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Persistent colonization of the human stomach with Helicobacter pylori is a risk factor for gastric adenocarcinoma, and H. pylori-
induced carcinogenesis is dependent on the actions of a bacterial oncoprotein known as CagA. Epidemiological studies have
shown that high dietary salt intake is also a risk factor for gastric cancer. To investigate the effects of a high-salt diet, we infected
Mongolian gerbils with a wild-type (WT) cagA� H. pylori strain or an isogenic cagA mutant strain and maintained the animals
on a regular diet or a high-salt diet. At 4 months postinfection, gastric adenocarcinoma was detected in 100% of the WT-infected/high-
salt-diet animals, 58% of WT-infected/regular-diet animals, and none of the animals infected with the cagA mutant strain (P < 0.0001).
Among animals infected with the WT strain, those fed a high-salt diet had more severe gastric inflammation, higher gastric pH, in-
creased parietal cell loss, increased gastric expression of interleukin 1� (IL-1�), and decreased gastric expression of hepci-
din and hydrogen potassium ATPase (H,K-ATPase) compared to those on a regular diet. Previous studies have detected
upregulation of CagA synthesis in response to increased salt concentrations in the bacterial culture medium, and, concor-
dant with the in vitro results, we detected increased cagA transcription in vivo in animals fed a high-salt diet compared to
those on a regular diet. Animals infected with the cagA mutant strain had low levels of gastric inflammation and did not
develop hypochlorhydria. These results indicate that a high-salt diet potentiates the carcinogenic effects of cagA� H. pylori
strains.

Helicobacter pylori is a Gram-negative bacterium that is present
in half of the world’s population and persistently colonizes

the human stomach despite a robust immune response (1–3). Al-
though most H. pylori-infected persons remain asymptomatic, the
presence of this organism in the stomach increases the risk of
gastric adenocarcinoma (4, 5), and H. pylori has been classified as
a class I carcinogen (6). The clinical outcomes of H. pylori infec-
tion are determined by a variety of factors, including host genetics,
environmental factors (including diet), and variation among H.
pylori strains in expression of virulence determinants (4, 5, 7).

There is a high degree of genetic diversity among clinical iso-
lates of H. pylori (8, 9). One of the strain-specific genetic features
associated with adverse clinical outcome is a 40-kb region of chro-
mosomal DNA known as the cag pathogenicity island (PAI). The
cag PAI encodes a “bacterial oncoprotein” known as CagA and a
type IV secretion system (T4SS) that delivers CagA into host cells
(10–12). Upon translocation into host cells, CagA interacts with a
variety of host cell target molecules, resulting in pleiotropic effects
that include cytoskeletal rearrangements, activation of NF�B, al-
teration of tight junctions, and perturbation of iron trafficking
(10, 13–16).

The expression of cagA is regulated in response to variations in
several environmental conditions, including iron concentration,
pH, and salt concentration (17–20). The molecular mechanisms
by which cagA is regulated are not yet completely understood, but
the ferric uptake regulator Fur is known to modulate cagA expres-
sion (21). In response to elevated salt concentrations, cagA expres-
sion is upregulated in some H. pylori strains but not in others (20).
In an analysis of clinical strains of H. pylori from Colombian pa-
tients, the capacity of strains to upregulate cagA expression in

response to high-salt conditions was dependent on the presence of
two copies of a TAATGA motif in the cagA promoter region (22).
Strain-specific variation in cagA sequences (15, 23), levels of basal
cagA expression (24), and regulation of cagA expression in re-
sponse to environmental conditions (22) all may influence the
extent of CagA-mediated cellular alterations caused by individual
H. pylori strains.

Epidemiological studies have shown that H. pylori infection
and high dietary salt intake increase the risk of gastric cancer in
human subjects (25–30). Several studies have evaluated the effects
of a high-salt diet on H. pylori infection and gastric cancer in
animal models (31–37). One study reported that high dietary salt
consumption increased the incidence of gastric cancer in a chem-
ical-induced carcinogenesis model (33), and another study re-
ported that H. pylori infection and a high-salt diet could indepen-
dently induce atrophic gastritis and intestinal metaplasia in
Mongolian gerbils (34). Other studies reported that high salt in-
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take could modulate H. pylori colonization of the stomach or alter
Th2 responses, but overall disease outcomes were unaffected by
the combination of H. pylori infection and increased dietary salt
intake (35–37). Mouse-adapted H. pylori Sydney strain-1 (SS1)
was used in many of those previous studies. It was recently re-
ported that this strain has a nonfunctional cag pathogenicity is-
land (PAI) (38, 39); therefore, experiments with this strain do not
allow assessment of cag PAI-dependent effects.

