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Helicobacter pylori infection of the stomach causes an active immune response that includes stimulation of
inducible nitric oxide (NO) synthase (iNOS) expression. Although NO can kill H. pylori, the bacterium persists
indefinitely, suggesting that NO production is inadequate. We determined if the NO derived from iNOS in
macrophages was dependent on the availability of its substrate, L-arginine (L-Arg). Production of NO by H.
pylori-stimulated RAW 264.7 cells was dependent on the L-Arg concentration in the culture medium, and the
50% effective dose for L-Arg was 220 �M, which is above reported plasma L-Arg levels. While iNOS mRNA
induction was L-Arg independent, iNOS protein increased in an L-Arg-dependent manner that did not involve
changes in iNOS protein degradation. L-Lysine, an inhibitor of L-Arg uptake, attenuated H. pylori-stimulated
iNOS protein expression, translation, NO levels, and killing of H. pylori. While L-Arg starvation suppressed
global protein translation, at concentrations of L-Arg at which iNOS protein was only minimally expressed in
response to H. pylori, global translation was fully restored and eukaryotic translation initiation factor � was
dephosphorylated. H. pylori lacking the gene rocF, which codes for a bacterial arginase, induced higher levels
of NO production by increasing iNOS protein levels. When murine gastric macrophages were activated with H.
pylori, supraphysiologic levels of L-Arg were required to permit iNOS protein expression and NO production.
These findings indicate that L-Arg is rate limiting for iNOS translation and suggest that the levels of L-Arg that
occur in vivo do not permit sufficient NO generation by the host to kill H. pylori.

Helicobacter pylori is a gram-negative, microaerophilic bacte-
rium that colonizes the human stomach, infects �30 to 40% of
the population in the United States (46), and has a higher prev-
alence in underdeveloped regions. H. pylori infection induces a
chronic lymphocytic response and an innate immune response in
neutrophils, monocytes, and macrophages (21–23, 33–35, 47).
However, this response is ineffective, as the bacterium generally
persists for the life of the host, leading to chronic gastritis, peptic
ulcers, gastric adenocarcinoma, and lymphoma. Although H.
pylori has often been considered a noninvasive pathogen, early
studies indicated that its antigens are present in the lamina pro-
pria (33), recent studies have demonstrated the ability of H. pylori
to invade gastric epithelial cells in vitro (2) and in vivo (42), and
bacteria have been shown to be bound to erythrocytes in mi-
crovessels of the lamina propria (3). Furthermore, it has now
been shown by transmission electron microscopy and immuno-
gold detection that H. pylori is in direct contact with immune cells
of the lamina propria in the majority of cases of gastritis and
gastric cancer (38). Additionally, this bacterium can induce innate
immune response genes and cause apoptosis in macrophages
even when it is separated by filter supports or when water extracts
or lysates are used (21, 23).

Inducible nitric oxide (NO) synthase (iNOS) expression can
result in high-output production of NO, which is well known to be
an important effector molecule in the innate immune response to
pathogens due to its antimicrobial capability (16). We have dem-
onstrated that H. pylori induces iNOS and NO production in
macrophages (6, 21–23, 47). NO can kill the bacterium in vitro (6,
22, 30), but H. pylori survives in the human stomach despite
detection of iNOS in the infected gastric mucosa (19). It is im-
portant to note that even when H. pylori is separated from the
mucosal macrophages, NO itself is freely diffusible and can be
detected systemically under conditions of infection or other forms
of stress where iNOS is upregulated (for a review, see reference
17). As an example, in mice with colitis induced by Citrobacter
rodentium infection in the colon there is a marked increase in
serum NO levels (20). Moreover, when H. pylori is physically
separated from macrophages by transwell filter supports in vitro,
bacteria are still killed in an NO-dependent manner (6, 22). All of
these findings have suggested to us that a factor contributing to
the persistence of H. pylori in the stomach may be that the amount
of NO made in the gastric mucosa may not be sufficient to kill the
infecting H. pylori.

The iNOS gene is a highly inducible gene, and its transcrip-
tion is readily upregulated by a variety of inflammatory stimuli
(32, 49), including H. pylori (19, 21–23, 47). However, it has
also been noted that the amount of NO produced by iNOS can
depend greatly on the amount of the substrate, L-arginine
(L-Arg). The term “arginine paradox” (18, 31) has been used to
describe the finding that addition of L-Arg to cells can result in
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increased NO generation by iNOS at concentrations at which
the enzyme should be saturated, even concentrations that are
much greater than the Km of iNOS, which has been reported to
be in the range from 2.8 to 16 �M (25, 45). An additional
component of this paradox stems from the concept that there
appears to be a pool of intracellular L-Arg that is not accessible
to iNOS and that uptake of extracellular L-Arg is required for
substantive iNOS-derived NO generation (5, 11, 39).

We sought to determine the role of L-Arg availability in the
macrophage response to H. pylori infection. Our data show that
H. pylori-stimulated iNOS mRNA expression does not require
L-Arg, but H. pylori-stimulated iNOS protein translation and
NO production are entirely dependent on the L-Arg concen-
tration such that levels substantially higher than the reported
mammalian plasma levels (�100 �M) (4, 20, 43) are needed to
maximize the host response. Furthermore, limitation of L-Arg
availability inhibits iNOS translation and thus attenuates kill-
ing of H. pylori. These studies are the first studies to show that
the host response of macrophages to a bacterial pathogen is
dependent on L-Arg-driven iNOS translation.

MATERIALS AND METHODS

Reagents. All reagents used for cell culture, RNA extraction, and reverse
transcription (RT)-PCR were obtained from Invitrogen. All other chemicals
were purchased from Sigma.

