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Abstract. The pathogenic mechanism of infections is a complicated but important scientific

theme that is now attracting great attention because of its association with host-derived as well

as microbial factors. Recent advances in free radical research revealed that reactive oxygen and

nitrogen oxide species such as superoxide (O2
−) and nitric oxide (NO) play a leading role in the

pathogenesis of infections caused by viral pathogens including influenza virus and other RNA

viruses. Although NO and O2
− have antimicrobial activity against bacteria, fungi, and parasites,

in some viral infections they have an opposite effect. This exacerbation caused by NO and O2
−

is mediated by reactive nitrogen oxides, for example, peroxynitrite (ONOO−), generated by

reaction of NO with O2
−. These nitrogen oxides have strong oxidation and nitration potential and

can modify biological molecules, thereby creating oxidative and nitrative stress that contributes

to pathogenic processes during viral infection. Nitrative stress-mediated 8-nitroguanosine

formation during influenza or Sendai virus infection has been the focus of enormous interest

because it involves unique biochemical and pharmacological properties such as redox activity

and mutagenic potential. In this review, we discuss the nature and impact of nitrative stress in

viral infection, with emphasis on nitrative stress-mediated viral pathogenesis, which we have

recently been investigating.
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Introduction

Nitric oxide (NO) is a gaseous free radical species

with pleiotropic functions in pathophysiology. NO is

synthesized by means of an enzymatic reaction involv-

ing two-step oxidation of the terminal guanidine nitro-

gen of L-arginine, the result being formation of NO and

L-citrulline (1). The enzymes involved in this catalytic

reaction are NO synthases (NOSs), which are expressed

both as constitutive enzymes, produced primarily in

endothelial cells (eNOS) and neuronal cells (nNOS), and

as an inducible isoform (iNOS). Constitutively produced

NOSs contribute to several physiological processes

including vasorelaxation and neurotransmission. In

contrast, iNOS, which is expressed in various cells

including macrophages, neutrophils, epithelial cells, and

hepatocytes, produces excessive NO during infections,

inflammation, and states of physiological stimulation

(2, 3).

During microbial infections, excessive NO produced

by iNOS has diverse functions ranging from anti-

microbial and antiinflammatory host defense and cyto-

protection to proinflammatory and cytotoxic activities.

The nature of the pathological insults and the physio-

logical environment of infections govern which of two

opposite roles NO will play: either defense of the host or

impairment of host defense so that pathogenesis of the

invading microbes is supported. The host defense func-

tion of NO is best characterized by antimicrobial and

cytoprotective activities that have been observed in

bacterial, fungal, and parasitic infections (4 – 7). In

contrast, NO-mediated inflammation and pathogenesis

have been documented in several diseases including

arthritis, encephalitis, ulcerative colitis, and viral infec-

tions (2, 8 – 10). In these NO-related disorders, NO is
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most important in viral infections, even though non-

specific antiviral effects have been reported for certain

infections, because it promotes the viral pathogenesis.

The multiple biological effects of NO depend on the

nature of its reactions in the biological milieu under

various pathophysiological conditions. The chemical

and biological reactivities of NO produced in inflamed

tissues during infection or inflammation are greatly

affected by concomitant production of oxygen radicals,

particularly superoxide (O2
−) and hydrogen peroxide.

The interaction of NO with reactive oxygen species

causes formation of several reactive nitrogen oxides,

such as peroxynitrite (ONOO−) and nitrogen dioxide.

These reactive nitrogen intermediates have great

potential to cause oxidative and nitrative stress by means

of oxidation and nitration of biological molecules

including proteins, nucleic acids, and membrane lipids.

Oxidation and nitration reactions mediated by the

reactive nitrogen and oxygen species apparently affect

both the host and the pathogen in a nonselective manner

and play an important role in innate host defense.

Nitrative stress generated during infection and inflam-

mation has recently been the focus of great attention

because of its association with the pathogenesis of infec-

tious diseases such as viral pneumonia, Helicobacter

pylori infection, and Opisthorchis viverrini infection in

hamsters (11 – 13). Moreover, nitrative stress was

reportedly involved in viral mutation and evolution,

which are closely related to mechanisms of disease

pathogenesis and outbreaks of emerging or re-emerging

infections (14, 15).

Because a delicate balance between host and pathogen

interactions determines the pathological consequences

of microbial infections, a central theme in modern

medical research is understanding of the host-pathogen

interaction rather than gaining insight into a particular

microbe. In this context, better understanding of the

molecular mechanism of the unique pathogenic principle

mediated by NO during microbial infections would help

stimulate new scientific research, not only on micro-

biology and infectious disease but also on other related

areas such as biochemistry and pharmacology. We have

been working for some time on oxygen radical- and NO-

induced viral pathogenesis caused by neurotropic or

pneumotropic viruses such as herpes simplex virus

(HSV) and influenza virus in several animal models. In

this review, we discuss the nature and impact of nitrative

stress in microbial pathogenesis, with special emphasis

on underlying mechanisms that we have observed in

recent investigations.

