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The role of superoxide anion (O2
2) and nitric oxide (NO) in the host defense mechanism against Salmonella

typhimurium (LT-2) was examined by focusing on xanthine oxidase (XO) as an O2
2-generating system and on

inducible NO synthase (iNOS). When ICR mice were infected with a 0.1 50% lethal dose (2 3 105 CFU) of
S. typhimurium, bacterial growth in the liver reached a peak value 3 days after infection (104.32 CFU/g of liver)
and decreased thereafter. XO activity in the liver became maximum at 7 days after infection; the value was
34.6 6 1.4 mU/g of liver at 7 days (compared with 11.0 6 1.3 mU/g of liver before infection). The time profile
of NO production in the liver as determined by electron spin resonance spectroscopy was consistent with that
of XO activity. Histological examination of infected liver showed the formation of multiple microabscesses with
granulomatous lesions consisting of polymorphonuclear cells and mononuclear cells, and iNOS-expressing
cells were localized in the confined areas of the microabscesses. When XO inhibitors such as allopurinol and
4-amino-6-hydroxypyrazolo[3,4-d]pyrimidine (AHPP) were administered to the infected mice, the mortality of
the mice was significantly increased (10 of 21 and 11 of 20 for the allopurinol- and AHPP-treated groups,
respectively, versus 2 of 20 for control mice), and bacterial growth was significantly enhanced. A similar
exacerbation of the infection was obtained with Nv-monomethyl-L-arginine (L-NMMA) treatment of the mice.
Of considerable importance is that granuloma formation in the liver was poorly developed by treatment with
either XO inhibitors or L-NMMA. These results suggest that XO and NO play an important role in the
antimicrobial mechanism against S. typhimurium in mice.

It is well known that oxygen free radicals such as superoxide
anion (O2

2) are produced as a host defense response and have
antimicrobial effects on intruding bacteria (4, 15). Further, in
recent years, nitric oxide (NO), which was first described as an
endothelium-derived relaxation factor (32, 34), also became
known to play an important role in the host defense against a
variety of microbes (12, 16, 22, 23, 28). There is increasing
evidence that O2

2 interacts with NO (5, 12, 20, 30, 36), and
their reaction product peroxynitrite (ONOO2) not only exhib-
its cytotoxic as well as pathogenic effects (3, 7, 36) but also
functions as an inflammatory mediator (9, 17, 27, 38).

Typhoid fever is a major infectious disease affecting the
human population worldwide. The clinical symptoms of ty-
phoid fever are caused mainly by Salmonella typhi, but other
Salmonella species, including Salmonella paratyphi A and B
and, on rare occasions, even Salmonella typhimurium, can be
causative agents (24). These Salmonella species are gram-neg-
ative, motile, facultative intracellular bacilli, and invasion of
and multiplication within the mononuclear phagocytic cells in
the liver, spleen, lymph nodes, and Peyer’s patches are the
hallmark of typhoid fever. To obtain a better understanding of
the pathogenesis of typhoid fever, it seems crucial to elucidate
the host reaction mechanism against Salmonella, with a focus
on defense-oriented molecules such as oxygen radicals and
NO. S. typhimurium infection in mice has been analyzed with

regard to antimicrobial and pathological events in host defense
(10, 37).

In our previous study, generation of O2
2 from neutrophils

and macrophages in livers of mice infected with S. typhimurium
was unequivocally identified by using ex vivo chemilumines-
cence; O2

2 generation correlated well with extension of gran-
ulomatous lesions in the infected liver (48). Specifically, sup-
pression of O2

2 generation by treatment with superoxide
dismutase (SOD) in vivo resulted in a decrease in the lesion
area in the liver and a simultaneous acceleration of bacterial
growth in the liver. This result suggests the possible involve-
ment of O2

2 in the host defense mechanism against S. typhi-
murium infection. In the present study, the role of O2

2 and
NO in this defense mechanism was further investigated, focus-
ing on the function of xanthine oxidase (XO) as an O2

2-
generating system and on NO produced from the inducible
isoform of NO synthase (iNOS) in the liver.