Bacteria, cells, and culture conditions. H. pylori SS1 was grown and used as
described previously (7, 47), and the multiplicity of infection (MOI) was defined as
the ratio of bacteria to eukaryotic cells. Macrophages were activated with either live
bacteria (6–8, 21–23) or H. pylori lysates prepared with a French press (7, 47), and
MOIs were determined in lysates as described previously (47). For bactericidal
studies, live H. pylori was separated from macrophages by filter supports (pore size,
0.4 �m; Transwell; Corning Inc., Corning, NY). When live bacteria were used,
medium without antibiotics was used as described previously (6, 22). In some ex-
periments an isogenic mutant of SS1 was used that is deficient in the rocF gene,
which codes for H. pylori arginase, as described previously (22). The murine mac-
rophage cell line RAW 264.7 was maintained in complete Dulbecco’s modified
Eagle’s medium (DMEM) (7, 47). For experiments, cells were washed with phos-
phate-buffered saline (PBS) and incubated in L-Arg-free, phenol red-free DMEM
(AthenaES, Baltimore, MD) without serum containing 0.3% bovine serum albumin
for 2 h. The medium was removed, and fresh medium having the same composition
with various concentrations of L-Arg was added. These experiments were conducted
under serum-free conditions to avoid contamination with additional L-Arg. In addi-
tional experiments, cells were also cultured in DMEM without L-methionine, L-
cystine (the stable oxidized form of L-cysteine), and L-leucine (Millipore, Billerica,
MA) with different amounts of these amino acids added back.

Measurement of NO. The concentration of the oxidized metabolite of NO,
nitrite (NO2

�), was assessed by the Griess reaction (6, 21–23, 47). For the
experiments with RAW 264.7 cells, 1 � 106 cells/ml of cell culture medium was
plated, and data were expressed as micromolar concentrations of NO2

�.
RT-PCR. iNOS mRNA expression was measured by RT-PCR as described

previously (7). Two different sets of primers were used. The first set was used
exactly as reported previously (6, 21, 23), generating a 499-bp product. The
second set of primers consisted of sense primer 5�-CACCTTGGAGTTCACCC
AGT-3� and antisense primer 5�-ACCACTCGTACTTGGGATGC-3�, and the
product size was 170 bp. The primer sequences for �-actin were those described
previously (21). For the 170-bp iNOS product, 1 �g RNA was reverse transcribed
using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Each PCR was
conducted with 1 �l of cDNA and HotMasterMix (Eppendorf, Westbury, NY).
Fifteen picomoles each of the sense and antisense primers and 3 pmol each of the
�-actin primers (7, 21) were used. One PCR cycle consisted of the following:
95°C for 30 s, 60°C for 1 min, 50 s, and 72°C for 30 s. The total number of cycles
was 32. A final elongation step of 7 min at 72°C was used for each reaction.

Real-time PCR. For iNOS the 170-bp product primers were used as described
above. For cyclooxygenase 2 (COX-2), the primers were sense primer 5�-CCCC
CACAGTCAAAGACACT-3� and antisense primer 5�-GGCAATGCGGTTCT
GATACT-3�. The primer sequences for ornithine decarboxylase (ODC) and
�-actin were sequences described previously (21). cDNA was synthesized as
described above, and 2 �l was used for real-time PCR for iNOS, COX-2, ODC,

and �-actin with iQ SYBR green Supermix (Bio-Rad). The thermal cycling
conditions and the method used to calculate relative expression have been
described previously (7).

Immunoblot analysis. RAW 264.7 cells were treated with either live or lysed
H. pylori for 24 h. In some experiments lactacystin (Calbiochem, San Diego, CA),
a proteosomal inhibitor, was used. Cells were lysed and Western blotting for
iNOS and �-actin was performed as described previously (6). Phosphorylation of
eukaryotic translation initiation factor 2� (eIF2�) was detected with a polyclonal
antibody to phospho-eIF2� (Ser51; 1:1,000; Biosource, Camarillo, CA). COX-2
was detected with a mouse monoclonal antibody from BD Transduction Labs
(San Jose, CA) (1:500), and ODC was detected with a polyclonal antibody from
Santa Cruz Biotechnology (Santa Cruz, CA) (1:250).

Detection of iNOS protein by flow cytometry. After stimulation cells were
washed with PBS, fixed in 0.1% paraformaldehyde, and permeabilized with 100%
methanol on ice. Cells were then incubated with polyclonal rabbit anti-iNOS
antibody (BD Transduction Laboratories) at a 1:200 dilution for 30 min at room
temperature, which was followed by staining with goat anti-rabbit secondary
antibody conjugated to fluorescein isothiocyanate. A total of 3 � 104 cells were
acquired with a BD LSRII system (BD Biosciences) and analyzed using
CELLQuest software (BD Biosciences).

Translation analysis for iNOS. After 18 h of coculture of RAW 264.7 mac-
rophages with or without H. pylori in the presence and absence of L-lysine
(L-Lys), proteins were labeled with [35S]methionine and analyzed for iNOS
translation exactly as described previously (6).

Global translation analysis. RAW 264.7 macrophages were cultured in L-Arg-
free medium as described above, with different levels of L-Arg added. In addi-
tional experiments, cells were also cultured in medium with controlled concen-
trations of the amino acids L-methionine, L-cystine, and L-leucine. After 18 h of
coculture with H. pylori, 20 �Ci/ml of [35S]methionine (specific activity, 	1,000
Ci/mmol) was added for 4 h. Cells were washed with PBS and lysed in radioim-
munoprecipitation assay buffer. Proteins were precipitated with 10% trichloro-
acetic acid (TCA), resuspended in radioimmunoprecipitation assay buffer, and
blotted on nitrocellulose paper. The paper was then washed with 10% TCA and
70% ethanol. After drying, radioactivity was measured with a liquid scintillation
counter (Tri-Carb 2100TR; PerkinElmer, Boston, MA). Lysates were also re-
solved by 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and phosphorimaged (Cyclone; PerkinElmer).

Gastric macrophage isolation. Male 8-week-old mice were sacrificed by CO2

inhalation. The stomach was rapidly removed from each mouse by excising
between the distal end of the esophagus at the gastroesophageal junction and the
proximal duodenum (near the pyloric sphincter). The paragastric lymph nodes
were removed from the gastric wall. The forestomach (nonglandular portion)
was removed from the glandular stomach and discarded. The glandular stomach
was opened, rinsed gently in PBS, and cut longitudinally. To dissociate the gastric
tissue, the glandular stomach was cut with scissors into 2-mm pieces and digested
for 20 min with 1 mg/ml dispase, 0.25 mg/ml collagenase A, and 25 U/ml DNase
(Roche Diagnostics, Indianapolis, IN) at 37°C. The suspension was passed
through a 70-�m cell strainer (BD Biosciences, San Diego, CA). Cells were
harvested by centrifugation and washed with PBS containing 4% fetal bovine
serum. Cells were resuspended in cold IMag buffer (0.05% bovine serum albu-
min and 2 mM EDTA in PBS), and viable cells were counted with trypan blue.

