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Copyright © 200? JCBNSummary Nitric oxide (NO), produced by inducible NO synthase (iNOS) during infection,

plays a crucial role in host defense mechanisms. Salmonella typhimurium infection in mice is

associated with excessive production of NO from iNOS as a host defense response. An

important cytoprotective and antimicrobial function of NO is mediated by induction of heme

oxygenase (HO)-1. The signaling mechanism of NO-dependent HO-1 induction has remained

unclear, however. We recently discovered a nitrated cyclic nucleotide, 8-nitroguanosine 3',5'-

cyclic monophosphate (8-nitro-cGMP), which is formed via guanine nitration with NO and

reactive oxygen species. iNOS-dependent 8-nitro-cGMP formation and HO-1 induction were

identified in Salmonella-infected mice. Extensive apoptosis observed with iNOS-deficient

macrophages infected with Salmonella was remarkably suppressed via HO-1 induced by 8-

nitro-cGMP formed in cells. This cytoprotective signaling appears to be mediated by the

reaction of 8-nitro-cGMP with protein sulfhydryls to generate a novel post-translational

modification named protein S-guanylation. We also found that 8-nitro-cGMP specifically S-

guanylates Keap1, a negative regulator of transcription factor Nrf2, which in turn up-

regulates transcription of HO-1. Here, we discuss the unique mechanism of NO-mediated host

defense that operates via formation of a novel signaling molecule - 8-nitro-cGMP - during

microbial infections.
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Introduction

Nitric oxide (NO) plays a crucial role in innate host

defense mechanisms against microbial infection. Regardless

of the type of pathogen, whether bacteria, viruses, or fungi,

an inducible NO synthase (iNOS) is induced almost univer-

sally during the infection process. This induction occurs in

various cells after recognition by host cells of microbial

structural components (e.g., lipopolysaccharides, lipoteichoic

acid, peptidoglycans, and fungal polysaccharides) and nucleic

acid components (such as dsRNA, ssRNA, and CpG DNA)

via pattern recognition receptors including Toll-like recep-

tors [1]. iNOS induction is synergistically enhanced by

inflammatory cytokines and interferon produced during

infection [2]. NO produced by iNOS reportedly reacts with

simultaneously generated reactive oxygen species (ROS), is

converted to reactive nitrogen species (RNS), such as per-
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oxynitrite (ONOO−) and nitrogen dioxide (NO2), and may

demonstrate direct antimicrobial activities (Fig. 1) [3–5]. In

fact, infection with Salmonella typhimurium, a facultative

intracellular bacterium, causes excessive production of NO

via iNOS induction, along with microabscess formation, in

the liver in mice. A comparative experiment with iNOS-

deficient (iNOS−/−) and wild-type mice demonstrated that the

bacterial growth in the liver and mortality in iNOS−/− mice

were significantly higher than those in wild-type mice. This

finding indicates that NO from iNOS participates in host

defense against infection, possibly by means of antimicrobial

activity [3].

In contrast, NO and ROS also reportedly damage host

cells and tissues, which causes oxidative stress. In a murine

influenza virus-infected pneumonia model, iNOS expres-

sion increased in infected lungs, especially in the respiratory

epithelium and alveolar macrophages, with resultant exces-

sive production of NO [6, 7]. However, unlike progression

of Salmonella infection, progression of pneumonia is well

correlated with iNOS induction; pneumonia was less severe

and mortality was lower in iNOS−/− mice than in wild-type

mice [6, 8]. In general, NO and ROS show antibacterial

activity, but because they have no effective antiviral activity,

they cause nonspecific damage of host cells and tissues.

Therefore, the role of NO in the pathogenesis of infection is

known as a double-edged sword (Fig. 1) [6, 8].

Recently, much attention has focused on the signaling

functions of NO and ROS. NO can suppress apoptosis of

host cells caused by infection, and it is involved, together

with ROS, in responses to oxidative stress [9–11] (Fig. 1).

Here, we reexamine the role of NO and ROS in host defense

against infection, with a focus on a unique signaling function

of the nitrated cyclic nucleotide 8-nitroguanosine 3',5'-cyclic

monophosphate (8-nitro-cGMP), which mediates cyto-

protective oxidative stress responses occurring during infec-

tions.

NO- and ROS-dependent Formation of 8-Nitro-

cGMP

NO was initially discovered as a signaling molecule regu-

lating vascular tone and neuronal systems [12, 13]. These

functions are mainly mediated through a guanosine 3',5'-

cyclic monophosphate (cGMP)-dependent mechanism, but

other pathways that are not directly related to cGMP appear

to be responsible for many aspects of NO signaling [14–16].

Although NO has diverse pathophysiological functions, NO

itself is an inert molecule. Much of its chemical reactivity

depends on RNS generated through the reaction with ROS

produced together with in various cells. The reaction of NO

with O2 and superoxide (O2
−), and the reaction of nitrite

(NO2
−) with the H2O2-peroxidase system lead to the genera-

tion of RNS [17–19]. NO- and ROS-derived RNS have

strong nitration potentials for various biological molecules

such as proteins, lipids, and nucleic acids, and they possess

cGMP-independent signaling functions, as mentioned above.