MATERIALS AND METHODS

Animals. Six-week-old male ICR mice (specific-pathogen-free grade), pur-
chased from SLC Japan Inc. (Shizuoka, Japan), were used in this study. All
experiments were carried out according to the guidelines in the Laboratory
Protocol of Animal Handling, Kumamoto University School of Medicine.

Bacteria. S. typhimurium (LT-2 strain) was used throughout the experiments.
The number of bacteria was determined by the colony formation assay as de-
scribed previously (48). Briefly, serially diluted liver homogenates were plated on
deoxycholate-hydrogen sulfate-lactose agar (Nissui, Tokyo, Japan) plates, and
colonies were counted after incubation for 18 h at 37°C.

Production of S. typhimurium infection in mice. S. typhimurium in 0.2 ml of
0.01 M sodium phosphate-buffered 0.15 M saline (PBS) (pH 7.4) was given
intraperitoneally (i.p.) to the ICR mice at a dose of either 2 3 106 or 2 3 105

CFU/mouse (1.0 or 0.1 50% lethal dose [LD50], respectively). At various times
after inoculation with S. typhimurium, bacterial growth, induction of both XO
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and xanthine dehydrogenase (XD), and NO biosynthesis in mouse liver, as well
as the survival rate of the mice, were examined as described below.

XO and XD assay. Both XO and XD activities were assayed by a fluorometric
method as described earlier (2, 6). After the mice were exanguinated by cutting
of the right ventricle under ether anesthesia followed by perfusion of the liver via
the portal vein with 20 ml of PBS (pH 7.4) containing 10 U of heparin, the liver
was homogenized on ice with ice-cold 50 mM potassium phosphate buffer (pH
7.6) containing 0.1 mM EDTA (Dojindo Laboratories, Kumamoto, Japan), 10
mg of leupeptin (Institute of Microbial Chemistry, Tokyo, Japan) per ml, 100 mg
of phenylmethylsulfonyl fluoride (Wako Pure Chemical, Osaka, Japan) per ml,
1.0 mM dithiothreitol (Wako), 10 mg of soybean trypsin inhibitor (Kunitz type;
Fuji Seiyu Co., Osaka, Japan) per ml, and 0.32 M sucrose. A Polytron homog-
enizer (Kinematica GmbH, Lucerne, Switzerland) was used. After the homoge-
nates were centrifuged at 100,000 3 g at 4°C for 1 h, the resultant supernatants
were dialyzed against PBS (pH 7.4) for 18 h at 4°C. The supernatants of the liver
homogenates were then subjected to a fluorometric assay for XO and XD
activities with pterine as a substrate. Isoxanthopterin, a reaction product, was
measured by use of a spectrofluorometer (model 650-40; Hitachi Ltd., Tokyo,
Japan), with excitation at 345 nm and emission at 390 nm. The assay mixture
consisted of 0.1 ml of sample solution and 0.9 ml of 50 mM potassium phosphate
buffer (pH 7.6) containing pterine (final concentration, 10 mM), and the reaction
was allowed to proceed at 37°C for 60 min. To measure the combined XO plus
XD activity, this reaction was carried out in the presence of 10 mM methylene
blue, which replaces NAD1 as an electron acceptor. To confirm the specificity of
XO and XD activities, allopurinol was added to the reaction mixture to give a
final concentration of 10 mM so as to inhibit XO and XD activities, followed by
incubation at 37°C for 30 min before addition of pterine. Both XO and XD
activities in the liver are expressed as units per gram of liver tissue; 1.0 U is
defined as 1.0 mmol of isoxanthopterin produced per min (6).

