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While gastric adenocarcinoma is the most serious consequence of Helicobacter pylori infection, not all
infected persons develop this pathology. Individuals most at risk of this cancer are those in whom the bacteria
colonize the acid-secreting region of the stomach and subsequently develop severe inflammation in the gastric
corpus. It has been reported anecdotally that male mice become infected with greater numbers of H. pylori
bacteria than female mice. While investigating this phenomenon, we found that increased H. pylori infection
densities in male mice were not related to antibody production, and this phenomenon was not normalized by
gonadectomy. However, the gastric pH in male 129/Sv mice was significantly elevated compared with that in
female mice. Differences in colonization were evident within 1 day postinfection and significantly arose due to
colonization of the gastric corpus region in male mice. This provided a potential model for comparing the effect
of corpus colonization on the development of gastritis. This was explored using two models of H. pylori-induced
inflammation, namely, 2-month infections of Muc1�/� mice and 6-month infections of wild-type 129/Sv mice.
While H. pylori infection of female mice induced a severe, corpus-predominant atrophic gastritis, to our
surprise, male mice developed minimal inflammation despite being colonized with significantly more H. pylori
bacteria than female controls. Thus, colonization of the gastric corpus in male mice was associated with a loss
of inflammation in that region. The suppression of inflammation concomitant with infection of the gastric
corpus in male mice demonstrates a powerful localized suppression of inflammation induced at sites of H.
pylori colonization.

The pathological consequences of chronic infection by the
gastric pathogen Helicobacter pylori include peptic ulcer dis-
ease and gastric adenocarcinoma, which globally is the second
leading cause of death due to malignancy (20, 35). The key
features believed to dictate whether an infected individual will
develop these diseases are the severity and the localization of
the inflammation that results from this infection. Individuals
who develop antrum-predominant gastritis, while at risk of
duodenal ulcers, appear protected from gastric cancer. In con-
trast, severe gastritis in the stomach corpus and low gastric acid
production (hypochlorhydria) are major risk factors for gastric
cancer. Any factor that facilitates H. pylori colonization of the
gastric corpus and/or reduces gastric acid secretion may there-
fore contribute to host susceptibility to gastric cancer. For
example, gastric pH can influence the gastric localization of H.
pylori colonization within the stomach (13), and polymor-
phisms believed to increase production of the proinflammatory
cytokine interleukin 1� (IL-1�), which is known to have potent
acid-suppressive activity, are associated with an increased risk
of gastric cancer in Caucasians (8).

Another host factor that appears to play an important role in
regulating the inflammatory response to H. pylori infection is

the mucin MUC1/Muc1 (human and mouse protein designa-
tions, respectively), which is expressed on the apical surface of
gastric epithelial cells. In humans, polymorphisms in the
MUC1 allele which result in short forms of this mucin are
associated with an increased susceptibility to gastric cancer and
H. pylori-induced gastritis (3, 32). Moreover, we have previ-
ously shown that a deficiency in Muc1 facilitates a significant
increase in H. pylori colonization and the development of a
much more severe, corpus-predominant gastritis in female
mice compared to the case in wild-type controls (17).

The vast majority of mouse Helicobacter infection studies
utilize female mice. However, several previous studies involv-
ing standard inbred-mouse strains (including C57BL/6 and
BALB/c) have reported that male mice are colonized with
significantly more H. pylori bacteria than are female mice (1,
23). While investigating the mechanism behind this phenome-
non, we determined that H. pylori colonizes the corpus region
in male mice, and this led us to evaluate the effects of the
spatial distribution of H. pylori and resulting inflammation.

MATERIALS AND METHODS

Infection and quantification of H. pylori in mice. H. pylori strain SS1 was
cultured as described previously (17). Specific-pathogen (including Helicobacter)-
free mice (C57BL/6, �MT, 129/Sv, and Muc1�/� mice) (12, 29) were bred within
the Veterinary Science Animal Facility of the University of Melbourne. Age-
matched mice (between 6 and 10 weeks old) were used for all experiments. Mice
were infected with a single dose of 107 H. pylori SS1 bacteria, suspended in 100
�l brain heart infusion (BHI) via orogastric gavage. Animal experiments were
approved by the University of Melbourne Animal Ethics Committee. Gastric
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colonization by H. pylori was quantified by colony formation assay as described
previously (17).