The goal of the current study was to analyze the effect of a
high-salt diet on H. pylori-induced gastric carcinogenesis in a
Mongolian gerbil model and test the hypothesis that elevated di-
etary salt intake would be associated with enhanced disease pro-
gression in this model. We utilized H. pylori strain 7.13, which
possesses a functional cag PAI, causes adenocarcinoma in Mon-
golian gerbils (18, 40, 41), and upregulates CagA expression in
vitro in response to high-salt conditions (22). Animals were main-
tained on either a regular diet alone or a diet supplemented with
an additional 8% sodium chloride (34–37). Our results indicate
that H. pylori-infected animals maintained on a high-salt diet ex-
hibit increased gastric inflammation and a higher rate of gastric
adenocarcinoma in comparison to infected animals maintained
on a regular diet. The high-salt diet exacerbates gastric disease
caused by the WT cagA� strain but has no detectable effect on
gastric histology in animals infected with an isogenic cagA mutant
strain. We show that the development of gastric adenocarcinoma
is associated with hypochlorhydria. Finally, cagA transcription is
increased in vivo in animals fed a high-salt diet compared to ani-
mals fed a regular diet, similar to the effects of high-salt conditions
on cagA transcription that have been observed in vitro (20, 22).

MATERIALS AND METHODS
Bacterial strains and culture conditions. H. pylori strain 7.13 was used as
the parental wild-type (WT) strain for these experiments. An isogenic
cagA mutant strain, distinct from similar mutants used in previous studies
(14, 41), was constructed by insertion of a kanamycin resistance cassette
(aphA) in a unique NdeI site corresponding to nucleotide 1067 in cagA
from strain 7.13, using previously described methodology (42). H. pylori
strains were grown on tryptic soy agar plates containing 5% sheep blood
or in brucella broth (Thermo-Fisher) supplemented with 5% fetal bovine
serum at 37°C either in ambient air containing 5% CO2 or in a microaero-
bic atmosphere generated by a BD GasPak EZ Campy container system.
For selection of isogenic cagA mutants, blood agar plates were supple-
mented with kanamycin (40 �g/ml). Insertional inactivation of cagA was
confirmed by PCR and Western blot analyses.

In vivo challenge of Mongolian gerbils. All procedures were ap-
proved by the Institutional Animal Care and Use Committee of Vander-
bilt University. A single cohort of 108 male Mongolian gerbils, ages 6 to 8
weeks, each weighing 41 to 50 g, was purchased from Charles River Lab-
oratories. This cohort of gerbils was used for all experiments reported in
this study. The gerbils were maintained on either a regular diet (Purina
5001 diet; Purina, LLC) (0.75% sodium chloride) or a high-salt modifica-
tion of the Purina 5001 diet supplemented with an additional 8% sodium
chloride (BioServ, LLC). The only difference between the regular diet and
the high-salt diet was the addition of 8% sodium chloride, resulting in a
final sodium chloride concentration of 8.75%. Animals were maintained
on their respective diets for 1 week prior to orogastric challenge with H.
pylori and throughout the remainder of the study. Bacteria were grown in
brucella broth containing 10% (vol/vol) fetal bovine serum (FBS) over-
night under microaerobic conditions (BD GasPak EZ Campy container
system) prior to challenge. Gerbils (19 to 20 animals per group) were
subjected to orogastrical gavage with H. pylori WT strain 7.13 or the iso-
genic cagA mutant strain in two doses spaced 24 to 48 h apart (each 1.5 �
109 CFU in 500 �l of fresh brucella broth) when the animals were 8 to 10

weeks old. Animals on a high-salt diet and animals on a regular diet were
infected with aliquots of bacteria from the same cultures. Uninfected con-
trol animals (3 to 5 per group) were maintained on a regular diet or a
high-salt diet. Gerbils were euthanized at 16 weeks postinoculation, and
the stomach was excised. The gastric contents were gently removed, and
the gastric pH was measured by touching pHydrion pH paper (Micro
Essential Laboratory) to the antral portion of the glandular stomach. Sub-
sequently, the stomach was gently washed with phosphate-buffered saline
(PBS) and cut into sections extending from the esophagogastric squamo-
columnar junction through the proximal duodenum, and these were used
for histological examination, analysis of bacterial burden, and RNA ex-
traction. For bacterial burden analyses, stomach sections were homoge-
nized with a tissue tearor (Biospec Products). For RNA extraction, stom-
ach sections were homogenized with a gentleMACS Dissociator and
M-tubes (Miltenyi Biotech).

Evaluation of bacterial burden in the gerbil stomach. Gerbil gastric
tissue was isolated, weighed, homogenized in sterile brucella broth, and
plated in serial dilutions onto Trypticase soy agar plates containing 5%
sheep blood (Hemostat Laboratories), vancomycin (Sigma-Aldrich) (20
�g/ml), nalidixic acid (Sigma-Aldrich) (10 �g/ml), bacitracin (Sigma-
Aldrich) (30 �g/ml), and amphotericin B (Sigma-Aldrich) (2 �g/ml) to
select for H. pylori growth. These plates were incubated at 37°C in a mi-
croaerobic chamber (BD GasPak EZ Campy container system) for 5 days.
The bacterial burden was calculated by determining the number of CFU
present per gram of tissue.