Measurement of NO generation in vivo. NO generation in mouse liver was
determined by measuring the NO-diethyldithiocarbamate (DETC)-Fe21 com-
plex, which is formed de novo after administration of DETC and FeSO4; electron
spin resonance (ESR) spectroscopy was performed as described previously (3,
11). Specifically, the mouse was injected subcutaneously with DETC at 400 mg/kg
and FeSO4 at 40 mg/kg (FeSO4 was dissolved in a 50-mg/ml sodium citrate
solution); separate sites for injection of DETC and the FeSO4 solution were used
to prevent precipitation of the iron complex. Thirty minutes after DETC-FeSO4
administration, the mouse liver was perfused with 20 ml of PBS (pH 7.4) con-
taining 10 U of heparin via the portal vein. The perfused liver was resected and
cut into small pieces, which were then transferred to the ESR sample tube. The
sample in the tube was immediately frozened in liquid nitrogen, and the NO-
DETC-Fe21 complex produced was quantified by using ESR spectroscopy
(Bruker Instrument, Inc., Rheinstetten, Germany) at 110 K. Moreover, NO-
hemoglobin generated in mouse blood was measured by using ESR spectroscopy
at 110K without treatment with the DETC-Fe21 complex, as described recently
(3, 11).

Identification of iNOS mRNA expression in the liver. Induction of iNOS
mRNA in liver infected with S. typhimurium was examined by reverse transcrip-
tase PCR (RT-PCR) and Southern blot analyses as described previously (3, 11).
After the mouse liver was removed and washed three times with PBS, total RNA
was extracted with Trizol (Gibco BRL, Gaithersburg, Md.). Briefly, 0.3 mg of
template RNA and 50 pmol of each oligonucleotide primer were used for each
PCR assay. Simultaneously, expression of glyceraldehyde-3-phosphate dehydro-
genase was tested as a standard mRNA expressed in the liver. The nucleotide
sequences of the primers for RT-PCR and reaction conditions for the RT-PCR
have been described elsewhere (11). A cDNA probe for murine iNOS was used
for Southern blotting after RT-PCR analyses, as presented earlier (3, 11).

Treatment of Salmonella-infected mice with XO or NOS inhibitors. The effect
of inhibition of XO or NOS on S. typhimurium infection in mice was investigated
by treatment of mice with XO inhibitors such as allopurinol and 4-amino-6-
hydroxypyrazolo[3,4-d]pyrimidine (AHPP) (Aldrich Chemical) or Nv-mono-
methyl-L-arginine (L-NMMA) (provided by I. Sakuma and R. G. Kilbourn).
Allopurinol and AHPP were given orally to the Salmonella-infected mice at 1.0
mg/mouse in 0.2 ml of 0.25 M NaOH every day on days 3 to 7 after inoculation
of the bacteria. Salmonella-infected mice given oral doses of 0.2 ml of 0.25 M
NaOH served as the vehicle-treated control. In a separate experiment, infected
animals were injected i.p. with 2.0 mg of L-NMMA (in 0.2 ml of PBS, pH 7.4)
every day during the same time periods as for the XO inhibitor treatment. The
control group for the L-NMMA treatment was given 0.2 ml of PBS i.p.

Histopathology and immunohistochemistry. For histological study, liver tis-
sues were fixed in 10% buffered neutral formalin solution, embedded in paraffin,
and cut into 3-mm-thick sections. The sections were stained with Masson
trichrome stain, and sections of liver untreated or treated with either XO inhib-
itors or L-NMMA were observed for histopathological changes.

Similarly, liver tissues with or without use of XO inhibitors or L-NMMA
treatment were subjected to immunohistochemical analysis for iNOS expression
as reported recently (38). Briefly, tissues were fixed in 2% periodate-lysine-
paraformaldehyde fixative at 4°C for 4 h. After 12 h of washing with PBS
containing 10, 15, and 20% sucrose plus 10% glycerol, tissues were embedded in
tissue-embedding medium (Miles, Elkhart, Ind.), frozen in liquid nitrogen, and
cut into 6-mm-thick sections by use of a cryostat. Sections were stained by the
indirect immunoperoxidase method, with a specific antibody for murine iNOS

(Wako Pure Chemical) as a primary antibody and were visualized by the reaction
with the substrate 3,39-diaminobenzidine (Wako). In addition, formation of
nitrotyrosine in liver tissue was analyzed by use of a specific antinitrotyrosine
antibody (Upstate Biotechnology, Lake Placid, N.Y.), as described recently (3,
38), in the same manner as for iNOS expression.