Immunohistochemistry. Longitudinally bisected half stomachs were embed-
ded in optimum cutting temperature compound (OCT; Sakura Finetech, Tokyo,
Japan), and then 7-�m cryosections were cut (with a CM1900 Cryostat; Leica
Microsystems, Solms, Germany) onto glass slides. Immunohistochemistry was
performed on acetone-fixed tissues as previously described (33). A polyclonal
rabbit antiserum (1/200) raised against a glycine extract of H. pylori was used to
localize H. pylori in the mucosa (11). Slides were examined with a Leica DMLB
microscope, and images were captured with a digital Leica DFC350FX camera
(Leica Microsystems, Wetzlar, Germany). Labeled H. pylori bacteria were quan-
tified on blinded slides by counting fluorescent focal points in 3 independent
fields of view at �400 magnification.

Histological assessment of gastritis. Longitudinally bisected half stomachs
were fixed in 10% neutral buffered formalin and embedded in paraffin, and
4-�m-thick sections were cut. Sections were stained with hematoxylin-eosin
(H&E) and scored blindly under light microscopy. Inflammation was assessed in
two separate tissue sections for each animal by using the following three param-
eters: (i) cellular infiltration, graded from 0 to 6, where 0 represents none, 1
represents mild multifocal infiltration, 2 represents mild widespread or moder-
ately multifocal infiltration, 3 represents mild widespread and moderate multi-
focal infiltration or severe multifocal infiltration, 4 represents moderate wide-
spread infiltration, 5 represents moderate widespread and severe multifocal
infiltration, and 6 represents severe widespread infiltration, (ii) “mucus meta-
plasia” (large, pale, globular cells in the corpus), and (iii) “functional atrophy”
(loss of parietal and chief cells) (mucus metaplasia and functional atrophy were
graded from 0 to 3, corresponding to absent, mild, moderate, and severe, re-
spectively).

Gonadectomy. Mice were anesthetized by intraperitoneal injection of 75 mg/kg
of body weight ketamine hydrochloride and 15 mg/kg xylazine hydrochloride
(Ilium, Sydney, New South Wales, Australia). Isoflurane (VCA, King’s Park,
Western Australia, Australia) was used to maintain anesthesia. Mice were bilat-
erally ovariectomized by creating a single dorsal paramedian incision in the skin
and removing the ovaries and attached adipose tissue through small 0.25-cm
incisions in the peritoneum. Orchiectomy was performed by removing the epi-
didymis and testicles after ligating the attached vas deferens and blood vessels.
Michel wound clips (Aesculap, Tuttlingen, Germany) were used to close inci-
sions in the skin.

Gastric acid assays. For measurement of acid production, the pylori of over-
night-fasted mice were ligated under anesthesia via a single small ventral para-
median incision through the skin and peritoneum as previously described (28).
Three hours later, mice were euthanized, stomach contents were collected by
flushing with 2 ml of distilled water, and the acidity of the solution was measured
with a pH meter (Cyberscan pH 500; Eutech Instruments).

Statistics. Statistical analyses were performed using SPSS software, version
17.0. For comparisons of histological grading scores, data were compared by
nonparametric Mann-Whitney analysis. For all other analyses, log-transformed

data were compared by analysis of variance (ANOVA), with Dunnett’s post hoc
analysis where appropriate.

RESULTS

Increased colonization of male mice occurs in the absence of
antibodies, within 1 day of infection, and independently of
inflammation. Infection of wild-type C57BL/6 and �MT mice
(deficient in B cells) with H. pylori revealed that male mice
from both groups were colonized by greater numbers of H.
pylori bacteria than female controls (Fig. 1). Moreover, exper-
imental infection of 129/Sv mice with H. pylori revealed that
colonization was consistently and significantly higher in males
than in females by at least 2-fold, out to at least 3 months
postinfection (Fig. 2). This observation was highly reproduc-
ible, with the colonization difference at 2 weeks occurring in 7
independent experiments. Most notably, male mice were in-
fected with approximately 100-fold more H. pylori bacteria
than female mice were, as early as 1 day postinfection (Fig. 2).
These observations indicate that the increased colonization in
male mice occurs on different genetic backgrounds and is not
related to antibody production or the development of inflam-
mation, which does not develop within this time frame. Rather,
these data suggested the impact of a fundamental physiological
difference between the gastric mucosa of the male and female
mice.

