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Abstract
BACKGROUND & AIMS—Helicobacter pylori-induced immune responses fail to eradicate the
bacterium. Nitric oxide (NO) can kill H. pylori. However, translation of inducible NO synthase
(iNOS) and NO generation by H. pylori-stimulated macrophages is inhibited by the polyamine
spermine derived from ornithine decarboxylase (ODC), and is dependent on availability of the iNOS
substrate L-arginine (L-Arg). We determined if spermine inhibits iNOS-mediated immunity by
reducing L-Arg uptake into macrophages.

METHODS—Levels of the inducible cationic amino acid transporter (CAT)2, ODC, and iNOS were
measured in macrophages and H. pylori gastritis tissues. L-Arg uptake, iNOS expression, and NO
levels were assessed in cells with siRNA knockdown of CAT2 or ODC, and in gastric macrophages.
The ODC inhibitor, α-difluoromethylornithine (DFMO), was administered to H. pylori-infected mice
for 4 months post-inoculation.

RESULTS—H. pylori induced CAT2 and uptake of L-Arg in RAW 264.7 or primary macrophages.
Addition of spermine or knockdown of CAT2 inhibited L-Arg uptake, NO production, and iNOS
protein levels, whereas knockdown of ODC had the opposite effect. CAT2 and ODC were increased
in mouse and human H. pylori gastritis tissues and localized to macrophages. Gastric macrophages
from H. pylori-infected mice exhibited increased ODC expression, and attenuated iNOS and NO
levels upon ex vivo H. pylori stimulation versus cells from uninfected mice. DFMO treatment of
infected mice restored L-Arg uptake, iNOS protein expression, and NO production in gastric
macrophages, and significantly reduced both H. pylori colonization levels and gastritis severity.

CONCLUSIONS—Upregulation of ODC in gastric macrophages impairs host defense against H.
pylori by suppressing iNOS-derived NO production.

Keywords
spermine; macrophages; gastritis

Introduction
Helicobacter pylori is a Gram-negative, microaerophilic bacterium that colonizes the human
gastric mucosa. It infects about half of the world’s population, and ~30–40% in the United
States.1,2 H. pylori induces an innate immune response in neutrophils, monocytes, and
macrophages3–7 and a chronic lymphocytic response.8 While H. pylori is classically
considered a noninvasive pathogen, the bacterium disrupts epithelial integrity and both the
bacterium itself9 and its antigens3 are present in the lamina propria, and are in direct contact
with immune cells where they can impact responses in macrophages and other antigen-
presenting cells.8,9 However, the overall immune response is ineffective, as the bacterium
generally persists for the life of the host, leading to chronic gastritis, peptic ulcers, lymphoma,
and gastric adenocarcinoma, the second leading cause of cancer death worldwide.1 Therefore,
gaining insight into the failure of the immune response could be of great importance in
developing new strategies for chemoprevention or disease management.

Nitric oxide (NO) is a fundamental component of innate immunity with well-characterized
antimicrobial and antitumor effector functions.6,10–13 High-output production of NO derives
from the substrate L-arginine (L-Arg) by inducible NO synthase (iNOS, NOS2), which defines
the classical pathway of activation in macrophages by microbes and their products, and is of
critical importance to host defense.6,10,14 We have demonstrated that H. pylori induces iNOS
and NO production in macrophages in vitro and that this effect is contact-independent,
occurring with H. pylori lysates, soluble surface proteins, culture supernatants, and
recombinant urease.4–6,15,16 In addition, we have reported that NO generation in H. pylori-
stimulated macrophages is strongly dependent on L-Arg availability in culture medium and
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requires concentrations well above the circulating physiologic level of L-Arg in mice and
humans of 0.1 mM to maximize response; this effect was mediated primarily by an
enhancement of iNOS translation with increasing L-Arg levels.16 Further, in our studies,
macrophages kill H. pylori in an NO-dependent manner, but this requires concentrations of L-
Arg of 0.4 mM and greater.6,15,16 Consistent with our findings, it has been demonstrated that
L-Arg can increase NO generation by iNOS, even at concentrations greatly above the KM of
the enzyme,10 which is in the range of 10 μM.11