Histological examination of gerbil gastric tissue. Slices of stomach
from the forestomach to the pylorus along the lesser curvature were fixed
in 10% neutral buffered formalin solution (Fisher Scientific), paraffin
embedded, sectioned into 5-�m-thick sections, and stained with hema-
toxylin and eosin. Two sections of each tissue block were prepared, yield-
ing multiple fields for histologic analysis of each animal. Indices of inflam-
mation and the presence of dysplasia and adenocarcinoma were evaluated
in a blinded fashion by a pathologist (M. K. Washington). Severity of
gastric inflammation was evaluated on a 12-point scale, which graded
acute and chronic inflammation in the corpus or the antrum based on a
score of 0 to 3 for each of these parameters (0 � no detectable inflamma-
tion and 3 � high prevalence of immune cells) (43). Acute inflammation
was defined by the presence of polymorphonuclear leukocytes, and
chronic inflammation was defined by the presence of mononuclear cell
infiltration that was independent of lymphoid follicles. Dysplasia was
characterized by the presence of irregular, angulated, and, occasionally,
cystically dilated glands with enlarged overlapping hyperchromatic nu-
clei. Gastric adenocarcinoma was characterized by irregular, angulated,
cystically dilated glands with occasional cribriform architecture in the
submucosa and muscularis propria, spreading laterally to the surface mu-
cosal component.

Immunohistochemistry detection of H,K-ATPase. Gastric tissue was
treated with citrate buffer (pH 6.0) at 105°C for 20 min with 10 min of
cooling prior to blocking with mouse immunoglobulin (Vector Labora-
tories) for 60 min. After quenching with 0.03% hydrogen peroxide con-
taining sodium azide and blocking with serum-free protein, primary an-
tibody to mouse hydrogen potassium ATPase (H,K-ATPase; Abcam) was
added and the reaction mixture was incubated for 60 min. Detection of
the primary antibody was performed with an EnVision� labeled polymer
system and chromogen 3,3=-diaminobenzidine tetrahydrochloride
(DAB) reagent (Dako-Agilent) before analysis by light microscopy was
performed. The sections were scored in a blinded fashion by a pathologist
on a scale of 0 to 3. A score of “0” indicates normal parietal cell distribu-
tion (no parietal cell loss), “1” indicates patchy distribution and mild loss
of parietal cells, “2” indicates moderate loss of parietal cells, and “3” indi-
cates a complete or nearly complete loss of parietal cells, as determined in
multiple fields.

Real-time RT-PCR expression analyses. Gastric tissue from WT-in-
fected, cagA mutant-infected, and uninfected control animals was placed
in RNAlater (Ambion) and stored at �20°C until total RNA was subse-
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quently extracted by using a TRIzol isolation protocol (Invitrogen) with
some modifications. Gastric tissue was homogenized in 1 ml of TRIzol
reagent and subjected to two chloroform extractions. RNA was precipi-
tated with isopropanol and washed with 70% ethanol before further pu-
rification with an RNeasy Minikit (Qiagen). RNA was treated with RNase
inhibitor (Applied Biosystems) and subjected to DNA-free DNase treat-
ment (Ambion) before synthesis of cDNA using a High Capacity cDNA
reverse transcription kit (Applied Biosystems). For real-time reverse tran-
scription-PCR (RT-PCR) of host gene expression, we employed a relative
gene expression method utilizing glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) as a normalizer and tissue from uninfected rodents as a
calibrator. RNA extracts from the stomachs of 5 to 7 individual H. pylori-
infected rodents were analyzed, along with RNA from uninfected control
animals (maintained under the same diet conditions) pooled into a single
control. For analysis of cagA, cagA transcript signals were normalized to
16S rRNA. The �CT of cagA was calculated as the difference between the
cycle threshold (CT) of cagA and the cycle threshold of 16S rRNA (nor-
malizer). Levels of cagA expression are indicated as relative units, calcu-
lated as 2���CT, where ��CT is equal to the difference between the �CT of
cagA of each experimental sample and the �CT of cagA of the calibrator
sample (H. pylori grown in vitro). The in vitro reference control was a pool
of three biological replicates of RNA derived from bacteria grown over-
night in brucella broth. All cDNA samples were analyzed in duplicate or
triplicate along with controls in which no reverse transcriptase was added.
For analyses of eukaryotic gene expression, we excluded culture-negative
animals. Real-time PCR was performed using a StepOne Plus Real-Time
PCR machine (Applied Biosystems), with SYBR green as the fluoro-
chrome. Primers are shown in Table S1 in the supplemental material.

Statistical analyses. Bacterial colonization densities were normalized
by log transformation prior to analysis using an unpaired Student’s t test.
Histology scores of different groups of animals were compared using the
Mann-Whitney U-test. Colonization efficiency and rates of dysplasia or
adenocarcinoma in different groups of animals were compared by Fisher’s
exact test. The correlation between gastric pH and inflammation scores
was evaluated by the Pearson correlation coefficient. Gene expression
results were analyzed by unpaired Student’s t test and analysis of variance
(ANOVA). All statistical analyses were performed with a GraphPad Prism
Software package.

