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Abstract
We recently showed that L-Gln protects cultured gastric cells from ammonia-induced cell death and predicted that Gln may
Gln protects against H. pylori-associated pathology. For this, C57BL/6 mice were fed a purified diet consisting of 20.3%
protein (1.9% Gln), 66% carbohydrate, and 5% fat or 25.3% protein (5% supplemental L-Gln; 6.9% total Gln), 61%
carbohydrate, and 5% fat. After a 2-wk prefeeding period, mice were divided into sham-(uninfected) or H. pylori-infected
groups. Body weight and food consumption were recorded weekly. Tissue histopathology, H. pylori colonization, serum IgG,
and pro- and antiinflammatory cytokine mRNA expression were determined at 6, 12, and 20 wk postinfection (wkPI).
Inflammation, antiinflammatory cytokine, and interleukin-1b mRNA expression were significantly greater at 6 wkPI in H.
pylori-infected mice fed supplemental Gln compared with those fed the control diet. At 20 wkPI, however, inflammation and
foveolar hyperplasia were significantly lower in H. pylori-infected mice fed supplemental Gln compared with those fed the
control diet. Body weight gain, food consumption, H. pylori colonization, and serum IgG did not differ in H. pylori-infected
mice fed supplemental Gln compared with the control diet. Our data demonstrate that H. pylori-infected mice fed
supplemental dietary Gln have reduced H. pylori-associated pathology in vivo that is accompanied by beneficial changes in
the immune response to H. pylori early in infection. Thus, Gln supplementation may be an alternative therapy for reducing
H. pylori-associated pathology. J. Nutr. 139: 1–7, 2009.

Introduction
Helicobacter pylori are gram-negative and spiral-shaped bacteria
that infect more than one-half of the population worldwide. They
liberate numerous cytotoxins, including ammonia, vacuolating
cytotoxin A, lipopolysaccharide, and proteins of the cytotoxinassociated gene pathogenicity island, which are major risk factors
for the development of peptic (gastric) and upper small intestinal
(duodenal) ulcers. In addition, H. pylori was identified as a group
1 carcinogen by the WHO and as such significantly increases the
risk for gastric cancer development in infected individuals (1,2).
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Approximately 5.5% of the global cancer burden is attributed to
H. pylori infection (2) and there are over 900,000 new cases of
gastric cancer per year. Gastric cancer is also the second-most
common cause of cancer-related deaths worldwide (3). Despite
the widespread use of antibiotic treatment to eradicate H. pylori,
which reduces the H. pylori-mediated inflammation (gastritis)
that facilitates cancer development, gastric cancer prevalence
remains high in North America among immigrant populations
from parts of Central and South America and the Far East and in
distinct geographic locations in some developing countries (3,4).
Current treatment guidelines recommend a first-line triple therapy
for 7–10 d with a proton-pump inhibitor and a combination of
clarithomycin, amoxicillin, tetracycline, or metronidazole (4).
Treatment regimens for H. pylori eradication were recently reviewed and it was reported that they are declining in efficiency in
large part because of drug-resistant strains of H. pylori (4).
Problems with drug resistance, cost, side effects of treatment, and
patient compliance impair mass treatment strategies, and eradication therapy is not recommended for H. pylori-infected patients
who are asymptomatic or have dyspepsia without ulcer disease
(4). As such, an interest in vaccine development is high (5) as are
dietary approaches that reduce infection-related inflammation
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also protect during Helicobacter pylori infection in vivo. Thus, the aim of this study was to test whether supplemental dietary

