA expression levels in gastric tissue from
H. pylori-monoassociated INS-GAS mice (gender data combined) at 9 mpi when gastric
lesions were most severe. Fold-change represents comparison to baseline levels pre-set for
gastric tissues from control GF mice. There were no gender differences (not shown) and all
differences between expression levels of H. pylori-monoassociated and GF control mice
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were significant (p<0.01, all but IL-13; p<0.04 for IL-13). Error bars for panels (a), (b) and
(c) represent standard deviation.
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Figure 6.
Microbiota composition in stomach, cecum and colon of H. pylori infected male INS-GAS
mice (n=3, 15 wpi) vs. uninfected controls (n=2). Note the significant increase in the relative
abundance of Firmicutes and decrease of Bacteroidetes in the stomachs of H. pylori infected
mice (p<0.05), while no significant changes were observed in the other parts of the
gastrointestinal tract.

Lofgren et al. Page 19

Gastroenterology. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lofgren et al. Page 20

Ta
bl

e 
1

C
at

eg
or

ic
al

 d
es

cr
ip

tio
n 

of
 g

as
tri

c 
le

si
on

s o
bs

er
ve

d 
in

 H
. p

yl
or

i-m
on

oa
ss

oc
ia

te
d 

an
d 

G
F 

co
nt

ro
l I

N
S-

G
A

S 
m

ic
e 

at
 5

, 7
, 9

, a
nd

 1
1 

m
pi

.

m
pi

M
/F

H
. p

yl
or

i
N

Pa
th

ol
og

y 
Su

bf
ea

tu
re

s, 
m

ed
ia

n 
(r

an
ge

)

I
E

D
A

H
PM

D

5
C

−
11

0.
5 

(0
–1

)
0.

5 
(0

–1
)

0 
(0

-0
)

0 
(0

–0
.5

)
0 

(0
-0

)
0 

(0
-0

)

M
+

5
2 

(1
–2

.5
)*

*
2 

(1
–2

)*
1.

5 
(1

.5
–2

)*
1.

5 
(0

–2
)*

*
1.

5 
(1

.5
–2

.5
)*

*
1 

(0
–1

.5
)*

F
+

6
1.

5 
(1

–2
)*

1.
5 

(1
–2

)*
1 

(0
.5

–1
.5

)*
0.

75
 (0

.5
–1

)*
*

0.
5 

(0
–0

.5
)*

0.
5 

(0
–0

.5
)*

7
C

−
11

0.
5 

(0
–1

)
0.

5 
(0

–1
)

0 
(0

-0
)

0 
(0

–0
.5

)
0 

(0
-0

)
0 

(0
-0

)

M
+

5
2.

5 
(2

–2
.5

)*
2.

5 
(2

.5
–3

)*
2.

5 
(2

–3
)*

3.
5 

(3
–4

)*
2.

5 
(2

–3
)*

2.
5 

(2
–3

)*

F
+

7
2 

(2
–3

)*
2.

5 
(2

–3
)*

2 
(1

.5
–2

)*
2.

5 
(2

–3
.5

)*
1.

5 
(1

.5
–2

)*
1.

5 
(1

.5
–2

)*

9
C

−
10

0.
75

 (0
.5

–1
)

1 
(0

.5
–1

.5
)

0.
5 

(0
–1

)
1.

25
 (1

–2
)

0.
5 

(0
–1

)
0.

25
 (0

–0
.5

)

M
+

4
2.

5 
(2

–3
)*

*
3.

25
 (3

–3
.5

)*
3 

(2
–3

.5
)*

*
3.

25
 (3

–4
)*

*
3 

(2
–3

)*
3.

25
 (3

–3
.5

)*
*

F
+

6
2.

5 
(2

–2
.5

)*
2.

75
 (2

–3
.5

)*
2.

75
 (1

.5
–3

)*
3 

(2
–3

.5
)*

2.
5 

(2
–3

)*
2.

5 
(2

–3
)*

11
C

−
11

0.
5 

(0
–1

)
0.

5 
(0

–1
)

0.
5 

(0
–1

)
1 

(0
.5

–2
)

0.
5 

(0
–1

)
0.

5 
(0

–1
.5

)

M
+

4
2.

75
 (2

–3
)*

*
3 

(2
.5

–3
.5

)*
3.

25
 (2

–3
.5

)*
*

3.
5 

(2
.5

–4
)*

*
3 

(2
–3

.5
)*

3.
5 

(2
–4

)*
*

F
+

7
2.

5 
(2

–3
)*

2.
5 

(2
.5

–3
)*

2.
5 

(2
–4

)*
2.

5 
(2

.5
–4

)*
2.

5 
(2

–3
)*

2.
5 

(1
.5

–3
)*

A
bb

re
vi

at
io

ns
: m

pi
: m

on
th

s p
os

t i
nf

ec
tio

n,
 M

. m
al

es
, F

. f
em

al
es

, C
. c

om
bi

ne
d 

m
al

e 
an

d 
fe

m
al

e,
 I.

 in
fla

m
m

at
io

n,
 E

D
. E

pi
th

el
ia

l d
ef

ec
ts

, A
. o

xy
nt

ic
 a

tro
ph

y,
 H

. f
ov

eo
la

r h
yp

er
pl

as
ia

, P
M

. p
se

ud
op

yl
or

ic
m

et
ap

la
si

a,
 D

. d
ys

pl
as

ia
.

* p<
0.

01

**
p<

0.
05

C
on

tro
l m

al
e 

an
d 

fe
m

al
e 

da
ta

 w
er

e 
co

m
bi

ne
d.

Gastroenterology. Author manuscript; available in PMC 2012 January 1.