Statistical analysis. All data are expressed as means 6 standard errors of the
means (SEM). Statistical differences among each experimental group were de-
termined by the Mann-Whitney U test or by Fisher’s exact probability test.

RESULTS

Bacterial growth in the liver. When ICR mice were infected
with 2 3 105 CFU of S. typhimurium (0.1 LD50), the number of
bacteria in the liver increased up to 104.32 6 0.69 and 103.99 6 0.50

CFU/g of liver at 3 and 7 days after infection, respectively, and
then decreased thereafter (Fig. 1A). At 21 days after infection,
the bacteria became undetectable in our colony formation as-
say (less than 102 CFU/g of liver). A similar trend was observed
in the group infected with 2 3 106 CFU of S. typhimurium (1.0
LD50), but the bacterial yield was almost 10-fold higher than
that in the 0.1 LD50-infected group throughout the time course
of infection, and even on day 21 a significant amount of bac-
teria (103.13 6 0.08 CFU/g of liver) was detected in mouse liver
(Fig. 1B).

Induction of XO activity, NO production, and iNOS in vivo.
In a group infected with 0.1 LD50 of Salmonella, XO activity
reached a maximum at 7 days after infection (34.60 6 1.43
mU/g of liver) and decreased thereafter to a level at 21 days
after infection that was similar to the level before infection
(12.67 6 2.54 mU/g of liver versus 11.01 6 1.33 mU/g of liver
before infection) (Fig. 2A). The percentages of XO activity as
related to total activity [XO/(XO 1 XD)] were 67, 70, 53, and
46% at 3, 7, 14, and 21 days after infection (0.1 LD50), respec-
tively; the corresponding percentage for the uninfected control
was 55%. The increase in XO plus XD activity in the 1.0
LD50-infected mice was similar to that in the 0.1 LD50-infected
group (Fig. 2B). The percentages of XO activity in the 1.0
LD50-infected group, however, were larger than those in the
0.1 LD50-infected group: 78, 77, 100, and 96% at 3, 7, 14, and
21 days after infection, respectively.

The time profile of NO production in the liver was consistent
with that of XO activity, as assessed by ESR spectroscopic
study of production of the NO-DETC-Fe21 complex (Fig. 3A).
The amount of NO generated in the liver was elevated at 3 and
7 days after infection (0.1 LD50) and decreased thereafter to
reach the level seen before infection at 21 days after infection.
Without treatment with the DETC-Fe21 complex, a similar
time profile was observed for NO-hemoglobin generation in
the blood of mice infected with 0.1 LD50 of S. typhimurium
(Fig. 3B). NO-hemoglobin generation began to increase at 3
days after infection. The highest level of NO-hemoglobin in the
blood was observed at 7 days after infection, and the level was
considerably reduced at 21 days after infection. In the 1.0
LD50-infected group, NO production was induced after the
bacterial infection in a same time-dependent manner as in the
0.1 LD50-infected animals, except that the NO level was higher
than that in the 0.1 LD50-infected group throughout the time
course of the infection (Fig. 3). In addition, generation of
NO-hemoglobin in the blood of the 1.0 LD50-infected mice was
sustained for a longer time than that in the 0.1 LD50 group and
showed the maximum value at 14 days after infection (Fig. 3B).

Furthermore, induction of iNOS in the liver after Salmonella
infection was examined by RT-PCR and Southern blot analy-
sis. As demonstrated in Fig. 4, iNOS mRNA expression was
clearly observed in mouse liver at 3 and 7 days after infection
(0.1 LD50). The time course of iNOS mRNA expression was
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nearly consistent with that of NO production as assessed by
ESR spectroscopy (Fig. 3).