Next, 1 � 107 cells were labeled with biotin-conjugated anti-mouse F4/80
antibody (CALTAG Laboratories, Burlingame, CA) using 100 �l of a 1:200
dilution on ice for 30 min. Cells were washed with 1 ml of IMag buffer and
incubated with 50 �l of streptavidin conjugated with magnetic beads (BD Bio-
sciences) on ice for 30 min. Cells were brought to a volume of 1 ml with cold
IMag buffer, and cell suspensions were applied to an IMagnet (BD Biosciences)
for 6 min at room temperature. The negative fraction was carefully removed,
washed with 1 ml of cold IMag buffer, and then reapplied to the IMagnet for 5
min. The supernatant was removed, and the cells were resuspended in IMag
buffer and reapplied to the IMagnet for 5 min. The positive fraction was resus-
pended in DMEM cell culture medium without L-Arg, phenol red, or serum.
Viable cells were counted and plated in 96-well plates in the presence of different
concentrations of L-Arg for experiments. In some experiments, the positive
fraction was incubated with fluorescein isothiocyanate-conjugated monoclonal
antibody to the leukocyte marker CD11b and allophycocyanin-conjugated mono-
clonal antibody to Gr-1, a marker for granulocytes. Cells were analyzed by flow
cytometry to determine the percentage of positive cells using a BD LSRII system
(BD Biosciences).

Isolation of total RNA from gastric macrophages and real-time PCR. A total
of 2 �104 cells/well were plated in 96-well plates and activated for 6 h with H.
pylori lysate. Total RNA was isolated using a VERSAGENE 96-well RNA
purification kit (Gentra Systems, Minneapolis, MN) according to the manufac-
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turer’s instructions. cDNA was synthesized from RNA with an iScript cDNA
synthesis kit (Bio-Rad). Three microliters of cDNA was used for a real-time PCR
for iNOS and �-actin, which was performed as described previously (7).

Analysis of NO production and iNOS protein expression in gastric macro-
phages. A total of 4 � 104 cells/well were plated in 96-well plates and activated with
H. pylori lysate in the presence of various concentrations of L-Arg in serum-free
DMEM. After 48 h, supernatants were removed and the NO2

� concentration was
assayed by using the Griess reaction as described above. NO2

� concentrations are
reported below as micromolar concentrations adjusted to a cell concentration of 1 �
106 cells/ml. iNOS protein was assessed by flow cytometry exactly as described above
for the RAW 264.7 cells except that 5 � 103 cells were acquired for analysis.

Statistical analysis. Quantitative data are expressed below as means 
 stan-
dard errors. For comparisons between multiple groups the Student-Newman-
Keuls multiple-comparison test was used, and for single comparisons between
two groups the Student t test was used.

RESULTS

H. pylori-induced NO production in macrophages is depen-
dent on the L-Arg concentration and occurs through an effect
on iNOS protein expression. Because macrophage iNOS has
been found to be regulated at multiple levels (6, 15, 31) and
L-Arg availability has been shown to affect iNOS at the post-

transcriptional level (15, 31), we cocultured H. pylori and RAW
264.7 macrophages in media containing different concentra-
tions of L-Arg and compared iNOS mRNA, protein, and NO
levels under these different conditions. We tested a broad
range of L-Arg levels (from 0 to 1.6 mM) and found that NO
production in response to H. pylori occurred in a concentra-
tion-dependent manner (Fig. 1A). With H. pylori stimulation,
the levels of NO2

�, the oxidized metabolite of NO, were the
same as those in unstimulated cells when no L-Arg was present
in the medium and continued to increase until the maximum
level of L-Arg tested, 1.6 mM, was reached. From these data we
estimated that the 50% effective dose of L-Arg is 220 �M,
which is higher than previously reported plasma L-Arg levels
(4, 20, 43). In contrast, when iNOS mRNA was assessed, there
was substantial induction (132-fold) when H. pylori was added
in the absence of L-Arg, and the level was not significantly
affected by addition of L-Arg (Fig. 1B and 1C). This suggested
an additional level of regulation. When iNOS protein levels
were assessed by Western blotting (Fig. 1D and 1E), there was
an absence of iNOS without L-Arg in the medium and there

FIG. 1. Effect of L-Arg on iNOS expression in H. pylori-stimulated macrophages. RAW 264.7 macrophages were stimulated with intact H. pylori at
an MOI of 10. Experiments were conducted in arginine- and serum-free DMEM to which known concentrations of L-Arg were added. (A) L-Arg-
dependent increase in NO2

� levels in cells stimulated with H. pylori for 24 h. One asterisk indicates a P value of �0.05 and two asterisks indicate a P value
of �0.01 for a comparison with the preparation with no L-Arg (0 mM). Thirteen separate experiments were performed in duplicate. (B and C) iNOS
mRNA expression assessed by real-time PCR (B) and RT-PCR (C) at 6 h after stimulation in the presence of the concentrations of L-Arg indicated.
(D) Densitometry for Western blotting for iNOS. One asterisk indicates a P value of �0.05 and two asterisks indicate a P value of �0.01 for a comparison
with the preparation with no L-Arg (0 mM). For panels B and D three separate experiments were performed. (E) Representative Western blot analysis
performed for iNOS (130 kDa) (upper panel) and �-actin (42 kDa) (lower panel) with cells harvested at 24 h after stimulation. Thirty micrograms of total
protein was loaded per lane. (F) iNOS protein levels assessed by flow cytometry as detected using a fluorescein isothiocyanate-conjugated secondary
antibody. Representative fluorescence tracings from two separate experiments performed in duplicate are shown. HP, H. pylori; FITC-A, fluorescein
isothiocyanate area.
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was a steady increase in the iNOS level with L-Arg addition.
Based on densitometry of Western blots (Fig. 1D), it was
readily apparent that the iNOS protein levels were only mini-
mally increased with 0.1 mM L-Arg, the concentration in
plasma of both mice and humans (4, 20, 43), and that the levels
continued to increase with addition of L-Arg in a manner
similar to that observed for the increase in NO2

� levels shown
in Fig. 1A, completely distinct from the lack of increase in
iNOS mRNA levels. To confirm the findings obtained with the
Western blots, we also performed flow cytometry for iNOS
protein (Fig. 1F) and found that with H. pylori stimulation
there was no increase in iNOS protein in the absence of L-Arg
and that there was a concentration-dependent increase at the
levels of L-Arg assessed.

