
INTRODUCTION

EXCESS PRODUCTION OF NITRIC OXIDE (NO) has been im-
plicated as a cause of diverse pathophysiological condi-

tions, such as inflammation, neurodegenerative and cardio-
vascular diseases, and cancer (22, 29, 46, 51, 59, 82). These
detrimental effects of NO are attributed to reactive nitrogen
species (RNS), such as oxides of nitrogen (NOx) and perox-
ynitrite (ONOO�), which are formed by the reaction of NO
with oxygen (rate constant, 8–10 � 106 M�2 s�1) (35) and su-
peroxide (rate constant, 4–20 � 109 M�1 s�1) (33), respec-
tively. Peroxynitrite is thought to act as a strong oxidizing and
nitrating agent in various pathophysiological situations (5,

17, 65). Other RNS including nitryl chloride (NO2Cl), which
is formed from nitrite (NO2

�) and hypochlorous acid (HOCl)
(reaction rate, 7 � 103 M�1 s�1) (18, 54), and nitrogen dioxide
(•NO2), generated by oxidation of NO with oxygen (74) or by
catalysis of peroxidases such as myeloperoxidase (MPO) and
eosinophil peroxidase using hydrogen peroxide (H2O2) and
nitrite as substrates (6, 19), may also contribute to pathophys-
iological conditions. When production exceeds the cellular
antioxidant capacity, RNS can cause nitrative and oxidative
damage to nucleic acids, proteins, lipids, and carbohydrate by
nitrosation, nitration, and oxidation reactions. The reader is
referred to several useful reviews for more general and de-
tailed comments on the chemistry and biochemistry of DNA
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ABSTRACT

The authors review studies on 8-nitroguanine (8-NO2-G) formed by reactions of guanine, guanosine, and 2�-
deoxyguanosine, either free or in DNA or RNA with reactive nitrogen species (RNS) generated from peroxyni-
trite, the myeloperoxidase-H2O2-nitrite system, and others. Use of antibodies against 8-NO2-G has revealed
increased formation of 8-NO2-G in various pathological conditions, including RNA virus-induced pneumonia
in mice, intrahepatic bile ducts of hamsters infected with the liver fluke Opisthorchis viverrini, and gastric mu-
cosa of patients with Helicobacter pylori-induced gastritis. Immunoreactivity has been found in the cytosol as
well as in the nucleus of inflammatory cells and epithelial cells in inflamed tissues, but not in normal tissues. 8-
NO2-G in DNA is potentially mutagenic, yielding G:C to T:A transversion, possibly through its rapid depuri-
nation to form an apurinic site and/or miscoding with adenine. 8-NO2-G in RNA may interfere with RNA
functions and metabolism. Nitrated guanine nucleosides and nucleotides in the nucleotide pool may con-
tribute to oxidative stress via production of superoxide mediated by various reductases and may disturb or
modulate directly various important enzymes such as GTP-binding proteins and cGMP-dependent enzymes.
Further studies are warranted to establish the roles of 8-NO2-G in various pathophysiological conditions and
inflammation-associated cancer. Antioxid. Redox Signal. 8, 1033–1045.
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and tissue damage induced by RNS and other inflammatory
oxidants (13, 40, 52, 59, 67). The present paper, however,
summarizes current knowledge on 8-nitroguanine (8-NO2-
G), a representative DNA nucleobase product of nitrative
damage by RNS, with respect to its formation, analysis, oc-
currence, and biological significance.

FORMATION OF 8-NO2-G IN VITRO

Identification of 8-NO2-G as a major reaction
product of guanine with peroxynitrite