In fact, nitrated guanine derivatives, such as 8-nitroguanine

and 8-nitroguanosine, are known to be formed by RNS, and

their formation was identified in various cultured cells and

in tissues from influenza virus-infected mice with viral

pneumonia and humans with lung disease [8, 20, 21]. We

recently clarified the NO- and ROS-dependent formation of

Fig. 1. iNOS induction and NO-mediated host defense mechanism against microbial infection. NO overproduced by iNOS induced
during microbial infection is converted to reactive nitrogen species (RNS) via reaction with reactive oxygen species (ROS).
RNS have two opposite biological effects: potent bactericidal activity contributing to host defense and damage of cells and tis-
sues of the host. 8-Nitro-cGMP may function as a signaling molecule mediating oxidative stress responses, such as HO-1 induc-
tion, and it may play a crucial role in the innate host immunity.
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a nitrated cyclic nucleotide, 8-nitro-cGMP, as a completely

new derivative of cGMP (Fig. 1) [22]. In vitro experiments

showed that reaction of cGMP with authentic peroxynitrite

and with the nitrite/H2O2-peroxidase system generated 8-

nitro-cGMP, but NO alone did not, which indicates that RNS

are involved in nitration of cGMP (unpublished observa-

tion). We developed an anti-8-nitro-cGMP monoclonal anti-

body and immunostained cytokine-stimulated macrophage-

like cells (RAW264.7 cells) to demonstrate that 8-nitro-

cGMP formation depended on production of both NO and

ROS [22]. Moreover, Salmonella infection in cultured

murine macrophages generated 8-nitro-cGMP in wild-type

mice but not in iNOS−/− mice. Furthermore, immunostaining

analysis of liver tissue from Salmonella-infected mice

demonstrated abundant 8-nitro-cGMP generation in wild-

type mice but not in iNOS−/− mice [23]. This NO-dependent

8-nitro-cGMP formation was also observed in lung tissue

from influenza virus-infected mice (unpublished data),

which indicated that 8-nitro-cGMP was produced in an

iNOS-dependent manner in vivo.

NO-mediated Induction of the Cytoprotective Mole-

cule HO-1

During infection, various cytoprotective and antioxidant

systems are induced to protect cells and tissues from patho-

genic microbes [24–26]. Heme oxygenase (HO)-1 is known

as a factor that is rapidly induced during infection and

that contributes to the host defense mechanism [27]. HO-1

degrades free heme, used as a substrate, into biliverdin, iron

ions, and carbon monoxide (CO). Both biliverdin and iron

ions carry out antioxidant activity by means of reduction to

bilirubin and production of ferritin, respectively [28, 29].

CO is known to exhibit cytoprotection via suppressing

production of inflammatory cytokines and apoptosis [30].

HO-1 is reportedly induced by various stresses and by

multiple transcription factors, e.g., heat shock factor 1

(HSF1), nuclear factor-κB (NF-κB), activator protein-1

(AP-1), and nuclear factor-erythroid 2-related factor 2

(Nrf2) (Fig. 2) [27]. Modulators that upregulate these

transcription factors include heat shock or intracellular

accumulation of abnormal proteins (HSF1), infection or

inflammatory responses (NF-κB), abnormal cell growth

(AP-1), and electrophiles or oxidants (Nrf2).

Analyses of HO-1 levels in Salmonella-infected mice

demonstrated that both the amount of HO-1 protein and

activity of HO-1 (as evidenced by blood CO levels) as well

as its mRNA levels increased during infection, with induc-

tion seen mainly in macrophages [23]. Pharmacological

inhibition of HO-1 activity increased bacterial growth (by

approximately 10-fold) and apoptosis in liver tissues [23].

Therefore, HO-1 was suggested to function in host defense

by suppressing macrophage apoptosis essential for elimina-

tion of Salmonella (Fig. 1). An important finding was lower

levels of protein, mRNA, and activity of HO-1 in iNOS−/−

mice compared with wild-type mice, which suggests the

possible involvement of NO in HO-1 induction [3, 23]. NO-

and ROS-mediated induction of HO-1 has been reported

from other groups [10, 31].

The Unique Signaling Function of 8-Nitro-cGMP via

Protein S-Guanylation

To further clarify the mechanisms of NO-mediated induc-

tion of HO-1, we used cultured macrophages from iNOS−/−

mice to analyze the effect of authentic 8-nitro-cGMP. Treat-

ment of iNOS−/− macrophages with 8-nitro-cGMP resulted in

increased HO-1 levels in a manner that depended on time

and concentration of 8-nitro-cGMP. In addition, HO-1 levels

in Salmonella-infected macrophages were lower in iNOS−/−

cells than in wild-type cells, but addition of 8-nitro-cGMP

restored these lower levels to values comparable to those

found in wild-type macrophages. Moreover, 8-nitro-cGMP

treatment also markedly suppressed apoptosis associated

with infection [23]. These findings suggest the possible

involvement of 8-nitro-cGMP that is generated during infec-

tion in the signaling pathway of HO-1 induction (Fig. 1).