These findings are not attributable to an effect of the con-
centration of L-Arg in the medium on H. pylori, because we
have found that higher levels of L-Arg do not enhance the
viability or growth of H. pylori in DMEM, and the same effect
of L-Arg on iNOS protein and NO production still occurred
even when macrophages were activated with French-pressed
H. pylori lysates rather than live bacteria (data not shown). It
should also be noted that in unstimulated cells, even when they
were cultured with the maximum concentration of L-Arg in the
medium (1.6 mM) used in our studies, there was no induction
of iNOS mRNA (Fig. 1B) or protein (Fig. 1C), and the NO2

�

levels were also not increased (data not shown).
Absence of iNOS protein at low L-Arg concentrations is not

due to instability of the protein. Because we found that iNOS
protein was not detectable in the absence of L-Arg despite the
induction of iNOS mRNA expression, we considered the pos-
sibility that L-Arg deprivation results in decreased stability of
the iNOS protein. We therefore compared iNOS protein levels
by Western blotting in the absence and presence of a specific
proteosomal inhibitor, lactacystin, that prevents proteosome-
dependent degradation of iNOS (37). To avoid the inhibition
of NF-�B activation that can occur with pretreatment with
lactacystin (37), cells were treated with lactacystin and H. pylori
at the same time. Additionally, because proteosomal inhibitors
can alter protein stability in bacteria (40), we used lysates of H.
pylori in these experiments. When cells were treated with H.
pylori but deprived of L-Arg, addition of lactacystin failed to
reveal that any iNOS protein was being made and then de-
graded (Fig. 2). Addition of lactacystin to unstimulated cells
exposed to high levels of L-Arg also did not reveal any iNOS
protein, indicating that there was not basal iNOS protein being
made that was rapidly degraded. When cells were stimulated
with H. pylori in the presence of either 0.4 or 1.6 mM L-Arg,
lactacystin did not enhance the levels of the 130-kDa iNOS mono-
mer, but it allowed detection of the dimeric form of iNOS that is
normally degraded by proteosomes (Fig. 2). It should be noted
that the iNOS dimer has been shown to be undisruptable in the
presence of proteosomal inhibitors (29). As expected, the total
amount of iNOS (dimer plus monomer) in H. pylori-stimulated
cells cultured with L-Arg was greater in the cells treated with
lactacystin than in cells not exposed to the proteosomal inhibitor.
Taken together, these data indicate that L-Arg does not affect
iNOS protein expression by an effect on protein stability.

L-Arg availability regulates NO production by an effect on
iNOS protein translation. The data presented in Fig. 1 and 2
suggested that NO generation by H. pylori-stimulated macro-

phages requires induction of iNOS mRNA expression and is
also dependent on a posttranscriptional effect of L-Arg that
might be due to an effect on protein translation. To further
verify the importance of L-Arg availability, we stimulated mac-
rophages with H. pylori in the presence and absence of L-Lys,
which is an inhibitor of L-Arg uptake into cells that also de-
pletes intracellular L-Arg (9). L-Lys significantly attenuated
NO production to the same low level regardless of the amount
of L-Arg added (Fig. 3A). In contrast, iNOS mRNA expression
was increased by H. pylori, regardless of the concentration of
L-Arg or the presence of L-Lys (Fig. 3B). However, L-Lys treat-
ment of H. pylori-stimulated cells completely blocked the iNOS
protein expression that was otherwise detected in the presence
of L-Arg (Fig. 3C). When iNOS translation was assessed by
[35S]methionine incorporation, the level was very low both in
unstimulated cells and in cells activated with H. pylori but
deprived of L-Arg, and there was a concentration-dependent
increase in stimulated cells exposed to L-Arg (Fig. 3D) that
paralleled the iNOS protein and NO2

� levels. Additionally,
iNOS translation was markedly attenuated with addition of
L-Lys, which matched the loss of iNOS protein expression.
These data indicate that L-Arg is required for iNOS translation
and that L-Arg must be taken up from the extracellular envi-
ronment for the iNOS translation to occur.

Global protein translation requires a minimum level of L-
Arg but is not concentration dependent at concentrations
above 0.1 mM. Because amino acid starvation has been shown
to suppress protein translation (41, 44), we determined
whether the effects that we observed on iNOS could be non-
specific. We performed an analysis of total protein translation
in RAW 264.7 cells by labeling proteins with [35S]methionine
and precipitating them with TCA (Fig. 4). When [35S]methi-
onine incorporation was assessed by scintillation counting (Fig.
4A) and by SDS-PAGE (Fig. 4B), both techniques demon-
strated that there was suppression of translation in the absence
of L-Arg, regardless of whether H. pylori was present in the
medium. Addition of L-Arg enhanced total translation, and in
the presence of H. pylori there was no further increase in
protein translation at levels of L-Arg above 0.1 mM, the phys-
iologic level of L-Arg in mice and humans (4, 20, 43). These
data indicate that the concentration-dependent increase in the
iNOS protein level that we observed (Fig. 1D to F) at concen-
trations of L-Arg above 0.1 mM cannot be attributed to
changes in total protein translation.