iNOS is expressed in gastritis tissues of H. pylori-infected humans, and localizes to
inflammatory cells, particularly macrophages.17,18 However, iNOS is unable to generate an
antimicrobial benefit for the infected host. The adaptive immune response is also insufficient,
since enhancement of Th1/Th17 responses in adoptive transfer and vaccine studies reduces H.
pylori colonization.8,19,20 We have reported that one mechanism that restricts H. pylori-
stimulated NO generation in macrophages is the simultaneous generation of polyamines within
these cells by upregulation of ornithine decarboxylase (ODC).5,15,21,22 ODC converts L-
ornithine into putrescine, which is metabolized into the polyamines spermidine and spermine
by constitutively expressed synthases. We have reported that spermine acts to inhibit NO
production and killing of H. pylori by reducing stimulated iNOS protein expression through
an effect on iNOS translation; spermidine had a more modest inhibitory effect on iNOS, while
putrescine had no such effect.15 As with iNOS,23 the induction of ODC occurs by soluble
factors and is attenuated by isogenic deletion of UreA and recapitulated by recombinant urease.
5,15,22

L-Arg uptake in macrophages has been attributed to the y+ transport system.12 The cationic
amino acid transporters (CAT) include CAT1, which is constitutively expressed and involved
in uptake of L-Arg for basic metabolism,13 and CAT2, which includes the alternatively spliced
isoforms CAT2A, a low affinity transporter primarily in liver, and CAT2B the high affinity L-
Arg transporter in macrophages.12,13,24,25 The CAT2 protein is part of a larger family of solute
carriers, and is thus also known as solute carrier 7 (SLC7)A2.24 CAT3 and CAT4 have also
been described.14,24 CAT3 is found in brain and thymus, and CAT4 function is unknown at
this time.14,24 We now report that H. pylori-induced CAT2 expression mediates L-Arg uptake,
iNOS protein synthesis, and NO production, and that spermine inhibits iNOS by blocking L-
Arg transport into macrophages. CAT2 and ODC are both upregulated in macrophages within
H. pylori gastritis tissues. Administration of an ODC inhibitor to H. pylori-infected mice
enhanced L-Arg uptake, iNOS protein levels, and NO production in gastric macrophages, and
resulted in significant attenuation of both H. pylori colonization and gastritis. Therefore,
modulation of polyamine generation in the stomach could represent a novel approach to
enhancing immunity to H. pylori.

Materials and Methods
Reagents

Reagents for cell culture, RNA extraction, and RT-PCR were from Invitrogen. Other chemicals
were from Sigma. α-difluoromethylornithine (DFMO) was from ILEX Oncology (San
Antonio, TX).

Bacteria
H. pylori SS1, C. rodentium, and C. jejuni were used as in Supplementary Methods.

Mice, Cells, and Culture Conditions
The murine macrophage RAW 264.7 cell line was maintained as described.4,5,15,21 In C57BL/
6 mice, peritoneal macrophages were isolated15, gastric infection performed,5,26 and
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colonization and gastritis assessed (Supplementary Methods). Some mice were treated with
DFMO (1% w/v) in the drinking water.27,28

Human Subjects
Tissues from endoscopic biopsies were utilized as described.17

Measurement of NO
The concentration of nitrite (NO2

−), the oxidized metabolite of NO, was assessed by the Griess
reaction.4–6,15

RT-PCR
RNA was extracted using TRIzol and cDNA synthesized.5,16 Primer sequences and PCR
methods are in Supplementary Methods.

L-Arg Transport
See Supplementary Methods.

Immunoblotting for iNOS and CAT2
Western blotting for iNOS and β-actin was performed as described.15,16 CAT2 was detected
with a rabbit polyclonal antibody to the C-terminal 70 amino acids of mouse CAT2.12

Transient Transfection of CAT2 and ODC siRNA
Transfection with siRNA duplexes was performed as described;15,21 sequences are in
Supplementary Methods.

ODC Activity
ODC enzyme activity was measured by radiochemical assay.27

Immunohistochemistry for ODC and CAT2, and Immunofluorescence Staining for CAT2 and
the Macrophage Marker F4/80

See Supplementary Methods.

Polyamine Measurement
Polyamines were measured as described.27

Gastric Macrophages
Cells were isolated from glandular stomach by positive selection with F4/80 antibody.16,29

RNA isolation and real-time PCR, and flow cytometry were performed as described.16,29

Statistical Analysis
Quantitative data are shown as the mean ± SE. Analyses are in Supplementary Methods.