The host’s defense responses assessed by induction of XO
and XD activity and NO production (Fig. 2 and 3) were cor-
related with the bacterial growth in the livers for the groups
infected with 0.1 LD50 and 1.0 LD50 of bacteria (Fig. 1). Al-
though the level of total activity of XO and XD induced in the
Salmonella-infected liver appears to be within the same range
in the two groups, there is a great difference in the ratio of XO
to XD between them, indicating that the conversion of XD to
XO occurs more effectively in the group infected with 1.0 LD50

than in that infected with 0.1 LD50. Furthermore, a similar
difference in the magnitude of the host’s response against
Salmonella infection was observed in the production of NO as
revealed by ESR measurement of various NO adducts gener-
ated in the liver and the blood.

Effect of XO and NOS inhibitors on survival rate of mice
and bacterial growth in vivo. When specific inhibitors of XO
such as allopurinol and AHPP were administered to Salmonel-
la-infected mice (0.1 LD50), the survival of the mice was sig-
nificantly reduced: 10 of 21 and 11 of 20 (deaths with respect
to the total number of mice, in allopurinol- and AHPP-treated

FIG. 1. Bacterial growth in livers of mice infected with S. typhimurium. Mice were infected with 2 3 105 CFU of S. typhimurium (0.1 LD50) (A) or with 2 3 106

CFU of the bacteria (1.0 LD) (B). Columns and error bars indicate means 6 SEM (n 5 4). The number of bacteria was determined by the colony-forming assay. See
text for details.

FIG. 2. XO and total XO-plus-XD activities in the liver during S. typhimurium infection. Mice were infected with 2 3 105 CFU of S. typhimurium (0.1 LD50) (A)
or with 2 3 106 CFU of the bacteria (1.0 LD50) (B). Open columns, XO activity; closed columns, total (XO and XD) activity. Data are means 6 SEM (n 5 7). XO
and XO-plus-XD activities were determined fluorometrically in the presence or absence of 9 mM methylene blue. See text for details.
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groups, respectively), compared with 2 of 20 for the vehicle-
treated control group (P , 0.05 between the control and XO
inhibitor-treated groups by Fisher’s exact probability test) (Fig.
5). The numbers of bacteria in the liver at day 7 after infection
were significantly increased by treatment with allopurinol or
AHPP (105.83 6 0.22 and 105.80 6 0.23 CFU/g of liver, respec-
tively, versus 104.22 6 0.33 CFU/g of liver in the control group;
P , 0.05 by the Mann-Whitney U test) (Fig. 6A). However, the
amount of NO-hemoglobin generated in the blood was not

appreciably affected by treatment with XO inhibitors (Fig. 6B).
Increases in mortality and bacterial growth were also observed
after L-NMMA treatment of the Salmonella-infected mice; the
mortality was 10 of 22 and the bacterial yield was 105.47 6 0.35

FIG. 3. NO generation in blood and liver in mice infected with S. typhimurium (0.1 and 1.0 LD50). NO generation was determined by measuring the amounts of
NO-DETC-Fe21 complex produced in the liver (A) and NO-hemoglobin produced in the blood (B) by using ESR spectroscopy at 110 K. Data are means 6 SEM (n 5
4). See text for details.

FIG. 4. iNOS mRNA expression in the livers of mice infected with 0.1 LD50
of S. typhimurium. RT-PCR and Southern blot analyses were used to identify the
iNOS mRNA expressed in mouse livers at various times after infection. RT-PCR
was used for glyceraldehyde-3-phosphate dehydrogenase (G3PDH) mRNA in
the liver as the control, and the DNA band was visualized by ethidium bromide
staining after agarose electrophoresis. See text for details.