We further analyzed the molecular mechanisms governing

8-nitro-cGMP signaling functions. Because of its electro-

philicity, 8-nitro-cGMP adducted with a sulfhydryl group of

proteins via nucleophilic substitution with the nitro moiety

of 8-nitro-cGMP to form a protein-S-cGMP adduct, which

is a novel post-translational modification called protein

S-guanylation (Fig. 2A) [22]. This protein adduct formation

accompanies the denitration of 8-nitro-cGMP, with release

of nitrite. Because 8-nitro-cGMP loses electrophilicity after

S-guanylation, this electrophilic modification seems to be

irreversible, at least under physiological conditions without

specific catalysts yet to be identified. We found that one

of the most important target proteins for S-guanylation is

Kelch-like ECH-associated protein 1 (Keap1), which is now

increasingly recognized as a potent redox-sensing protein.

Keap1 is a negative regulator of Nrf2, which is a transcrip-

tion factor regulating antioxidant enzymes for electrophiles

and ROS [32, 33]. Binding of Keap1 to Nrf2 inhibits Nrf2

transcriptional activity via sustaining rapid degradation of

Nrf2 by proteasomes in the cytosolic compartment of cells.

Keap1 is proposed to be a sensor protein for oxidative stress

(Fig. 2B). Because Keap1 has highly reactive Cys residues,

chemical modification of the Cys residue sulfhydryl groups

by electrophiles and ROS is considered to trigger dissocia-

tion of Nrf2. Activated Nrf2 then translocates to nuclei to

induce expression of various antioxidant and cytoprotective

enzymes including HO-1, which contributes to the adaptive

response to oxidative stress [34–36].

We thus examined whether Keap1 can indeed be modified
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by 8-nitro-cGMP produced via NO in cells. We infected

cultured murine macrophages with Salmonella, and we

found clear evidence of Keap1 S-guanylation by means of

Western blotting using anti-S-guanylation antibody after

isolation by immunoprecipitation [22, 23]. We interpret

these results to mean that 8-nitro-cGMP is involved in the

major NO signaling pathway for cytoprotection and adaptive

responses to ROS and oxidative stress through S-guanylation

of Keap1. Strong support for this interpretation comes from

the finding that cytoprotection and host defense conferred by

8-nitro-cGMP were clearly associated with increased HO-1

expression during Salmonella infection in macrophages and

in vivo, as mentioned above [23] (Fig. 2B).

Beneficial and Pathological Effects of HO-1 in Various

Microbial Infections

Analysis of the Salmonella infection model demonstrated

that the NO-dependent and 8-nitro-cGMP-mediated signal

pathway leads to HO-1 expression, and suppression of

Fig. 2. New post-translational modification of proteins and HO-1 induction by 8-nitro-cGMP. (A) 8-Nitro-cGMP, a novel nitrated
cyclic nucleotide generated from NO and ROS in cells, possesses an electrophilic property and causes S-guanylation of
proteins, i.e., adduction of cGMP to protein sulfhydryls. (B) 8-Nitro-cGMP activates the Nrf2 pathway via S-guanylation of a
sensor protein, Keap1, which leads to HO-1 induction.
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apoptosis of infected macrophages potentiates microbial

clearance—a host defense function against infection.

However, some types of intracellular pathogens survive and

multiply in macrophages because they escape the macro-

phage bactericidal system. One possible survival mechanism

of these bacteria is, however, suppression of apoptosis of

infected macrophages [37]. That is to say, HO-1 overexpres-

sion and resultant suppression of apoptosis are presumed to

provide pathogens with a favorable intracellular environ-

ment so that they survive and grow. Similarly, inhibition of

virus elimination by suppression of apoptosis of infected

respiratory epithelial cells has been suggested as a potential

pathogenic mechanism for the harmful effects of NO

observed in a murine influenza virus-infected pneumonia

model [6, 8]. Although HO-1 induction via 8-nitro-cGMP is

believed to contribute to host defense against infection

[23, 38, 39], at the same time it may promote survival of

particular pathogens (typically viruses). Various factors,

such as the type of cells infected and the timing of HO-1

expression during infections, may lead to completely oppo-

site biological effects of HO-1.

Conclusions

In summary, we have here clarified NO-dependent forma-

tion and cell signaling functions of 8-nitro-cGMP, which

lead to expression of HO-1 and consequent cytoprotection

in infected hosts. The 8-nitro-cGMP-mediated signaling

pathway may protect host cells from apoptosis and support

the antimicrobial effects of macrophages that are critically

involved in innate immunity. Now in progress in our labora-

tory are further investigations of the antimicrobial functions

of NO and 8-nitro-cGMP, with a special focus on potential

target proteins of S-guanylation that is mediated by 8-nitro-

cGMP, which may help establish a new understanding of

host defense and microbial pathogenesis.
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