Materials and Methods
Animals. Animals used for this study were maintained in accordance with
the guidelines of the Committee on Animals at the Beth Israel Deaconess
Medical Center and the Massachusetts Institute of Technology and those
prepared by the committee on Care and Use of Laboratory Animals by the
NRC. The studies were also conducted by approval from the IACUC Committee at each institution under approved protocols. C57BL/6 mice (female)
that were free of Helicobacter spp, Citrobacter rodentium, Salmonella spp,
endoparasites, and antibodies to viral pathogens were obtained at 8 wk of
age from Taconic Farms. The mice were housed in microisolator caging
within an AAALAC-accredited facility.
Experimental diets. After arrival in the animal facility, 105 mice were
randomly divided into 2 diet groups. The first group, consisting of 45
mice, received the AIN-76A rodent diet (16,17), which was the control
diet. The second group, consisting of 60 mice, received the AIN-76A
rodent diet supplemented with 5% L-Gln. The Gln diet maintained an
energy balance of 16.3 kJ/g, but protein was increased by 5% to 25.3 g/
100 g by adding L-Gln and carbohydrate was lowered by 5% to 61.0 g/100
g by reducing sucrose. Fat in both diets was constant at 5 g/100 g. The
purified components used to produce each diet were identical so that the
only difference was in the percentage of L-Gln, which was ;1.9 g/100 g in
the control diet and 6.9 g/100 g in the Gln diet. The Gln diet also contained
a light-yellow dye so that it could be easily identified as the test diet. All
diets were produced by Research Diets. Body weight, body weight gain,
and food intake were calculated weekly, from 2 wk preinfection to 20 wk
postinfection (wkPI).
6
Abbreviations used: GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
HPCont; Helicobacter pylori-infected mice fed a control diet; HPGln, Helicobacter
pylori-infected mice fed a Gln-supplemented diet; IL, interleukin; SS1, Helicobacter
pylori Sydney strain 1; TH, T-helper; TGFb, transforming growth factor-b; UCont,
uninfected mice fed a control diet; UGln, uninfected mice fed a Gln-supplemented
diet; wkPI, week postinfection.
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Bacteria. SS1 used for oral inoculation were grown in Brucella broth at
37!C under microaerobic conditions in 5% fetal calf serum as described
by Lee et al. (15). The bacteria were harvested after 48 h of growth,
resuspended in PBS, and assessed by Gram stain and phase microscopy
for purity, morphology, and motility. In addition, the bacteria were
tested for urease, catalase, and oxidase activity.
Experimental infection. After a 2-wk diet equilibration period, mice in
each diet group were either sham-infected (uninfected) or infected with
H. pylori. For the control diet, 15 mice were sham-infected (UCont) and
30 mice were infected with H. pylori (HPCont). For the Gln diet, 20 mice
were sham-infected (UGln) and 40 mice were infected with H. pylori
(HPGln). Body weight measurements and the amount of food consumed
per cage (5 mice/cage) were determined weekly. Tissues from the antrum
and corpus were taken at 6, 12, and 20 wkPI for quantitative culture,
ELISA, quantitative and real-time PCR, histopathological evaluation,
and immunocytochemistry. The number of mice used at each experimental time point was as follows: 4–5 UCont, 5–7 UGln, and 10 HPCont
were used at 6, 12, and 20 wkPI and 10, 12, and 15 HPGln were used at
6, 12, and 20 wkPI, respectively. A few of the original mice died after
bleeding to obtain H. pylori titers during the experiment.
Quantitative culture. DNA was extracted from the stomach corpus
using TRI Reagent (Sigma Aldrich) and the colonization of H. pylori was
quantified using a fluorogenic real-time PCR assay (18).
ELISA assay to measure postinfection IgG2c (TH1-like) and IgG1
(TH2-like) antibodies in serum. Serum samples were collected from
mice in each diet group at 6, 12, and 20 wkPI and stored at 220!C until use.
The methods for ELISA using outer membrane proteins from H. pylori
were described previously (19,20) and were done without modification.
Real-time RT-PCR assay for cytokine mRNA expression in gastric
tissues. Total RNAwas extracted from the corpus using TRI Reagent and
was then converted into cDNA using a High Capacity cDNA Archive kit
(Applied Biosystems). Commercially available primers and probe mix for
pro- and antiinflammatory cytokines were purchased from Applied Biosystems. The expression of each target gene was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and the results were
calculated by the 2DDCT method (21,22).
Histopathological evaluation. The tissues examined consisted of 2
sections taken from the lesser curvature, beginning at the squamocolumnar
junction and ending at the gastroduodenal junction. Stomach tissues were
fixed with 10% neutral buffered formalin, embedded in paraffin, sectioned,
and then stained with hematoxylin and eosin. Stomach histopathology
was graded using the paradigm developed by Rogers et al. (23).
Immunocytochemistry-paraffin sections. Paraffin sections were prepared by standard techniques, as described above. For immunostaining,
the sections were deparaffinized and then hydrated. Antigen unmasking
was done using citrate buffer and then endogenous peroxidase activity
was blocked using 3% H2O2 and endogenous avidin-biotin was blocked
using a blocking kit (Vector). Antibody staining was done using anti-Ki67,
a nuclear proliferation marker (NeoMarkers). Antibody expression was
visualized after incubation with diaminobenzadine containing 3% H2O2
and then the tissues were counterstained using hematoxylin. Images were
taken with a Nikon TE300 microscope outfitted with a Hamamatsu Orca
CCD camera and proliferation data were obtained by counting the
number of positive cells per area of corpus mucosa using IP lab software
(Scanalytics).
Statistical analysis. Results are expressed as means 6 SEM. All data
were analyzed using the 2-way ANOVA within a time point (diet 3
infection at each time point) and to compare differences in diet treatment
over time in uninfected or H. pylori-infected mice (time 3 diet within an
infection group). The only exception was proliferation data at 12 wkPI,
which was analyzed by 2-way ANOVA on ranks because of unequal
variances. Differences among means were determined by the StudentNewman-Keuls test and were considered significant at P , 0.05. All
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and the mucosal lesions indicative of the precancerous cascade.
To this end, new alternative approaches using probiotics (6), garlic
(7), sulforophane (8), and rice fluid (9) are under investigation.
We recently showed that L-glutamine (Gln) protects rat gastric
mucosal cells from ammonia-induced cell death and suggested it
may protect against mucosal injury during H. pylori infection in
vivo (10). Ammonia is liberated by H. pylori for survival and
adversely affects mucosal integrity by causing cell death (10,11),
inhibits restitution after injury (12), and mediates occludin
processing at tight junctions to disrupt the mucosal barrier (13).
Defects in mucosal integrity are thought to result in chronic inflammation that causes further barrier disruption, mucosal injury,
and inflammation. Inflammation during H. pylori infection results
in the production of numerous cytokines and chemokines, which
not only perpetuate the inflammatory environment but facilitate
cancer progression.
Superficial followed by atrophic gastritis, metaplasia, dysplasia,
and carcinoma were recognized by Correa et al. (14) as the pathway during H. pylori infection that leads to cancer progression.
Chronic H. pylori infection of mice, with the mouse-adapted
human H. pylori Sydney strain (SS1)6, results in hyperplastic
gastritis that models early events in human cancer progression
(14,15). This is a good model to test the efficacy of dietary
intervention of H. pylori-induced pathology that may be relevant
to human disease. Thus, our study was designed to assess the role
of Gln in reducing H. pylori-related pathology in the SS1 mouse
model. The second objective of this study was to test whether
dietary Gln supports a T-helper (TH) 2-biased rather than a TH1biased immune response to H. pylori, which has been shown to
limit mucosal damage and H. pylori-related pathology in the
presence of infection.