FIG. 2. Effect of inhibition of proteosomal degradation on iNOS
protein levels. Lactacystin (10 �M) was added at the same time as H.
pylori lysate (MOI, 100), and RAW 264.7 cells were harvested at 24 h.
Western blotting was performed for iNOS and �-actin using the same
polyclonal antibodies used for Fig. 1. Similar results were obtained in
two experiments. HP, H. pylori.
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Levels of amino acids, including L-Arg, are known to alter the
phosphorylation status of eIF2� (41, 44). The dephosphorylated
form enhances translation, whereas the phosphorylated form is
considered to be a global inhibitor of protein translation (41, 44).
Dephosphorylation of eIF2� has been associated with facilitation
of iNOS translation in brain astrocytes (31), but this phenomenon
has not been previously studied in immune cells or in cells ex-
posed to an infectious stimulus. We therefore assessed levels of
the eIF2� phosphoprotein (Fig. 4C) and found that the levels
were high in unstimulated cells even in the presence of high levels
of L-Arg, indicating that L-Arg alone is unlikely to be sufficient to
activate protein translation in macrophages. In cells activated with
H. pylori, phospho-eIF2� levels rapidly decreased as L-Arg levels
were increased from 0 to 0.1 mM, but there was not a significant
change at higher concentrations of L-Arg. These data are consis-
tent with the increase in global protein translation at 0.1 mM
L-Arg that did not increase further at higher concentrations of
L-Arg that we observed (Fig. 4A and 4B). However, these results
are not consistent with the continued increase in iNOS protein
expression (Fig. 1D to F and 3C) and iNOS protein translation
(Fig. 3D) with concentrations of L-Arg above 0.1 mM, indicating
that L-Arg may have specific effects on iNOS protein translation.

Other H. pylori-inducible proteins do not exhibit L-Arg de-
pendence at concentrations above 0.1 mM. To further establish
the specificity of the effect of L-Arg availability on iNOS, we
studied two other genes that we have previously demonstrated
to be induced by H. pylori, namely the genes encoding COX-2
(19, 35) and ODC (6–8, 21). As shown in Fig. 5A and 5C, H.
pylori induced mRNA expression of COX-2 and ODC, respec-
tively, in the absence of L-Arg, and there was no significant
effect of addition of L-Arg on mRNA levels. When protein
levels were assessed, for both COX-2 (Fig. 5B) and ODC (Fig.
5D) there was a lack of induction in the absence of L-Arg, but
the protein levels were markedly increased at 0.1 mM L-Arg
and did not increase further at higher concentrations of L-Arg,
similar to the global protein translation data shown in Fig. 4A

FIG. 3. iNOS protein translation is dependent on L-Arg uptake. L-Lys
(20 mM), an inhibitor that blocks L-Arg uptake, was added to RAW 264.7
cells at the same time as intact H. pylori (MOI, 100). (A) L-Lys inhibits
L-Arg-dependent induction of NO2

� production. Two asterisks indicate a
P value of �0.01 and three asterisks indicate a P value of �0.001 for a
comparison with the preparation with no L-Lys (n  4). (B) L-Lys had no
effect on iNOS mRNA expression as assessed by RT-PCR at 6 h after
stimulation. (C and D) L-Lys inhibited iNOS protein expression and iNOS
translation, respectively. In panel C, Western blotting was performed at
24 h after stimulation. In panel D, cells were cultured with or without H.
pylori at the concentrations of L-Arg indicated and in the presence or
absence of L-Lys for 18 h, [35S]methionine was added for 4 h, and iNOS
protein was immunoprecipitated, resolved by SDS-PAGE, and phosphor-
imaged. In panels B to D the results of representative experiments are
shown; similar results were obtained in at least two experiments in each
case. HP, H. pylori.

FIG. 4. Effect of L-Arg on global protein translation and dephos-
phorylation of eIF2�. (A and B) Total translation was measured by
scintillation counting of [35S]methionine in TCA-precipitable protein
(A) and by SDS-PAGE and phosphorimaging (B). Note that the con-
ditions indicated in panel A also apply to panel B. In panel A, one
asterisk indicates a P value of �0.05 and two asterisks indicate a P
value of �0.01 for a comparison with unstimulated cells cultured in the
absence of L-Arg (n  3). (C) Western blot obtained using a polyclonal
antibody to phospho-eIF2� Ser51 (40 kDa) (upper panel) and �-actin
(42 kDa) (lower panel). HP, H. pylori.
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and 4B. Thus, these data are consistent with the requirement
for a threshold of 0.1 mM L-Arg, which is known to be the
physiologic level of L-Arg in vivo (4, 20, 43), for maximal
protein expression of COX-2 and ODC, which is clearly dif-
ferent than the case for iNOS, for which there was minimal
protein expression at 0.1 mM L-Arg and a marked increase in
the iNOS level at higher levels of L-Arg.

Global protein translation and iNOS protein expression
requires a minimal level of other amino acids, but the effect is
not concentration dependent. To determine whether the effect
of L-Arg was specific for this amino acid, we performed exper-

iments in which medium deficient in either the essential amino
acid methionine or leucine or the stable form of the nonessen-
tial amino acid cysteine (cystine) was used. When global trans-
lation was assessed (Fig. 6A and 6B), in the absence of each
amino acid there was suppression of translation in H. pylori-
stimulated cells compared to the translation in control medium
in which these amino acids were replete. However, addition of
individual amino acids to concentrations found in standard
DMEM (0.2, 0.2, and 0.8 mM for methionine, cystine, and
leucine, respectively) restored translation, and in fact addition
of levels that were only 25% of the standard concentrations in
DMEM also allowed normal levels of global translation (Fig.
6A and 6B). H. pylori-stimulated iNOS mRNA expression lev-
els did not depend on the level of these amino acids (Fig. 6C),
exactly as we observed with L-Arg. NO production was atten-
uated by the absence of methionine, cystine, or leucine (Fig.
6D). However, at the levels of the amino acids that were 25%
of the standard DMEM levels, there was maximization of
NO2

� levels that was paralleled by similar expression of iNOS
protein that did not increase further with higher concentra-
tions of these amino acids (Fig. 6E).