Beneficial aspects of NO in microbial infections

NO was first described as a gaseous signal molecule

with fuctions in several physiological phenomena,

including smooth muscle relaxation, neurotransmission,

tissue homeostasis, memory and learning processes, and

inhibition of platelet aggregation. It is now well known,

however, that a large amount of NO is produced during

microbial infections caused by almost all pathogens

including bacteria, viruses, parasites, and fungi (4 – 7,

16). In infections with Salmonella, Mycobacterium,

Leishmania, Streptococcus, and Bordetella, excessive

NO is produced after induction of iNOS. In most cases,

this excessive production of NO results in innate

resistance against these bacteria. In a study of Bordetella

pertussis in wild-type (iNOS+/+) and iNOS-deficient

(iNOS−/−) mice, increased bacterial growth and higher

susceptibility to infection were found in iNOS−/− mice

compared with wild-type mice (17). Our study using

an NO inhibitor and iNOS−/− mice unequivocally

established a similar protective role of NO in murine

salmonellosis (6, 18). An absence of NO synthesis was

associated with greater bacterial growth, increased

apoptosis, and exacerbation of pathological charac-

teristics in mouse liver infected with Salmonella enterica

serovar Typhimurium (18).

However, in Mycobacterium infection, NO has diverse

roles. Different species of Mycobacterium have demon-

strated variations in susceptibility to NO and its reactive

intermediates. For example, activated mouse macro-

phages inhibited growth of Mycobacterium leprae and

Mycobacterium tuberculosis (19, 20). Flesch et al.

reported that intracellular growth of Mycobacterium

bovis and M. tuberculosis H37Rv was inhibited by

reactive nitrogen intermediates generated from bone

marrow-derived macrophages (21). A contrasting result

was observed for Mycobacterium avium: in one experi-

ment, mouse peritoneal macrophages and human

monocyte-derived macrophages were infected with

M. avium and were then stimulated with interferon

(IFN)-γ, tumor necrosis factor (TNF)-α, and granulocyte-

macrophage colony-stimulating factor in the presence

or absence of Nω-monomethyl-L-arginine (L-NMMA) or

arginase. Neither competitive inhibition by L-NMMA

nor depletion of L-arginine by arginase had any effect on

inhibition of growth of M. avium (22). In our laboratory,

we examined the effect of NO on intracellular growth of

M. avium complex (MAC: one strain of M. avium and

two strains of Mycobacterium intracellulare). Rat

alveolar macrophages were infected with MAC in the

presence or absence of L-arginine or L-NMMA and were

then stimulated with IFN-γ. After 3 days of incubation,

the number of viable intracellular Mycobacterium
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organisms was measured by means of the colony-form-

ing assay and the amount of NO was determined by

assay of NO2
− in the culture supernatant. In brief, we

found that growth of M. avium MINO was significantly

inhibited by NO synthesized from L-arginine in the cells.

However, we found no significant inhibitory effects of

NO on growth of the two M. intracellulare strains that

were eventually much less susceptible to NO and its

reactive intermediates than was M. avium MINO (5).

As found for bacterial infections, iNOS-mediated NO

production has been documented in several experimental

viral infections in mice and rats, including those with

neuroviruses, such as Borna disease virus, HSV-1, and

rabies virus, and pneumotropic and cardiotropic viruses,

such as influenza virus, Sendai virus (SeV), and

coxsackievirus (23 – 28). iNOS expression was also

observed in human diseases caused by human immuno-

deficiency virus-1 (HIV-1) and hepatitis B virus (HBV)

(29, 30). Thus, iNOS is ubiquitously expressed during

host responses to microbial propagation and invasion.

However, the precise role of NO in viral infection

remained unclear. In infections with certain viruses,

for example, coxsackievirus (31, 32), Epstein-Barr virus

(33), and HSV-1, NO inhibited viral propagation (26,

34, 35). Despite the antiviral activity of NO, induction

of NO synthesis is not always beneficial; rather NO

promotes the pathogenesis of some viral infections, such

as influenza, tick-born virus infection, HSV-1 infection,

and cytomegalovirus (CMV) infection. In these diseases,

NO and its reactive species were associated with damage

to cells in host tissue, which aided the infection. Thus,

the role of NO in viral pathogenesis deserves special

attention so as to achieve complete understanding of

host-pathogen interactions during viral infection.

NO production in viral infections

During viral infection, as in other microbial infec-

tions, NO is produced in macrophages and phagocytic

cells as an innate host defense mechanism. The enzyme

responsible for this infection-induced NO production is

iNOS. Studies of the molecular mechanism of iNOS

induction revealed that several cytokines including

IFN-γ, TNF-α, and interleukin (IL)-1 are responsible for

this induction, with IFN-γ playing the pivotal role (36,

37). A study with mouse peritoneal macrophages found

that HSV-2 infection acted in synergy with IFN-γ to

induce NO production (38). We observed marked

attenuation of NO production in IFN-γ-deficient mice

infected with influenza virus or SeV (T. Akaike et al.,

unpublished observation). Furthermore, the iNOS-induc-

ing potential in bronchoalveolar lavage fluid in influenza

virus pneumonia was attributable solely to IFN-γ, as

revealed by an immunoadsorption study with a specific

anti-IFN-γ antibody (10). These results indicate that

IFN-γ is a cytokine of major importance for inducing

iNOS and NO overproduction during viral infections.