8-NO2-G (Fig. 1) was first described by Yermilov et al.
(78) in 1995 as one of the major products formed by the reac-
tion of guanine with peroxynitrite in vitro. These authors
studied the reactions of various nucleobases and nucleosides
with peroxynitrite, added to a stirred reaction mixture in vitro
at room temperature. Under physiological conditions, peroxy-
nitrite (pKa = 6.8) decays with a half-life of 1 s and the reac-
tions are completed instantly (5, 17, 65). It was found that
purine bases, such as guanine and adenine, yielded a strong
yellow color (a characteristic of nitro and nitroso com-
pounds), whereas pyrimidine bases, such as thymine, cyto-
sine, 5-methylcytosine, and uracil, did not. Analysis by high-
performance liquid chromatography (HPLC) and thin-layer
chromatography revealed that the reaction of guanine with
peroxynitrite yielded several compounds, two of which were
yellow. The major yellow compound was isolated and ac-
counted for about 80% of all products of this reaction. It had
maximum UV/visible absorbance at 375, 396, and 402 nm
under acidic, neutral, and basic conditions, respectively, indi-
cating that it remains yellow across a wide range of pH val-
ues. Electrospray mass spectrometric (MS) analysis showed
ions at m/z 197, 219, and 415, consistent with a molecular
weight of 196 Da (45 more than guanine): m/z 197 (M + H)+;

m/z 219 (M + Na)+, and m/z 415 (2M + Na)+. The 1H NMR
spectrum of the compound in DMSO-d6 indicated the pres-
ence of OH, NH, and NH2 protons, but no aromatic or ethy-
lene proton, suggesting substitution of the C8-hydrogen. On
the basis of these results, Yermilov et al. (78) postulated that
the major yellow compound possessed a nitro group (m/e 46)
at the C-8 position of guanine, corresponding to 8-NO2-G
(Fig. 1). This assignment was confirmed by the identical
spectral characteristics (mass spectra, UV/visible absorption
spectra) of the product of its chemical reduction (sodium hy-
drosulfite) with those of 8-aminoguanine (8-amino-G). The
formation of 8-NO2-G from guanine and peroxynitrite was
optimal at approximately pH 8 and increased dose-
dependently with peroxynitrite concentration. The yield of 8-
NO2-G was about 6% of the initial materials when the same
concentrations of guanine and peroxynitrite were incubated at
pH 7.5 and room temperature.

Yermilov et al. (78) also carried out similar reactions of
the nucleosides 2�-deoxyguanosine (dGuo) and guanosine
(Guo) with peroxynitrite in vitro and observed the formation
of two yellow compounds with the same retention times as
those from the reaction of guanine with peroxynitrite. On the
other hand, Douki et al. (16) identified two reaction products
of dGuo with peroxynitrite as 4,5-dihydro-5-hydroxy-4-(ni-
trosooxy)-2�-deoxyguanosine (nox-dGuo) and 8-NO2-G. The
formation of nox-dGuo, including kinetics, has not been
studied in detail. Sodum and Fiala (63) studied the reaction
of dGuo and Guo with peroxynitrite. The reaction mixtures
were immediately analyzed by HPLC to minimize the de-
composition of the products. 8-NO2-G and 8-nitro-2�-de-
oxyguanosine (8-NO2-dGuo) were formed from dGuo and 8-
NO2-G and 8-nitroguanosine (8-NO2-Guo) from Guo.
8-NO2-G could be formed by depurination of 8-NO2-dGuo
or 8-NO2-Guo (see below) or by depurination of dGuo or
Guo to guanine by peroxynitrite-mediated oxidation, fol-
lowed by nitration.
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FIG. 1. Formation of nitrated derivatives of guanine by various RNS such as peroxynitrite (PN).
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Niles et al. (48) studied the reaction of 2�,3�,5�-tri-O-
acetylguanosine with peroxynitrite and identified 2�,3�,5�-tri-
O-acetyl-8-nitroguanosine and 5-guanidino-4-nitroimidazole
nucleoside, in addition to some oxidized guanine derivatives
(Fig. 1). Some recent reviews (13, 67) have described in more
detail other products of peroxynitrite-induced oxidative DNA
damage, including 8-oxo-7,8-dihydroguanine (8-oxo-G),
spiroiminodihydantoin, and other ring-cleavage products
such as cyanuric acid and oxaluric acid nucleosides.

