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Epidemiologic studies have provided conflicting data regarding an association between Helicobacter pylori infection and iron
deficiency anemia (IDA) in humans. Here, a Mongolian gerbil model was used to investigate a potential role of H. pylori infec-
tion, as well as a possible role of diet, in H. pylori-associated IDA. Mongolian gerbils (either H. pylori infected or uninfected)
received a normal diet or one of three diets associated with increased H. pylori virulence: high-salt, low-iron, or a combination of
a high-salt and low-iron diet. In an analysis of all infected animals compared to uninfected animals (independent of diet), H.
pylori-infected gerbils had significantly lower hemoglobin values than their uninfected counterparts at 16 weeks postinfection
(P < 0.0001). The mean corpuscular volume (MCV) and serum ferritin values were significantly lower in H. pylori-infected ger-
bils than in uninfected gerbils, consistent with IDA. Leukocytosis and thrombocytosis were also detected in infected gerbils, in-
dicating the presence of a systemic inflammatory response. In comparison to uninfected gerbils, H. pylori-infected gerbils had a
higher gastric pH, a higher incidence of gastric ulcers, and a higher incidence of fecal occult blood loss. Anemia was associated
with the presence of gastric ulceration but not gastric cancer. Infected gerbils consuming diets with a high salt content developed
gastric ulcers significantly more frequently than gerbils consuming a normal-salt diet, and the lowest hemoglobin levels were in
infected gerbils consuming a high-salt/low-iron diet. These data indicate that H. pylori infection can cause IDA and that the
composition of the diet influences the incidence and severity of H. pylori-induced IDA.

Anemia affects up to 1.6 billion people worldwide, potentially
resulting in fatigue, decreased productivity, increased suscep-

tibility to infection, or death (1–5). A wide variety of infectious
processes can be primary causes of anemia or can exacerbate ane-
mia arising from noninfectious etiologies. For example, intestinal
parasitic infections can cause chronic blood loss, leading to iron
deficiency anemia (IDA; i.e., anemia due to iron deficiency) (3, 6).
Anemia arises in patients with malaria because the parasites in-
vade erythrocytes (2), and bacterial toxins can cause hemolysis
(7). In addition, chronic infections, chronic immune activation,
and cancer can cause a form of anemia known as “anemia of
chronic disease” (8).

Colonization of the human stomach with the gastric bacterium
Helicobacter pylori is another potential cause of anemia. Anemia
often occurs in the setting of symptomatic H. pylori-associated
diseases (peptic ulcer disease or gastric cancer), but it has been
suggested that H. pylori may also be a cause of IDA in asymptom-
atic persons with no evidence of peptic ulcer disease or gastric
cancer (9). H. pylori has been linked to several other hematologic
diseases, including pernicious anemia (vitamin B12 deficiency
arising through an autoimmune-mediated process) and idio-
pathic thrombocytopenic purpura (ITP; a disorder characterized
by a reduction in circulating platelets) (10–12).

Human epidemiologic studies examining a potential associa-
tion between H. pylori colonization and anemia have yielded con-
flicting results (13–18). In one of the largest studies to date, serum
ferritin and hemoglobin levels were analyzed in 2,794 Dutch
adults to determine if H. pylori infection was associated with IDA.
In men and postmenopausal women, H. pylori infection was
linked to iron deficiency (as determined by serum ferritin levels)
(13). Among premenopausal women, no such association was ob-
served. Hemoglobin levels were not affected by H. pylori coloni-

zation status in any of the cohorts (13). A subsequent meta-anal-
ysis of existing studies detected an association between H. pylori
infection and IDA, based on analyses of hemoglobin and serum
ferritin levels (16). Conversely, several other studies have not de-
tected any association between H. pylori and anemia (14, 15, 18).

Animal studies examining a potential link between H. pylori
infection and anemia have also yielded conflicting results (19–22).
In one study, H. pylori-infected male INS-GAS mice (which over-
express gastrin) exhibited reductions in both hemoglobin and se-
rum ferritin levels compared to uninfected animals; however, the
mean corpuscular volume (MCV; a measure of the average size of
erythrocytes) was elevated in the infected cohort (21), a finding
that differs from the reduced MCV typically observed in patients
with IDA. Infection of INS-GAS mice with the related organism
H. felis also resulted in anemia (19). A potential limitation of the
mouse model for studying H. pylori-associated IDA is that H. py-
lori strains often undergo inactivating mutations in the cag patho-
genicity island during the course of mouse stomach colonization
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(23, 24). In a study of Mongolian gerbils infected with a cagA-
positive H. pylori strain (ATCC 43504), anemia was not detected
in H. pylori-infected gerbils, although a trend toward a decreased
MCV in infected animals was observed (22).

H. pylori is present in about half of the human population
worldwide, and most of these people are asymptomatic. If H. py-
lori contributes to anemia in asymptomatic people, this bacterium
could potentially have a substantial impact on the incidence and
severity of anemia worldwide (25). The pathogenic mechanisms
by which H. pylori might contribute to anemia in asymptomatic
people are not well understood. Anemia could potentially occur
due to blood loss from asymptomatic gastric erosions, impaired
absorption of iron due to increased gastric pH, reduced vitamin
B12 levels due to atrophic gastritis and parietal cell loss, or anemia
of chronic disease. Thus far, few studies have been designed to
discriminate among these possibilities.

Although the majority of H. pylori-infected people are asymp-
tomatic, the presence of H. pylori is a strong risk factor for peptic
ulcer disease or gastric cancer. The factors that determine whether
peptic ulceration or gastric cancer develops in individual humans
are not completely understood, but several factors are relevant,
including features of the H. pylori strain with which the host is
infected, host genetic characteristics, and in the case of gastric
cancer, host diet (26–32). Specifically, increased dietary salt intake
and decreased dietary iron intake are associated with an increased
risk of gastric cancer in H. pylori-infected humans and in experi-
mentally infected gerbils (33–42). This is attributed at least in part
to the enhanced virulence of H. pylori under high-salt or low-iron
conditions (33, 35, 43). For example, high-salt conditions have
been shown to cause alterations in H. pylori gene transcription or
protein production in vitro and in vivo, including augmented pro-
duction of CagA (33, 44–46). Similarly, low-iron conditions have
been shown to cause alterations in H. pylori gene transcription and
stimulate increased activity of the cag type IV secretion system
(T4SS) (35, 47, 48). Since high-salt or low-iron diets have been
associated with increased gastric inflammation and an increased
severity of gastric disease in animal models of H. pylori infection
(33, 35, 38, 49), we hypothesized that these dietary alterations
might potentiate the development of anemia in the setting of H.
pylori infection. In the current study, we investigate a potential
link between H. pylori infection, diet, and anemia using the Mon-
golian gerbil model, and we define the mechanisms by which ane-
mia arises in this model.

MATERIALS AND METHODS
H. pylori infection of Mongolian gerbils. A single cohort of 96 male
gerbils between the ages of 3 and 5 weeks (weight, up to 40 g) was obtained
from Charles River Laboratories. The animals were divided into 4 groups
(24 animals per group), each of which received a different diet. One group
received TestDiet AIN-93M (Purina Mills), and the other groups received
modified versions of AIN-93M: a low-iron diet (AIN-93M manufactured
to contain no iron, compared to the 39 ppm iron in the normal chow), a
high-salt diet (AIN-93M modified to contain an additional 8% sodium
chloride, for a total concentration of 8.25% sodium chloride, compared to
0.25% in the normal chow), or a combination high-salt and low-iron diet
(AIN-93M manufactured to contain no iron and 8.25% sodium chloride).
Within each group, 16 animals were experimentally infected with H. py-
lori and 8 remained uninfected. The defined diets were fed to each gerbil
cohort for 3 weeks prior to H. pylori infection and throughout the remain-
der of the experiment. Uninfected control gerbils were fed the corre-
sponding diets for the same length of time. Gerbils were euthanized at 11

or 16 weeks after infection. The experiments were designed with the intent
to euthanize 2 uninfected animals and 6 infected animals per diet at 11
weeks postinfection and the intent to euthanize 6 uninfected animals and
10 infected animals per diet at 16 weeks postinfection. The actual numbers
of data points reported for individual assays vary slightly from these in-
tended numbers due to several issues involving individual animals, in-
cluding clotting of blood samples at the time of harvest, a suboptimal
quality of gastric tissue collected for histologic analysis, or the unexpected
death of animals prior to the 11- or 16-week time points. All experimental
procedures were approved by the Vanderbilt University Institutional An-
imal Care and Use Committee.

Inoculation with H. pylori. Gerbils were experimentally infected with
H. pylori strain 7.13. Strain 7.13 is a CagA-positive strain with a functional
cag type IV secretion system, and it has a mutation in vacA that abrogates
VacA production (50, 51). The parental strain (B128) was originally iso-
lated from a human with a gastric ulcer and was experimentally intro-
duced into a Mongolian gerbil. An isolate from the gerbil was designated
strain 7.13 (51). H. pylori strain 7.13 was grown at 37°C in room air
supplemented with 5% CO2 in sterile brucella broth supplemented with
10% fetal bovine serum (FBS) to mid-log phase (optical density at 600 nm,
approximately 0.6). Gerbils were fasted overnight and then were infected
via oral gavage with 1 � 109 CFU. Gerbils were gavaged twice, on the first
and third day of the experiment, each time fasting overnight prior to
gastric challenge with H. pylori (33, 35).