statistical analyses were performed using Sigma Stat software (Systat
Software).

Results
Body weight, weight gain, and food intake. HPGln mouse
body weights were significantly lower than those of mice in all
other groups at 20 wkPI (Table 1). This result may be due at least
in part to the significantly lower starting body weight of HPGln
mice (Table 1). Body weight gain, however, did not differ in uninfected compared to infected mice or in mice fed the control
compared to Gln-supplemented diet at 6, 12, or 20 wkPI (Table
1). Because body weight, body weight gain, or food consumption
did not differ in HPCont compared to HPGln mice at 12 wkPI, we
decided not to pair-feed a subset of mice from 13 to 20 wkPI. This
lack of a strict pair-feeding regime, however, is a potential weakness of the study. The calculated Gln intakes in UGln and HPGln
mice were 6.39 g!kg21!d21 and 6.47 g!kg21!d21, respectively.

Serum antibodies to H. pylori. Serum IgG2c levels increased
from 6 to 20 wkPI (P ¼ 0.009) in both HPCont and HPGln mice
but did not differ between diet groups. Serum IgG1 levels did not
increase significantly in HPCont or HPGln mice from 6 to 20
wkPI and did not differ between diet groups.
TH1 and TH2 cytokine expression in gastric tissues. The
mRNA expression for interferon-g, tumor necrosis factor-a, and
interleukin (IL)-1b (TH1 cytokines) increased significantly from
6 to 20 wkPI in H. pylori-infected mice irrespective of diet treatment, except for IL-1b, which was significantly greater at 6 wkPI
in HPGln mice than in HPCont mice (Table 2). The mRNA
expression for IL-4, IL-10, and transforming growth factor-b
(TGFb) (TH2 cytokines) was also significantly greater at 6 wkPI in
HPGln compared to HPCont mice (Table 2). Expression of IL-10
and TGFb mRNA was lower in HPGln compared to HPCont
mice at 12 wkPI but they did not differ at 20 wkPI (Table 2). TH1
and TH2 cytokine mRNA expression was not affected by diet