Induction of iNOS by IFN-γ occurs at transcriptional

levels (39). The promoter of the iNOS gene has two

nuclear factor-κB (NF-κB) binding sites and an IFN-

stimulated response element, to which interferon

regulatory factor-1 (IRF-1) binds (37). Researchers have

found that NF-κB and IRF-1 are two transcriptional

factors that participate in gene activation in response

to viral infection or dsRNA (40 – 42). Both IRF-1 and

NF-κB have been shown to physically interact at the

iNOS promoter region, which may lead to the

synergistic activation of iNOS expression observed

when both transcriptional factors are activated (43).

IRF-1 is an inducible transcriptional factor expressed in

response to IFN-γ, viral infection, dsRNA, cytokines

IL-1 and IL-6, and TNF-α (41). In contrast to IRF-1 acti-

vation by IFN-γ, NF-κB is activated mainly by lipo-

polysaccharide (37). However, in viral infection, a

mechanism mediated by TNF-α is involved in NF-κB-

activated iNOS induction. Baskin et al. demonstrated

that IFN-γ acts in synergy with TNF-α to produce NO in

HSV-2 infection (38). Subsequent studies revealed that

the synergistic effect of TNF-α is mediated by NF-κB

activation, which is itself responsible for synergistic

production of high-output NO by HSV-2 and IFN-γ (44).

Certain other cytokines, for example, IL-4, IL-10,

IL-13, and transforming growth factor-β, participate in

down-regulation of iNOS expression (45 – 47). These

suppressor cytokines may reduce NO production

directly by inhibiting iNOS-inducing cytokines or indi-

rectly via induction of arginase (48, 49), which reduces

the supply of the substrate (L-arginine) for iNOS. In

fact, the iNOS-inducing cytokines IFN-γ and TNF-α are

proinflammatory cytokines produced by subset 1 of

helper T cells (Th1). Th1 cells are primarily responsible

for innate and humoral immunity against viral infection.

Th2 cells, in contrast, produce cytokines that are

antagonistic to iNOS induction. An important function

of cytokines produced by the Th2 family is inhibition of

Th1-mediated cytokine induction. This finding was

supported by our influenza model study in which

induction of IL-4 seemed to be inversely related to IFN-

γ and iNOS induction in virus-infected lungs, which

suggested down-regulation by IL-4 of NO overproduc-

tion (50). The mechanism of IL-4- and possibly IL-13-

mediated inhibition of iNOS activation is induction of

factors that interfere with IRF-1 function (51, 52).

Because IL-4, IL-10, and IL-13 are induced by Th2

cell responses, iNOS expression may be regulated by a

Th1-Th2 balance during the host immune response to
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invading virus.

In some viral diseases, viral replication or viral

components directly induce iNOS without mediation by

proinflammatory cytokines. iNOS expression in HIV

encephalitis is of particular interest in this regard (29).

An envelope glycoprotein of HIV, gp41, triggers iNOS

expression in human astrocytes and murine cortical

brain cells in culture (53, 54). Thus, NO produced by

iNOS may contribute directly to pathogenesis of HIV-

associated dementia and cardiomyopathy (29, 53 – 55).

Similarly, the human paramyxovirus respiratory syncytial

virus directly up-regulates iNOS in human type 2

alveolar epithelial cells through a pathway independent

of proinflammatory cytokines (56). Two pathways for

iNOS induction therefore operate in viral infections:

cytokine-dependent mechanisms and direct up-regula-

tion by virus.

Role of NO in viral pathogenesis

As mentioned above, NO has dual functions in viral

infection. As an effector molecule produced by phago-

cytic cells, NO has antiviral activity, which was

described in some studies. However, unlike the anti-

bacterial activity of NO, the antiviral activity of NO was

associated with nonspecific damage of host cells and

tissues, which led to an exacerbation of viral patho-

genesis in many infections. Therefore, in spite of NO’s

antiviral activity, excessive production of NO may

facilitate viral pathogenesis. This suggestion was best

demonstrated in a series of our investigations on

influenza virus infection in mice. We found iNOS to be

expressed in bronchial epithelial cells and macrophages

in the lung, and NO production paralleled the iNOS

induction. The time profile of iNOS induction in the

lung correlated well with that of pulmonary consolida-

tion rather than that of viral replication (10). To directly

establish NO overproduction in the mouse lung after

infection with influenza virus, lung tissue was analyzed

via electron spin resonance (ESR) with a dithiocarbamate

and iron complex as a spin trap for NO. NO generation

was detected by means of formation of an NO-

dithiocarbamate-iron adduct possessing a triplet hyper-

fine structure of g perpendicular equal to 2.04 (57, 58).