FIG. 5. Effect of allopurinol, AHPP, and L-NMMA on the survival rate of
mice infected with S. typhimurium (0.1 LD50). Allopurinol (n 5 21) and AHPP
(n 5 20) were administered orally at a dose of 1.0 mg/day per mouse. L-NMMA
(2.0 mg/day/mouse) (n 5 22) was given i.p. Treatment was carried out every day
with each solution, starting 3 days after infection and continuing until 6 days after
infection. Animals treated with only vehicle (either 0.2 ml of 0.25 M NaOH orally
or 0.2 ml of PBS i.p.) served as controls (n 5 20 for each control group). Similar
time courses for survival rates were observed for the two different vehicle-treated
groups; thus, the survival rate for the NaOH-treated group is shown as the
representative control. See text for details.
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CFU/g of liver at day 7 after infection (P , 0.05 for bacterial
yield and mortality between control and L-NMMA-treated
groups) (Fig. 5 and 6A). L-NMMA markedly suppressed pro-
duction of NO-hemoglobin in the blood in Salmonella-infected
mice (Fig. 6B).

Effect of XO and NOS inhibitors on formation of patholog-
ical lesions in livers of mice infected with S. typhimurium.
Histological examination of liver obtained at day 7 after infec-
tion (0.1 LD50 of S. typhimurium) revealed multiple lesions of
nodular microabscesses or granulomatous lesions, which were
composed of degenerated hepatocytes, infiltrated polymorpho-
nuclear (PMN) cells, and macrophages (Fig. 7A and D). No
significant pathological change was found in hepatocytes sur-
rounding the lesion (Fig. 7A). In contrast, the granulomatous
lesion induced by Salmonella infection was poorly developed,
and degenerated hepatocytes were seen throughout the liver in
L-NMMA- and allopurinol-treated groups (Fig. 7B, C, and E)
and also in AHPP-treated mice (data not shown). Immunohis-
tochemistry with an anti-iNOS antibody showed that iNOS-
positive cells, which appeared to be macrophages and PMN

cells, were localized mostly in the confined areas of the micro-
abscesses in the Salmonella-infected liver (Fig. 8A, 8, and D).
However, infiltration of iNOS-positive cells in microabscesses
was remarkably reduced by treatment with either XO inhibi-
tors or L-NMMA, and these cells were rather diffusely distrib-
uted in the liver tissue (Fig. 8E and F).

Formation of nitrotyrosine in Salmonella-infected livers. By
immunohistochemical study with an antinitrotyrosine anti-
body, generation of nitrotyrosine in liver tissue was investi-
gated. As shown in Fig. 9, strong staining with the antibody was
evident in infected liver. However, in contrast to the localiza-
tion of iNOS-positive cells, nitrotyrosine formation was ob-
served in the periphery of the granuloma formed in the liver.

DISCUSSION

In our previous work, it was suggested that O2
2 is an im-

portant antimicrobial molecular species in S. typhimurium-in-
fected mice (48). Our present study revealed that XO is re-
sponsible for the O2

2-dependent host defense mechanism. It is
of considerable importance that excessive production of NO by
iNOS expressed in mouse liver was also critically involved in
the antimicrobial mechanism against S. typhimurium. This is
the first detailed report showing that both O2

2 and NO are
major effector molecules in the host defense against S. typhi-
murium in vivo.

There is evidence that XO and XD activity is expressed in a
variety of cells, including endothelial cells (13, 24), hepatocytes
(41, 45, 46), fibroblasts (14), and neutrophils and macrophages
(18, 35, 47). Also, it has been reported that XO (or XD) is
upregulated by stimulation with lipopolysaccharide and proin-
flammatory cytokines, e.g., gamma interferon (IFN-g) and tu-
mor necrosis factor alpha (TNF-a) (13, 14, 45), which are
induced in infections with various viruses and bacteria, such as
influenza virus (2), cytomegalovirus (21), and S. typhimurium
(44). In the present experiments, the increase in XO and XD
in Salmonella-infected liver was clear. As described previously,
O2