RESULTS
Colonization of the stomach with WT and cagA mutant strains.
Mongolian gerbils were infected with WT H. pylori 7.13 or an
isogenic cagA mutant strain and were maintained on either a reg-
ular diet or a high-salt diet (19 to 20 animals per group). At 16
weeks postinfection, animals were euthanized and H. pylori colo-
nization of the stomach was assessed as described in Materials and
Methods. When comparing animals infected with the WT strain
that were maintained on a regular diet to WT-infected animals on
a high-salt diet, there was no significant difference in bacterial
burden (2.7 � 107 � 6 � 106 and 1.2 � 107 � 2.8 � 106 bacteria
per gram of stomach tissue, respectively, P � 0.488) (Fig. 1).
Among animals fed a high-salt diet, the WT strain colonized more
efficiently than did the cagA mutant strain (100% of animals col-
onized with the WT strain and 60% of animals colonized with the
cagA mutant strain, respectively, P 	 0.0001). If noncolonized
animals are excluded from the analysis, there was no significant
difference between the WT strain and the cagA mutant in coloni-
zation efficiency or bacterial burden.

High dietary salt intake exacerbates H. pylori-induced in-
flammation. To analyze the effect of a high-salt diet on H. pylori-
induced gastric pathology, we analyzed gastric tissue from the H.
pylori-infected gerbils. Representative sections of the gastric an-
trum are shown in Fig. 2 for uninfected animals (Fig. 2A and B),

WT-infected animals (Fig. 2C and D), and cagA mutant-infected
animals (Fig. 2E and F). Sections of gastric tissue from animals in
each group were scored for severity of total gastric inflammation
on a 12-point scale, which evaluated acute and chronic inflamma-
tion in both the corpus and the antrum. Uninfected animals
exhibited no detectable inflammation, regardless of diet. WT-
infected animals maintained on a high-salt diet exhibited signifi-
cantly higher total gastric inflammation scores than their
regular-diet counterparts (P � 0.0058; Fig. 2G). Similarly, when
inflammation was analyzed in discrete regions of the stomach
(corpus and antrum) and classified with respect to either chronic
or acute inflammatory processes, WT-infected animals main-
tained on a high-salt diet had increased acute inflammation in the
antrum (P � 0.0346), increased chronic inflammation in the an-
trum (P � 0.0372), increased acute inflammation in the corpus
(P � 0.0077), and increased chronic inflammation in the corpus
(P � 0.0477) compared to WT-infected animals maintained on a
regular diet (see Fig. S1 in the supplemental material). Consistent
with previous reports (18, 41, 44), animals infected with the cagA
mutant strain and fed a regular diet exhibited only trace levels of
inflammation (Fig. 2G). We did not detect any increased inflam-
mation in cagA mutant-infected animals that were fed a high-salt
diet compared to those that were fed a regular diet (Fig. 2G). These
data demonstrate that high dietary salt intake significantly in-
creases the severity of gastric inflammation caused by a WT cagA�

H. pylori strain but does not have any detectable effect on inflam-
mation in animals infected with a cagA mutant strain.

High dietary salt intake results in increased dysplasia and
invasive gastric adenocarcinoma. Invasive gastric adenocarci-
noma was observed more frequently in WT-infected gerbils main-
tained on a high-salt diet than in WT-infected gerbils maintained
on a regular diet (100% versus 58%) (P 	 0.0001) (Fig. 3). The
gastric adenocarcinomas were characterized by the presence of
irregularly shaped glandular structures comprised of tall mucin-
producing cells, which invaded through the muscularis mucosa
(Fig. 3A and B). The morphology of the tumors in animals fed a
high-salt diet was similar to that of the tumors in animals fed a
regular diet, but the tumors in animals fed a high-salt diet tended

FIG 1 H. pylori colonization of the gerbil stomach. Gerbils were infected with
WT H. pylori or an isogenic cagA mutant strain and maintained on either a
regular diet or a high-salt diet. At 16 weeks postinfection, the stomach was
removed, homogenized, and plated onto bacteriological culture medium. The
bacterial burden was calculated by determining the number of CFU per gram
of tissue. The dotted line indicates the limit of detection. Data represent the
means � standard errors of the means (SEM) for each group (n � 19 to 20
animals per group).
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to be larger and more deeply invasive. Gastric dysplasia, charac-
terized by noninvasive dilated glands with pseudostratified nuclei
(Fig. 2C), was also detected more commonly in WT-infected ger-
bils maintained on a high-salt diet than in those maintained on a
regular chow diet (Fig. 3C). The total gastric inflammation score
(scale of 0 to 12) was higher in animals with gastric dysplasia than
in animals without dysplastic lesions (Fig. 3D) (P 	 0.0001),
which suggests that inflammation may contribute to the develop-
ment of dysplasia. Dysplastic lesions and adenocarcinomas were
not detected in either uninfected animals or cagA mutant-infected
animals, which is consistent with the results of several previous
studies (4, 41). These data demonstrate that a high-salt diet signif-
icantly increases the incidence of premalignant and malignant le-
sions in animals infected with cagA� H. pylori but not in animals
infected with a cagA mutant or uninfected animals.