However, inhibition of NO by L-NMMA treatment of

the influenza virus-infected mice resulted in significant

improvement in survival rate (10). NO-mediated

pathogenesis of murine pneumonia caused by influenza

virus or SeV was further examined by using iNOS−/−

mice. Consistent with our previous results, a significant

improvement in survival as well as reduced pathological

change in the lung was found in both iNOS−/− and

iNOS+/− mice compared with iNOS+/+ mice (Fig. 1) (11).

iNOS+/+ mice infected with influenza virus or SeV had

Fig. 1. Survival and pathological pulmonary changes in wild-type (iNOS+/+) and iNOS−/− mice after influenza virus and SeV

infections. iNOS+/+, heterozygous iNOS-deficient (iNOS+/−), and homozygous iNOS-deficient (iNOS−/−) mice were infected

with influenza virus A /Kumamoto /Y5 /67(H2N2) or SeV Z strain by inhalation of viral suspension at 2 × LD50 dose. Survival

(left panels) was monitored, and histopathological changes in the lung (right panels) at 8 days after infection were examined by

using hematoxylin and eosin staining. Adapted from Ref. 11.
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extensive inflammatory cell infiltration and alveolar

exudates as well as destruction of pulmonary architec-

ture; in iNOS−/− mice, these changes were significantly

reduced (Fig. 1). Kreil and Eibl obtained similar results

concerning the effect of NOS inhibition on tick-borne

encephalitis (TBE) in mice (59). They reported that

excessive NO production in murine macrophages did not

inhibit TBE virus replication. Treatment of the TBE

virus-infected mice with the NOS inhibitor amino-

guanidine, however, produced a significantly increased

survival time.

HSV-1 infection is another example of an NO-

mediated viral disease, although antiviral activity of NO

against HSV-1 has been observed in some in vitro

studies. We examined the effect of NO on HSV-1

encephalitis in Lewis rats. After 4 days of infection,

HSV-1 was detected in four regions of the brain:

olfactory bulb, brain stem, cerebellum, and cerebrum.

iNOS expression in these areas was also observed, but

not until day 4. iNOS mRNA was expressed on days 5

and 6, and the pattern of iNOS expression was quite

similar to the pattern of virus yield (28). The time

profile of NO production was measured by using ESR

spectroscopy and was found to parallel that of iNOS

mRNA expression and HSV replication in the olfactory

bulbs and brain stem. To clarify the role of NO in

HSV-1 infection, the NO inhibitor L-NMMA was

administered to HSV-1-infected rats after 3 days of

infection. Survival was significantly improved by NO

inhibition, but with no significant reduction in viral

yield. These data strongly suggested that the patho-

logical events in HSV-1-induced encephalitis are closely

linked not only to the direct cytopathic effect of HSV-1

but also to NO-induced cytotoxicity mediated by host

responses (28). Adler et al. reported similar results for

the effect of NO in HSV-1-induced pneumonia (60).

They observed that L-NMMA treatment led to signifi-

cant improvement in pneumonia caused by HSV-1

despite increased growth of virus in the lung. Thus, we

conclude from all these reports that NO-mediated

cytotoxicity and pathogenesis are the dominant func-

tions of NO, rather than its antiviral effect, in HSV-1

infections.

NO-mediated pathogenesis was also noted in other

viral diseases, including murine CMV infection (61, 62).

At 4 weeks after CMV infection in BALB /c mice, no

virus was detected in the lung and liver; a few viruses

were found in the salivary gland. Acute pneumonia

was developed when the T cells of the mice, which had

been infected with murine CMV 4 weeks earlier, were

activated by a single dose of anti-CD3 monoclonal

antibody. The degree of this T-cell activation-mediated

pulmonary disorder was found to parallel with the NO

production induced by the proinflammatory cytokines

INF-γ and TNF-α that were secreted on T cell activation.

The apparent correlation of NO production with this

pneumonia was further clarified by administration of an

NO inhibitor Nω-nitro-L-arginine methyl ester or phenyl

N-tert-butyl nitrone, which led to marked improvement

in the pulmonary lesions (61). The correlation between

iNOS expression and the pathogenesis of chronic

hepatitis caused by HBV and hepatitis C virus was

studied by Kandemir et al. (63). They found that elevated

iNOS expression and NO-mediated nitration of hepato-

cellular protein were correlated with disease severity.

All these data thus demonstrated that in viral infection,

NO is overproduced via iNOS induction, but this effect

is not always associated with protection of the host, as is

the case in bacterial and parasitic infections. Rather, in

viral infections NO has a critical role in inflammation

and pathogenesis.