Killing of H. pylori by macrophages is dependent on both the
extracellular L-Arg concentration and macrophage uptake.
Macrophage-derived NO is likely to be an important compo-
nent of the host defense against H. pylori, since we have shown
that lamina propria macrophages from an infected human
stomach express iNOS (19) and NO can kill H. pylori in vitro
(6, 22, 30). When H. pylori is cultured above a transwell filter
support with macrophages below the support, there is induc-
tion of iNOS mRNA, iNOS protein, and NO release (23) and
killing of the bacterium is NO dependent (22). Therefore, the
effect of L-Arg concentration and availability on the ability of
macrophages to kill H. pylori was assessed in this transwell
model system. When H. pylori was cocultured with macro-
phages in L-Arg-free medium, there was no decrease in the
number of viable H. pylori cells compared to the results when
bacteria were added alone without macrophages (Fig. 7A).
Addition of L-Arg to the medium bathing the macrophages
allowed NO production to occur (Fig. 7B), and this restored
bactericidal activity (Fig. 7A). Addition of L-Lys inhibited mac-
rophage NO generation in the transwell system (Fig. 7B), and
this prevented bacterial killing (Fig. 7A). Therefore, in this
model that mimics the separation of H. pylori from macro-
phages in the stomach, the ability of the macrophages to kill H.
pylori is dependent on entry of extracellular L-Arg into the
macrophages. Further, these data suggest that factors that limit
the amount of L-Arg that is able to enter the cell, whether
through reduction of extracellular L-Arg or inhibition of up-
take, compromise the ability of cells expressing iNOS mRNA
to be able to exert an antibacterial effect on H. pylori.

H. pylori arginase inhibits iNOS protein expression. H. pylori
itself possesses a bacterial arginase, encoded by the gene rocF,
which can reduce the availability of extracellular L-Arg to the host
cells to the point where macrophage NO production and killing of
H. pylori are markedly attenuated (6, 22, 30). In light of our
present finding that uptake of extracellular L-Arg is required for
iNOS translation, we sought to determine whether H. pylori argi-
nase simply reduces macrophage NO production by reducing the
amount of substrate for iNOS by competitive inhibition alone or
whether the effect of the bacterial arginase is to reduce macro-

FIG. 5. H. pylori-stimulated expression of COX-2 and ODC in the
presence of different concentrations of L-Arg. (A) COX-2 mRNA
expression assessed by real-time PCR. The data are expressed as fold
increases compared with unstimulated cells. (B) Western blot for
COX-2 (upper panel) (72 kDa) and �-actin (lower panel). (C) Real-
time PCR for ODC. (D) Western blot for ODC (upper panel) (53
kDa) and �-actin (lower panel). In panels A and C, two asterisks
indicate a P value of �0.01 and three asterisks indicate a P value of
�0.001 for a comparison with unstimulated cells (n  3). In panel B,
the blot was the same as that used in Fig. 4C after stripping and
reprobing; hence, the �-actin is the same as that in Fig. 4C. In panel D,
the blot was the same as that used in Fig. 1E; hence, the �-actin is the
same as that in Fig. 1E. For panels B and D, similar results were
obtained in two experiments. HP, H. pylori.
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phage iNOS expression. We used 0.4 mM L-Arg in the medium
for these experiments, since this is the concentration in most cell
culture media that are normally used, such as DMEM, and we
had found (Fig. 1 and 3) that this level of L-Arg results in a
substantial level of iNOS protein expression and NO generation.
Macrophages were cocultured with wild-type and isogenic rocF
mutant H. pylori SS1 at various MOIs. As shown in Fig. 8A, there
was a significant increase in the NO2

� levels generated by the
macrophages when they were activated with the rocF strain com-
pared with the results obtained with the wild-type strain that was
not associated with differences in iNOS mRNA levels (Fig. 8B),
but there was an increase in iNOS protein levels (Fig. 8C) with
deletion of bacterial arginase. These data indicate that H. pylori
arginase can effectively limit iNOS protein expression by inhibit-
ing L-Arg availability to host cells.

Gastric macrophages require exposure to excess L-Arg to
express iNOS protein and generate NO. To further assess the
relevance of our findings, we sought to verify that gastric tis-
sue-derived macrophages express iNOS in response to H. pylori
and to determine whether they also exhibit dependence on

L-Arg availability for iNOS protein expression and NO pro-
duction. Mouse stomachs were enzymatically digested, and in the
initial experiments, we determined that there were 1.81 
 0.12 �
105 leukocytes isolated per stomach by positive selection with the
�-integrin CD11b, 17.4% 
 1.6% of which stained positive for the
macrophage marker F4/80, yielding a total of 3.12 � 104 
 0.29 �
104 macrophages per mouse (n  6).

We then proceeded with direct isolation of macrophages by
using streptavidin-conjugated magnetic beads binding to bio-
tinylated antibody to F4/80, as described in Materials and
Methods. After this positive selection, cells were labeled with
antibody to CD11b and assessed by flow cytometry to verify
that the cells isolated were leukocytes (Fig. 9A) and that they
did not contain neutrophils since they were negative for the
marker Gr-1 (Fig. 9B). When cells were activated ex vivo with
H. pylori, the results mirrored those obtained with the RAW
264.7 cell line, in that the NO production, measured as NO2

�,
was not increased above basal levels in the absence of L-Arg
and increased in a concentration-dependent manner as L-Arg
was added (Fig. 9C). iNOS mRNA expression was significantly

FIG. 6. Effect of other amino acids on global translation and iNOS protein expression. RAW 264.7 cells were cultured in medium deficient in
the amino acids L-methionine, L-cystine, and L-leucine, to which each was individually added back at the concentrations indicated (in mM). Ctrl,
unstimulated cells cultured in the medium to which L-methionine, L-cystine, and L-leucine were all added back at the concentrations found in
standard DMEM (0.2, 0.2, and 0.8 mM, respectively). Total protein translation was measured by scintillation counting of [35S]methionine in
TCA-precipitable protein (A) and by SDS-PAGE and phosphorimaging (B). Note that the conditions indicated in panel A also apply to panel B.
(C) iNOS mRNA levels assessed by real-time PCR. The data are expressed as the fold increases compared with unstimulated cells cultured in
medium with replete amino acids. (D and E) NO2

� levels (D) and iNOS Western blotting (E) for cells cultured with different concentrations of
amino acids, as described above for panel A. Note that the conditions indicated in panel D apply to panels C and E. In panels A, C, and D, one
asterisk indicates a P value of �0.05 and two asterisks indicate a P value of �0.01 for a comparison with the unstimulated control, and one section
sign indicates a P value of �0.05 and two section signs indicate a P value of �0.01 for a comparison with the culture with none of the amino acid
added back (0 mM). (A and C) n  3; (D) n  3 in duplicate. HP, H. pylori.
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increased with H. pylori stimulation even in the absence of
L-Arg and was not further increased with addition of L-Arg
(Fig. 9D). In contrast, when iNOS protein levels were assessed
by flow cytometry (Fig. 9E and 9F), we found that with H.
pylori stimulation there was no increase in iNOS protein in the
absence of L-Arg. With addition of 0.4 mM L-Arg there was
only a slight increase in iNOS protein, and only at 1.6 mM
L-Arg did the increase become significant. Taken together,
these data suggest that when gastric macrophages are exposed
to H. pylori products, high levels of L-Arg are required to
generate iNOS protein.