Results
H. pylori Stimulates L-Arg Uptake in Macrophages That Is Inhibited by Spermine

When RAW 264.7 cells were stimulated with H. pylori lysate, CAT2 mRNA levels were
increased by >50–fold when assessed by real-time PCR, while CAT1 was not induced (Fig.
1A). Neither spermine, nor L-lysine (L-Lys), a known competitive inhibitor of L-Arg uptake,
25 had any effect on stimulated CAT2 mRNA levels (Fig. 1A and 1B). Similarly, H. pylori
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upregulated CAT2 protein levels, as assessed by Western blotting, and spermine and L-Lys
did not affect CAT2 protein expression (Fig. 1C). In contrast, both spermine and L-Lys
markedly attenuated iNOS protein levels (Fig. 1C), consistent with our previous reports.15,16

Because uptake of extracellular L-Arg has been shown to be required for iNOS-derived NO
generation in macrophages13,16,25 we assessed L-Arg transport from the extracellular medium
into macrophages. H. pylori stimulation resulted in a 4–fold increase in L-Arg uptake by RAW
264.7 cells, which was blocked by addition of either spermine or L-Lys (Fig. 1D). Spermine
and L-Lys each inhibited H. pylori-stimulated NO production (Fig. 1E) in a manner that
paralleled their effects on L-Arg uptake. These findings raised the possibility that spermine
could inhibit LArg uptake by competing for the same transporter. However, addition of
increasing levels of LArg did not overcome the inhibitory effect of spermine on NO production,
even at 6.4 mM (Fig. 1F), which is 64–fold greater than the circulating level of 0.1 mM in mice
and humans.27,30

When primary mouse peritoneal macrophages were used, H. pylori-stimulated cells also
exhibited induction of CAT2, but not CAT1 mRNA levels (Supplementary Fig. 1A), and a
significant increase in L-Arg uptake with H. pylori stimulation that was abolished by spermine
(Supplementary Fig. 1B). These data are consistent with the inhibitory effect of spermine on
NO generation in peritoneal macrophages that we have reported.15

H. pylori-stimulated iNOS Protein Expression and NO Production in Macrophages Is
Dependent on Induction of CAT2

The role of CAT2 in NO production has not been previously assessed with an extracellular
bacterial stimulus. Therefore, CAT2 knockdown by siRNA was performed in H. pylori-
stimulated cells (Fig. 2A). While this knockdown had no effect on iNOS mRNA levels (Fig.
2A), it resulted in a marked inhibition of iNOS protein expression (Fig. 2B), which was
paralleled by reduced L-Arg uptake (Fig. 2C) and NO generation (Fig. 2D). Consistent with
our report that L-Arg availability regulates iNOS translation and not protein stability,16

inhibition of iNOS protein degradation with the proteosomal inhibitor lactacystin did not
restore iNOS protein levels in the presence of CAT2 siRNA at time points from 6 to 24 h
(Supplementary Fig. 2).

Knockdown of ODC Increases iNOS-derived NO Production by Causing Sustained L-Arg
Uptake