Development of nitrative stress during viral infections

NO itself is an inert radical and much less reactive

compared with other naturally occurring oxygen and

alkyl radicals (64 – 66). NO-mediated cytotoxicity

depends on the reaction of NO with oxygen radicals,

particularly O2
−, to produce ONOO− and other reactive

nitrogen oxides including nitrogen dioxide (NO2). The

groups of Eiserich, van der Vliet, and others demon-

strated that reactive nitrogen species such as NO2 are

also produced by the reaction of nitrite with the H2O2-

myeloperoxidase system (67, 68). A similar reaction

producing reactive nitrogen oxides is catalyzed by other

peroxidases including that of eosinophils. Reactive

nitrogen oxides thus produced have strong oxidation

and nitration potentials. For example, ONOO− has

been implicated as a mediator of pathogenesis in a

number of disorders such as ishchemia-reperfusion,

sepsis, arthritis, and pneumonia (65). The cytotoxicity of

ONOO− is based on its ability to react with biological

targets including thiols, iron-sulfur centers, proteins,

nucleic acids, and lipids. In biological systems, ONOO−

can exist as a so-called solvent-caged radical formed

from hydroxyl radical and nitrogen dioxide, which are

also strong oxidants and nitrating agents of biological

molecules. In bacterial infections, ONOO− can exert its

antimicrobial activity directly in confined areas of septic

foci. In contrast, in viral infections, NO and ONOO−,

which are primitive and nonselective host defense

molecules, cause oxidative and nitrative damage in

virus-infected tissues, which leads in turn to various

pathological events. In this case, virus cannot be

confined to limited areas by the nonspecific host defense

system that is mediated by phagocytes, NO, and O2
−.
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One of the most important nitration reactions effected

by ONOO− and NO2 in biological systems is tyrosine

nitration, with formation of 3-nitrotyrosine. Data have

documented production of 3-nitrotyrosine by ONOO−

in a variety of proteins through a reaction catalyzed by

heavy metals such as iron and copper. Increased 3-

nitrotyrosine formation has been found in acute lung

injury, sepsis, rheumatoid arthritis, Alzheimer disease,

and liver transplantation (65, 69). We also provided the

first demonstration of involvement of NO in viral

pathogenesis by formation of ONOO− and other reactive

nitrogen oxide species in a study of murine pneumonia

caused by influenza virus (10), the pathogenic roles of

oxygen radicals having been suggested by our earlier

studies (70, 71). In fact, production of NO and O2
−

with formation of ONOO− in viral pneumonia was

found to contribute to severe lung injury, as evidenced

by immunohistochemical detection of 3-nitrotyrosine.

Strong immunohistochemical staining for 3-nitro-

tyrosine was observed in macrophages and neutrophils

infiltrating the alveolar lumens of lungs of ddY mice

after infection with influenza virus. Also, some intra-

alveolar exudates in the virus-infected lung were

strongly positive for 3-nitrotyrosine.

In addition, we investigated NO-dependent 3-nitro-

tyrosine formation in lung tissues in iNOS+/+, iNOS+/−,

and iNOS−/− mice with pneumonia caused by influenza

virus or SeV (11). Immunohistochemical analysis as

well as high-performance liquid chromatography

coupled with electrochemical detection of 3-nitro-

tyrosine in bronchoalveolar lavage fluid from virus-

infected lung provided a quantitative yield of 3-nitro-

tyrosine. The amount of 3-nitrotyrosine formed in the

lungs of wild-type mice increased in a time-dependent

manner after viral infection, which correlated well with

NO production as assessed by ESR. However, 3-nitro-

tyrosine was not detected at any stage of infection in

iNOS−/− mice. A moderate level of 3-nitrotyrosine was

formed in lung tissue from iNOS+/− mice. Similar NO-

mediated formation of 3-nitrotyrosine in lung tissue

was observed in murine CMV-associated pneumonia,

as just mentioned (62). Although the exact role of 3-

nitrotyrosine in the pathogenesis of pneumonia caused

by these viruses has not been clearly defined, the

occurrence of 3-nitrotyrosine formation in the infected

tissues at least provides evidence of nitrative stress in

viral pathogenesis.

Protein nitration as indicated by formation of 3-nitro-

tyrosine is not the only marker of nitrative stress

occurring during viral infections. We recently reported

reactive nitrogen oxide-mediated nitration of nucleic

acid in viral pneumonia (11). Nitration of DNA bases

induced by ONOO− and other reactive species was

previously described. Yermilov et al. first demonstrated

in an in vitro study using calf thymus DNA incubated

with synthetic ONOO− that ONOO− caused nitration of

guanine to form 8-nitroguanine (72). The same group

later showed that 8-nitroguanosine and 8-oxo-7,8-

dihydroguanosine formed in calf liver RNA after in vitro

incubation with various reactive nitrogen species (73).

Before direct evidence of guanine nitration by reactive

nitrogen oxide species in vitro was available, clear

evidence of DNA damage and mutation caused by

ONOO− or NO during infections and inflammation

had been obtained (74, 75). We subsequently provided

the first report of NO-dependent guanine nitration

during viral infection in vivo (11). We demonstrated

extensive 8-nitroguanosine formation in bronchial and

bronchoalveolar epithelial cells during influenza virus

or SeV infection. The time profile of 8-nitroguanosine

production correlated well with that of NO production

and 3-nitrotyrosine generation after influenza virus

infection. Moreover, 8-nitroguanosine staining colocal-

ized with iNOS immunostaining and was absent in the

airways of iNOS−/− mice infected with influenza virus.

After our report on 8-nitroguanosine formation during

microbial infections appeared, additional data on

guanine nitration in other infection models was pub-

lished. For example, Pinlaor et al. demonstrated forma-

tion of 8-nitroguanine in the liver of hamsters infected

with O. viverrini (12). More recently, 8-nitroguanine

and 8-oxo-7,8-dihydro-2'-deoxyguanosine were found

to be formed in gastric gland epithelial cells in patients

and mice infected with H. pylori (Ref. 13; T. Akaike

et al., unpublished observation). NO production and

thus increased levels of reactive nitrogen oxides are

known to occur in H. pylori infection (76, 77). Also,

we recently observed formation of 8-nitroguanosine

together with excessive production of NO in mouse

liver infected with Salmonella (M.H. Zaki et al.,

unpublished observation).