Hematological and serum ferritin analysis. At the experimental end-
points, blood was collected from each gerbil by cardiac puncture and
placed into tubes containing the anticoagulant EDTA. Complete blood
counts (CBCs) were determined by the Translational Pathology Shared
Research core at Vanderbilt University. CBC results included hemoglobin
values, mean corpuscular volume measurements, white blood cell (WBC)
counts, and platelet counts. Serum was collected at the experimental end-
point and stored at �80°C. Serum ferritin was analyzed using a ferritin
enzyme-linked immunosorbent assay (ELISA) designed for use with
mouse blood following the manufacturer’s instructions (Kamiya Biomed-
ical Co.) (35).

Gastric pH. Gastric pH was measured at the experimental endpoint by
gently pressing pHydrion pH paper (Micro Essential Laboratory) into the
freshly incised glandular stomach at the antrum (33).

Bacterial density. To quantify the H. pylori density in the gastric tis-
sue, a portion of the stomach collected at the time of harvest was weighed,
homogenized in sterile brucella broth containing 10% FBS, and serially
diluted onto H. pylori-selective tryptic soy agar plates containing 5%
sheep blood (Hemostat Laboratories), vancomycin (20 g/ml; Sigma-Al-
drich), nalidixic acid (10 g/ml; Sigma-Aldrich), bacitracin (30 g/ml; Sig-
ma-Aldrich), and amphotericin B (2 g/ml; Sigma-Aldrich). The plates
were incubated for 5 days at 37°C under microaerobic conditions (BD
GasPak EZ Campy container system). After 5 days, the numbers of CFU
were counted and the numbers of CFU per gram of stomach tissue were
calculated (33, 35).

Histology. At the time of harvest, longitudinal strips of the glandular
stomach were collected and fixed overnight in 10% neutral buffered for-
malin (Fisher Scientific). Following fixation, the tissue was embedded in
paraffin, sectioned, and subsequently stained with hematoxylin and eosin.
The slides were examined for gastric pathology by a pathologist who was
blind to the identity of the specimens. The specimens were evaluated
histologically for gastric inflammation, chief and parietal cells, gastric ul-
ceration (characterized by mucosal disruption with inflammatory exu-
date and cell debris), dysplasia (characterized by irregular glands with
budding or branching in the mucosa), and gastric adenocarcinoma (char-
acterized by dysplastic glands penetrating through the muscularis mucosa
into the submucosa). These criteria for dysplasia and adenocarcinoma are
in agreement with consensus guidelines (52). Acute inflammation (poly-
morphonuclear neutrophils) and chronic inflammation (mononuclear
leukocytes) were graded separately on a scale with scores ranging from 0 to
3 (absent, mild, moderate, and marked inflammation, respectively) in
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both the antrum and corpus, for a cumulative total score of 0 to 12 (33, 35,
52, 53). The loss of parietal cells and the loss of chief cells were estimated
semiquantitatively (as the percentage of cells lost) on the basis of a review
of the hematoxylin- and eosin-stained sections containing the entire
length of the stomach. Gastric ulceration, dysplasia, and adenocarcinoma
were recorded as present or absent, but these features were not scored for
severity. All gastric cancer cases were independently evaluated by a second
pathologist (who was also blind to the experimental conditions), who
confirmed the diagnoses.

Diagnostic criteria for IDA. To diagnose anemia in humans, the
World Health Organization analyzes hemoglobin levels in a healthy ref-
erence population. A value 2 standard deviations below the mean hemo-
globin value for this reference population is set as the lower limit of nor-
mal, and individuals with hemoglobin values below this level are
considered anemic (5). To develop similar criteria for anemia in the ger-
bils, we used the uninfected gerbils on a normal diet as the reference
population. The uninfected gerbils harvested at the 11-week and 16-week
time points had similar mean hemoglobin levels (13.75 g/dl and 13.28
g/dl, respectively), and therefore, the results for uninfected animals from
the two time points were pooled for most analyses. A value 2 standard
deviations below the mean hemoglobin value for animals analyzed at the
16-week time point was established as the lower limit for normal hemo-
globin scores; gerbils with hemoglobin levels lower than this cutoff were
considered anemic. Microcytic anemia was diagnosed using a similar ap-
proach with MCV as the determinant. A value 2 standard deviations be-
low the mean MCV for the normal, uninfected cohort at the 16-week time
point was established as the lower limit for a normal MCV; gerbils with
MCV values lower than this cutoff were considered to have microcytosis.
To detect iron deficiency, serum ferritin values were analyzed. The nor-
mal, uninfected cohort of gerbils harvested at the 16-week time point was
again utilized as the reference population. Due to a high level of variation
in serum ferritin values, confidence intervals were used as a tool to estab-
lish lower limits for iron deficiency. The lower 95% confidence interval of
the mean represented the lower limit of normal, and gerbils with serum
ferritin values below this level were considered iron deficient. Any gerbil
meeting the criteria for both anemia and iron deficiency was diagnosed as
having iron deficiency anemia.

Fecal occult blood. Gerbil stool samples were collected at the time of
harvest by squeezing the contents of the large intestine into Eppendorf
tubes. To detect occult blood, a Hemoccult Sensa (Beckman Coulter)
assay kit was used following the manufacturer’s instructions.

Statistical analysis. All data are presented as the mean � standard
error of the mean (SEM). Statistical analyses were conducted using
GraphPad Prism software package. All associations were assessed using
Spearman’s rank-order correlation.

RESULTS
Anemia in H. pylori-infected gerbils. To investigate the possible
effects of H. pylori and diet on the development of anemia, we
conducted experiments using a Mongolian gerbil model of H.
pylori infection. Male Mongolian gerbils were maintained on one
of four diets: a normal diet, a high-salt diet, a low-iron diet, or a
combination of a high-salt and low-iron diet. Among gerbils re-
ceiving each diet, animals in one subgroup were experimentally
infected with H. pylori and the animals in the other subgroup
served as uninfected controls. At two experimental endpoints (11
and 16 weeks postinfection), H. pylori-infected gerbils and unin-
fected control gerbils were euthanized, blood was collected to ex-
amine hematological parameters, and gastric tissue was collected
to assess changes in gastric pathology.

In an analysis in which all H. pylori-infected gerbils were com-
pared to all uninfected gerbils (independent of diet), we observed
significantly decreased mean hemoglobin values among infected
gerbils at the later time point (16 weeks postinfection) in compar-

ison to the values among the uninfected gerbils (11.3 � 0.3 g/dl
and 13.4 � 0.1 g/dl, respectively; P � 0.05) (Fig. 1A). Infected
gerbils harvested at the early time point (11 weeks postinfection)
also had reduced mean hemoglobin values compared to the unin-
fected cohort, but the difference did not reach statistical signifi-
cance (Fig. 1A; see also Fig. S1A in the supplemental material).
Among infected gerbils harvested at the 16-week time point, the
cohort fed a combination of a high-salt and low-iron diet exhib-
ited the lowest hemoglobin levels (P � 0.05) (Fig. 1B). Similar
results were observed when hematocrit values were analyzed (see
Fig. S1B and C).

To determine if anemia was present in individual gerbils, we
used the criteria described in Materials and Methods. By these
standards, 72% of all infected gerbils harvested at the later time
point were anemic, whereas none of the uninfected animals were
anemic (Fig. 1C). Anemia rates among groups of infected gerbils
differed depending on the diet that they received. Infected gerbils
on a normal diet had the lowest incidence of anemia (55%), and
infected gerbils fed a combination high-salt and low-iron diet had
the highest incidence (100%) (P � 0.02 compared to infected
gerbils fed a normal diet) (Fig. 1C). There were no significant
differences in H. pylori colonization levels among the cohorts (see
Fig. S1D in the supplemental material). These data indicate that H.
pylori causes anemia in experimentally infected gerbils and that
the composition of the diet influences both the incidence and the
severity of anemia.

Effect of diet on iron deficiency anemia in H. pylori-infected
gerbils. As a first step in elucidating the type of anemia present in
H. pylori-infected gerbils, we analyzed the erythrocyte mean
corpuscular volume (MCV). The mean MCV was significantly
lower among H. pylori-infected gerbils at the 16-week time point
(53.9 � 1.3 fl) than among infected gerbils at the earlier 11-week
time point (63.0 � 2.3 fl) (P � 0.05) or uninfected gerbils (62.7 �
0.6 fl, on the basis of pooled data from both time points, P � 0.05)
(Fig. 1D; see also Fig. S1E in the supplemental material), indicat-
ing the presence of a microcytic anemia (i.e., an anemia charac-
terized by a reduction in the MCV, in contrast to a normocytic
anemia, in which the MCV is not significantly reduced). The low-
est MCV values were detected in infected gerbils fed either a low-
iron diet (49.6 � 2.0 fl) or a combination of a high-salt and low-
iron diet (48.9 � 2.9 fl) (P � 0.05 compared to the uninfected
cohort on a normal diet or to the uninfected control groups on the
same diets) (Fig. 1E).