Gonadectomy does not normalize H. pylori colonization in
male and female mice. The most obvious physiological differ-
ence between males and females is the sex hormones. To
examine the potential role of the major sex hormones, gonads
were removed from male and female mice and the levels of H.
pylori colonization were compared with those of gender con-
trols that underwent sham surgery. Removal of the testes had
no effect on the level of colonization of male mice (Fig. 3). In
contrast, female mice from which the ovaries were removed
had significantly lower levels of colonization than control fe-
males (Fig. 3). Ohtani et al., who previously reported a similar
reduction in H. pylori colonization in ovariectomized INS-GAS
mice, showed that this effect could be overcome by treatment
with 17�-estradiol (19), which is known to modulate cytokine

FIG. 1. Elevated levels of Helicobacter pylori colonization in male
mice is unrelated to antibody production. Male and female wild-type
or B-cell deficient (�MT) C57BL/6 mice (n � 5) were infected with H.
pylori for 2 months, and then gastric bacterial colonization was deter-
mined by colony formation assay. Box plots present the median (hor-
izontal bar), interquartile range (box), and 10th and 90th percentile
ranges (whiskers). For both groups of mice, males had significantly
higher levels of colonization than females (*; ANOVA).

FIG. 2. H. pylori colonization levels in male mice were elevated
compared with those in females as early as 1 day postinfection. Male or
female 129/Sv mice were infected with 107 H. pylori, and gastric CFU
were assessed 1 day (n � 8), 1 week (n � 8), 2 weeks (n � 5), and 3
months (n � 8) later. Box plots present the median (horizontal bar),
interquartile range (box), and 10th and 90th percentile ranges (whis-
kers). *, P � 0.03; **, P � 0.008 (ANOVA).
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production in mice (2, 25). It is possible that the reduced
colonization in ovariectomized mice indicates that estradiol
inhibits an innate protective response that partially controls H.
pylori infection, although this is highly speculative.

Hence, while in our study ovariectomy clearly induced a
biological effect, it did not normalize the levels of H. pylori in
male and female mice (it in fact increased the colonization
difference), thereby indicating that gonadal sex hormones are
not directly involved in this dichotomy.

H. pylori colonizes the gastric corpus of male mice but not
that of female mice. It has long been recognized that gastric H.
pylori infection in female mice is predominantly confined to the
body-antrum and body-cardia transitional zones, as well as the
antrum (14). However, to our knowledge, the distribution of H.
pylori colonization in male mice has not previously been char-
acterized. We therefore compared the distributions of H. pylori
bacteria in male and 129/Sv female mice histologically.

Consistent with previous studies, H. pylori colonized pre-
dominantly the antrum and transitional zones on either side of
the corpus, but not the corpus itself, in female mice. However,
at 2 weeks there was a highly significant 33-fold increase in H.
pylori colonization of the corpus in male mice (Fig. 4). Colo-
nization in the corpus was virtually absent in female mice.
There was no significant difference between males and females
in colonization of any other gastric region (Fig. 4). Hence, the
different total levels of gastric CFU observed in male and
female mice were entirely explained by the differential coloni-
zation of the corpus.

Elevated pH levels in male mice. Differential colonization of
the acid-secreting corpus in males and females raised the pos-

FIG. 3. Differential colonization in male and female mice is not nor-
malized by gonadectomy. Groups of male and female 129/Sv mice (n � 8)
underwent gonadectomy, while matched control groups underwent sham
surgery. Two weeks postoperation, all mice were infected with H. pylori,
and gastric CFU were assessed a further 2 weeks later. Plots present the
median (horizontal bar), interquartile range (boxed region), and 10th and
90th percentiles (error bars). While removal of testes (orchiectomy) had
no effect on H. pylori colonization in males, removal of ovaries (ovariec-
tomy) produced a significant reduction in bacterial numbers in female
mice (*; ANOVA). N.S., not significant.