2 generated from XO plays a pathogenic role in the patho-
genesis of influenza virus and cytomegalovirus infections in
mice. In contrast, inhibition of XO by treatment with either
allopurinol or AHPP resulted in increased mortality of mice
infected with S. typhimurium together with enhancement of
bacterial growth in the Salmonella-infected liver. Enhance-
ment of mortality by allopurinol treatment was reported in
infection with Staphylococcus aureus, Escherichia coli, and
Klebsiella pneumoniae in mice (46). We recently found that
AHPP is a more specific and more potent XO inhibitor than
allopurinol, and even in vivo it effectively suppressed O2

2

generation dependent on XO (31). Therefore, the results ob-
tained in the present study suggest that XO, via production of
O2

2, exerts a protective effect against invasion of Salmonella in
vivo.

Formation of NO has also been demonstrated in a wide
variety of cells, including vascular endothelial cells, neuronal
cells, PMN cells, bronchial epithelial cells, hepatocytes, and
activated macrophages (1, 16, 32, 34, 38, 40). There are three
different isoforms of NOS, i.e., two types of constitutive en-
zymes in neuronal and endothelial cells (29, 34) and iNOS,
which is induced by lipopolysaccharide and various proinflam-
matory cytokines such as IFN-g and TNF-a and produces an
excessive amount of NO (39, 40). NO produced excessively, in
particular by activated macrophages, has been shown to func-
tion as a cytotoxic or cytostatic molecule and inhibits the
growth of a diverse array of infectious agents (12, 16, 22, 23,
28). On the other hand, inhibition of NO biosynthesis improves
the pathogenesis of influenza virus-induced pneumonia in mice

FIG. 6. Effect of allopurinol, AHPP, and L-NMMA on bacterial growth in
livers (A) and on NO-hemoglobin generation in the blood (B) of mice infected
with S. typhimurium. Mice were treated with allopurinol, AHPP, or L-NMMA
from day 3 to day 6 after infection (0.1 LD50) every day in the same manner as
described for Fig. 5, and liver tissue was obtained at 7 days after infection. The
number of bacteria was quantified by use of the colony-forming assay as for Fig.
1. NO-hemoglobin was measured in mouse blood obtained at 7 days after
infection. The control (vehicle) group was given 0.2 ml of 0.25 M NaOH orally.
Data are means 6 SEM (n 5 7). p, P , 0.05 versus the control group by the
Mann-Whitney U test. See text for details.
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(3). Moreover, overproduction of NO has been implicated in
the pathogenesis of sepsis; of carcinogenesis induced by para-
sites, viruses, or bacteria (Helicobacter pylori); and of cerebral
malaria (3, 22, 33, 52). Thus, overproduction of NO may be
detrimental to hosts in some microbial infections. Identifica-
tion of the role of NO in protection against microbial infec-
tions will therefore provide insight into the delicate balance of
host-microbe interaction.

The present result for S. typhimurium infection in mice
clearly illustrates the protective effect of NO produced during
murine salmonellosis. The beneficial qualities of the cell-me-
diated immune effector mechanism have been shown in this
salmonellosis model, involving cytokine signaling, particularly
that dependent on Th1-related IFN-g production (43). Be-

cause, as mentioned earlier, NO production and upregulation
of XO and XD are mediated through IFN-g and TNF-a, the
host defense action against Salmonella can be exerted via pro-
duction of both NO and O2

2 at the ultimate step in the cyto-
kine signaling pathway.

It is now well documented that NO per se is not a potent
bactericidal molecular species (7, 8, 19, 51). The most effective
cytotoxic effect of NO appears to be via reaction with O2

2 (8,
19, 30, 36). NO reacts with O2

2 (with a diffusion-limited rate
constant of 6.7 3 109 M21 s21) to yield peroxynitrite
(ONOO2) (5, 20, 30). Peroxynitrite generated in the tissue can
be assessed by immunohistochemical detection of nitrotyrosine
in tissue (3, 26, 42). Although it has been reported that nitro-
tyrosine can be formed in a peroxynitrite-independent chemi-