Formation of 8-NO2-G by the reaction of guanine
and its nucleosides with other RNS

Byun et al. (8) carried out the reaction of dGuo (2 mM)
with a myeloperoxidase (MPO, 20 nM)–H2O2 (100 µM)–ni-
trite (30 µM) system at pH 7.4 and 37°C for 30 min and identi-
fied the two major reaction products as 8-NO2-G and 8-NO2-
dGuo (total yield, 1.3 µM). 8-NO2-G could be formed from
8-NO2-dGuo by spontaneous hydrolysis. Formation of nox-
dGuo was not detected. With the MPO–H2O2–nitrite system,
the presence of chloride ion did not affect the MPO-catalyzed
nitration of dGuo, suggesting that hypochlorous acid (HOCl),
a major product of the MPO–H2O2–Cl� system, does not con-
tribute to the nitrite-dependent nitration of dGuo by MPO.
Human neutrophils stimulated with �-phorbol myristate ac-
etate (PMA) also generated 8-NO2-G and 8-NO2-dGuo. The
reaction required nitrite and was inhibited by catalase and
heme poisons, indicating that MPO generated RNS that nitrate
the C-8 position of dGuo in the cell-mediated pathway. Simi-
larly, Masuda et al. (42) reported that Guo reacted with human
MPO in the presence of nitrite, H2O2 and Cl� or PMA-acti-
vated human neutrophils in the presence of nitrite and Cl� to
form 8-NO2-Guo, in addition to 8-chloroguanosine and 8-oxo-
7,8-dihydroguanosine (8-oxo-Guo).

Chen et al. (11) reported that nitryl chloride (NO2Cl),
prepared by mixing solutions of nitrite and HOCl, can react
with guanine and xanthine to form the nitrated derivatives
8-NO2-G and 8-nitroxanthine (8-NO2-X), respectively. The
reaction of nitryl chloride with dGuo generated both 8-
NO2-G and 8-NO2-X. The same authors also showed forma-
tion of 8-NO2-X by reactions of xanthine with large excess
concentrations of other nitrating agents such as nitronium
tetrafluoroborate and heated nitric and nitrous acids. Lin et
al. (37) showed that peroxyacetyl nitrate [CH3C(=O)
OONO2], a common gaseous photochemically generated
compound in polluted air and cigarette smoke, nitrated gua-
nine to form 8-NO2-G. Yamada et al. (75) also showed for-
mation of 8-NO2-G in vitro by the reaction of dGuo with a
gaseous mixture of NO and oxygen at pH 7.4 and 37°C, in
addition to 8-NO2-X, xanthine, deoxyxanthosine, and N2-
nitro-2�-deoxyguanosine. 8-NO2-X has been reported to be
formed by reactions of xanthine with peroxynitrite, the
MPO–H2O2–nitrite system and a nitrating agent, tetrani-
tromethane (63, 77). Thus, various nitrating agents can ni-
trate guanine and xanthine to form 8-NO2-G and 8-NO2-X
in vitro.

The following mechanism has been proposed for the for-
mation of 8-NO2-G and 5-guanidino-4-nitroimidazole in the
reaction of guanine with RNS (43, 48) (Fig. 1): (a) one-
electron oxidation of guanine by oxidants yields a guanine
radical [G(�H)•], which has significant unpaired electron

density at the O6, C5, and C8 positions, and (b) radical com-
bination between •NO2 and the C8 or C5 positions of G(�H)•

produces 8-NO2-G or 5-nitro-guanine, respectively. The latter
compound is then hydrolyzed, followed by C5–C6 bond
cleavage, yielding 5-guanidino-4-nitroimidazole.

SYNTHESIS AND ANALYSIS OF 8-NO2-G
AND ITS DERIVATIVES

Synthesis

Several methods have been used to synthesize authentic 8-
NO2-G and 8-NO2-Guo. The simplest is the reaction of gua-
nine or Guo with peroxynitrite (78, 83). Bicarbonate, which
catalyzes nitration reactions, can be added to increase the
yield (80). 8-NO2-G has been also prepared by the reaction of
8-bromoguanine with sodium nitrite in DMSO at 160°C (70).
Similarly, 8-NO2-Guo was prepared from 8-bromoguanosine
with sodium nitrite in DMSO (3) or in DMF (34). 8-NO2-G
can be also prepared by diazotization of 8-amino-G with so-
dium nitrite in the presence of acid (31, 63). In all cases, pu-
rification of the product with HPLC is required. UV absorp-
tion maxima for 8-NO2-G (pH 5.5) at 210, 231, 258, and 393
nm and �400 = 9,144 M�1cm�1 (pH 7.0) have been reported
(11). A different value [�398 = 4,100 M�1cm�1 (pH 7.0)] has
also been reported (70).