The most likely causes of microcytic anemia in H. pylori-in-
fected gerbils are iron deficiency anemia and anemia of chronic
disease (anemia due to persistent infection or disease) (54). A
distinguishing feature of IDA is a low serum ferritin concentra-
tion, whereas anemia of chronic disease is characterized by an
elevated serum ferritin concentration (55). Therefore, we ana-
lyzed serum ferritin levels by enzyme-linked immunosorbent as-
say (ELISA). Serum ferritin levels were significantly decreased
among infected gerbils at both the 11-week and 16-week time
points (1,004.0 � 379.4 ng/ml and 516.5 � 123.8 ng/ml, respec-
tively) compared to those among uninfected gerbils (2,036.0 �
341.4 ng/ml) (P � 0.05) (Fig. 2A). The serum ferritin levels among
infected gerbils diagnosed with microcytic anemia were signifi-
cantly decreased compared to the serum ferritin levels among in-
fected gerbils determined to be nonanemic, infected gerbils with
normocytic anemia, and uninfected gerbils (P � 0.05) (Fig. 2B).
Infected gerbils maintained on a low-iron diet or a combination of
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FIG 1 Reduced hemoglobin levels in H. pylori-infected gerbils. Horizontal bars represent means � SEMs, and asterisks represent significant differences (P �
0.05). (A) Hemoglobin levels are shown for uninfected gerbils (the results for the 11- and 16-week time points combined), infected gerbils at 11 weeks
postinfection, and infected gerbils at 16 weeks postinfection. Hemoglobin levels in infected gerbils (at 16 weeks postinfection) were significantly reduced
compared to those in the uninfected group (P � 0.05, Kruskal-Wallis test with Dunn’s multiple comparison). (B) Hemoglobin levels at the 16-week time point,
by diet. Hemoglobin levels in infected gerbils on a combination of a high salt and low-iron diet differed significantly from the levels in the uninfected cohort on
a regular diet (*, P � 0.05, Kruskal-Wallis test with Dunn’s multiple-comparison test) or the combination high-salt and low-iron diet (P � 0.05). (C) Percentage
of gerbils considered anemic at the 16-week time point, by diet. The incidence of anemia was higher in each of the infected cohorts than the entire group of
uninfected gerbils (* and #, P � 0.005, Fisher’s exact test). When various infected cohorts were compared to the infected cohort on a normal diet, only the infected
gerbils on a high-salt/low-iron diet had a significantly higher incidence of anemia (#, P � 0.02). (D) The MCV for uninfected gerbils (the results for the two time
points combined), infected gerbils at 11 weeks postinfection, and infected gerbils at 16 weeks postinfection is shown. The MCVs of infected gerbils at 16 weeks
postinfection were significantly lower than the MCVs of uninfected gerbils or infected gerbils at 11 weeks postinfection (P � 0.05, Kruskal-Wallis test with Dunn’s
multiple-comparison test). (E) MCVs at the 16-week time point, by diet. When each cohort is compared to the reference group of uninfected gerbils on a normal
diet, the MCVs of infected gerbils on a low-iron diet and the MCVs of infected gerbils on a high-salt/low-iron diet were significantly lower (P � 0.05,
Kruskal-Wallis test with Dunn’s multiple-comparison test). These two groups also had significantly reduced MCVs compared to uninfected groups on the same
diets (P � 0.05, Kruskal-Wallis test with Dunn’s multiple-comparison test).
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a high-salt and low-iron diet exhibited the greatest reductions in
ferritin compared to the uninfected gerbils on a normal diet (P �
0.05) (Fig. 2C; see also Fig. S1F in the supplemental material) and
also had significantly reduced serum ferritin values compared to
the uninfected gerbils on the same diets (Fig. 2C).

To determine if IDA was present in individual gerbils, we de-
veloped criteria for iron deficiency based on serum ferritin values,
as described in Materials and Methods. If a gerbil was deemed to
be both anemic and iron deficient, the gerbil was classified as hav-
ing IDA. By these criteria, IDA occurred in 57% of all infected
gerbils and none of the uninfected animals (P � 0.001, Fisher’s
exact test). H. pylori-infected gerbils on a combination high-salt
and low-iron diet had a significantly higher rate of IDA (90%)
than infected gerbils receiving the normal diet (30%) (P � 0.0163,
Fisher’s exact test). Collectively, these data indicate that iron de-
ficiency anemia occurs more commonly in H. pylori-infected ger-
bils than in uninfected gerbils. Moreover, a diet containing an
increased salt content and a decreased iron content promoted the
development of iron deficiency anemia in H. pylori-infected ger-
bils but not in uninfected gerbils during the time course of these
experiments.

Gastric ulceration, gastric cancer, and gastric inflammation
in H. pylori-infected gerbils. One possible mechanism by which
iron deficiency can arise is through chronic blood loss. To detect
gastrointestinal blood loss, we tested stool samples collected at the
16-week time point for the presence of fecal occult blood. Fecal
occult blood was detected at a significantly higher frequency in the
infected gerbils than in the uninfected gerbils (68.57% and 4.76%
of gerbils were positive for occult blood, respectively; P � 0.0001,
Fisher’s exact test). H. pylori-induced gastric ulceration represents
a potential source of the blood found in the fecal contents. To
detect gastric ulceration, gastric histologic sections were examined
as described in Materials and Methods. No gastric ulcers were
observed in uninfected gerbils (Fig. 3A), whereas gastric ulcers
were detected in 46% of infected gerbils at the 16-week time point.
Ulcers were predominantly located either in the transitional mu-
cosa between the corpus and antrum or in the proximal two-
thirds of the antrum (Fig. 3B). Among the infected gerbils, there
was no correlation between the presence of gastric ulcers and the
detection of fecal occult blood. The detection of fecal occult blood
in a high proportion of infected gerbils without gastric ulcers is
consistent with a limited sensitivity of the histologic methodology
used for detection of gastric ulcers. The methodology used to as-
sess fecal occult blood also has limitations. For example, detection
of fecal occult blood may be insensitive if blood loss from gastric
ulcers is intermittent.

As expected, infected, ulcerated gerbils had significantly lower
hemoglobin levels than infected, nonulcerated gerbils (10.3 � 0.3
g/dl and 12.0 � 0.3 g/dl, respectively; P � 0.0002) (Fig. 4A). Con-
cordantly, gastric ulceration was detected in 62% (13 out of 21) of
gerbils diagnosed as having IDA, whereas it was detected in only
14% (2 out of 14) of infected gerbils that did not have IDA (P �
0.0062) (Fig. 4B). Among infected gerbils, those on a diet contain-
ing increased salt (either the high-salt diet or the combination of a

FIG 2 Reduced serum ferritin levels in H. pylori-infected gerbils. Horizontal
bars represent means � SEMs, and asterisks represent significant differences
(P � 0.05). (A) Serum ferritin levels are shown for uninfected gerbils (the
results for the two time points combined), infected gerbils at 11 weeks postin-
fection, and infected gerbils at 16 weeks postinfection. Infected gerbils (both
time points) had significantly reduced serum ferritin levels compared to the
uninfected gerbils (P � 0.05, Kruskal-Wallis test with Dunn’s multiple-com-
parison test). (B) Serum ferritin levels at the 16-week time point, by anemia
status. The serum ferritin levels in infected gerbils diagnosed with microcytic
anemia (69.66 � 17.5 ng/ml) were significantly decreased compared to the
serum ferritin levels in infected gerbils determined to be nonanemic (780.3 �
139.5 ng/ml), infected gerbils with normocytic (normal MCV) anemia (894 �
357.7 ng/ml), and uninfected gerbils (2,243 � 405.5 ng/ml) (P � 0.05,
Kruskal-Wallis test with Dunn’s multiple-comparison test). (C) Serum ferritin
levels of gerbils, by diet at the 16-week time point. Infected gerbils on a low-
iron diet and infected gerbils on a combination of a high-salt and low-iron diet
had significantly lower serum ferritin values than the uninfected gerbils on a
normal diet (236.1 � 117.3 ng/ml, 165.2 � 89.6 ng/ml, and 2,796 � 767.5

ng/ml, respectively; P � 0.05 Kruskal-Wallis test with Dunn’s multiple-com-
parison test). The ferritin levels in the first two groups also differed signifi-
cantly from the ferritin levels in the uninfected cohorts on the same diets (P �
0.05).

Beckett et al.

3342 iai.asm.org December 2016 Volume 84 Number 12Infection and Immunity

http://iai.asm.org


high-salt and low-iron diet) had a significantly higher incidence of
gastric ulceration (ulceration in 12 of 19 animals [63%]) than
gerbils not on a high-salt diet (ulceration in 6 of 20 animals on a
normal or a low-iron diet [30%]) (P � 0.039) (Fig. 4C).