We next determined the effect of endogenous spermine generation on CAT2, L-Arg uptake,
and iNOS. We have reported that transient transfection of ODC siRNA results in effective
decreases in ODC expression, activity, and spermine levels in H. pylori-stimulated RAW 264.7
macrophages.15 We verified (Fig. 3A) that H. pylori lysate induced a 9–fold increase in ODC
mRNA levels in cells transfected with scrambled siRNA, while lysates of the enteric pathogens
C. jejuni and C. rodentium failed to induce ODC; additionally, ODC siRNA abolished H.
pylori-stimulated ODC expression. ODC siRNA transfection did not affect induction of CAT2
mRNA or protein levels (Fig. 3B). However, with ODC knockdown the H. pylori-stimulated
L-Arg uptake at 6 h persisted out to 24 h, whereas cells transfected with scrambled siRNA had
attenuation of L-Arg uptake beyond the first 6 h after activation (Fig. 3C). There was more
iNOS protein expression detected at 12 – 24 h after H. pylori stimulation in the presence of
ODC siRNA than in cells transfected with scrambled siRNA (Fig. 3D). These findings were
confirmed by densitometry (Fig. 3E). In parallel, ODC knockdown increased NO generation
from 12 to 24 h after activation (Fig. 3F). ODC knockdown also enhanced L-Arg uptake and
NO production in macrophages activated with live H. pylori (Supplementary Fig. 3). This effect
was not observed when cells were activated with C. jejuni or C. rodentium (Supplementary
Fig. 4).
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H. pylori Infection Causes Induction of CAT2 and ODC In Vivo
To provide further biological relevance, we determined the expression of CAT2 and ODC in
H. pylori gastritis tissues. There was a consistent upregulation of CAT2 mRNA levels (Fig.
4A and 4B) in mouse chronic gastritis tissues. We also found an 8–fold increase in CAT2
mRNA levels in human H. pylori gastritis tissues compared to normal gastric tissues, while
CAT2 was not upregulated in gastritis tissues from subjects without H. pylori infection (Fig.
4C). CAT2 protein levels were increased in infected mouse tissues when assessed by
immunofluorescence, with co-localization to gastric macrophages in the mucosa and
submucosa (Fig. 4D). Immunoperoxidase staining demonstrated increased CAT2 levels in
human H. pylori gastritis tissues that localized to lamina propria mononuclear cells, with
sporadic staining of some gastric epithelial cells (Fig. 4E).

We also detected a significant increase in ODC mRNA levels in gastritis tissues from H.
pylori-infected mice compared to uninfected control tissues (Fig. 5A and 5B). ODC enzyme
activity was increased in parallel in the H. pylori gastritis tissues (Fig. 5C). There was also a
significant increase in ODC mRNA expression in human H. pylori gastritis tissues (Fig. 5D
and 5E), which was not observed with H. pylori-negative gastritis tissues. By
immunohistochemistry, ODC was primarily expressed in mononuclear cells of the lamina
propria in H. pylori-infected human gastritis tissues (Fig. 5F). Taken together, these data
indicate CAT2 and ODC are upregulated in parallel in H. pylori gastritis.

Gastric Macrophages Isolated from H. pylori-infected Mice Exhibit Impaired Uptake of L-Arg,
iNOS Protein Expression, and NO Production

In order to assess the interplay between ODC, CAT2, and iNOS in vivo, we studied
macrophages isolated from mice chronically infected with H. pylori at 4 months post-
inoculation versus uninfected controls. These cells were then cultured in the presence or
absence of H. pylori lysate ex vivo, to determine if ODC induction during gastritis regulates
iNOS. CAT2 mRNA levels were increased in cells from infected mice (Fig. 6A), and upon ex
vivo activation with H. pylori lysate there was a further increase in CAT2 levels in cells from
either uninfected or H. pylori-infected mice. In the case of ODC (Fig. 6B) and iNOS (Fig.
6C), there was an increase in mRNA levels in macrophages from infected mice when compared
to cells from uninfected mice, and with ex vivo stimulation with H. pylori lysate, the cells from
infected mice exhibited a potentiation of mRNA levels. Because there are < 105 macrophages
per stomach,29 flow cytometry was used to analyze protein levels; this demonstrated that iNOS
was not significantly increased in cells from H. pylori-infected mice, and upon ex vivo
stimulation these cells expressed less iNOS protein than cells from naïve uninfected mice (Figs.
6D and 6E). In parallel, there was a lack of significant increase in NO release from gastric
macrophages from H. pylori-infected mice, and a decrease in NO production with ex vivo H.
pylori stimulation when compared to cells from uninfected mice (Fig. 6F). When exogenous
spermine was added, this significantly attenuated ex vivo-stimulated NO production in cells
from uninfected mice, but there was little effect on cells from infected mice.