FIG. 4. H. pylori is more abundant in the corpus of male mice than in that of female mice. (A to D) Stomach sections from male and female
129/Sv mice, infected for 1 day, 1 week, or 2 weeks (n � 4), were stained for H. pylori by immunofluorescence, and different gastric regions were
graded for colonization levels. *, significantly different (ANOVA). Similar results were obtained when sections stained with Giemsa stain were
evaluated (data not shown).
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sibility that the dichotomy may be due to gender differences in
acid production. We therefore compared pH levels in the gas-
tric juices of male and female 129/Sv mice, either uninfected or
infected with H. pylori for 2 weeks. Supporting our hypothesis,
the pH of gastric juice from male mice was indeed significantly
higher than that of gastric juice from female mice, irrespective
of infection status (Fig. 5). The fact that a difference in gastric
pH was observed without infection supports a role for this
physiological difference underlying the elevated H. pylori col-
onization observed in male mice within 1 day.

To test this further, we attempted to manipulate gastric pH
levels by orally treating 129/Sv mice daily with 1.5 mg of the
proton pump inhibitor omeprazole during a 1-week H. pylori
infection. This treatment resulted in colonization of the gastric
mucosa by a range of other organisms (indicated by multiple
contaminants on the colony formation assay plates of treated
mice as opposed to untreated mice; data not shown). Such
overgrowth made interpretation of any effects on H. pylori
colonization impossible and indicates that the use of acid sup-
pressants may be too potent to accurately reproduce subtle
differences in pH (i.e., from pH 3 to pH 4) as observed in male
and female 129/Sv mice.

Increased Helicobacter pylori colonization of male mice is
associated with suppression of atrophic gastritis. H. pylori
colonization of the gastric corpus is a major risk factor in the
etiology of gastric adenocarcinoma (30). Therefore, the deter-
mination that male mice had elevated colonization of the gas-
tric corpus raised the potential to use this dichotomy to exam-
ine pathogenic processes associated with chronic H. pylori
infection. As conventional mice develop only very mild gastritis
when infected with H. pylori, we initially used Muc1�/� mice;
we have previously shown that the females of this type develop
both greater colonization and more severe gastritis than wild-
type controls (17). Increased H. pylori colonization levels con-
current with severe gastritis in female Muc1�/� mice are per-
haps unique, as inflammation is usually associated with
decreased colonization. We have shown previously that Muc1
restricts H. pylori attachment to the epithelial surface (16), and

the increased adherence in Muc1�/� mice likely protects the
bacteria from the detrimental effects of severe inflammation.

First, we confirmed that male Muc1�/� mice also have sig-
nificantly elevated colonization levels when infected with H.
pylori, relative to matching female controls (Fig. 6). Next, we
evaluated the severity of inflammation in these animals. Fol-
lowing 2 months of infection, there was no difference in in-
flammation between male and female wild-type 129/Sv mice
(Table 1); the inflammation remained mild and provided fur-
ther confirmation that the difference in colonization between
these animals was not caused by variability in their inflamma-
tory response. However, while H. pylori infection of female
Muc1�/� mice induced a moderate atrophic gastritis, infection
of male Muc1�/� mice unexpectedly resulted in only an ex-
tremely mild gastritis with no atrophy (Table 1). This was
despite the male Muc1�/� mice being infected with approxi-
mately 10-fold more H. pylori bacteria than female Muc1�/�

mice (Fig. 6).
In a second experiment, we infected wild-type 129/Sv mice

with H. pylori for 6 months, which provides sufficient time for
these animals to develop gastritis. At this later time point, the
male mice still maintained significantly higher H. pylori colo-
nization levels than female mice (median CFU [interquartile
ranges] were 185 � 106 [5 � 106 to 217 � 106] for males and
0.5 � 106 [0.2 � 106 to 1 � 106] for females; ANOVA P �
0.005). Importantly, while the female wild-type mice developed
a severe atrophic gastritis, the male mice did not, demonstrat-
ing that the gender difference in Helicobacter-induced gastritis
was not related to Muc1 but also occurred in wild-type mice
(Table 1).

DISCUSSION

Our studies were initially intended to examine the mecha-
nism behind gender differences in H. pylori colonization levels.
While differences between immune responses to H. pylori in-
fection, including IgG levels and cytokine responses, of male

FIG. 5. Uninfected and H. pylori-infected male mice have elevated
gastric pH. Acidity in gastric washes from male and female 129/Sv
mice, either uninfected or infected with H. pylori for 2 weeks (n � 10),
were measured by using a pH meter (mean � standard error of the
mean [SEM]). Gastric pH was significantly affected by gender (P �
0.002 [*]) but not by 2 weeks of H. pylori infection (P � 0.102)
(two-way ANOVA).