Stability of 8-NO2-G, 8-NO2-Guo and 8-NO2-dGuo

8-NO2-G is relatively stable in the absence of oxidizing
agents, compared to 8-NO2-Guo and 8-NO2-dGuo. Aqueous
solutions of 8-NO2-G can be stored at 4°C for several months.
However, Burney et al. (7) reported that 8-NO2-G can be
more easily further oxidized with peroxynitrite than 8-oxo-
dGuo or dGuo, yielding some oxidized products including 8-
oxo-guanine (8-oxo-G) (34). On the other hand, 8-NO2-dGuo
and 8-NO2-Guo are less stable than 8-NO2-G. Sodum and
Fiala (63) reported the half-life of 8-NO2-dGuo to be 44 h at
�20°C, 7 h at 0°C, about 10 min at room temperature, and <3
min at 37°C. In contrast, 8-NO2-Guo is more stable, with a
half-life of several weeks at 5°C and about 5 h at 37°C.

Analysis of 8-NO2-G and 8-NO2-Guo

8-NO2-G and 8-NO2-Guo are yellow, having UV absorp-
tion around 390 nm, and thus can be measured with a UV/vis-
ible spectrophotometer or a photodiode array detector. Early
studies (11, 64) used such methods. However, the methods
appear not to be sensitive enough to analyze these adducts in
biological specimens.

8-NO2-G, 8-NO2-X, and 8-NO2-Guo can be measured by
HPLC with electrochemical detection. Although high oxida-
tive potentials (>0.8 V) are required to detect these nitrated
adducts by electrochemical detectors, their reduction prod-
ucts, [i.e., 8-amino-G, 8-aminoxanthine and 8-aminoguano-
sine (8-amino-Guo)] can be detected at oxidative potentials
as low as 0.2 V. The use of such low potentials has the advan-
tage of providing increased selectivity and lower detection
limits during the analysis of biological samples, since fewer
interfering compounds will be oxidized under these condi-
tions. For this purpose, nitrated derivatives are chemically re-
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duced to their amino derivatives with sodium hydrosulfite
(78, 79) or reduced on-line directly with electrodes in reduc-
tive mode (53, 63). The methods have been successfully used
to detect 8-NO2-G and 8-NO2-X in biological specimens such
as urine (see below).

MS methods such as electrospray MS have been used to
confirm the structures of reaction products of guanine and its
nucleosides with RNS (11, 48, 78). A gas chromatogra-
phy–MS method was also used to study products formed
from dGuo with the MPO–H2O2–nitrite system (8). The prod-
ucts, including 8-NO2-G and 8-amino-G, were converted to
their trimethylsilyl or tert-butyldimethylsilyl derivatives be-
fore gas chromatography. An HPLC–negative ion electro-
spray ionization MS method with selected reaction monitor-
ing mode has been also used to analyze 8-NO2-G with
15N,13C-8-NO2-G as an internal standard (70). In view of
rapid developments in the area of MS analytical instruments,
such methods are a promising approach for selective and sen-
sitive analysis of 8-NO2-G in biological specimens.

When 8-NO2-G in DNA or RNA is analyzed (see below),
DNA or RNA samples should be hydrolyzed into bases or nu-
cleosides. 8-NO2-G in DNA is hydrolyzed by heating in acids
[0.1 M HCl at 100°C for 60 min (79), 60% (v/v) formic acid at
150°C for 45 min (64) or formic acid containing butylated hy-
droxytoluene at 130°C for 30 min (71)] or under neutral condi-
tions (5 min at 90°C) (70). As 8-NO2-Guo is stable, the RNA
samples can be hydrolyzed enzymatically to nucleosides using
nuclease P1 and acid phosphatase at 37°C for 30 min (41).