All these data on nitration of proteins and nucleic

acids suggest that nitrative stress is induced via NO

overproduction triggered by infection and inflammation.

The possible association of nitrative stress with viral

pathogenesis prompted us to investigate the biological

relevance of the nitration reactions as discussed below.

Mechanism of nitrative stress-mediated viral patho-

genesis

Among the reactive intermediates derived from NO,

ONOO− is a major cytotoxic agent with potent oxidizing

and nitrating properties. ONOO− not only damages host

tissues and cells in a nonselective manner, it also affects

biomolecules of a host in a relatively selective fashion.
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For example, ONOO− activates matrix metalloproteinases

(MMPs), enzymes that function in the disintegration of

the extracellular matrix, which leads to tissue damage

and remodeling (78, 79). MMPs are also known to have

a critical role in apoptosis induction by means of

proteolytic processing of TNF-α and FasL (78). We

reported the unique redox regulation of MMP activity

determined by a delicate balance between glutathione,

an antioxidant that is abundant in lung, and reactive

ONOO− (79). In addition to activation of MMPs,

ONOO− readily inactivates both tissue inhibitor of MMP

and α1-proteinase inhibitor, which is a major proteinase

inhibitor in human plasma (80, 81). ONOO− also acti-

vates cyclooxygenase, a key enzyme for production of

potent inflammatory prostaglandins (82). Thus, ONOO−

produced during virus-induced inflammation may pro-

mote tissue injury in numerous ways.

Other important functions of ONOO− include induc-

tion of apoptosis and necrosis, possibly via mito-

chondrial damage, which leads to cytochrome c release

(83). Lipid peroxidation and nitration of tyrosine

residues of proteins by ONOO− may also be responsible

for NO-mediated pathogenesis of viral infection.

Although 3-nitrotyrosine formation was observed as a

phenomenon related to NO-mediated viral pathogenesis,

the exact role of 3-nitrotyrosine in viral pathogenesis as

well as in other microbial infections is still obscure.

Eiserich et al. showed that 3-nitrotyrosine was incorpo-

rated into α-tubulin, which in turn distorted microtubule

structures, and this change led to altered cellular mor-

phogenesis and functions (84). 3-Nitrotyrosine forma-

tion may therefore contribute in part to cytotoxicity

induced by reactive nitrogen oxides. However, a causal

role for tyrosine nitration in inflammatory tissue injury

has not yet been confirmed (85).

Nitration of guanine by ONOO− or other reactive

species during viral infection is a new paradigm that

may provide important insight into NO-mediated patho-

genesis of pneumotropic viral infections. In fact, not

only ONOO− but also NO2 formed via H2O2-peroxidase

systems are shown to nitrate guanine in cell-free

chemical reaction systems (72, 73). We observed

extensive 8-nitroguanosine formation in airway epithe-

lial cells, but not macrophages and neutrophils, during

influenza virus infection in mice (11). This observation

seemed to have pathological significance because

influenza virus replicates in bronchiolar epithelial cells.

However, whether formation of 8-nitroguanosine has

any biological relevance in terms of pathogenesis was

not clear until we recently identified certain unique

features of 8-nitroguanosine (11, 15, 86). We demon-

strated that 8-nitroguanosine has a potent redox-active

property and mutagenic potential. 8-Nitroguanosine is

classified as a nitroarene on the basis of its chemical

structure. Some nitroarenes possess redox-active

properties that are activated by certain reductases such

as cytochrome P450 reductase (87). This finding

motivated us to investigate whether 8-nitroguanine or its

derivative 8-nitroguanosine has redox activity that

modulates biological reactions involving reductases. We

discovered, via ESR analysis, that 8-nitroguanosine

stimulated generation of O2
− from cytochrome P450

reductase and all isoforms of NOS (11, 86). NOS utilizes

NADPH as an electron donor, and the electrons that are

accepted go through a cytochrome P450-reductase-like

domain to a heme-containing oxidase domain, where the

amino residue of L-arginine is oxidized to form NO.

Under a specific condition, referred to as uncoupling of

electron transport of NOSs, however, electron flow is

disorganized, and electrons are transferred to molecular

oxygen, which results in reduction of molecular oxygen

to form O2
−. We clearly demonstrated that 8-nitro-

guanosine participated in this electron uncoupling,

which thereby led to production of O2
− anion (Fig. 2).

This process is pathophysiologically significant because

O2
− causes increased oxidative damage and ONOO−

formation. More important, expression of cytochrome

P450 reductase was noted in the lung (88), and 8-

Fig. 2. Redox-active property of 8-nitro-

guanosine related to generation of O2
• − via

activation of NOS. nitroGuo, 8-nitroguano-

sine; nitroGuo• −, 8-nitroguanosine anion

radical; CaM, calcium-calmodulin; FMN,

flavin mononucleotide; FAD, flavin adenine

dinucleotide; L-cit, L-citrulline; L-Arg, L-argi-

nine. Adapted from Ref. 86.
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nitroguanosine was found colocalized with iNOS (11);

these results favor the possibility of 8-nitroguanosine-

mediated O2
− generation in biological systems. There-

fore, 8-nitroguanosine may not be simply a damaged

nucleoside; rather, it may be an important redox cofactor

implicated in diverse physiological and pathological

events.