L-Arg uptake (Fig. 6F) was modestly increased in cells from infected mice, and was
substantially decreased in gastric macrophages from infected mice versus uninfected mice upon
H. pylori stimulation ex vivo, consistent with the higher levels of ODC in these cells (Fig.
6B). Spermine reduced ex vivo H. pylori-stimulated L-Arg uptake to basal levels in the cells
from uninfected mice, but did not further decrease L-Arg uptake in cells from infected mice.
These data suggest that induction of ODC in macrophages during chronic H. pylori infection
may explain a defective NO response to H. pylori due to limited L-Arg uptake and iNOS protein
expression.
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In Vivo Inhibition of ODC Restores NO-mediated Immunity to H. pylori and Ameliorates
Gastritis

To directly determine if spermine accumulation attenuates NO-dependent innate immune
response to H. pylori, we administered the ODC inhibitor DFMO to mice (1% w/v in the
drinking water) for the 4-month course of infection, based on studies that have established
chronic use of this agent for chemoprevention of colon tumors in mice.31 With H. pylori
infection, there was a 2–fold increase in polyamine levels in gastric tissues that were reduced
to basal levels with DFMO treatment (Fig. 7A). In freshly isolated gastric macrophages from
H. pylori-infected mice, the levels of L-Arg uptake (Fig. 7B), iNOS protein (Fig. 7C), and NO
(Fig. 7D) were significantly enhanced in cells from mice treated with DFMO. Importantly,
direct assessment of gastric colonization with H. pylori revealed that DFMO treatment of mice
resulted in a significant, 2-log-order reduction in bacterial levels, when assessed by culture or
quantitative PCR (Fig. 7E). In parallel, there was a significant reduction in gastric
inflammation, with no development of gastric atrophy, as demonstrated by histologic gastritis
scores (Fig. 7E) and representative histologic sections (Fig. 7F).

Discussion
In experimental H. pylori infection there is a rapid innate immune response with influx of
macrophages and neutrophils within 48h of inoculation.32 However, persistence of the
bacterium has been attributed to defective adaptive immune responses, since decreased
colonization has been demonstrated with exaggerated Th1 responses in adoptive transfer
models19 or enhancement of Th1/Th17 responses in vaccine models.20 The ineffectiveness of
the adaptive response has been related to enhanced regulatory T cell responses, which may
protect the host from uncontrolled inflammation, but lead to survival of H. pylori.33 We
determined if the function of macrophages in the innate response to H. pylori infection is
compromised by impairment of L-Arg uptake that is essential for M1 response.14 We
demonstrate that in H. pylori infection, the inducible L-Arg transporter CAT2 is upregulated,
but its ability to transport L-Arg in macrophages is inhibited by ODC, resulting in loss of NO-
derived immune defense against H. pylori (summarized in Supplementary Fig. 5.)

Our data indicate that CAT2 is the primary L-Arg transporter in H. pylori-activated
macrophages, since there was a large induction of CAT2, and not CAT1, and knockdown of
CAT2 prevented stimulated L-Arg uptake. Mycobacterium bovis similarly induces L-Arg
transport in RAW 264.7 macrophages that is associated with CAT2, but not CAT1 expression.
34 In macrophages from CAT2-deficient mice there is deficient NO production and L-Arg
transport in response to IFN-γ plus lipopolysaccharide.13,14

We found that spermine inhibited L-Arg uptake in H. pylori-stimulated RAW 264.7 or primary
peritoneal macrophages, without altering CAT2 mRNA or protein levels. There is a report of
inhibition of CAT2 mRNA expression by spermine in LPS-stimulated alveolar macrophages,
but the partial inhibition of CAT2 mRNA did not correlate with a more substantial effect of
spermine on L-Arg uptake.35 There is also evidence of spermine inhibiting transport activity
of a potassium channel without altering its expression.36 We have reported that H. pylori-
induced NO production depends on availability of extracellular L-Arg, which enhances iNOS
translation and thus iNOS protein synthesis.16 Extracellular spermine can be transported into
macrophages within 2 h of stimulation by LPS.37 However, our data show that spermine is not
a competitive inhibitor of L-Arg transport, in contrast to L-Lys.25 Spermine is able to bind to
and inactivate proteins,38 raising the possibility that a similar effect could be occurring with
CAT2 in H. pylori-stimulated cells.

We observed a biphasic effect of H. pylori on macrophage uptake of L-Arg, with increases at
6 and 24 h after stimulation, but no increase at 12 or 18 h. Because we also show that spermine
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inhibits L-Arg transport, this biphasic time course of L-Arg uptake is consistent with our
previous report that ODC expression and enzyme activity peak 6 h after H. pylori stimulation,
and spermine levels peak at 12 h, followed by a decrease out to 24 h.21,22 We now show that
ODC knockdown resulted in a sustained increase in L-Arg uptake without this biphasic pattern,
resulting in a concomitant increase in iNOS protein expression and NO production at time
points from 12 – 24 h. These data indicate that endogenous synthesis of spermine by the
induction of ODC impairs macrophage L-Arg transport in H. pylori infection. Spermine may
also regulate its own production by inhibiting L-Arg uptake, since L-Arg can be rate-limiting
for synthesis of the ODC substrate L-ornithine by arginase.14 These effects were specific to
H. pylori, since C. jejuni and C. rodentium did not induce ODC, and ODC knockdown had no
effect on L-Arg transport or NO production induced by these pathogens.