FORMATION OF 8-NO2-G IN DNA
AND RNA IN VITRO

Reactions of isolated DNA and RNA
with various RNS

Yermilov et al. (79) first reported in 1995 that 8-NO2-G is
formed dose-dependently in calf-thymus DNA incubated
with low concentrations of peroxynitrite in vitro. When calf-
thymus DNA (0.2 mg/ml) was incubated with 5–100 µM per-
oxynitrite at pH 7 and room temperature, about 400–2100
residues of 8-NO2-G per 106 guanine were formed. Other
groups reported similar findings on 8-NO2-G formation in
peroxynitrite-treated DNA, although the amounts varied con-
siderably. Spencer et al. (64) reported that very high concen-
trations of 8-NO2-G (about 120 nmol/mg of DNA, corre-
sponding to about 30,000 adducts per 106 DNA bases) were
formed in calf-thymus DNA (0.2 mg/ml) incubated with 1
mM peroxynitrite at pH 7. Tuo et al. (71) reported about
100–400 8-NO2-G per 106 guanine in calf-thymus DNA (0.2
mg/ml) incubated with 100–500 µM peroxynitrite and also
found that large amounts of 8-NO2-G were released into the
medium during the reaction. Reasons for the varying yields
of 8-NO2-G in peroxynitrite-treated DNA are not clear. The
articles by Yermilov et al. (79), Spencer et al. (64), and Tuo et
al. (71) reported that levels of an oxidized DNA base, 8-oxo-
G, in their peroxynitrite-treated DNA samples also varied
considerably. The ratios of 8-NO2-G to 8-oxo-G were 5 (79),
100 (64), and 0.1 (71). These variations may be attributed to
(a) different peroxynitrite preparations (contamination with
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hydrogen peroxide, nitrite, metal ions, and others), (b) exper-
imental conditions, especially reaction pH and dose and dose
rate of peroxynitrite, and (c) experimental procedures preced-
ing the analysis of 8-NO2-G (precipitation and hydrolysis of
DNA after the reaction). Sodum and Fiala (63) reported that
more 8-oxo-dGuo than 8-NO2-G plus 8-NO2-dGuo was
formed under acidic pH (< 5), but more 8-NO2-G plus 8-NO2-
dGuo than 8-oxo-dGuo under neutral pH in the reaction of
dGuo with peroxynitrite. It should also be noted that 8-NO2-
G in DNA is not stable and can be lost during DNA precipita-
tion (see below).

In addition to peroxynitrite, other RNS-generating systems
can nitrate guanine residues in DNA. Tuo et al. (71) reported
that 8-NO2-G levels increased dose-dependently with 30–90
nM MPO in calf-thymus DNA (0.2 mg/ml) incubated in the
presence of 150 µM H2O2 and 60 nM nitrite (pH 7.4) at 37°C
for 30 min (7–19 adducts per 106 guanine). Human neu-
trophils activated with PMA also nitrated calf-thymus DNA
(0.2 mg/ml) to yield 9 residues of 8-NO2-G per 106 guanine in
the presence of 60 nM nitrite at 37°C for 60 min. Chen et al.
(11) reported that both 8-NO2-G and 8-NO2-X are formed in
DNA incubated with a large excess (250 times) of nitryl chlo-
ride, the yields being 0.71% and 0.30% of guanine residues in
DNA or 7,100 and 3,000 adducts per 106 guanine, respec-
tively. In this paper, however, it was not clearly described
whether artifactual formation of 8-NO2-X during DNA hy-
drolysis was prevented: nitrite easily deaminates 8-NO2-G to
8-NO2-X during acid hydrolysis at high temperature. Hsieh et
al. (27) reported dose-dependent formation of 8-NO2-G
(2.5–5 nmol per mg DNA, corresponding to about 600–1200
adducts per 106 bases) in DNA (0.2 mg/ml, isolated from
human lung fibroblasts, MRC-5) incubated with 2–20 µM
gaseous NO at 37°C for 48 h.