TABLE 1

Treatment

UCont
UGln
HPCont
HPGln

Body weight, body weight gain, and food intake in
uninfected and H. pylori-infected mice at 20 wkPl
fed the control or Gln-supplemented diet1
Body weight
0 wkPI2

19.63
19.29
19.50
18.99

6
6
6
6

a

0.26
0.22a
0.18a
0.15b

Body weight
20 wkPI
g
34.52 6
32.31 6
33.76 6
29.79 6

a

2.46
1.13a
0.55a
1.12b

Body weight
gain

16.72
14.91
15.92
12.65

6 2.49
6 0.93
6 0.66
6 1.27

Food
intake

3.01
2.78
2.77
2.73

a

6 0.17
6 0.07b
6 0.09b
6 0.20b

1
Values are means 6 SEM, n ¼ 5–7 (UCont, UGln) or 10–14 (HPCont, HPGln) mice.
Means in a column with superscripts without a common letter differ, P , 0.05.
2
n ¼ 15–20 (UCont, UGln) or 30–40 (HPCont, HPGln) mice.

treatment in uninfected mice, except IL-10, which was greater
(P ¼ 0.039) at 20 wkPI in UGln compared to UCont mice (data
not shown). TH1 and TH2 cytokine mRNA expression in
uninfected mice did not increase significantly over time (data
not shown).
Histopathology. All mice infected with H. pylori had wellestablished histopathology changes in the stomach, including
inflammation, hyperplasia, and atrophy, irrespective of diet treatTABLE 2

Tissue TH1 and TH2 cytokine mRNA expression
in H. pylori-infected mice at 6, 12, and 20 wkPl fed
the control or Gln-supplemented diet1
6 wkPI

TH1 cytokine
Interferon-g
HPCont
HPGln
Tumor necrosis factor-a
HPCont
HPGln
IL-1b
HPCont
HPGln
TH2 cytokine
IL-4
HPCont
HPGln
IL-10
HPCont
HPGln
TGFb
HPCont
HPGln

12 wkPI
Ratio to GAPDH

20 wkPI
2

31.89 6 0.27a
32.32 6 0.44a

34.90 6 0.68b
34.47 6 0.47b

36.31 6 0.44c
35.62 6 0.34b

36.35 6 0.12a
36.75 6 0.26a

37.93 6 0.29b
37.88 6 0.23b

38.41 6 0.26b
38.36 6 0.19b

38.28 6 0.22a
39.10 6 0.20a*

39.92 6 0.29b
39.78 6 0.22b

40.47 6 0.24b
40.07 6 0.20b

30.13 6 0.35
31.16 6 0.27*

30.43 6 0.38
30.72 6 0.19

30.63 6 0.17
31.23 6 0.18

34.61 6 0.26a
35.66 6 0.28*

35.92 6 0.17b
35.30 6 0.14*

35.68 6 0.15b
35.43 6 0.16

37.64 6 0.12a
38.07 6 0.14ab*

38.27 6 0.06b
37.75 6 0.15a*

38.64 6 0.18b
38.30 6 0.15b

1
Values are means 6 SEM, n ¼ 10–15. Means in a row with superscripts without a
common letter differ, P , 0.05. *Different from corresponding HPCont, P , 0.05.
2
The data are expressed relative to GAPDH mRNA.
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H. pylori colonization. Colonization of the stomach with H.
pylori decreased significantly by 20 wkPI irrespective of diet
treatment (Fig. 1). This pattern of colonization was expected and
occurred in response to a slow rate of immune-related clearance
of H. pylori during the infection period. Although mean colonization was less in HPGln than in HPCont mice at 6 wkPI, the level
of colonization did not differ at this time point (Fig. 1). UCont
mice in each diet group had no colonization with H. pylori (data
not shown).