Another possible cause of blood loss and anemia is the devel-
opment of gastric adenocarcinoma (Fig. 3C). At the 16-week time

point, gastric adenocarcinoma was detected in 72% (28 out of 39)
of H. pylori-infected gerbils and none of the uninfected gerbils.
Gastric ulcers were detected in 64% of the 28 gerbils with adeno-
carcinoma and in none of the 11 H. pylori-infected gerbils without
adenocarcinoma. Thus, gerbils exhibiting a gastric ulcer were sig-
nificantly more likely than the infected, nonulcerated cohort of
gerbils to be diagnosed as having gastric adenocarcinoma (P �
0.0002) (Fig. 4B). To determine if gastric cancer was a cause of
blood loss and anemia independently of gastric ulceration, we
classified the infected nonulcerated gerbils into two subgroups on
the basis of the presence or absence of gastric cancer (Fig. 4A). No
significant difference in hemoglobin levels was detected between
these two nonulcerated subgroups, suggesting that the anemia was
mainly attributable to gastric ulceration instead of gastric cancer.
Most of the gastric adenocarcinomas detected in this study were
confined to the mucosa and did not penetrate through the gastric
epithelium, which probably explains why the presence of gastric
cancer was not an independent cause of anemia.

As expected, gastric inflammation was present in H. pylori-
infected gerbils but not uninfected gerbils (P � 0.0001), as deter-
mined by gastric histology scores (see Fig. S2A in the supplemental
material). The severity of gastric inflammation was associated
with markers of IDA (decreased serum ferritin and hemoglobin
levels) at the 16-week time point (P � 0.0001) (see Fig. S2B and
C), but this relationship was not statistically significant if unin-
fected animals were excluded from the analysis (i.e., if only in-
fected animals were analyzed).

Anemia and gastric pH. Increased gastric pH (hypochlorhy-
dria) can lead to decreased iron absorption, iron deficiency, and
anemia (56). Therefore, we examined the relationship between
gastric pH and hematological alterations. In animals harvested at
both 16 weeks and 11 weeks postinfection, gastric pH values were
significantly higher in H. pylori-infected gerbils (4.4 � 0.2 and
3.7 � 0.1, respectively) than in uninfected gerbils (3.0 � 0.0) (P �
0.05) (Fig. 4D). There was an inverse association between gastric
pH and hemoglobin values (P � 0.0001) (see Fig. S3A in the sup-
plemental material). Similarly, there was an inverse association
between gastric pH and serum ferritin values (P � 0.0001) (see
Fig. S3B). These relationships were not statistically significant if
uninfected animals were excluded from the analyses (i.e., if the
analyses were limited to only infected gerbils).

Consistent with previous reports (33), increased gastric pH
was associated with increased gastric inflammation (P � 0.0001)
(see Fig. S2D in the supplemental material). This relationship was
statistically significant even when uninfected animals were ex-
cluded from the analysis. Previous studies have shown that H.
pylori infection can lead to the loss of parietal cells (acid-secreting
cells found in the stomach) in Mongolian gerbils as well as atro-
phic gastritis and parietal cell loss in humans (33, 57). Similarly,
infected gerbils in the current study exhibited parietal cell loss,
whereas uninfected gerbils did not (Fig. 5; see also Fig. S3E). A
reduction in chief cells was also detected in infected gerbils com-
pared to uninfected gerbils (P � 0.0001) (Fig. 5; see also Fig. S3F).
As expected, both parietal cell loss and chief cell loss were posi-
tively correlated with gastric pH, suggesting that parietal cell loss
was the cause of hypochlorhydria (P � 0.0001) (see Fig. S3C). In
addition, parietal cell loss was inversely correlated with hemoglo-
bin levels (P � 0.0001) (see Fig. S3D). In summary, gastric inflam-
mation and ulceration, parietal cell loss, and increased gastric pH

FIG 3 Gastric ulceration and gastric cancer in infected gerbils. (A) Gastric
mucosa of an uninfected gerbil on a normal diet. (B) Gastric mucosa of an
infected gerbil on a high-salt diet. A gastric ulcer in the proximal third of the
antrum is visible in the upper right portion of the image and is circled. (C)
Invasive gastric adenocarcinoma (circled) in an infected gerbil on a high-salt
diet, characterized by irregular glands infiltrating the submucosa. Magnifica-
tions, �100.
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were each correlated with the development of iron deficiency ane-
mia and likely contributed to the development of this disorder.

Analysis of leukocytes and platelets. In addition to analyzing
the effects of H. pylori infection on the development of anemia, we
investigated the effects of H. pylori and diet on other hematologic
parameters. At the 16-week time point, infected gerbils had signif-
icantly elevated white blood cell (WBC) counts compared to un-
infected gerbils (14.0 � 109 � 1.1 � 109/liter and 9.8 � 109 � 0.7
� 109/liter, respectively; P � 0.009) (Fig. 6A). Consistent with the
elevated total WBC counts, neutrophil counts and monocyte
counts were significantly elevated in infected cohorts compared to
uninfected gerbils (P � 0.001) (Fig. 6B and C). When infected
anemic gerbils were compared with infected nonanemic gerbils,
there was no difference in total WBC counts or neutrophil counts
(Fig. 6A and B), but infected anemic gerbils had significantly ele-
vated monocyte counts (1.3 � 109 � 0.3 � 109/liter) compared to
the infected nonanemic cohort (0.3 � 109 � 0.04 � 109/liter, P �
0.05) (Fig. 6C).

Infected gerbils had significantly higher platelet counts than
uninfected gerbils (1,082.0 � 109 � 49.2 � 109/liter and 732.5 �
109 � 18.9 � 109/liter, respectively; P � 0.0001) (Fig. 6D). A

positive correlation between platelet count and gastric pH (P �
0.0001) (see Fig. S4A in the supplemental material) and between
platelet count and gastric ulcers (P � 0.013) (data not shown) was
observed. Increased platelet counts were associated with several
markers of iron deficiency anemia. Specifically, platelet counts
were inversely correlated with hemoglobin levels (P � 0.0001),
mean corpuscular volume (P � 0.001), and serum ferritin levels
(P � 0.013) (see Fig. S4B to D). Taken together, these results
indicate that leukocytosis and thrombocytosis occur commonly in
H. pylori-infected gerbils and that monocytosis occurs more com-
monly in H. pylori-infected gerbils with IDA than in infected non-
anemic gerbils.

DISCUSSION

In this study, we demonstrate that H. pylori infection causes IDA
in the Mongolian gerbil model. Previous studies in rodent models
have reached inconsistent conclusions about the capacity of H.
pylori to cause anemia (19–22). The inconsistent conclusions
might reflect the use of different H. pylori strains, differences in
animal models, differences in diets, or differences in the time
points selected for analysis. In the current study, we used H. pylori

FIG 4 Relationship between anemia and gastric ulceration. Horizontal bars represent means � SEMs, and asterisks represent significant differences (P � 0.05).
(A) Hemoglobin levels of infected gerbils harvested at the 16-week time point were stratified by cancer and ulceration status. All ulcerated gerbils had gastric
cancer. Hemoglobin levels were significantly reduced in infected gerbils with gastric ulcers compared to infected gerbils without gastric ulceration (either with
concomitant gastric cancer or without evidence of gastric cancer) (P � 0.05, Kruskal-Wallis test with Dunn’s multiple-comparison test). (B) Incidence of gastric
ulceration at the 16-week time point in infected gerbils with or without IDA, and incidence of gastric ulceration in infected gerbils with or without gastric cancer.
Gerbils with IDA or gastric cancer had a significantly higher incidence of gastric ulceration than gerbils without IDA or gerbils without cancer, respectively (P �
0.0062 and P � 0.0002, respectively, Fisher’s exact test). (C) Percentage of gerbils with a gastric ulcer at the 16-week time point, by diet. Asterisks represent a
significant difference (P � 0.05) when combined data from cohorts consuming diets high in salt (high salt and combination) are compared to combined data
from uninfected animals. (D) The gastric pH of uninfected gerbils (at both time points), infected gerbils at the 11-week time point, and infected gerbils at the
16-week time point is presented. The gastric pH was significantly higher in both infected cohorts than in the uninfected cohort (P � 0.05, Kruskal-Wallis test with
Dunn’s multiple-comparison test).
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strain 7.13, which produces CagA and has a functional cag type IV
secretion system. A previous study infected Mongolian gerbils
with a CagA-positive strain and did not detect anemia in the in-
fected gerbils (22). The reason for the difference in results is not
known, but we speculate that the animals in the current study may
have had more severe gastric pathology than the animals in the
previous study. A direct comparison of gastric histologic features
in these studies is not possible because the previous study did not
examine gastric tissue for the presence of ulceration, cancer, or
inflammation (22).

There are multiple potential mechanisms by which H. pylori
infection could lead to anemia. Chronic gastrointestinal blood
loss is a well-known cause of iron deficiency anemia, and in the
current study, we detected gastric ulceration and gastrointestinal
blood loss in a high proportion of the H. pylori-infected animals.
In addition, we detected increased gastric pH and parietal cell loss
in H. pylori-infected animals. Therefore, both blood loss from
gastric ulceration and H. pylori-induced hypochlorhydria (with
the resulting impaired iron absorption) probably contributed to
the development of anemia (56).