High dietary salt intake exacerbates H. pylori-induced hypo-
chlorhydria. The development of gastric cancer in humans is of-
ten preceded by atrophic gastritis and associated hypochlorhydria
(5, 7, 45). To evaluate the possible development of hypochlorhy-
dria in H. pylori-infected gerbils, the gastric pH of each animal was
measured at the time of necropsy. As shown in Fig. 4A, all unin-
fected animals had a gastric pH of 3 regardless of dietary salt in-
take. All cagA mutant-infected animals had a gastric pH of 3 to 4,
and there was no significant difference between the regular-diet
and high-salt-diet groups with respect to gastric pH. The mean
gastric pH of WT-infected animals maintained on a regular diet
was 4.6 � 1.3 compared to a mean pH of 6.1 � 0.5 in WT-infected
animals maintained on a high-salt diet (P � 0.0027). Two animals
in the WT-infected high-salt diet group exhibited a gastric pH of 7.
These results suggest that CagA contributes to H. pylori-induced
gastric hypochlorhydria and indicate that H. pylori-induced hy-
pochlorhydria is exacerbated by high dietary salt intake.

Analysis of the hematoxylin-and-eosin-stained gastric tissue
suggested that there were reductions in parietal cell numbers in
hypochlorhydric animals compared to animals with acidic gastric
pH and that there was greater parietal cell loss in WT-infected
animals fed a high-salt diet than in WT-infected animals fed a
regular diet (or other groups). No thinning of the gastric mucosa
was detected in these animals (data not shown); instead, reactive
hyperplasia (characterized by increased thickness of the foveolar
epithelial compartment with loss of mucin) was present. To more
rigorously analyze parietal cell numbers and distribution, we
stained gastric sections of representative animals with an anti-
H,K-ATPase antibody. Uninfected animals had a thick band-like
zone of parietal cells in the gastric corpus (Fig. 5A), with a few
H,K-ATPase-positive cells in deep antral glands. In comparison to
the uninfected animals, the majority of the infected animals ex-
hibited parietal cell loss (Fig. 5B and C). The most extensive pari-
etal cell loss, corresponding to loss of staining in the gastric body,
was detected in WT-infected animals on a high-salt diet (P �
0.0285; Fig. 5D).

Hypochlorhydria is associated with increased gastric inflam-
mation and dysplasia. We next analyzed if there was a correlation
between gastric pH and the severity of gastric inflammation. In a
combined analysis of all animals included in this study (including
uninfected animals, WT-infected animals, and cagA mutant-in-
fected animals on both high-salt and regular diets), there was a
significant correlation between gastric pH and severity of gastric
inflammation (Fig. 4B) (P 	 0.0001). There was also a significant
correlation when the analysis was limited to WT-infected animals

FIG 2 Analysis of gastric inflammation. Gerbils were infected with WT H.
pylori or an isogenic cagA mutant strain and maintained on either a regular diet
or a high-salt diet. As controls, uninfected gerbils were maintained on either a
regular diet or a high-salt diet. At 16 weeks postinfection, gastric tissue was
collected and sections were stained with hematoxylin and eosin. (A to F) Rep-
resentative sections of the gastric antrum are shown. Panel C demonstrates
dysplasia (arrow), and panel D demonstrates ulceration (arrow). Magnifica-
tion bars indicate 100 �m. (G) Representative micrographs of gastric tissue
were scored for total inflammation on a scale of 0 to 12 (sum of chronic [0 to
3] and acute [0 to 3] inflammation in both the corpus and antrum of the gerbil
stomach). Animals infected with WT H. pylori and maintained on a high-salt
diet had significantly higher inflammation scores than WT-infected animals
maintained on a regular diet (P � 0.0058). In addition, WT-infected animals
maintained on a regular diet had significantly higher inflammation scores than
uninfected animals or cagA mutant-infected animals maintained on a regular
diet (P 	 0.0001 and P 	 0.0001). Horizontal bars indicate mean total inflam-
mation � SEM. Statistical analyses were performed using the Mann-Whitney
U-test.
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on a regular diet (P 	 0.0001). Animals with dysplasia had a mean
gastric pH of 6.0 � 0.7, whereas animals lacking dysplasia had a
mean gastric pH of 3.4 � 0.4 (P 	 0.0001) (Fig. 4C). Taken to-
gether, these results demonstrate that hypochlorhydria occurs
more commonly in H. pylori-infected animals with severe gastric
inflammation and dysplasia than in H. pylori-infected animals
lacking these features.

Increased expression of IL-1� in response to cagA� H. pylori
and a high-salt diet. To further analyze the gastric mucosal in-
flammatory response, we analyzed a set of host factors relevant for
innate immune responses and T-cell recruitment. The levels of
expression of several proinflammatory cytokines (interleukin 1

[IL-1
], IL-6, IL-17, and gamma interferon [IFN-�]), anti-in-
flammatory cytokines (IL-10), chemokines (KC, CCL12), and in-
ducible nitric oxide synthase (iNOS) in the gastric tissue were
measured by real-time RT-PCR. Gerbils infected with WT H. py-
lori exhibited increased expression of all of these immune modu-
lators (P � 0.001) (Fig. 6A; see also Fig. S2 in the supplemental
material). Genes corresponding to proinflammatory T cell cyto-
kines representing Th1 and Th17 responses, IFN-� and IL-17,
were among the most highly upregulated genes, and their expres-
sion in gerbils maintained on a high-salt diet was similar to that in
gerbils maintained on a regular diet (Fig. 6A). Expression levels of
IL-1
 (a proinflammatory cytokine, produced by monocytes,
macrophages, and dendritic cells) and iNOS (which is induced in

response to the presence of proinflammatory cytokines in the
same cell types) were significantly increased in WT-infected ani-
mals maintained on a high-salt diet compared to WT-infected
animals maintained on a regular diet (P 	 0.01 and P � 0.006)
(Fig. 6A; see also Fig. S2 in the supplemental material). Gerbils
infected with the cagA mutant strain did not exhibit any increase
in gastric IL-1
 compared to uninfected animals (Fig. 6A).