FIGURE 1 Colonization data for H. pylori-infected mice at 6, 12, and
20 wkPI fed a control or Gln-supplemented diet. Results are expressed
as the mean (dashed line within the box) and median (solid line within
box) with black circles indicating the highest and lowest original data
points. Error bars represent the 90th (upper bar) and 10th (lower bar)
percentile. Means with superscripts without a common letter (analyzed
as time 3 diet) differ, P , 0.05, n ¼ 10–15. When analyzed as diet 3
infection, colonization did not differ between mice fed the control or Glnsupplemented diet, 6 wkPI, P ¼ 0.325; 12 wkPI, P ¼ 0.208; or 20 wkPI,
P ¼ 0.725.

ment. However, HPGln and HPCont mice differed in 2 important
ways. First, inflammation was significantly greater at 6 wkPI and
lower at 20 wkPI in HPGln compared to HPCont mice. Furthermore, the high level of inflammation at 6 wkPI in HPGln mice did
not increase further. In contrast, inflammation increased significantly from 6 to 12 wkPI and from 12 to 20 wkPI in HPCont mice
(Table 3). In all mice infected with H. pylori, inflammation was
most prominent in the submucosa and lamina propria surrounding
the base of gastric glands (Fig. 2). Inflammation was diffuse in
HPCont mice at 6 (Fig. 2A,B) and 12 wkPI (not shown), but there
was multifocal-to-coalescing leukocyte infiltration by 20 wkPI
(Fig. 2E,F). This is in contrast with the diffuse pattern of
inflammation found in HPGln mice at all time points (Fig. 2C,D
and G,H). Second, mean histology scores for foveolar hyperplasia
in HPGln mice were reduced at 12 wkPI and were reduced
significantly at 20 wkPI compared to HPCont mice (Table 3). The
hyperplastic glands were significantly longer in HPCont mice (Fig.
3A) compared to HPGln mice (Fig. 3B) at 20 wkPI. Supplemental
dietary Gln did not affect histopathology scores for atrophy or
metaplasia in H. pylori-infected mice (data not shown).

Discussion
In this study, we demonstrate a role for supplemental dietary Gln
in protection against H. pylori-related pathology. In fact, we

TABLE 3

Histology scores for inflammation and hyperplasia
in H. pylori-infected mice at 6, 12, and 20 wkPI fed
the control or Gln-supplemented diet1

Inflammation
HPCont
HPGln
Hyperplasia
HPCont
HPGln

6 wkPI

12 wkPI

20 wkPI

0.50 6 0.11a
1.10 6 0.19a*

Histology score
1.45 6 0.12b
1.38 6 0.09ab

2.00 6 0.13c
1.57 6 0.11b*

0.00 6 0.00a
0.15 6 0.11a

1.25 6 0.24b
0.96 6 0.16b

1.55 6 0.22b
0.93 6 0.17b*

1
Values are means 6 SEM, n ¼ 5–7 (UCont, UGln) or 10–15 (HPCont, HPGln). Means
in a row with superscripts without a common letter differ, P , 0.05. *Different from
corresponding HPCont, P , 0.05.
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Proliferation. The number of proliferating cells per area did not
differ in tissues at 6 wkPI irrespective of diet treatment (Table 4)
and contained Ki-67 positive cells in a narrow zone at the junction
of the gastric pit and gland (Supplemental Fig. 1A,B). At 12 and
20 wkPI, proliferating cells increased significantly in H. pyloriinfected compared to uninfected mice and there was no effect of
diet treatment (Table 4). At 12 wkPI, there were areas with a high
density of Ki-67 immuno-positive cells in the corpus near the
squamocolumnar junction (Supplemental Fig. 1C,D) and near
the antrum (Supplemental Fig. 1E,F). In the same tissues, intervening areas of the corpus had fewer proliferating cells (Supplemental Fig. 1C,F). H. pylori-infected mice had the highest mean
density of Ki-67 immuno-positive cells at 20 wkPI irrespective of
diet treatment (Table 4). At this time point, Ki-67 immunopositive cells were found along the length of corpus mucosa from
the surface to the base of the gastric glands (Supplemental Fig.
1G,H). Double immunostaining of sections from the HPCont or
HPGln groups at 20 wkPI with Ki-67 and anti-CD-3, an antibody
that binds to the T-cell receptor on all T-cells, verified that the
proliferating cells we counted in the analysis were not rapidly
proliferating T-cells (data not shown).