In addition to 8-nitroguanosine’s having redox

activity, it may serve as a mutagen for both virus and

host tissue. A common mechanism of viral pathogenesis

is escape from the host immune system via mutation.

Our finding of increased mutation of SeV in the presence

of 8-nitroguanosine may therefore point to another

possible mechanism of nitrative stress-mediated viral

pathogenesis (15). Moreover, we recently discovered

that addition of 8-nitroguanosine to cells in culture under

conditions of glucose starvation improved cell viability

by inducing certain cytoprotective signals (T. Akuta

et al., unpublished observation). This observation shed

light on another unique property of 8-nitroguanosine-

mediated cell signaling, which may be closely relevant

for viral pathogenesis. In the next section, we discuss

nitrative stress-mediated viral mutation and its impact

on the disease process in detail.

Nitrative stress-induced microbial mutation and

pathogenesis

Modification of nucleic acids by reactive nitrogen and

oxygen species is a common pathological event in

several infectious diseases and inflammation. We

already mentioned that during microbial infections the

potent oxidizing and nitrating agent ONOO− is generated

by reaction of NO with O2
−. ONOO− is a relatively stable

compound (its half-life is about 1 s at physiological

pH) and can penetrate a cell’s nucleus, which allows it

to cause nitration and oxidation of nucleic acids and

thereby DNA damage and strand breakage (72, 75). As

a consequence of this DNA damage, mutation occurs

in both host and pathogen. During infection, the sponta-

neous mutation of certain viruses, such as influenza

virus and HIV, and the generation of new strains may

derive from this mutagenic potential.

Several reports support the in vivo DNA modification

and mutation caused by oxidative and nitrative stress.

Human leukocytes producing O2
− but not leukocytes

from patients with chronic granulomatous disease were

previously shown to be mutagenic for S. enterica

serovar Typhimurium TA100 (89). Wogan’s group

reported NO-mediated mutations in an endogenous

hypoxanthine-guanine phosphoribosyltransferase (hprt)

gene of murine macrophages expressing iNOS (90).

Genetic analysis of the mutated gene induced by NO

indicated that the NO-associated mutational spectrum

was similar to that arising spontaneously, except for

small deletions and insertions in the NO-induced mutant

gene. The same group showed that mutagenicity was

enhanced by NO overproduction in vivo, as indicated by

mutation of an exogenously introduced lacZ gene by

using transgenic mice with a lacZ-containing pUR288

plasmid (91). Ohshima’s group reported that p53 was

inactivated by ONOO−, which may indirectly increase

the occurrence of mutation related to oxidative damage

of DNA (92). Excessive production of NO by iNOS

induced by inflammatory cytokines, possibly through

reactive nitrogen intermediates (particularly ONOO−),

caused DNA damage and impaired DNA repair in

human cholangiocarcinoma cells, as assessed by use of

the comet assay; this result suggested NO-dependent

development and progression of cholangiocarcinoma

(93).

Viruses undergo spontaneous mutations that contri-

bute to their adaptation and to evolution in the microbial

environment. RNA viruses have a high mutation rate,

ranging from 10−5 to 10−3 misincorporations /nucleotide

site /round of copying, which is more than 104 times

higher than the rate for DNA viruses (94, 95). Thus,

RNA viruses exist as highly heterogeneous populations

called quasispecies, primarily because of the error-prone

nature of the viral replicase. The low fidelity of RNA

replication is believed to be due to a lack of proofreading

and repair functions of RNA polymerase or reverse

transcriptase (96, 97). Our recent study, however,

showed that RNA is chemically unstable, so that base

modifications via ONOO−-induced oxidation and nitra-

tion occur more readily in viral RNA than in eukaryotic

DNA (11, 14). Thus, the higher incidence of erroneous

viral RNA replication may also be partly due to RNA’s

greater susceptibility to oxidative damage compared

with DNA.

Development of a quantitative assay of mutation

affected by nitrative stress

Of prime concern is the availability of suitable

methods of analysis of viral mutation that occurs during

infection, which may be caused by oxidative and

nitrative stress or other stimuli. Numerous methods

exist for estimating viral mutation, including measure-

ment of mutation frequencies of phenotypic variations

such as temperature-sensitive growth, plaque mor-

phology, host range, and pathogenicity. These measures,

however, cannot be used for accurate and quantitative

assessment of viral mutation, because the phenotypic

variants often possess multiple base alterations in

different genes. Identification of mutants that escape
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from neutralizing antibody is much more reliable for

quantification of viral mutation. For example, escape of

virus from a particular neutralizing monoclonal antibody

occurs by a single base substitution, which leads to a

single codon change in the epitope. The frequency of

escape mutants thus determined in cultured cells in vitro

was within the same range, approximately 10−4.5, for four

negative-strand RNA viruses, that is, SeV, vesicular

stomatitis virus, Newcastle disease virus, and influenza

virus (98, 99). Nevertheless, selection via antibody has

not been proved to be definitive and reproducible

because frequencies vary greatly, even within the same

virus species, in that they depend on the antibodies used

for selection (100). Moreover, this selection method

cannot be used for in vivo studies because of the natural

immunological selection of escape mutants during a

host’s immune response.