An important consideration is the in vivo significance of CAT2 and ODC in the infected
stomach. CAT2 mRNA expression is increased in models of lung injury.39 CAT2 has not been
previously studied in stomach; our data show upregulation of CAT2 expression and
macrophage localization in H. pylori gastritis tissues. It has been reported that H. pylori
eradication decreases ODC mRNA expression and activity,40 but the cellular source of ODC
has not been identified. We now show that ODC expression is specifically increased in human
H. pylori infection compared to H. pylori-negative gastritis or normal tissues and that
experimental infection induces ODC expression. Immunostaining in human tissues revealed
staining of lamina propria mononuclear cells, and we have demonstrated increased expression
of ODC in gastric macrophages from infected mice. It has been reported that there are increased
polyamine levels in gastric tissues from H. pylori-infected human subjects41 and that spermine
levels were increased in intestinal-type tumors, typical of H. pylori-induced cancer, compared
to diffuse gastric tumors.42

We have found that in isolated mouse gastric macrophages from H. pylori-infected mice there
is a minimal increase in iNOS protein and NO production compared to cells from uninfected
mice. There was also loss of induction of iNOS protein and NO synthesis, and diminished L-
Arg uptake upon ex vivo stimulation with H. pylori in macrophages from chronically-infected
mice. These data suggest a form of tolerance in innate immune response, with failure to mount
an iNOS-mediated antimicrobial defense. This provides new insight into findings that iNOS-
deficient mice do not exhibit an exacerbation of H. pylori colonization and that serum nitrate/
nitrate is not increased in infected wild-type mice.43 Consistent with our data implicating ODC
as an inhibitor of iNOS synthesis in vitro, we show that depletion of endogenous polyamine
synthesis by DFMO enhanced the levels of L-Arg uptake, iNOS protein, and NO in gastric
macrophages from H. pylori-infected mice. The importance of these data was confirmed by
the ability of DFMO to reduce H. pylori colonization, as well as gastritis. This differs from
reports that reduction in colonization requires increased gastritis.19,20,33 Our findings raise the
possibility that DFMO could have a direct effect on the bacterium itself. However, H. pylori
does not possess ODC,44 making it unlikely that the effect of DFMO occurs by altering H.
pylori polyamine synthesis. Furthermore, we have found that: 1) H. pylori does not exhibit
ODC enzymatic activity, in contrast to E. coli; 2) DFMO treatment of H. pylori in liquid culture
does not impair bacterial viability; 3) the beneficial effect of DFMO on H. pylori colonization
and gastritis is effectively attenuated in iNOS knockout mice (data not shown). The reduction
in colonization with DFMO is consistent with our findings that killing of extracellular H.
pylori by macrophages is dependent on NO and regulated by L-Arg availability.6,15,16

However, it is possible that polyamine depletion may have additional effects on immune
responses, which is an area of active investigation in our laboratory.

The use of the pharmacologic agent, DFMO, to inhibit ODC has potential limitations compared
to a genetic approach. We have used DFMO in our studies because homozygous deletion of
ODC in mice is lethal.28 ODC+/− mice do survive to adulthood, and reduced lymphomagenesis

Chaturvedi et al. Page 8

Gastroenterology. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



when crossed to a c-Myc-overexpressing mouse has been demonstrated; these results also
occurred with chronic oral DFMO treatment,28 further validating the approach we used in the
current study. Moreover, we have shown that DFMO effectively reduced gastric polyamine
levels in H. pylori-infected mice to the same levels as in uninfected mice. We have obtained
the ODC+/− mice to determine the effect of ODC heterozygosity on gastric polyamine levels
and the immunopathogenesis of H. pylori infection.