show that adding 5% supplemental Gln not only limits inflammation and the hyperplasia of gastric surface cells at 20 wkPI but
modulates the immune response to H. pylori early in infection by
increasing IL-1b and inflammation while supporting a protective
TH2-biased cytokine response. The role of Gln in gastric mucosal
protection has been reported previously for stress-, indomethacin-,
and aspirin-induced ulcer formation and was thought to elicit
protection by buffering acid back-diffusion and acid-induced
mucosal damage (24–27). Although this may also be a means of
protection early in H. pylori infection, before atrophy and
achlorhydria occur, our data suggest that Gln also modulates the
inflammatory response to H. pylori and affects the physiology of
gastric epithelial cells throughout the course of infection.
Although the transport and metabolism of Gln have been
studied extensively in the intestine, where Gln is a primary energy
source for enterocytes and immune cells (28,29), little is known
about Gln transport or utilization in the gastric mucosa. A recent
study showed that gastric parietal cells use the LAT2–4F2hc Gln
transporter to facilitate H1-extrusion during acid secretion (30).
However, Gln transport and metabolism in gastric surface cells,
which are the cell type that directly interacts with ingested Gln
from the stomach lumen, have not been studied, so it is unclear
whether the effects of dietary Gln we describe here occurred from
the gastric lumen, the systemic circulation, or both. Studies by
others suggest that serum Gln levels would be higher in mice when
the diet is supplemented with 5% dietary Gln; this same concentration of Gln fed to rats was recently shown to increase blood
Gln levels by 35% in 2 wk (31). Epithelial cells in the Gln diet
groups would be exposed to significantly higher levels of Gln at
the basolateral surface and Gln levels would be significantly
higher within the lamina propria, where inflammatory and other
connective tissue cells reside. From the lumen, Gln may affect not
only surface cells but the metabolism and growth of H. pylori (see
below). Overall, Gln may thus affect numerous pathways simultaneously to result in the protection we demonstrate in this
report.
We showed that supplemental 5% dietary Gln fed to H. pyloriinfected mice initially (at 6 wkPI) facilitated an increase in inflammation that was associated with high levels of proinflammatory
IL-1b. Although little is known about how IL-1b affects gastric
surface epithelial cells, per se, IL-1b has been shown to affect the
integrity of intestinal cell monolayers by disrupting tight junctions (32,33). IL-1b also induces IL-8 secretion in gastric MKN
cancer cells and enhances neutrophil chemotaxis (34), suggesting
that the enhanced expression of IL-1b we showed here in HPGln
mice may be concerning with respect to the maintenance of
barrier integrity and the recruitment of immune cells to the mucosa.
Gln also increases mitogen-activated protein kinase signaling, as
does H. pylori, suggesting that Gln itself, or in combination with
H. pylori, may also increase IL-8/CXC chemokine expression and
inflammation in mice fed Gln with or without H. pylori. In contrast to these predicted effects of Gln and IL-1b, we showed that
inflammation was reduced significantly overall in Gln-fed mice at
20 wkPI and hyperplasia did not develop to the same extent as in
mice fed the control diet, suggesting that mucosal barrier disruption and immune cell recruitment were reduced, rather than
facilitated, by Gln. One potential factor contributing to this result
may be the early expression of IL-10 in HPGln mice, which was
recently shown to counterbalance the damaging effects of both
IL-1b and IL-8 in intestinal IPEC-1 cells infected with enterotoxigenic Escherichia coli K88 (35). Important protective mechanisms may also be induced by Gln during H. pylori infection,
including arginase and ammonia detoxification pathways (10)
and heat shock protein expression (36). Gln also modulates

inflammation by inhibiting the expression of ICAM, VCAM, and
E-selectin on vascular endothelial cells and significantly reduces
IL-8 expression in the 2,4,6-trinitrobenzenesulphonic acid-induced colitis model by regulating nuclear factor k-light-chainenhancer of activated B cells activation (37). Although little is
known about these pathways in the stomach, our data suggest
that there is a balance of injurious and protective mechanisms

stimulated by Gln that are protective overall against H. pyloriinduced pathology in the gastric mucosa. Perhaps this protection
would be even greater if the level of dietary Gln supplementation
was increased. To support this notion, Nakamura et al. (38)
recently showed that Gln dose-dependently (0–20% in the diet)
reduced erosions, ulceration, and edema in H. pylori-infected
Mongolian gerbils. Because we show here that inflammation was

FIGURE 3 The length of gastric pits in HPCont
compared to HPGln mice at 20 wkPI. Data are
presented in Table 3. (A) Gastric pits (PIT) from a
HPCont mouse at 20 wkPI. (B) Gastric pits (PIT) from
a HPGln mouse at 20 wkPI. Bar in B represents the
magnification for A and B and is 100 mm.
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FIGURE 2 The amount and organization of inflammatory cells in HPGln
compared to HPCont mice at 6 and 20
wkPI. Data are presented in Table 3.
(A,B) HPCont at 6 wkPI. (C,D) HPGln at
6 wkPI. (E,F) HPCont at 20 wkPI. (G,H)
HPGln at 20 wkPI. Arrows, inflammatory cells; EM, external muscle; I, area
with a high concentration of inflammatory cells; L, lumen of the stomach; LP,
lamina propria; MM, muscularis mucosa; SM, submucosa. Bar in G represents the magnification for A, C, E, and
G and is 500 mm. Bar in H represents
the magnification for B, D, G, and H and
is 100 mm.