Gu et al. (20) reported that the reaction of calf-thymus DNA
incubated with low concentrations of peroxynitrite formed 5-
guanidino-4-nitroimidazole dose-dependently, along with sev-
eral other products. Joffe et al. (30) showed that the ratio of
the 5-guanidino-4-nitroimidazole to 8-NO2-G lesions was
about 1 in double-stranded oligodeoxynucleotides nitrated
photochemically in the presence of bicarbonate and nitrite.

Masuda et al. (41) studied 8-NO2-G formation in RNA with
various RNS. 8-NO2-G in RNA was found to be much more
stable than 8-NO2G in DNA (see below). When calf-liver
RNA (1 mg/ml) was incubated with 0.5 mM peroxynitrite,
about 110 8-NO2-Guo per 106 Guo were formed. Similarly,
when RNA (1 mg/ml) was incubated at 37°C for 1 h with 0.5
mM 3-morpholinosydnonimine (SIN-1), which spontaneously
decomposes to release both NO and superoxide, thus forming
peroxynitrite (21, 25), 15 8-NO2G per 106 Guo were gener-
ated. Nitrite plus HOCl (both at 0.5 mM), which react together
to form nitryl chloride (18, 54), formed small amounts (12
adducts per 106 Guo) and human MPO and horseradish perox-
idase catalyzed the formation of 9 and 7 adducts per 106 Guo,
respectively, in the presence of nitrite and H2O2.

Modification of 8-NO2-G formation by CO2 and
antioxidants

Nitration and oxidation mediated by peroxynitrite and
other RNS are modified by a variety of compounds. Peroxy-
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nitrite reacts with carbon dioxide (CO2) with a rate constant
of 5.8 � 104 M�1 s�1 to form the intermediate nitrosodioxy-
carboxylate (O = NOOCOO�), which can decompose to reac-
tive intermediates such as •NO2 and CO3

•� radicals or re-
arrange to nitrooxo-carboxylate anion (O2N-O-CO2

�) (14,
38). Thus, the presence of CO2, added as 0–10 mM bicarbon-
ate, caused a dose-dependent increase of up to sixfold in the
peroxynitrite-mediated formation of 8-NO2-G in DNA and
RNA (41, 80). As the concentrations of CO2 (1.3 mM in blood
plasma) and bicarbonate (12 mM in intracellular fluid and
25–30 mM in blood plasma) are high, this reaction between
peroxynitrite and CO2 occurs in vivo and enhances nitration
reactions (73). On the other hand, Fe3+-EDTA, which en-
hances nitration of tyrosine and phenolics by peroxynitrite
(4), as well as hydroxyl radical scavengers such as DMSO,
ethanol, and D-mannitol did not affect the formation of 8-
NO2-G in DNA (79). Conversely various antioxidants, such
as N-acetylcysteine, uric acid, and ascorbic acid, an iron
chelator (desferrioxamine), and several flavonoids and other
phenolic compounds can prevent formation of 8-NO2-G in
DNA by RNS such as peroxynitrite or nitryl chloride (12, 53,
79, 83).

Formation of Guo adducts (8-NO2-Guo, 8-oxo-Guo and 8-
chloroguanosine) with the MPO–H2O2–nitrite–Cl� system
was dramatically enhanced by low concentrations of tertiary
amines such as nicotine and trimethylamine (42). On the
other hand, taurine and methionine, two potent scavengers of
HOCl, failed to inhibit nitration of 2�-deoxyguanosine by this
system (8).