We therefore sought to develop a quantitative assay

that would be applicable to in vitro study of mutagenesis

(14). A recombinant SeV was constructed with an

exogenous genome, green fluorescent protein (GFP),

for the virus. Base substitutions occurring in the GFP

in SeV are primarily neutral and do not affect viral

replication and clearance of virus from the host. Viral

mutation is readily quantified on the basis of the loss of

strong fluorescence caused by GFP gene mutations. This

GFP-based assay is convenient and useful for estimating

in vivo viral mutagenesis. Using this GFP-SeV, we first

demonstrated NO-mediated mutation in an RNA virus in

vivo (14). Wild-type and iNOS−/− mice were infected

with GFP-SeV. The GFP-SeV mutants in the lung were

isolated, and the GFP mutation rate was measured. GFP-

SeV mutation frequency increased significantly in wild-

type mice compared with iNOS−/− mice as infection

proceeded. The higher rate of GFP-SeV mutation in

wild-type mice was accompanied by extensive 3-nitro-

tyrosine formation in the mouse lung, whereas tyrosine

nitration in iNOS−/− mice was rare. Thus, higher produc-

tion of NO in vivo was assumed to accelerate RNA virus

mutation through formation of reactive nitrogen oxides

such as ONOO−. In fact, the mutagenic potential of

ONOO− for GFP-SeV was verified by in vitro ONOO−

treatment of GFP-SeV.

We further clarified our hypothesis concerning

nitrative stress-mediated viral mutation by using GFP-

SeV replicated in iNOS-transfected SW480 (iNOS-

SW480) cells in culture (15). The mutation frequency

of GFP-SeV propagated in iNOS-SW480 cells was

markedly attenuated by treatment with 1 or 10 mM L-

NMMA and was similar to the level of mutation

frequency in SW480 cells without iNOS expression: that

is, viral growth was not affected by NOS inhibition. It is

important to note that RNA mutation occurred at the

same rate in both the GFP and endogenous virus genes.

We also examined the possible association of nitrative

stress with mutations occurring in SeV by analyzing

nucleic acids for nitration, with a special focus on

guanosine nitration (15). We observed much greater

formation of 8-nitroguanosine, as detected immuno-

histochemically, in iNOS-SW480 cells than in parent

SW480 cells (15). Confocal laser scanning of the

immunostaining revealed that 8-nitroguanosine was

localized mainly in the cytosol of iNOS-SW480 cells.

This result was consistent with our previous finding of a

Fig. 3. Schematic drawing of NO-induced viral mutation involving 8-nitroguanosine formation and oxidative stress.
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similar intracellular localization of 8-nitroguanosine in

bronchial epithelial cells of influenza virus-infected

mouse lungs (11). The cytoplasmic localization of 8-

nitroguanosine may account for its formation in the

nucleotide pool and RNA in the cellular cytosol. The

mutagenic potential of 8-nitroguanosine for SeV was

verified after direct addition of 8-nitroguanosine to

cultured cells infected with GFP-SeV: the mutation

frequency of the progeny virus was markedly elevated in

a concentration-dependent fashion. More importantly,

the mutation profile of the GFP gene in the GFP-SeV

mutants induced by 8-nitroguanosine appeared to

resemble that of mutants occurring in mouse lungs in

vivo (with a predominant C-to-U transition), when NO

was produced in excess from iNOS. All these findings

suggested that 8-nitroguanosine formed in vivo could

indeed contribute to enhanced viral mutation induced by

NO (15) (Fig. 3). Thus, nitrative stress generated by

excessive production of NO in the host during pneumo-

tropic virus infection causes viral mutation, which

indirectly facilitates viral pathogenesis.

Conclusion

The pathogenic mechanism of many microbial infec-

tions is not always directly associated with microbial

multiplication. Recent evidence of the generation of free

radicals, the most important one being NO, and their

relation to pathogenesis has provided insight for better

understanding of microbial pathogenesis. In many cases,

the basis of viral infection-mediated pathogenesis was

direct cytotoxicity of reactive nitrogen oxides, which

caused nitration and oxidation of a number of the host’s

biological molecules. Nitrative and oxidative stress thus

generated during viral infection modulates the function-

ing of host cells and tissues in a manner that affects the

pathogenesis (Fig. 4). Our recent studies of pneumo-

tropic virus infections suggest that among various

nitrated molecules, 8-nitroguanosine, which has several

unique properties such as redox activity, cell signaling,

and mutagenic potential, may play important roles in

microbial pathogenesis. Future studies of the impact of

nitrative stress-mediated effects on nucleic acids or other

biological molecules may provide better understanding

of the complex relationship between hosts and patho-

gens in infectious diseases.
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