DISCUSSION

In the current study we demonstrated that induction of
iNOS by H. pylori is tightly regulated by L-Arg availability.
Specifically, our data show that iNOS mRNA expression does
not require L-Arg but that iNOS protein expression is very
sensitive to L-Arg levels, since protein levels increased in a
concentration-dependent manner and were effectively attenu-
ated by inhibition of L-Arg uptake. Additionally, the protein

expression closely paralleled levels of iNOS translation and
was not attributable to an effect on protein stability. For effec-
tive host defense against H. pylori, uptake of extracellular L-
Arg was required to generate sufficient NO to kill H. pylori in
our coculture model. Importantly, we found that H. pylori-
derived arginase can compete with host cells by inhibiting
iNOS protein expression, and we showed that gastric macro-
phages also exhibit attenuation of iNOS protein expression at
physiologic levels of L-Arg.

In our study, changes in iNOS protein expression and trans-
lation were not attributable simply to changes in global protein
translation. Amino acid starvation is known to result in acti-
vation of the protein kinase GCN2, which then phosphorylates
eIF2� at Ser51 and results in global suppression of protein
translation (44). We found that under resting conditions,
eIF2� was still heavily phosphorylated even with high levels of
L-Arg, which may reflect a need for activation of the cells to
dephosphorylate this protein. Our finding that eIF2� was de-
phosphorylated in the presence of H. pylori with 0.1 mM L-Arg
was similar to the findings for astrocytes activated with cAMP
plus gamma interferon (IFN-�), where similar dephosphoryla-
tion was demonstrated at this concentration of L-Arg (31).
However, our data differ in that the iNOS protein expression
continued to increase at concentrations of L-Arg above 0.1 mM
even though eIF2� dephosphorylation had already occurred.
This indicates that other translational control mechanisms are
likely to be involved. Dependence of iNOS protein expression
on L-Arg availability has been reported in macrophages stim-
ulated with lipopolysaccharide plus IFN-� (15), but in those
studies treatment with interleukin-13 was used to induce argi-

FIG. 7. Killing of H. pylori by macrophages is dependent on L-Arg
availability. Live H. pylori placed above transwell filter supports was
incubated with or without 1 � 106 macrophages (M�)/ml in arginine-
and serum-free DMEM with either 0 or 1.6 mM L-Arg for 24 h at an
MOI of 100. The starting amount of bacteria in these experiments was
0.5 � 108 cells (1 � 108 cells/ml) added to 0.5 � 106 cells. CFU were
determined after 24 h of coculture. (A) Effect of L-Arg and L-Lys on H.
pylori survival. (B) NO2

� levels for the conditions used for panel A.
One asterisk indicates a P value of �0.05 and two asterisks indicate a
P value of �0.01 for a comparison with H. pylori alone or H. pylori plus
macrophages with 0 mM L-Arg. One section sign indicates a P value of
�0.05 and two section signs indicate a P value of �0.01 for a compar-
ison with H. pylori plus macrophages with 1.6 mM L-Arg without L-Lys
(n  4).

FIG. 8. H. pylori rocF deletion increases macrophage iNOS protein
expression. Live wild-type (WT) and isogenic mutant rocF strains of H.
pylori were cocultured with macrophages at the MOIs indicated.
(A) NO2

� levels. One asterisk indicates a P value of �0.05 and three
asterisks indicate a P value of �0.001 for a comparison of the rocF
mutant and the wild type (n  4 to 7). (B) RT-PCR analysis of iNOS
mRNA expression. (C) Western blot analysis of iNOS and �-actin
protein levels. In panels B and C, the results of representative exper-
iments are shown; similar results were obtained in at least two exper-
iments for panel B and five experiments for panel C.
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nase I and deplete L-Arg, and in addition to inhibition of iNOS
translation, a reduction in iNOS protein stability was also re-
ported in response to L-Arg reduction, an effect that we ex-
cluded in our studies. In our experimental systems, the expres-
sion of iNOS protein in response to H. pylori was regulated at
the level of iNOS protein translation, and supplemental acti-
vation of arginase was not required to demonstrate the limi-
tation of L-Arg availability. Regulation of the concentration of
extracellular L-Arg, its uptake into cells, and endogenous com-
petition due to induction of both arginase and ODC activity
are all potentially important in determining the iNOS protein
level in H. pylori-stimulated macrophages.

An important point raised by our data is that the production

of NO in response to H. pylori in RAW 264.7 cells was in-
creased at L-Arg concentrations up to 1.6 mM, with the iNOS
protein level steadily increasing at L-Arg concentrations from
0.1 to 1.6 mM. Plasma L-Arg levels have been reported to be in
the range from 65 to 130 �M in mice (20, 43) and in the range
from 86 to 130 �M in humans (4), concentrations which are
below our experimentally derived 50% effective dose for L-Arg
(220 �M) in H. pylori-stimulated macrophages and represent a
concentration range at which we found that the iNOS protein
is just becoming detectable despite intact global protein trans-
lation levels. Furthermore, our data for the isolated gastric
macrophages also strongly highlight the point that high levels
of extracellular L-Arg are needed to allow iNOS protein to be

FIG. 9. Levels of iNOS expression and NO production in H. pylori-stimulated gastric macrophages. After positive selection of macrophages
from the stomachs of C57BL/6 mice, cells were labeled with anti-CD11b antibody conjugated to fluorescein isothiocyanate (A) and antibody to
Gr-1 conjugated to allophycocyanin (B) or isotype control immunoglobulin G (IgG), and cells were analyzed for fluorescence by flow cytometry.
The percentages of CD11b-positive and Gr-1-positive cells are shown in panels A and B, respectively. In panels A and B, data representative of
three mice are shown. For panels C to F cells were stimulated ex vivo with H. pylori lysate at an MOI of 100 at the concentrations of L-Arg indicated.
For panel C the levels of NO2