We also examined the effects of diet on H. pylori-induced IDA
and found that H. pylori-infected animals fed a high-salt/low-iron
diet had a higher incidence and an increased severity of IDA com-
pared to H. pylori-infected animals receiving a regular diet. Im-
portantly, neither the low-iron diet nor the high-salt diet resulted
in anemia in uninfected animals. Over a long period of time, a
low-iron diet would eventually be expected to result in IDA in
uninfected animals (1). Presumably, the time course of the exper-

iments in the current study was not long enough to permit the
development of IDA in uninfected animals on a low-iron diet.
One interpretation is that H. pylori infection accelerates or exac-
erbates the development of IDA in response to a low-iron diet
(and, possibly, a high-salt diet). In addition, a low-iron diet or a
high-salt diet might augment the capacity of H. pylori infection to
cause IDA.

In support of the latter model, previous studies have shown
that administration of diets high in salt or low in iron to H. pylori-
infected gerbils results in an increased severity of gastric inflam-
mation and an increased incidence of gastric cancer (33, 35, 37). It
has been proposed that these effects are attributable to enhanced
H. pylori virulence under high-salt or low-iron conditions (33, 35,
44, 46, 47, 58). For example, a high-salt environment stimulates
increased production of the H. pylori effector protein CagA, and a
low-iron environment stimulates enhanced activity of the H. py-
lori cag T4SS (which is required for the entry of CagA into gastric
epithelial cells) (35, 44, 45, 58). Infection of animals with CagA-
positive strains that have a functional cag type IV secretion system
results in increased gastric inflammation and damage compared
to infection of animals with cagA mutant strains (33, 35) or mu-
tant strains that have defects in cag T4SS activity (59, 60). There-
fore, increased production of CagA in response to high-salt con-
ditions and increased delivery of CagA into host cells in response
to low-iron conditions are likely mechanisms by which these di-
etary alterations influence the development of a gastric pathology.

In contrast to previous studies that reported elevated rates of
gastric cancer in H. pylori-infected gerbils receiving a high-salt or

FIG 5 Hematoxylin- and eosin-stained sections of gerbil corpus mucosa. Chief cells (arrows) are basophilic and mainly located at the base of the glands. Parietal
cells (arrowheads) are large and eosinophilic and display a triangular or round shape. (A and B) Normal mucosa. (C and D) An H. pylori-induced loss of parietal
and chief cells is observed on the left side of the images. These cells have been replaced by antral-type epithelial cells. The boxed areas in panels A and C are
magnified in panels B and D, respectively. Magnifications �200 (A and C) and �400 (B and D).
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a low-iron diet (33, 35), the composition of the diet did not influ-
ence gastric cancer rates in the current study. Notably, the gastric
cancer rates in infected animals on a regular diet were consider-
ably higher in this study than in previous studies (33, 35). When
the methods used in the various studies are compared to those
used in the present study, one difference pertains to the type of
diet fed to the control animals. In the current study, the control
group received AIN-93M chow (which contains 0.26% sodium
chloride and 39 ppm iron) and the other groups received modified
forms of this diet. In contrast, the control groups in previous stud-
ies received either a modified form of AIN-93M chow (containing
250 ppm iron) or a Purina 5001 diet (which contains 0.75% so-
dium chloride and 240 ppm iron) (33, 35).

We propose that there may be a positive-feedback loop,
whereby low-iron or high-salt conditions lead to the increased
delivery of secreted H. pylori virulence factors, such as CagA (33,
35, 44), resulting in gastrointestinal blood loss and impaired iron
absorption, and that the consequent iron deficiency drives the
continued enhanced production and delivery of H. pylori viru-
lence factors (Fig. 7). In addition, we speculate that the inflamma-
tory environment generated by a high-salt or a low-iron diet
drives the selection of H. pylori strains that produce multiple vir-

ulence factors and are thereby most fit for growth in an inflamma-
tory environment (61).

In addition to detecting anemia in H. pylori-infected gerbils, we
detected several other hematologic abnormalities, including leu-
kocytosis and thrombocytosis. These findings indicate that H. py-
lori colonization of the gerbil stomach leads to not only a gastric
mucosal inflammatory response but also a systemic response. Pre-
vious studies reported that humans infected with H. pylori have
significantly higher leukocyte counts than their uninfected coun-
terparts (62, 63). The leukocytosis observed in H. pylori-infected
gerbils in the current study was substantially greater than the leu-
kocytosis previously observed in H. pylori-infected humans. We
speculate that the prolonged coevolution of H. pylori and humans
has favored the selection of H. pylori-host interactions character-
ized by a minimal systemic host response (64, 68). As gerbils are
not a natural host for H. pylori, this could explain the exaggerated
systemic inflammatory response observed in the current study.

The thrombocytosis detected in the current study occurred in a
large proportion of animals, presumably as part of a systemic in-
flammatory response to H. pylori infection. This is markedly dif-
ferent from ITP, which occurs in only a very small proportion of
H. pylori-infected humans through a different immunologic

FIG 6 Leukocytosis and thrombocytosis in H. pylori-infected gerbils. Horizontal bars represent means � SEMs, and asterisks represent significant differences
(P � 0.05). Total white blood cell counts, neutrophil counts, monocyte counts, and platelet counts in uninfected gerbils, infected gerbils without anemia, and
infected anemic gerbils were determined at the 16-week time point. (A) Total WBC counts did not differ among the groups (P � 0.21, Kruskal-Wallis test with
Dunn’s multiple-comparison test). (B) Neutrophil counts were significantly elevated in the infected cohorts compared to the uninfected gerbils (P � 0.001,
Kruskal-Wallis test with Dunn’s multiple-comparison test). (C) The monocyte counts in the infected anemic (based on hemoglobin values) cohort were
significantly higher than the monocyte counts in the uninfected cohort or the infected nonanemic cohort (P � 0.05, Kruskal-Wallis test with Dunn’s multiple-
comparison test). (D) Platelet counts of gerbils in both infected cohorts (anemic or not anemic) were significantly higher than those in the uninfected cohort (P �
0.05, Kruskal-Wallis test with Dunn’s multiple-comparison test).
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mechanism. The increased platelet counts occurring in associa-
tion with IDA have been reported in other rodent models of IDA,
as well as in humans with IDA (65, 66).

Unexpectedly, we detected markedly elevated monocyte
counts in H. pylori-infected gerbils with anemia compared to in-
fected gerbils without anemia. It has previously been suggested
that under conditions of iron deficiency, apoptotic signaling path-
ways in some hematopoietic lineages are rendered nonfunctional,
resulting in a longer life span for white blood cells, such as mono-
cytes and neutrophils (67). Delayed or absent apoptotic processes
could potentially account for the increased circulating monocytes
observed in the anemic animals in this study, as this would extend
the lifetime of these cells (67).

In summary, these data provide strong evidence indicating that
H. pylori can cause iron deficiency anemia and a systemic inflam-
matory response in an animal model. Gastrointestinal blood loss
from H. pylori-induced gastric ulceration is probably the main
cause of the anemia, but reduced iron absorption as a result of
increased gastric pH may also be contributory. High-salt and low-
iron diets enhanced the capacity of H. pylori to cause gastric ulcer-
ation and/or iron deficiency anemia but had no detectable effect
on uninfected animals. These findings highlight the important
role of diet as a factor influencing the outcome of H. pylori infec-
tion.

ACKNOWLEDGMENTS

We thank the Vanderbilt Translational Pathology Shared Resource, Tis-
sue Acquisition and Pathology Core, and Division of Animal Care for
assistance with the project, and we thank Tatsuki Koyama for advice on
statistical analysis.

FUNDING INFORMATION
This work, including the efforts of Timothy L. Cover, was funded by U.S.
Department of Veterans Affairs (2I01BX000627). This work, including
the efforts of Holly M. Scott Algood, was funded by U.S. Department of
Veterans Affairs (2I01BX000915). This work, including the efforts of
Timothy L. Cover, was funded by HHS | National Institutes of Health
(NIH) (AI039657, AI118932, and CA116087). This work, including the
efforts of Richard M. Peek, was funded by HHS | National Institutes of
Health (NIH) (DK58587, CA77955, CA116087, and P30 DK058404). This
work, including the efforts of Amber C. Beckett, was funded by HHS |
National Institutes of Health (NIH) (T32 HL007751). This work, includ-
ing the efforts of Richard M. Peek and Timothy L. Cover, was funded by
HHS | National Institutes of Health (NIH) (P30 CA068485).

REFERENCES
1. World Health Organization. 2005. Worldwide prevalence of anaemia.

WHO global database on anaemia. World Health Organization, Geneva,
Switzerland.

2. White NJ, Pukrittayakamee S, Hien TT, Faiz MA, Mokuolu OA, Don-
dorp AM. 2014. Malaria. Lancet 383:723–735. http://dx.doi.org/10.1016
/S0140-6736(13)60024-0.