Stability of 8-NO2-G in nitrated DNA and RNA

Yermilov et al. (79) observed that upon incubation of
DNA containing 8-NO2-G (prepared by the reaction with per-
oxynitrite) at 37°C and pH 7.4, 8-NO2-G disappeared rapidly
from DNA and free 8-NO2-G appeared in the medium. They
estimated the half-life of 8-NO2-G in DNA to be about 4 h.
Chen et al. (9) observed even faster depurination of 8-NO2-G
from peroxynitrite-treated calf-thymus DNA at 37°C and pH
7.0–7.5, with a half-life of about 1 h (estimated from Fig. 7 in
Ref. 9). This spontaneous depurination of 8-NO2-G in DNA
has been confirmed using oligodeoxynucleotides treated with
peroxynitrite or synthetic oligodeoxynucleotides containing
8-NO2-G at a specific site. Tretyakova et al. (70) estimated
the rate of formation of spontaneously generated abasic sites
in peroxynitrite-treated pUC19 plasmid to be about 1 h at
37°C (the abasic sites were presumably generated by release
of 8-NO2-G). Shafirovich et al. (61) synthesized an
oligodeoxynucleotide containing 8-NO2-G at a specific site
and measured their rates of spontaneous depurination. The ni-
trated oligodeoxynucleotide released free 8-NO2-G and
formed an abasic site at this position, with a half-life of about
20 h at 23°C and pH 7. Suzuki et al. (66) estimated the half-
life of another oligodeoxynucleotide containing 8-NO2-G at a
specific site to be 31 h at 25°C.

Chen et al. (11) reported depurination rates of 8-NO2-X
from calf thymus DNA treated with nitryl chloride to be
about 2 h. On the other hand, 5-guanidino-4-nitroimidazole in
DNA is much more stable than 8-NO2-G and 8-NO2-X
[10–15% decomposition at 90°C for 6 h and only partial de-
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composition after hot piperidine treatment (1 M piperidine
for 30 min at 90°C)] (20, 30).

While 8-NO2-G in DNA is spontaneously depurinated with
a half-life of 1–4 h at 37°C and pH 7.4, Masuda et al. (41)
found that 8-NO2-G present in RNA is relatively stable, with
only about 5% of the modified nucleoside lost during 6 h of
incubation under similar conditions.

Repair of 8-NO2-G lesions in DNA

It is not known whether 8-NO2-G in DNA can be enzymat-
ically repaired. Two studies have shown that 8-NO2-G in
DNA was not recognized by formamidopyrimidine glycosy-
lase (Fpg), a DNA repair enzyme with glycosylase and abasic
(AP) endonuclease activity against a broad range of oxidized
purines, including 8-oxo-G and 2,6-diamino-5-formamidopy-
rimidine. Tretyakova et al. (70) reported that 8-NO2-G in a
peroxynitrite-treated oligodeoxynucleotide (13-mer) was not
recognized by Fpg. In agreement with this observation, Tuo et
al. (71) reported that incubation of peroxynitrite- or
MPO–H2O2–nitrite-treated calf-thymus DNA with Fpg re-
leased 8-oxo-G, but not 8-NO2-G. These results suggest that
8-NO2-G is not a substrate for Fpg.

Enzymatic reduction of 8-NO2-G

Chen et al. (10) reported that 8-NO2-G and 8-NO2-X in
free form or in DNA can be reduced to their amino deriva-
tives by lipoyl dehydrogenase (EC 1.8.1.4) from Clostridium
kluyveri and from porcine heart using NAD(P)H as a cofac-
tor. Similarly, Chen et al. (9) found that hemin and hemopro-
teins, including hemoglobin and cytochrome c, mediate the
same reduction of 8-NO2-G and 8-NO2-X in free form or in
DNA in the presence of reducing agents such as ascorbate
and glutathione. The biological significance of these findings
is unknown, but the authors suggested that these enzymatic
reductions might represent a metabolic pathway to reverse the
process of biological nitration.

FORMATION OF 8-NO2-G IN DNA AND RNA
IN CELLS AND TISSUES

Formation in cultured cells exposed to RNS

We attempted to analyze 8-NO2-G in DNA isolated from
tissues and cells. However, due to its instability in DNA (see
above), we found that 8-NO2-G was lost during extraction of
DNA, so that its measurement in cellular DNA as an exposure
marker was not possible (Yermilov et al., unpublished data).
Nevertheless several articles have reported the occurrence
and formation of 8-NO2-G in DNA extracted from cultured
cells, animal tissues, and human blood lymphocytes, but it
should be noted that these results have not been reproduced
and/or confirmed by other groups.