Deleterious effects of DFMO have been reported in acute gastric injury models,45 and DFMO
impairs wound repair of intestinal epithelial cells in vitro.46 However, our data demonstrate a
benefit of decreased H. pylori colonization that was accompanied by a decrease in gastric
inflammation, and DFMO had no effect on histology in uninfected mice. There is substantial
interest in DFMO as a chemoprevention agent in colon carcinogenesis, since it inhibits
intestinal tumor growth in mouse models,31 and was effective in prevention of recurrent colonic
adenomas in combination with sulindac in a human trial.47 Ultimately, DFMO could prove to
be a useful adjunctive treatment for H. pylori, especially considering problems of antibiotic
resistance and issues of reinfection after antibiotic treatment in areas of very high prevalence.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CAT cationic amino acid transporter

DFMO α-difluoromethylornithine

FITC fluorescein isothiocyanate

iNOS inducible nitric oxide synthase

HPL H. pylori lysate

L-Arg L-arginine

L-Lys L-lysine

MOI multiplicity of infection

NO nitric oxide

ODC ornithine decarboxylase

RT-PCR reverse transcription polymerase chain reaction

Scr scrambled

siRNA small interfering RNA

Spm spermine
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Figure 1.
Induction of CAT2 and L-Arg uptake in RAW 264.7 macrophages and effect of spermine and
L-lysine. Macrophages were incubated with H. pylori lysate (HPL) at an MOI of 100. mRNA
expression for CAT1 and CAT2 was assessed at 6 h after HPL stimulation ± the inhibitor
(Inhib) spermine (Spm; 12.5 μM) or L-lysine (Lys; 20 mM) by real-time PCR (A) and semi-
quantitative RT-PCR (B). (C) Western blot analysis for CAT2 (80 kDa), iNOS (130 kDa) and
β-actin (42 kDa) 24 h after stimulation. (D) L-Arg transport assessed as uptake of 14C-L-Arg
into cells at the times indicated. (E and F) NO levels measured as concentration of NO2

−, at
24 h after stimulation. In (F), L-Arg was added to L-Arg-free, serum-free medium ± Spm. In
A–F, data are from 3 experiments performed in duplicate. For A and E, **P < .01 vs control;
for D, *P < .05, **P < .01 vs control, HPL + Spm, and HPL + Lys; for E and F, §§P < .01,
§§§P < .001 vs HPL alone.
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Figure 2.
Effect of transfection of CAT2 siRNA on H. pylori-stimulated iNOS expression and NO
production. RAW 264.7 cells were transiently transfected with either scrambled siRNA or
siRNA to CAT2. (A) mRNA expression assessed by RT-PCR at 6 h after stimulation with HPL.
(B) Western blot analysis at 24 h after stimulation. In A and B, n = 3. (C) L-Arg uptake and
(D) NO2

− levels, measured 24 h after stimulation. **P < .01 vs control macrophages transfected
with scrambled siRNA; §§P < .01 vs HPL-stimulated macrophages transfected with scrambled
siRNA, n = 6. Scr, scrambled.
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Figure 3.
Transfection of ODC siRNA enhances L-Arg uptake and iNOS protein expression in RAW
264.7 macrophages. (A) Real-time PCR for ODC with stimulation with lysates of C.
rodentium (C. rod), C. jejuni (C. jej) and HPL all at an MOI of 100. (B) top panel, RT-PCR
for CAT2; bottom panel, Western blot analysis for CAT2 and β-actin. (C) L-Arg transport (Scr,
scrambled). *P < .05, **P < .01 vs control macrophages transfected with scrambled siRNA;
§§P < .01 vs HPL-stimulated macrophages transfected with scrambled siRNA. (D) Western
blot analysis for iNOS and β-actin. (E) Densitometry of iNOS Western blots, standardized to
β-actin. (F) NO2