FIG. 6. Male 129/Sv and Muc1-deficient (Muc1�/�) mice have el-
evated levels of Helicobacter pylori colonization compared with female
controls. Male and female wild-type or Muc1�/� 129/Sv mice (n � 11)
were infected with H. pylori for 2 months, and then gastric bacterial
colonization was determined by colony formation assay. Box plots
present the median (horizontal bar), interquartile range (box), and
10th and 90th percentile ranges (whiskers). Male and female Muc1�/�

mice had significantly greater levels of H. pylori colonization than male
and female wild-type mice, respectively (P � 0.05; ANOVA). For all
groups of mice, males had significantly higher levels of colonization
than females (*; ANOVA).
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and female mice and gerbils have been reported (5, 10, 19), the
rapidity of the differential colonization (i.e., within 1 day) and
the different numbers of H. pylori observed in male and female
antibody-deficient mice argue against a role for host immunity
or inflammation in this phenomenon. It also appears that the
major sex hormones are not involved, as the removal of testes
and ovaries 2 weeks prior to infection failed to normalize the
subsequent colonization levels in male and female mice. These
studies have, however, revealed several novel observations with
fundamental relevance for understanding the relationship be-
tween H. pylori infection and the development of disease.

First, we found that, in 129/Sv mice, sex hormone-indepen-
dent gender differences in acid secretion appear to alter the
mucosal niche for H. pylori, which explains differences in both
total gastric density of infection and distribution of bacteria in
different regions of the stomach. Acid secretion in the corpus
is believed to have a major impact on both the distribution of
H. pylori within the human gastric mucosa and development of
associated pathologies (13). In fact, acid production has been
proposed as a key factor dictating whether H. pylori colonizes
the antrum or corpus in humans, with patients with higher acid
output having antrum-predominant gastritis (31). As this pH
difference was evident even without H. pylori infection, ele-
vated gastric pH in male mice could result in increased colo-
nization within 1 day postinfection and therefore is consistent
with this pH difference being the likely explanation for differ-
ential bacterial levels in male and female mice.

The regulation of gastric acid secretion is highly complex. In
an attempt to identify the mechanism behind this difference in
gastric pH, we used real-time PCR to measure gastric mRNA
levels of a range of mediators known to influence acid secre-
tion. However, we found no association between acid levels in
male and female 129/Sv mice and the expression of gastrin,
somatostatin, ghrelin, H�K�-ATPase, histidine decarboxylase,
and the potassium pump Kcnq1 (data not shown). Hence, the
reason for the pH difference in these mice remains unknown.

As widespread gender differences in gastric pH do not occur
in humans (15, 27), this is most likely a mouse phenomenon.
However, this finding does have important implications for the

influence of interindividual variations in acid secretion, due to
genetic and environmental factors, on the natural history of H.
pylori infection and the development of disease in humans.

The second and most important observation is that H. pylori
appears capable of actively suppressing the inflammatory re-
sponse in its local gastric microenvironment, via a mechanism
different from any effects on the generalized immune response
mounted by the animal. In female mice, the highest density of
H. pylori colonization occurs in the antrum and the transitional
zones on either side of the corpus, but bacteria are not found
in the female gastric corpus in large numbers. However, the
most severe inflammatory response in females does not de-
velop in the antrum and transitional zones but rather in the
corpus (17, 34), where few bacteria were located. This demon-
strates that, despite the ability of this host to mount a response
to these bacteria, there is a somewhat paradoxical disconnect
between the infected and inflamed regions of the mucosa. In
male mice, however, H. pylori colonizes the corpus in large
numbers (probably due to the elevated pH) as well as all other
gastric regions, and little or no inflammation occurred in these
mice. This strongly suggests that it is the colonization of the
corpus in male mice that actively suppresses the local inflam-
matory response. A model summarizing this relationship is
proposed in Fig. 7. This suppression of inflammation in the
corpus occurs even when other inflammation-promoting fac-
tors (such as loss of Muc1) are present.