� were measured by the Griess reaction. For panel D the mRNA levels for iNOS were quantified by real-time PCR.
iNOS protein levels were assessed by flow cytometry using a polyclonal antibody to iNOS. (E) Summary of data. (F) Representative data for one
mouse. In panels C to E, two asterisks indicate a P value of �0.01 for a comparison with uninfected mice, and two section signs indicate a P value
of �0.01 for a comparison with the preparation containing 0.4 mM L-Arg (n  3 mice for each different experiment [namely, NO2

�, mRNA, and
protein]). HP, H. pylori; RFU, relative fluorescence units; FITC-A, fluorescein isothiocyanate area; APC-A, allophycocyanin area.
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expressed. Our data also indicate that complete L-Arg starva-
tion causes suppression of global protein translation and that
the effects of L-Arg are specific to iNOS, because global trans-
lation, as well as the protein expression of other H. pylori-
inducible genes, is maximized at 0.1 mM L-Arg, whereas the
expression of the iNOS protein is just detectable at this L-Arg
level and continues to increase at higher concentrations of
L-Arg. Furthermore, depletion of other amino acids also sup-
presses global protein translation and iNOS protein expres-
sion, but iNOS levels and NO production are restored at levels
well below those present in standard culture medium. Thus,
the effect of L-Arg on iNOS appears to be specific. However, to
address this matter further, one approach would be to conduct
a proteomic analysis with H. pylori-stimulated macrophages.
Such experiments are currently under way in our laboratory.

Our findings lead to the question of why more iNOS is not
expressed at levels of extracellular L-Arg that exceed the Km of
the enzyme. We have shown that the expression of iNOS pro-
tein is completely dependent on the ability of the cells to
transport extracellular L-Arg into the cytoplasm based on our
finding that L-Lys, an inhibitor of L-Arg uptake, abolished
iNOS protein translation and iNOS protein expression. L-Arg
uptake in macrophages has been attributed to the y� transport
system (28). The cationic amino acid transporters (CAT) con-
sist of CAT1, which is constitutively expressed and is involved
in uptake of arginine for basic metabolism (39), and CAT2,
which has the alternatively spliced isoforms CAT2A and
CAT2B (10). CAT2 is the major transporter in macrophages
(28), and the activity of this protein is required for NO pro-
duction with activation by lipopolysaccharide plus IFN-� (39).
Previously, we have reported that the polyamine spermine,
generated by the induction of ODC by H. pylori, inhibits mac-
rophage NO production by blocking translation of iNOS (6).
Further, we have found that H. pylori stimulates L-Arg trans-
port into macrophages by inducing CAT2, but this uptake of
L-Arg is effectively inhibited by spermine (R. Chaturvedi, P. Y.
Kim, and K. T. Wilson, Gastroenterology 126:A404, 2004).

Another potential mechanism limiting L-Arg availability for
iNOS is the effect of the competing enzyme, arginase. First, H.
pylori-derived arginase can efficiently consume L-Arg in the
extracellular environment (22), and we show here that this
actually leads to an effective reduction in iNOS protein expres-
sion. In cytokine-stimulated intestinal epithelial cells, Giardia
lamblia has been shown to decrease NO generation by deple-
tion of L-Arg, but in contrast to our data, there was no inhibi-
tion of iNOS protein expression (14). In addition, we have
reported that H. pylori induces the mitochondrial form of ar-
ginase, namely arginase II, and that this results in an effective
increase in arginase activity in macrophages (21). Further, our
finding that polyamine levels are increased in response to H.
pylori (7) indicates that the L-ornithine generated by arginase is
converted into putrescine, followed by conversion to spermi-
dine and spermine by constitutively expressed synthases, re-
sulting in negative feedback regulation of iNOS translation (6).

Substantial amounts of L-Arg are also utilized in vivo by
arginase I, the hepatic form of arginase that is essential for
survival in its function of detoxifying ammonia in the urea cycle
(26, 48). If arginase I is not present due to a congenital defi-
ciency in humans (26) or in mice with an arginase I knockout
(27), serum L-Arg levels can exceed 1 mM (13, 24), but this

state is associated with profound neurotoxicity (13, 24, 26, 27).
Additionally, L-Arg can also be consumed by other metabolic
pathways to generate agmatine, creatine, and proline (36, 48).
Thus, in mammals, systemic L-Arg levels cannot reach the
levels that would optimize extracellular availability for iNOS.
Nonetheless, the question remains, what might happen if mice
were supplemented with L-Arg, as we have done previously in
an infectious colitis model (20)? Consistent with systemic uti-
lization of L-Arg by arginase I and the high levels of arginase II
(21) and ODC (1) in H. pylori gastritis tissues, there was no
enhancement of iNOS protein levels and there was no ame-
lioration of colonization at 2, 4, and 6 months after inoculation
when we treated C57BL/6 mice with 1% L-Arg in the drinking
water during the entire course of chronic H. pylori infection (R.
Chaturvedi, M. Asim, and K. T. Wilson, unpublished data).

It should also be recognized that limiting the availability of
L-Arg for macrophages or perhaps other cells in the infected
gastric mucosa may actually be beneficial for the host, because
otherwise, high levels of NO generation could lead to uncon-
trolled tissue injury, as we have reported for the C. rodentium
model of colitis (20) and as has been shown in numerous other
models of inflammatory bowel disease (12). Additionally, the
utilization of L-Arg by the arginase pathway results in apopto-
sis of both macrophages and gastric epithelial cells exposed to
H. pylori, and the final common pathway is generation of
oxidative stress by the metabolism of spermine, resulting in
mitochondrial membrane depolarization and apoptosis (7, 50).
Thus, the innate response to pathogens may include a brake on
the influx of L-Arg to prevent this activation of the intrinsic
pathway of apoptosis or uncontrolled iNOS translation. In
summary, we suggest that L-Arg availability represents an im-
portant factor in the innate immune response to H. pylori via its
role in regulating iNOS.
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