We hypothesized not only that the hypochlorhydria observed
in some H. pylori-infected animals might be attributable to a re-
duction in parietal cell number but also that increased expression
of IL-1
 might lead to decreased gastric acid secretion (46). IL-1

is known to negatively regulate hepcidin, gastrin, and H,K-
ATPase, which in turn regulate or mediate gastric acid secre-
tion (46–48). Therefore, we analyzed the transcript abundance
of these three molecules. Expression of all three targets was
diminished in WT-infected animals maintained on a high-salt
diet compared to WT-infected animals maintained on a regular
diet (Fig. 6B).

Expression of cagA is enhanced in gerbils maintained on a
high-salt diet. Since previous in vitro studies showed that produc-
tion of the oncogenic effector molecule CagA by H. pylori is pos-
itively regulated in response to elevated concentrations of sodium
chloride (20, 22), we hypothesized that a similar upregulation of
cagA expression might also occur in vivo in response to increased
dietary salt intake. To test this hypothesis, we quantified bacterial

FIG 3 Analysis of gastric dysplasia and adenocarcinoma. Gerbils were infected with WT H. pylori or an isogenic cagA mutant strain and maintained on either a
regular diet or a high-salt diet. As controls, uninfected gerbils were maintained on either a regular diet or a high-salt diet. Animals were euthanized at 16 weeks
postinfection. (A and B) Representative micrographs of gastric tissue derived from WT-infected animals maintained on a high-salt diet (arrows indicate tumors).
Magnification bars indicate 100 �m. (C) Micrographs were evaluated for dysplastic lesions and invasive adenocarcinoma. Only animals infected with the WT
strain exhibited these abnormalities. Bars indicate the percentage of animals within each group exhibiting dysplasia or gastric adenocarcinoma. Gastric cancer
and dysplasia were detected significantly more frequently in the WT-infected high-salt diet group than in WT-infected regular-diet counterparts (P 	 0.001). (D)
Analysis of gastric inflammation in animals with gastric dysplasia. WT-infected animals maintained on a regular diet and WT-infected animals maintained on
a high-salt diet were analyzed. The total gastric inflammation score (scale of 0 to 12) was higher in WT-infected animals with gastric dysplasia than in WT-infected
animals without dysplastic lesions. Horizontal bars indicate mean inflammation score � SEM for each group. Statistical analyses were performed using Fisher’s
exact test (C) and Mann-Whitney U analysis (D).
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expression of cagA in the gerbil stomach, as described in Materials
and Methods. A significant increase in cagA expression was ob-
served in WT-infected animals maintained on a high-salt diet
compared to WT-infected animals maintained on a regular diet
(P 	 0.05) (Fig. 6C), a result that mimicked the upregulation of
cagA expression that occurs when H. pylori is cultured in vitro in
the presence of high-salt conditions (20). We also observed that
expression of cagA was increased in vivo compared to the expres-
sion seen in vitro, which is consistent with previously reported
results (49).

DISCUSSION

In this report, we show in a Mongolian gerbil model that a high
dietary salt intake enhances H. pylori-induced carcinogenesis. The
observed effects of a high-salt diet on H. pylori-induced gastric
cancer in the gerbil model correlate well with human epidemio-
logic data, which have repeatedly shown increased rates of gastric
cancer in persons who consume a high-salt diet (25–30). The
high-salt diet used in this study (8.75% sodium chloride) ap-
proximates the concentration of sodium chloride in some
foods consumed by humans. For example, dried fish is often
preserved in 3 to 20% salt, pickled foods contain up to 25% salt,
and soy sauce contains 19% salt (35). In contrast to human
diets, which vary considerably from day to day, the gerbils in
this study were fed a high-salt diet with no variation over a
prolonged time period.

In the current study, we observed that among gerbils infected
with the WT strain and fed a regular diet, gastric cancer was pres-
ent at 4 months postinfection in 60% of the animals. This inci-
dence of gastric cancer in the gerbil model is similar or slightly
higher than that reported in several previous studies (18, 40, 41).
Gastric cancer developed in animals that were infected with a WT
cagA� H. pylori strain but not in animals infected with an isogenic
cagA mutant strain. Although we did not analyze a complemented
mutant strain in the current study, the failure of a cagA mutant
strain to cause gastric cancer is concordant with the results of
several other studies (18, 41). Collectively, these results in animal
models of H. pylori infection, combined with evidence from trans-
genic animal experiments (50), cell culture experiments (16), and
human epidemiologic studies (51), provide evidence that CagA
has an important role in gastric cancer pathogenesis.