FIG. 7. Effect of XO and NOS inhibitors on formation of pathological lesions in livers of mice infected with S. typhimurium. Liver obtained at 7 days after infection
(0.1 LD50) was fixed with 10% formaldehyde, and sections were stained with Masson trichrome stain. Treatment with XO inhibitors or L-NMMA was performed as
described for Fig. 5. (A and D) Control group; (B) L-NMMA-treated group; (C and E) allopurinol-treated group. Magnifications, 348 (A to C) and 3180 (D and E).
See text for details.
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FIG. 8. Immunohistochemistry for iNOS expression in the livers of mice
infected with 0.1 LD50 of S. typhimurium with or without XO or NOS inhibitor
treatment. Mice were given either XO inhibitors or L-NMMA in the same
manner as described for Fig. 5. (A, B, and D) Control group; (C) uninfected
control; (E) L-NMMA-treated group; (F) allopurinol-treated group. Magnifica-
tions, 324 (A), 3120 (B and C), and 344 (D to F). See text for details.

2938 UMEZAWA ET AL. INFECT. IMMUN.



cal reaction, such as the NO2
2-H2O2-peroxidase pathway (50),

peroxynitrite appears to be one of the possible contributors to
nitrotyrosine formation in vivo, in particular when excessive
amounts of both NO and O2

2 are produced simultaneously at
similar concentrations (30, 36). This notion seems to be further
supported by the demonstration by Pryor’s group that the
nitration reaction by peroxynitrite can be enormously potenti-
ated by carbon dioxide, which is abundant in biological systems
(49). Our immunohistochemical study with antinitrotyrosine
antibody showed intense staining in livers of mice infected with
S. typhimurium. Furthermore, in view of our observation that
inhibition of either NO or O2

2 results in impairment of the
antimicrobial effect in murine salmonellosis (present results
and reference 48), it is most reasonable that peroxynitrite
generated in mouse liver has an antibacterial effect in Salmo-
nella infection in mice.

The histopathological examination with Masson trichrome
stain and the immunohistochemical assay with anti-iNOS an-
tibody showed that treatment of the Salmonella-infected mice
with L-NMMA or XO inhibitors significantly reduced forma-
tion of granulomatous lesions in the liver. A similar result was
obtained in our previous study with a polymer-conjugated
SOD, in which SOD administered to the Salmonella-infected
mice resulted in poor development of the granulomatous
changes and in enhancement of bacterial growth in the liver

(48). These data may indicate that both NO and O2
2, possibly

through formation of peroxynitrite, mediate recruitment of
inflammatory cells such as PMN cells and monocyte-derived
macrophages to the infectious foci, resulting in containment of
the intruding bacteria in the restricted area with formation of
localized microabscesess and granulomatous lesions. This in-
terpretation is supported by our recent report that inhibition of
NO production by NOS inhibitors in silica- and zymosan-in-
duced pulmonary granulomatosis in rats decreased inflamma-
tory cell infiltration in lung tissues and reduced induction of
chemokine macrophage chemoattractant protein-1 (38). These
results may suggest that NO and its oxidized metabolites such
as peroxynitrite function as inflammatory mediators in micro-
bial infections. In this context, the NO-O2

2 interaction in the
microcirculation has been well delineated by Kubes et al. (17,
27), in that a delicate balance between NO and O2

2 affects the
various inflammatory responses such as vascular permeability
and leukocyte adhesion to the endothelial cells in the micro-
vasculature. Therefore, better understanding of a novel aspect
of NO in the inflammatory response of the host will provide
new insights into the role of NO and oxygen radicals in the host
defense mechanism and pathogenesis of various types of in-
fectious diseases.

In conclusion, from our present results it is apparent that
O2

2 generated through XO induction and NO production by
iNOS has a potent antimicrobial effect against S. typhimurium
in murine salmonellosis, and this protective effect is likely to be
mediated through formation of peroxynitrite rather than O2

2

or NO per se.
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