3. Camaschella C. 2015. Iron-deficiency anemia. N Engl J Med 372:1832–
1843. http://dx.doi.org/10.1056/NEJMra1401038.

4. Tansarli GS, Karageorgopoulos DE, Kapaskelis A, Gkegkes I, Falagas
ME. 2013. Iron deficiency and susceptibility to infections: evaluation of
the clinical evidence. Eur J Clin Microbiol Infect Dis 32:1253–1258. http:
//dx.doi.org/10.1007/s10096-013-1877-x.

5. World Health Organization. 2001. Iron deficiency anaemia: assessment,
prevention and control. A guide for programme managers. http://www
.who.int/nutrition/publications/en/ida_assessment_prevention_control
.pdf.

6. Farid Z, Patwardhan VN, Darby WJ. 1969. Parasitism and anemia. Am
J Clin Nutr 22:498 –503.

7. van Bunderen CC, Bomers MK, Wesdorp E, Peerbooms P, Veenstra
J. 2010. Clostridium perfringens septicaemia with massive intravascu-
lar haemolysis: a case report and review of the literature. Neth J Med
68:343–346.

8. Weiss G, Goodnough LT. 2005. Anemia of chronic disease. N Engl J Med
352:1011–1023. http://dx.doi.org/10.1056/NEJMra041809.

9. Yip R, Limburg PJ, Ahlquist DA, Carpenter HA, O’Neill A, Kruse D,
Stitham S, Gold BD, Gunter EW, Looker AC, Parkinson AJ, Nobmann
ED, Petersen KM, Ellefson M, Schwartz S. 1997. Pervasive occult gas-
trointestinal bleeding in an Alaska native population with prevalent iron
deficiency. Role of Helicobacter pylori gastritis. JAMA 277:1135–1139.

10. Stasi R, Sarpatwari A, Segal JB, Osborn J, Evangelista ML, Cooper N,
Provan D, Newland A, Amadori S, Bussel JB. 2009. Effects of eradication
of Helicobacter pylori infection in patients with immune thrombocytope-
nic purpura: a systematic review. Blood 113:1231–1240. http://dx.doi.org
/10.1182/blood-2008-07-167155.

11. Franceschi F, Zuccalà G, Roccarina D, Gasbarrini A. 2013. Clinical
effects of Helicobacter pylori outside the stomach. Nat Rev Gastroenterol
Hepatol 11:234 –242. http://dx.doi.org/10.1038/nrgastro.2013.243.

12. Pérez-Pérez GI. 1997. Role of Helicobacter pylori infection in the devel-
opment of pernicious anemia. Clin Infect Dis 25:1020 –1022. http://dx.doi
.org/10.1086/516088.

13. Milman N, Rosenstock S, Andersen L, Jørgensen T, Bonnevie O. 1998.
Serum ferritin, hemoglobin, and Helicobacter pylori infection: a seroepi-
demiologic survey comprising 2794 Danish adults. Gastroenterology 115:
268 –274. http://dx.doi.org/10.1016/S0016-5085(98)70192-1.

14. Hacibekiroglu T, Basturk A, Akinci S, Bakanay SM, Ulas T, Guney T,
Dilek I. 2015. Evaluation of serum levels of zinc, copper, and Helicobacter
pylori IgG and IgA in iron deficiency anemia cases. Eur Rev Med Pharma-
col Sci 19:4835– 4840.

15. Sandström G, Rödjer S, Kaijser B, Börjesson M. 2014. Helicobacter
pylori antibodies and iron deficiency in female adolescents. PLoS One
9:e113059. http://dx.doi.org/10.1371/journal.pone.0113059.

16. Qu X-H, Huang X-L, Xiong P, Zhu C-Y, Huang Y-L, Lu L-G, Sun X,
Rong L, Zhong L, Sun D-Y, Lin H, Cai M-C, Chen Z-W, Hu B, Wu
L-M, Jiang Y-B, Yan W-L. 2010. Does Helicobacter pylori infection play
a role in iron deficiency anemia? A meta-analysis. World J Gastroenterol
16:886 – 896.

FIG 7 Positive-feedback loop for H. pylori-induced gastric damage and iron
deficiency anemia. H. pylori infection causes gastric damage, gastrointestinal
blood loss, and increased gastric pH (resulting in impaired iron absorption),
all of which can result in iron deficiency. Consumption of a high-salt or a
low-iron diet enhances H. pylori virulence through multiple mechanisms, in-
cluding increased production of CagA and increased activity of the cag T4SS.
Therefore, high-salt or low-iron diets accelerate or exacerbate the H. pylori-
induced gastric alterations that lead to iron deficiency. The worsening iron
deficiency provides an ongoing stimulus for enhanced H. pylori virulence,
leading to continued gastric damage and blood loss.

Helicobacter pylori and Anemia

December 2016 Volume 84 Number 12 iai.asm.org 3347Infection and Immunity

http://dx.doi.org/10.1016/S0140-6736(13)60024-0
http://dx.doi.org/10.1016/S0140-6736(13)60024-0
http://dx.doi.org/10.1056/NEJMra1401038
http://dx.doi.org/10.1007/s10096-013-1877-x
http://dx.doi.org/10.1007/s10096-013-1877-x
http://www.who.int/nutrition/publications/en/ida_assessment_prevention_control.pdf
http://www.who.int/nutrition/publications/en/ida_assessment_prevention_control.pdf
http://www.who.int/nutrition/publications/en/ida_assessment_prevention_control.pdf
http://dx.doi.org/10.1056/NEJMra041809
http://dx.doi.org/10.1182/blood-2008-07-167155
http://dx.doi.org/10.1182/blood-2008-07-167155
http://dx.doi.org/10.1038/nrgastro.2013.243
http://dx.doi.org/10.1086/516088
http://dx.doi.org/10.1086/516088
http://dx.doi.org/10.1016/S0016-5085(98)70192-1
http://dx.doi.org/10.1371/journal.pone.0113059
http://iai.asm.org


17. Yuan W, Li Y, Yang K, Ma B, Guan Q, Wang D, Yang L. 2010. Iron
deficiency anemia in Helicobacter pylori infection: meta-analysis of ran-
domized controlled trials. Scand J Gastroenterol 45:665– 676. http://dx
.doi.org/10.3109/00365521003663670.

18. Araf LN, Pereira CADB, Machado RS, Raguza D, Kawakami E. 2010.
Helicobacter pylori and iron-deficiency anemia in adolescents in Brazil. J
Pediatr Gastroenterol Nutr 51:477– 480. http://dx.doi.org/10.1097/MPG
.0b013e3181d40cd7.

19. Thomson MJ, Pritchard DM, Boxall SA, Abuderman AA, Williams JM,
Varro A, Crabtree JE. 2012. Gastric Helicobacter infection induces iron
deficiency in the INS-GAS mouse. PLoS One 7:e50194. http://dx.doi.org
/10.1371/journal.pone.0050194.

20. Keenan JI, Peterson RA, Fraser R, Frampton CM, Walmsley TA,
Allardyce RA, Roake JA. 2004. The effect of Helicobacter pylori in-
fection and dietary iron deficiency on host iron homeostasis: a study in
mice. Helicobacter 9:643– 650. http://dx.doi.org/10.1111/j.1083-4389
.2004.00278.x.

21. Burns M, Muthupalani S, Ge Z, Wang TC, Bakthavatchalu V, Cun-
ningham C, Ennis K, Georgieff M, Fox JG. 2015. Helicobacter pylori
infection induces anemia, depletes serum iron storage, and alters local
iron-related and adult brain gene expression in male INS-GAS mice. PLoS
One 10:e0142630. http://dx.doi.org/10.1371/journal.pone.0142630.

22. Xie C, Xu LY, Li W, Yang Z, Lu NH. 2014. Helicobacter pylori infection
in Mongolian gerbils does not initiate hematological diseases. World J
Gastroenterol 20:12308. http://dx.doi.org/10.3748/wjg.v20.i34.12308.

23. Philpott DJ, Belaid D, Troubadour P, Thiberge J-M, Tankovic J, Lab-
igne A, Ferrero RL. 2002. Reduced activation of inflammatory responses
in host cells by mouse-adapted Helicobacter pylori isolates. Cell Microbiol
4:285–296. http://dx.doi.org/10.1046/j.1462-5822.2002.00189.x.

24. Barrozo RM, Cooke CL, Hansen LM, Lam AM, Gaddy JA, Johnson EM,
Cariaga TA, Suarez G, Peek RM, Cover TL, Solnick JV. 2013. Functional
plasticity in the type IV secretion system of Helicobacter pylori. PLoS
Pathog 9:e1003189. http://dx.doi.org/10.1371/journal.ppat.1003189.

25. Queiroz DM, Rocha AM, Crabtree JE. 2013. Unintended consequences
of Helicobacter pylori infection in children in developing countries. Gut
Microbes 4:494 –504. http://dx.doi.org/10.4161/gmic.26277.

26. Cover TL, Peek RM. 2013. Diet, microbial virulence, and Helicobacter
pylori-induced gastric cancer. Gut Microbes 4:482– 493. http://dx.doi.org
/10.4161/gmic.26262.

27. Israel DA, Salama N, Arnold CN, Moss SF, Ando T, Wirth HP, Tham
KT, Camorlinga M, Blaser MJ, Falkow S, Peek RM. 2001. Helicobacter
pylori strain-specific differences in genetic content, identified by microar-
ray, influence host inflammatory responses. J Clin Invest 107:611– 620.
http://dx.doi.org/10.1172/JCI11450.