The administration of a high-salt diet to uninfected animals
did not stimulate the development of gastric cancer, which leads
us to conclude that the effects of a high-salt diet on gastric
cancer are dependent on the presence of H. pylori infection.
Notably, we observed that a high-salt diet led to an increased
incidence of gastric carcinoma in animals infected with a WT
cagA� H. pylori strain but not in animals infected with a cagA
mutant strain. This provides evidence that the effects of a high-
salt diet on gastric cancer pathogenesis are relevant mainly in
the context of infection with cagA� H. pylori strains. We are
unaware of any studies that have examined the relationships
among a high-salt diet, infection with cagA� H. pylori strains,
and gastric cancer in human populations, but in several parts of
the world that have high rates of gastric cancer, there is a high
prevalence of cagA� strains and a large proportion of the pop-
ulation consumes a high-salt diet.

Several previous studies have analyzed the effect of a high-salt
diet (typically 8% added salt, similar to the current study) on H.
pylori-induced gastric pathology in animal models but have not

FIG 4 Analysis of gastric pH. Gerbils were infected with WT H. pylori or an
isogenic cagA mutant strain and maintained on either a regular diet or a high-
salt diet. As controls, uninfected gerbils were maintained on either a regular
diet or a high-salt diet. Animals were euthanized at 16 weeks postinfection, and
gastric pH was measured at the time of necropsy. Horizontal bars in panels A
and C indicate mean pH � SEM. (A) The highest gastric pH values were
detected in animals infected with the WT strain and maintained on a high-salt
diet and were significantly higher than in animals infected with WT H. pylori
and maintained on a regular diet (P � 0.0027, Mann-Whitney U analysis). (B)
The gastric histology of all animals in the study (including uninfected, WT-
infected, and cagA mutant strain-infected animals maintained on either high-
salt or regular diets) was scored for total inflammation on a scale of 0 to 12
(sum of chronic [0 to 3] and acute [0 to 3] inflammation in both the corpus
and antrum). Each triangle represents 3 to 5 animals. Gastric pH values were
positively correlated with severity of gastric inflammation (R � 0.9410 and
P 	 0.0001), based on Pearson correlation coefficient (assuming Gaussian
populations). (C) In an analysis of WT-infected animals maintained on a
regular diet and WT animals maintained on a high-salt diet, the gastric pH was
higher in animals with dysplastic lesions than in animals without dysplastic
lesions (P 	 0.0001, Mann Whitney U-test).
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reached a consistent conclusion (31–37). Notably, the rodent
studies in many of these reports were carried out using H. pylori
Sydney Strain 1 (SS1), which harbors an inactive cag PAI (38, 39).
We propose that an effect of a high-salt diet on H. pylori-induced
gastric cancer may be more readily detectable in experiments that
employ a cagA� strain and a gerbil model.

In addition to a high-salt diet, a low-iron diet was recently
shown to augment H. pylori-induced carcinogenesis in the ger-
bil model (18). Low-iron conditions lead to alterations in the
expression of many H. pylori genes, including upregulation of
cagA expression (17), and also stimulate assembly of pili asso-
ciated with the cag T4SS when H. pylori is in contact with gas-
tric epithelial cells (18). Potentially, there are related features of
these two distinct dietary interventions that lead to increased
H. pylori virulence or host disease progression. For example,
iron absorption may be impaired in the setting of hypochlo-
rhydria (52–54).

Previous studies have reported that exposure of H. pylori to
high-salt conditions in vitro leads to alterations in the expression
of multiple H. pylori genes, including cagA (22). In the current
study, we observed that cagA gene expression was elevated in the
stomachs of WT-infected animals maintained on a high-salt diet
compared to WT-infected animals maintained on a regular diet
(when normalized based on comparison to 16S rRNA). This up-
regulation of cagA transcription in response to a high-salt diet
mimics the upregulation of cagA gene expression that is observed
in vitro in response to high-salt conditions. In agreement with a
previous report (49), we also observed that cagA transcripts were
more abundant in the gastric tissue samples than in bacteria
grown in laboratory medium. We propose that an upregulation of
cagA gene expression in response to the high-salt diet is an impor-
tant feature of the mechanism by which a high-salt diet enhances
carcinogenesis.

We observed that animals infected with the WT strain and fed
a high-salt diet had significantly higher levels of gastric inflamma-
tion than WT-infected animals on a regular diet. To elucidate a
potential immunologic basis for this difference, we analyzed the
expression of several cytokines, chemokines, and immune modu-
latory molecules that regulate inflammation. This analysis was
limited in scope because reagents and sequences are not readily
available for immunologic studies in gerbils. Nevertheless, we
were able to demonstrate that the relative levels of expression of
IFN-�, IL-17, IL-1
, IL-6, IL-10, KC, iNOS, and CCL12 were in-
creased in WT H. pylori-infected animals compared to uninfected
animals. Interestingly, both IL-1
 transcription and iNOS tran-
scription were significantly elevated in WT-infected gerbils main-
tained on a high-salt diet compared to the regular-diet counter-
parts, which suggests that these factors may contribute to the
increased inflammation that accompanies a high-salt diet.