TABLE 4

Effects of the control or Gln-supplemented diet
on proliferation in uninfected or H. pylori-infected
mice at 6, 12, and 20 wkPI1

Treatment
Ki-67, cells/mm
UCont
UGln
HPCont
HPGln

6 wkPI

12 wkPI2

20 wkPI

Overall, our results suggest that dietary Gln supplementation
should be considered further as an alternative strategy for
limiting inflammation and mucosal pathology during H. pylori
infection.

2

1.49
1.56
1.93
1.79

6
6
6
6

0.19ab
0.22ab
0.21a
0.15a

1.92
1.84
3.14
4.05

6 0.26a
6 0.40a
6 0.32b*
6 0.59b*

1.16
1.12
4.63
4.63

6 0.10b
6 0.12b
6 0.53c*
6 0.38b*

Literature Cited
1.
2.

1

Values are means 6 SEM, n ¼ 5–7 (UCont, UGln) or 10–15 (HPCont, HPGln). Means
in a row with superscripts without a common letter differ, P , 0.05. *Different from
corresponding uninfected mice, P , 0.05.
2
Analyzed by 2-way ANOVA on ranks due to unequal variances at this time.

3.
4.
5.
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not enhanced significantly in tissues from UGln mice over time,
dietary Gln alone is insufficient to produce gastric inflammation
in the absence of other factors.
Our results that demonstrate a reduction in foveolar hyperplasia with 5% supplemental dietary Gln was unexpected. While
H. pylori infection increased hyperplasia and cell proliferation
simultaneously in the HPCont group, we found that cell proliferation was also high in HPGln mice despite a significant overall
reduction in hyperplasia at 20 wkPI. Hyperplasia can occur by
an H. pylori-induced blockade of expressed p27kip1 protein (39),
which regulates cell cycle progression, and by increasing levels of
gastrin (18,40) that result from parietal cell atrophy and reduced
acid secretion. We show that atrophy is identical in HPCont compared to HPGln mice and, concomitantly, that cell proliferation
rates are also the same with each diet treatment. It is thus unclear
how hyperplasia could be reduced unless apoptosis increases
significantly with the Gln-containing diet. Alternatively, Gln
may facilitate the maintenance of p27kip1 protein expression,
other cell cycle intermediates, or other aspects of surface cell
cycle control in the presence of high gastrin so that hyperplasia is
reduced. Although studies to investigate these interesting possibilities are beyond the scope of this study, they merit further
investigation and are important in understanding the protective
effects of Gln on gastric cell physiology.
The metabolism of Gln occurs not only in tissues but by
bacteria and H. pylori is known to rapidly metabolize Gln to
produce ammonia for protection against gastric acid (41). One
concern we had originally was that H. pylori growth and colonization would be enhanced by a Gln-containing diet and H.
pylori-related pathology would be more severe with this diet
regime. Our study clearly shows this not to be the case, because
the level of H. pylori colonization from 6 to 20 wkPI was not
affected by diet treatment. Likewise, H. pylori-specific IgG titers
did not differ in HPCont and HPGln mice from 6 to 20 wkPI,
suggesting that the immune response to H. pylori is not altered
by the Gln-containing diet.
In conclusion, the results reported here demonstrate that a
diet supplemented with 5% Gln significantly decreases inflammation and foveolar hyperplasia in mice infected with H. pylori.
This protection afforded by Gln may be enhanced if mechanisms
that drive the response are better elucidated. Numerous other
important parameters were determined in this work, including
data to demonstrate that 5% supplemental dietary Gln in the
absence of H. pylori does not elicit an inflammatory response in
the stomach. Furthermore, uninfected mice fed supplemental
Gln tolerate the diet well and have a similar body weight, weight
gain, cytokine profile, histological appearance, and cell proliferation rate when compared to mice fed the control diet.
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