28. Ozcan S, Barkauskas DA, Ruhaak LR, Torres J, Cooke CL, An HJ, Hua
S, Williams CC, Dimapasoc LM, Kim JH, Camorlinga-Ponce M, Rocke
D, Lebrilla CB, Solnick JV. 2014. Serum glycan signatures of gastric
cancer. Cancer Prev Res (Phila) 7:226 –235. http://dx.doi.org/10.1158
/1940-6207.CAPR-13-0235.

29. Fox JG, Wang TC. 2007. Inflammation, atrophy, and gastric cancer. J
Clin Invest 117:60 – 69.

30. Amieva MR, El-Omar EM. 2008. Host-bacterial interactions in Helico-
bacter pylori infection. Gastroenterology 134:306 –323. http://dx.doi.org
/10.1053/j.gastro.2007.11.009.

31. Cover TL. 2016. Helicobacter pylori diversity and gastric cancer risk. mBio
7:e01869-15. http://dx.doi.org/10.1128/mBio.01869-15.

32. Liu H, Merrell DS, Semino-Mora C, Goldman M, Rahman A, Mog S,
Dubois A. 2009. Diet synergistically affects Helicobacter pylori-induced
gastric carcinogenesis in nonhuman primates. Gastroenterology 137:
1367–1379. http://dx.doi.org/10.1053/j.gastro.2009.07.041.

33. Gaddy JA, Radin JN, Loh JT, Zhang F, Washington MK, Peek RM,
Algood HMS, Cover TL. 2013. High dietary salt intake exacerbates Heli-
cobacter pylori-induced gastric carcinogenesis. Infect Immun 81:2258 –
2267. http://dx.doi.org/10.1128/IAI.01271-12.

34. Tsugane S, Sasazuki S, Kobayashi M, Sasaki S. 2004. Salt and salted food
intake and subsequent risk of gastric cancer among middle-aged Japanese
men and women. Br J Cancer 90:128 –134. http://dx.doi.org/10.1038/sj
.bjc.6601511.

35. Noto JM, Gaddy JA, Lee JY, Piazuelo MB, Friedman DB, Colvin DC,
Romero-Gallo J, Suarez G, Loh J, Slaughter JC, Tan S, Morgan DR,
Wilson KT, Bravo LE, Correa P, Cover TL, Amieva MR, Peek RM. 2013.
Iron deficiency accelerates Helicobacter pylori-induced carcinogenesis in

rodents and humans. J Clin Invest 123:479 – 492. http://dx.doi.org/10
.1172/JCI64373.

36. Zhang ZF, Kurtz RC, Yu GP, Sun M, Gargon N, Karpeh M, Fein JS,
Harlap S. 1997. Adenocarcinomas of the esophagus and gastric cardia:
the role of diet. Nutr Cancer 27:298 –309. http://dx.doi.org/10.1080
/01635589709514541.

37. Toyoda T, Tsukamoto T, Hirano N, Mizoshita T, Kato S, Takasu S, Ban
H, Tatematsu M. 2008. Synergistic upregulation of inducible nitric oxide
synthase and cyclooxygenase-2 in gastric mucosa of Mongolian gerbils by
a high-salt diet and Helicobacter pylori infection. Histol Histopathol 23:
593–599.

38. Kato S, Tsukamoto T, Mizoshita T, Tanaka H, Kumagai T, Ota H,
Katsuyama T, Asaka M, Tatematsu M. 2006. High salt diets dose-
dependently promote gastric chemical carcinogenesis in Helicobacter py-
lori-infected Mongolian gerbils associated with a shift in mucin produc-
tion from glandular to surface mucous cells. Int J Cancer 119:1558 –1566.
http://dx.doi.org/10.1002/ijc.21810.

39. Bergin IL, Sheppard BJ, Fox JG. 2003. Helicobacter pylori infection and
high dietary salt independently induce atrophic gastritis and intestinal
metaplasia in commercially available outbred Mongolian gerbils. Dig Dis
Sci 48:475– 485. http://dx.doi.org/10.1023/A:1022524313355.

40. Tsugane S, Sasazuki S. 2007. Diet and the risk of gastric cancer: review of
epidemiological evidence. Gastric Cancer 10:75– 83. http://dx.doi.org/10
.1007/s10120-007-0420-0.

41. Harrison LE, Zhang ZF, Karpeh MS, Sun M, Kurtz RC. 1997. The role
of dietary factors in the intestinal and diffuse histologic subtypes of gastric
adenocarcinoma: a case-control study in the U.S. Cancer 80:1021–1028.

42. Knekt P, Reunanen A, Takkunen H, Aromaa A, Heliövaara M, Haku-
linen T. 1994. Body iron stores and risk of cancer. Int J Cancer 56:379 –
382. http://dx.doi.org/10.1002/ijc.2910560315.

43. Noto JM, Lee JY, Gaddy JA, Cover TL, Amieva MR, Peek RM. 2015.
Regulation of Helicobacter pylori virulence within the context of iron
deficiency. J Infect Dis 211:1790 –1794. http://dx.doi.org/10.1093/infdis
/jiu805.

44. Loh JT, Torres VJ, Cover TL. 2007. Regulation of Helicobacter pylori
cagA expression in response to salt. Cancer Res 67:4709 – 4715. http://dx
.doi.org/10.1158/0008-5472.CAN-06-4746.

45. Voss BJ, Loh JT, Hill S, Rose KL, McDonald WH, Cover TL. 2015.
Alteration of the Helicobacter pylori membrane proteome in response to
changes in environmental salt concentration. Proteomics Clin Appl
9:1021–1034. http://dx.doi.org/10.1002/prca.201400176.

46. Gancz H, Jones KR, Merrell DS. 2008. Sodium chloride affects Helico-
bacter pylori growth and gene expression. J Bacteriol 190:4100 – 4105.
http://dx.doi.org/10.1128/JB.01728-07.

47. Merrell DS, Thompson LJ, Kim CC, Mitchell H, Tompkins LS, Lee A,
Falkow S. 2003. Growth phase-dependent response of Helicobacter pylori
to iron starvation. Infect Immun 71:6510 – 6525. http://dx.doi.org/10
.1128/IAI.71.11.6510-6525.2003.

48. Pich OQ, Merrell DS. 2013. The ferric uptake regulator of Helicobacter
pylori: a critical player in the battle for iron and colonization of the stom-
ach. Future Microbiol 8:725–738. http://dx.doi.org/10.2217/fmb.13.43.

49. Fox JG, Dangler CA, Taylor NS, King A, Koh TJ, Wang TC. 1999.
High-salt diet induces gastric epithelial hyperplasia and parietal cell loss,
and enhances Helicobacter pylori colonization in C57BL/6 mice. Cancer
Res 59:4823– 4828.

50. McClain MS, Shaffer CL, Israel DA, Peek RM, Cover TL. 2009. Genome
sequence analysis of Helicobacter pylori strains associated with gastric
ulceration and gastric cancer. BMC Genomics 10:3. http://dx.doi.org/10
.1186/1471-2164-10-3.

51. Franco AT, Israel DA, Washington MK, Krishna U, Fox JG, Rogers AB,
Neish AS, Collier-Hyams L, Perez-Perez GI, Hatakeyama M, Whitehead
R, Gaus K, O’Brien DP, Romero-Gallo J, Peek RM. 2005. Activation of
�-catenin by carcinogenic Helicobacter pylori. Proc Natl Acad Sci U S A
102:10646 –10651. http://dx.doi.org/10.1073/pnas.0504927102.

52. Boivin GP, Washington K, Yang K, Ward JM, Pretlow TP, Russell R,
Besselsen DG, Godfrey VL, Doetschman T, Dove WF, Pitot HC, Hal-
berg RB, Itzkowitz SH, Groden J, Coffey RJ. 2003. Pathology of mouse
models of intestinal cancer: consensus report and recommendations. Gas-
troenterology 124:762–777. http://dx.doi.org/10.1053/gast.2003.50094.

53. Piazuelo MB, Correa P. 2013. Gastric cáncer: overview. Colomb Med
(Cali) 44:192–201.

54. DeLoughery TG. 2014. Microcytic anemia. N Engl J Med 371:1324 –1331.
http://dx.doi.org/10.1056/NEJMra1215361.

Beckett et al.