− levels measured at 24 h after stimulation. In E and F, **P < .01; ***P < .
001 vs macrophages transfected with scrambled siRNA. n = 3–4 for all experiments.
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Figure 4.
Induction of CAT2 in mouse and human H. pylori gastritis tissues. (A) RT-PCR for CAT2 in
mouse tissues from uninfected and H. pylori-infected mice at 4 months post-inoculation. (B)
Real-time PCR for CAT2 in mouse tissues, n = 4 control and 9 infected. **P < .01 vs uninfected
tissues (C) CAT2 expression by real-time PCR in human tissues from uninfected patients with
normal histology (n = 4), H. pylori-negative gastritis (n = 4), and H. pylori-positive gastritis
(n = 6). **P < .01 vs normal; §§P < 0.01 vs H. pylori-negative gastritis tissues. (D)
Immunofluorescent detection of CAT2 that localizes to macrophages. Mouse tissues were
stained for CAT2 detected with FITC (green) and for the macrophage marker F4/80, detected
with TRITC (red). Nuclei were stained with DAPI (blue). Co-localization is demonstrated in
merged images by yellow color. Magnification for each image is 200X, plus 600X for inset.
(E) Immunohistochemistry for CAT2 in human biopsies, magnification is 200X in left and
center panels, and 600X in right panel.
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Figure 5.
Induction of ODC in mouse and human H. pylori gastritis tissues. At 4 mo post- inoculation
in mice, ODC was assessed by (A) RT-PCR, (B) real-time PCR, and (C) enzyme activity.
**P < .01 vs uninfected. n = 4 uninfected and 9 infected in (B), and n = 5 uninfected and 5
infected in (C). In humans, ODC was assessed by (D) RT-PCR, (E) real-time PCR, and (F)
immunohistochemistry. In (E), **P < .01 for H. pylori positive gastritis (n = 6) vs uninfected
normal tissues (n = 4); §§P < 0.01 vs H. pylori-negative gastritis tissues (n = 4). In (F)
magnifications are 200X for both normal and H. pylori-positive gastritis, and 600X in the inset.
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Figure 6.
Deficient iNOS protein expression and NO production in gastric macrophages from H.
pylori infected mice. Mice were inoculated with H. pylori or broth control, and after 4 mo
gastric macrophages were isolated by positive selection. Cells from both uninfected (light bars)
and H. pylori-infected (black bars) mice were then treated ex vivo with vehicle control (Ctrl)
or HPL for 24 h. (A–C) Real-time PCR analysis of CAT2, ODC, and iNOS mRNA levels
respectively. (D), iNOS protein levels determined by flow cytometry; data are composite
results in relative fluorescence units. (E) Representative histogram tracings for the conditions
shown in D. In A–D, *P < .05, **P < 0.01 vs unstimulated control cells from uninfected mice;
#P < .05, ##P < .01 for HPL-stimulated cells from infected mice vs unstimulated cells from
infected mice; §P < .05 for HPL-stimulated cells from infected mice vs HPL-stimulated cells
from uninfected mice, n = 6. (F) NO2

− levels (left panel) and L-Arg uptake (right panel). Spm
(12.5 μM) was added at the start of the ex vivo stimulation. *P < .05, **P < .01 vs unstimulated
control cells from uninfected mice; §P < .05, §§P < .01 for HPL-stimulated cells from infected
mice vs HPL-stimulated cells from uninfected mice; ##P < .01 for stimulation with HPL +
Spm vs HPL only in cells from uninfected mice; n = 6.
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Figure 7.
Inhibition of polyamine synthesis restores L-Arg uptake and iNOS-derived NO production,
and reduces H. pylori colonization and gastritis. Mice were infected with H. pylori or broth
control, and received DFMO (1% w/v) in the drinking water or water alone for 4 mo, beginning
the day after inoculation with H. pylori. (A) Polyamine levels in stomach tissues. (B–D) Gastric
macrophages were isolated from the groups indicated. L-Arg uptake (B), iNOS protein
expression by flow cytometry (C), and NO2

− levels (D) were assessed. In A–D, *P < .05,
**P < .01, ***P < .001 vs uninfected control; §§P < .01, §§§P < .001 vs H. pylori-infected
without DFMO. n = 6 mice per group in A, and in B, n = 6–13 per group; each symbol represents
a different mouse. (E) H. pylori colonization and level of gastritis. Left panel, colonization by
serial dilution and culture; center panel, quantitative PCR for ureB; right panel, histology scores
for gastritis severity. Histologic scores in uninfected mice were 0.8 ± 0.3 (n = 14) and 0.7 ±
0.3 (n = 5), in mice receiving water alone or DFMO, respectively. §§P < .01, §§§P < .001 vs
HP without DFMO. (F) Representative hematoxylin and eosin staining of gastritis tissues.
Arrowheads indicate crypt abscesses.
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