We propose the following hypothetical mechanism by which
H. pylori may mediate this localized suppression of inflamma-
tion. An effective T-cell response has been shown to be essen-
tial for the generation of the inflammatory response to H.
pylori infection in mice. Recombination-activating gene (RAG)
knockout and SCID (severe combined immunodeficient) mice
do not develop Helicobacter-induced gastritis (7, 24), demon-
strating the importance of T cells in this process. It is likely very
important with regard to its ability to chronically colonize the
gastric mucosa of its host that H. pylori has developed mech-
anisms to suppress these T-cell responses (6, 18, 21, 26). In
particular, 	-glutamyl transpeptidase (GGT) from H. pylori has
been shown to be very potent at inhibiting T-cell responses in

TABLE 1. Female 129/Sv mice but not male 129/Sv mice develop Helicobacter pylori-induced atrophic gastritis

Expt and micea Length of infection (mo)
Median grade of pathology (interquartile range)b

Cellular infiltration (0–6) Mucus metaplasia (0–3) Atrophy (0–3)

Expt 1
Male 129/Sv 2 1 (0.5–1.0) 0 (0–0) 0 (0–0)
Female 129/Sv 2 1 (1–2.5) 0 (0–0) 0 (0–0.5)
Male Muc1�/� 2 0.5 (0–2) 0 (0–0) 0 (0–1)
Female Muc1�/� 2 3 (2.5–4.0)* 0 (0–0) 2 (1–2.5)*

Expt 2
Male 129/Sv 0 (uninfected) 0 (0–0) 0 (0–0) 0 (0–0)
Female 129/Sv 0 (uninfected) 0 (0–0) 0 (0–0) 0 (0–0)
Male 129/Sv 6 1 (1–2.5) 0 (0–0) 0.5 (0–1.5)
Female 129/Sv 6 4 (4–4)* 0 (0–0) 3 (2.5–3.0)*

a In experiment 1, male and female wild-type or Muc1�/� 129/Sv mice (n � 11) were infected with H. pylori for 2 months, and then gastric pathology was assessed
histologically. Gastritis in all mice was observed only in the corpus. Only the H. pylori-infected female Muc1�/� mice developed atrophic gastritis. In experiment 2, male
and female wild-type 129/Sv mice (n � 8) were infected with H. pylori for 6 months or left uninfected. While the infected female mice developed a severe atrophic
gastritis, infected male mice developed only a very mild gastritis. This demonstrates that the gender effect on gastritis was not related to Muc1 expression but was
common for 129/Sv mice.

b *, significantly greater cellular infiltrate and atrophy than in all other groups (P � 0.04; Mann-Whitney U test).
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vitro (26) and was recently shown to induce Foxp3 expression
and therefore may be capable of inducing a localized regula-
tory T-cell response (9). Foxp3� regulatory T cells are impor-
tant suppressors of H. pylori-induced gastritis (22). Moreover,
	-glutamyl transpeptidase is essential for H. pylori coloniza-
tion, as mutation of this enzyme in the mouse-colonizing strain
SS1 removed the ability of the bacteria to infect mice (4). We
suggest that this GGT mutant may have been unable to colo-
nize mice because it was no longer able to suppress the local-
ized T-cell proinflammatory response mounted by the host.
Strategies that aim to neutralize the activity of GGT in vivo
may therefore provide a potential novel therapeutic approach.

In summary, our data provide new insights into the relation-
ship between the preferred niche(s) that H. pylori colonizes
with respect to both gastric pH and the development of gas-
tritis. The most serious pathological outcome of H. pylori in-
fection, gastric adenocarcinoma, develops as a consequence of
a chronic inflammation in the acid-secreting corpus region of
the stomach of infected individuals. Hence, our findings have
particular relevance for understanding the relationships be-
tween the site of gastric infection and the development of
pathology. Importantly, we believe these demonstrate for the
first time that H. pylori suppresses the inflammatory response
in its immediate microenvironment with great efficiency. As
severe gastritis is associated with reduced H. pylori colonization
(7), the ability to locally reduce the host inflammatory response
would confer a considerable advantage to the pathogen and
thereby facilitate chronic infection of the host. Individuals at

risk for severe inflammation may have polymorphisms that
affect the H. pylori-mediated local immunosuppressive mecha-
nism(s).
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