3348 iai.asm.org December 2016 Volume 84 Number 12Infection and Immunity

http://dx.doi.org/10.3109/00365521003663670
http://dx.doi.org/10.3109/00365521003663670
http://dx.doi.org/10.1097/MPG.0b013e3181d40cd7
http://dx.doi.org/10.1097/MPG.0b013e3181d40cd7
http://dx.doi.org/10.1371/journal.pone.0050194
http://dx.doi.org/10.1371/journal.pone.0050194
http://dx.doi.org/10.1111/j.1083-4389.2004.00278.x
http://dx.doi.org/10.1111/j.1083-4389.2004.00278.x
http://dx.doi.org/10.1371/journal.pone.0142630
http://dx.doi.org/10.3748/wjg.v20.i34.12308
http://dx.doi.org/10.1046/j.1462-5822.2002.00189.x
http://dx.doi.org/10.1371/journal.ppat.1003189
http://dx.doi.org/10.4161/gmic.26277
http://dx.doi.org/10.4161/gmic.26262
http://dx.doi.org/10.4161/gmic.26262
http://dx.doi.org/10.1172/JCI11450
http://dx.doi.org/10.1158/1940-6207.CAPR-13-0235
http://dx.doi.org/10.1158/1940-6207.CAPR-13-0235
http://dx.doi.org/10.1053/j.gastro.2007.11.009
http://dx.doi.org/10.1053/j.gastro.2007.11.009
http://dx.doi.org/10.1128/mBio.01869-15
http://dx.doi.org/10.1053/j.gastro.2009.07.041
http://dx.doi.org/10.1128/IAI.01271-12
http://dx.doi.org/10.1038/sj.bjc.6601511
http://dx.doi.org/10.1038/sj.bjc.6601511
http://dx.doi.org/10.1172/JCI64373
http://dx.doi.org/10.1172/JCI64373
http://dx.doi.org/10.1080/01635589709514541
http://dx.doi.org/10.1080/01635589709514541
http://dx.doi.org/10.1002/ijc.21810
http://dx.doi.org/10.1023/A:1022524313355
http://dx.doi.org/10.1007/s10120-007-0420-0
http://dx.doi.org/10.1007/s10120-007-0420-0
http://dx.doi.org/10.1002/ijc.2910560315
http://dx.doi.org/10.1093/infdis/jiu805
http://dx.doi.org/10.1093/infdis/jiu805
http://dx.doi.org/10.1158/0008-5472.CAN-06-4746
http://dx.doi.org/10.1158/0008-5472.CAN-06-4746
http://dx.doi.org/10.1002/prca.201400176
http://dx.doi.org/10.1128/JB.01728-07
http://dx.doi.org/10.1128/IAI.71.11.6510-6525.2003
http://dx.doi.org/10.1128/IAI.71.11.6510-6525.2003
http://dx.doi.org/10.2217/fmb.13.43
http://dx.doi.org/10.1186/1471-2164-10-3
http://dx.doi.org/10.1186/1471-2164-10-3
http://dx.doi.org/10.1073/pnas.0504927102
http://dx.doi.org/10.1053/gast.2003.50094
http://dx.doi.org/10.1056/NEJMra1215361
http://iai.asm.org


55. Wians FH, Urban JE, Keffer JH, Kroft SH. 2001. Discriminating be-
tween iron deficiency anemia and anemia of chronic disease using tradi-
tional indices of iron status vs transferrin receptor concentration. Am J
Clin Pathol 115:112–118. http://dx.doi.org/10.1309/6L34-V3AR-DW39
-DH30.

56. Kassarjian Z, Russell RM. 1989. Hypochlorhydria: a factor in nutrition.
Annu Rev Nutr 9:271–285. http://dx.doi.org/10.1146/annurev.nu.09
.070189.001415.

57. Murakami M, Fukuzawa M, Yamamoto M, Hamaya K, Tamura Y,
Sugiyama A, Takahashi R, Murakami T, Amagase K, Takeuchi K. 2013.
Effects of Helicobacter pylori infection on gastric parietal cells and E-
cadherin in Mongolian gerbils. J Pharmacol Sci 121:305–311. http://dx
.doi.org/10.1254/jphs.12191FP.

58. Loh JT, Friedman DB, Piazuelo MB, Bravo LE, Wilson KT, Peek RM,
Correa P, Cover TL. 2012. Analysis of Helicobacter pylori cagA promoter
elements required for salt-induced upregulation of CagA expression. In-
fect Immun 80:3094 –3106. http://dx.doi.org/10.1128/IAI.00232-12.

59. Ogura K, Maeda S, Nakao M, Watanabe T, Tada M, Kyutoku T,
Yoshida H, Shiratori Y, Omata M. 2000. Virulence factors of Helicobac-
ter pylori responsible for gastric diseases in Mongolian gerbil. J Exp Med
192:1601–1610. http://dx.doi.org/10.1084/jem.192.11.1601.

60. Rieder G, Merchant JL, Haas R. 2005. Helicobacter pylori cag-type IV
secretion system facilitates corpus colonization to induce precancerous
conditions in Mongolian gerbils. Gastroenterology 128:1229 –1242. http:
//dx.doi.org/10.1053/j.gastro.2005.02.064.

61. Loh JT, Gaddy JA, Algood HMS, Gaudieri S, Mallal S, Cover TL. 2015.
Helicobacter pylori adaptation in vivo in response to a high-salt diet. Infect
Immun 83:4871– 4883. http://dx.doi.org/10.1128/IAI.00918-15.

62. Karttunen TJ, Niemelä S, Kerola T. 1996. Blood leukocyte differential in
Helicobacter pylori infection. Dig Dis Sci 41:1332–1336. http://dx.doi.org
/10.1007/BF02088556.

63. Gong Y, Wei W, Jingwei L, Nannan D, Yuan Y. 2015. Helicobacter
pylori infection status correlates with serum parameter levels responding
to multi-organ functions. Dig Dis Sci 60:1748 –1754. http://dx.doi.org/10
.1007/s10620-015-3522-2.

64. Linz B, Balloux F, Moodley Y, Manica A, Liu H, Roumagnac P,
Falush D, Stamer C, Prugnolle F, van der Merwe SW, Yamaoka Y,
Graham DY, Perez-Trallero E, Wadstrom T, Suerbaum S, Achtman
M. 2007. An African origin for the intimate association between hu-
mans and Helicobacter pylori. Nature 445:915–918. http://dx.doi.org
/10.1038/nature05562.

65. Johnson-Wimbley TD, Graham DY. 2011. Diagnosis and management
of iron deficiency anemia in the 21st century. Ther Adv Gastroenterol
4:177–184. http://dx.doi.org/10.1177/1756283X11398736.

66. Choi SI, Simone JV. 1973. Platelet production in experimental iron de-
ficiency anemia. Blood 42:219 –228.

67. Berrak SG, Angaji M, Turkkan E, Canpolat C, Timur C, Eksioglu-
Demiralp E. 2007. The effects of iron deficiency on neutrophil/monocyte
apoptosis in children. Cell Prolif 40:741–754. http://dx.doi.org/10.1111/j
.1365-2184.2007.00460.x.

68. Kodaman N, Pazos A, Schneider BG, Piazuelo MB, Mera R, Sobota RS,
Sicinschi LA, Shaffer CL, Romero-Gallo J, de Sablet T, Harder RH,
Bravo LE, Peek RM, Wilson KT, Cover TL, Williams SM, Correa P.
2014. Human and Helicobacter pylori coevolution shapes the risk of gas-
tric disease. Proc Natl Acad Sci U S A 111:1455–1460. http://dx.doi.org/10
.1073/pnas.1318093111.

Helicobacter pylori and Anemia

December 2016 Volume 84 Number 12 iai.asm.org 3349Infection and Immunity

http://dx.doi.org/10.1309/6L34-V3AR-DW39-DH30
http://dx.doi.org/10.1309/6L34-V3AR-DW39-DH30
http://dx.doi.org/10.1146/annurev.nu.09.070189.001415
http://dx.doi.org/10.1146/annurev.nu.09.070189.001415
http://dx.doi.org/10.1254/jphs.12191FP
http://dx.doi.org/10.1254/jphs.12191FP
http://dx.doi.org/10.1128/IAI.00232-12
http://dx.doi.org/10.1084/jem.192.11.1601
http://dx.doi.org/10.1053/j.gastro.2005.02.064
http://dx.doi.org/10.1053/j.gastro.2005.02.064
http://dx.doi.org/10.1128/IAI.00918-15
http://dx.doi.org/10.1007/BF02088556
http://dx.doi.org/10.1007/BF02088556
http://dx.doi.org/10.1007/s10620-015-3522-2
http://dx.doi.org/10.1007/s10620-015-3522-2
http://dx.doi.org/10.1038/nature05562
http://dx.doi.org/10.1038/nature05562
http://dx.doi.org/10.1177/1756283X11398736
http://dx.doi.org/10.1111/j.1365-2184.2007.00460.x
http://dx.doi.org/10.1111/j.1365-2184.2007.00460.x
http://dx.doi.org/10.1073/pnas.1318093111
http://dx.doi.org/10.1073/pnas.1318093111
http://iai.asm.org

	MATERIALS AND METHODS
	H. pylori infection of Mongolian gerbils.
	Inoculation with H. pylori.
	Hematological and serum ferritin analysis.
	Gastric pH.
	Bacterial density.
	Histology.
	Diagnostic criteria for IDA.
	Fecal occult blood.
	Statistical analysis.

	RESULTS
	Anemia in H. pylori-infected gerbils.
	Effect of diet on iron deficiency anemia in H. pylori-infected gerbils.
	Gastric ulceration, gastric cancer, and gastric inflammation in H. pylori-infected gerbils.
	Anemia and gastric pH.
	Analysis of leukocytes and platelets.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