FIG 5 Immunohistochemical analysis of gastric H,K-ATPase in tissue from
the gastric body of H. pylori-infected gerbils. (A) Parietal cells in an uninfected
control stomach. (B) A WT-infected animal maintained on a regular diet ex-
hibits patchy distribution and moderate loss of parietal cells. (C) A WT-

infected animal maintained on a high-salt diet exhibits extensive loss of pari-
etal cells. (D) Parietal cell loss was scored in two groups of infected animals (5
animals per group; bars indicate means � SEM). A score of “0” indicates no
parietal cell loss; normal distribution in the corpus and the antrum, “1” indi-
cates patchy distribution and mild loss of parietal cells, “2” indicates moderate
loss of parietal cells, and “3” indicates a complete or near complete loss of
parietal cells within the gastric tissue. Animals infected with WT H. pylori and
maintained on a high-salt diet exhibited a significantly increased loss of pari-
etal cells compared to WT-infected animals on a regular diet (P � 0.0463,
Mann-Whitney U analysis).
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Since atrophic gastritis and hypochlorhydria commonly
precede the development of gastric cancer in humans (45), we
analyzed the gastric pH of animals at the time of necropsy. As
expected, uninfected animals had an acidic gastric pH. WT-in-
fected animals maintained on a high-salt diet had markedly in-
creased gastric pH compared to their regular diet WT-infected
counterparts. Animals infected with the cagA mutant exhibited
only minor alterations in gastric pH, and among these animals, a
high-salt diet did not have any detectable effects on gastric pH.
Therefore, CagA contributes to the development of hypochlorhy-
dria, and a high-salt diet exacerbates the development of hypo-
chlorhydria in animals infected with a WT strain. We observed
that the increases in pH were significantly correlated with in-
creased inflammation, which suggests that inflammation contrib-
utes to this process. Reductions in parietal cell number were de-
tected in the hypochlorhydric animals, which likely accounts at
least in part for the observed hypochlorhydria. In addition, hypo-
chlorhydria could be due to perturbations in parietal cell function.
We detected increased expression of IL-1
 (a known inhibitor of
gastric acid production) in WT-infected animals on a high-salt
diet compared to WT-infected animals on a regular diet. We also
analyzed the expression of several other host factors that regulate
or mediate gastric acid production (gastrin, hepcidin, and H,K-
ATPase). Hepcidin is an antimicrobial peptide involved in iron
metabolism homeostasis and is a regulator of gastric acid secretion

(47). Gastrin is a regulator of gastric acid secretion that is nega-
tively regulated by IL-1-
 through the activation of NF�B (55).
H,K-ATPase is the parietal cell enzyme that mediates acid secre-
tion and is also transcriptionally repressed by NF�B (56). Animals
infected with WT H. pylori and maintained on a high-salt diet had
decreased hepcidin, gastrin, and H,K-ATPase transcripts com-
pared to animals infected with WT H. pylori and maintained on a
regular diet. We propose that these alterations all contribute to the
observed hypochlorhydria.

In summary, the results of this study reveal that increased di-
etary salt consumption markedly alters the outcome of infection
with a cagA� H. pylori strain. In the simplest model, high salt
concentrations stimulate increased expression of cagA, and the
actions of CagA lead to inflammation, hypochlorhydria, and en-
hanced carcinogenesis. An equally plausible model proposes that
high salt concentrations lead to altered expression of multiple H.
pylori genes (including cagA) (22) as well as to alterations in the
host and that this constellation of alterations stimulates enhanced
carcinogenesis. Regardless of which mechanism is operative, the
current results compare favorably with a large body of epidemio-
logic evidence indicating that a high-salt diet is a risk factor for
gastric cancer in humans (25–30). Potentially, reductions in di-
etary salt intake could lead to a reduction in the risk of H. pylori-
associated gastric adenocarcinoma in populations who have a
high risk for this malignancy.

FIG 6 Real-time RT-PCR analysis of the host immune response, modulators of gastric acid production, and H. pylori cagA in the gerbil stomach. For panels A
and B, RNA extracts from the stomachs of 5 to 7 individual H. pylori-infected rodents were analyzed, along with RNA from uninfected control animals (same diet
conditions) pooled into a single control. For panel C (analysis of cagA transcription), gastric RNA extracts were analyzed along with RNA derived from H. pylori
grown in modified brucella broth alone (regular medium) or supplemented with 0.5% sodium chloride (high-salt medium). The results represent mean values
based on analyses of 5 to 7 animals per group. (A) IL-1
, IL-17, and IFN-� were induced by WT infection. IL-1
 transcript abundance was significantly increased
in WT-infected animals maintained on a high-salt diet compared to WT-infected animals maintained on a regular diet. (B) Hepcidin, gastrin, and H,K-ATPase
are downregulated in the WT-infected high-salt-diet animals compared to the WT-infected regular-diet animals. For panels A and B, transcript abundance was
normalized to GAPDH, and relative units were calculated as described in Materials and Methods. (C) cagA gene expression is elevated in WT-infected animals
maintained on a high-salt diet compared to WT-infected animals maintained on a regular diet (P 	 0.05). Similarly, cagA transcription was increased in bacteria
grown in vitro in high-salt medium compared to bacteria grown in regular medium. For panel C, bacterial transcript levels were normalized to the corresponding
16S rRNA levels in each sample. Relative units were calculated as described in Materials and Methods.
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