Spencer et al. (64) incubated human keratinocytes in
Hank’s balanced salt solution with 1 mM peroxynitrite with
constant mixing for 10 s (final pH 7.2) at 37°C. DNA was ex-
tracted and hydrolyzed in 60% formic acid for 45 min at
150°C. Analysis by HPLC with a UV detector at 396 nm
showed about 8 nmol 8-NO2-G/mg DNA (corresponding to
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about 2,000 adducts per 106 DNA bases). Similarly, incuba-
tion of cells at 37°C for 60 min with 1 mM SIN-1, a peroxyni-
trite generator, yielded about 10 nmol 8-NO2-G/mg DNA
(corresponding to 2,500 8-NO2-G per 106 DNA bases).

Hsieh et al. (27) reported a time- and dose-dependent in-
crease in 8-NO2-G formation in DNA of human lung fibro-
blasts (MRC-5) exposed to NO. The cells were exposed to
NO gas-saturated PBS with initial NO concentrations of 2–20
µM for 0–48 h. DNA was extracted from the cells and acid-
hydrolyzed. 8-NO2-G was determined by HPLC with a UV
detector at 254 nm.  The levels of 8-NO2-G ranged from 2.4
to 3.8 nmol/mg DNA (corresponding to ~600 to ~900 adducts
per 106 DNA bases).

Although the above studies reported formation of 8-NO2-G
in DNA following exposure of cells to RNS in culture, we
have not been able to reproduce these results in our labora-
tory, mainly due to the instability of 8-NO2-G during extrac-
tion of DNA from cells, as described above. On the other
hand, Masuda et al. (41) detected 7–50 8-NO2-Guo per 106

Guo in RNA isolated from human lung carcinoma (A549)
cells (4 � 106/20 ml PBS) incubated with synthetic peroxyni-
trite (1 mM, final pH 7.3) at 37°C for 5 min. 8-NO2-Guo in
enzymatic hydrolyzates of RNA was converted with sodium
hydrosulfite to 8-amino-Guo, which was then analyzed by
HPLC with an electrochemical detector.

Detection of 8-NO2-G in DNA isolated 
from animal and human tissues

Tuo et al. (71) first attempted to analyze 8-NO2-G in liver
DNA of mice treated intraperitoneally with Escherichia coli
lipopolysaccharide (LPS) (5 mg per kg b.w.). The liver was
removed 6 h after LPS administration and DNA was ex-
tracted. 8-NO2-G in acid-hydrolyzed DNA was converted
chemically (sodium hydrosulfite) to 8-amino-G, followed by
detection by HPLC with an electrochemical detector. The au-
thors reported finding 8-NO2-G in the liver DNA from 2 out
of 12 treated mice at levels of 5 and 4 adducts per 106 gua-
nine, levels close to the detection limit. However, under this
experimental protocol, induction of an inducible type of nitric
oxide synthase (iNOS), measured as serum nitrate/nitrite,
was marginal at 6 h after LPS treatment (72). The stability
and recovery of 8-NO2-G in DNA during isolation from the
liver were not examined.

Hsieh et al. (26) reported the levels of 8-NO2-G in DNA
extracted from peripheral lymphocytes of 15 each of non-
smokers, slight, moderate, and heavy smokers and lung
cancer patients with heavy smoking. 8-NO2-G in acid-
hydrolyzed DNA was analyzed by HPLC with an electro-
chemical detector. DNA from nonsmokers contained only
trace levels of 8-NO2-G (0.02 µg/mg DNA or 25 adducts per
106 DNA bases), but levels were significantly higher in DNA
from heavy smokers and lung cancer patients with heavy
smoking (about 1.2 and 1.4 µg/mg DNA; ~1500 and ~1800
adducts per 106 DNA bases, respectively). The same authors
also reported a dose-dependent increase in 8-NO2-G in DNA
of the lung and peripheral lymphocytes of Wistar rats ex-
posed to cigarette smoke twice a day for one month. How-
ever, the experimental procedures (the volume of blood
taken for extraction of DNA, conditions for electrochemical
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detection of 8-NO2-G. etc.) were not described in detail, and
the stability and recovery of 8-NO2-G in DNA during isola-
tion from the lung and peripheral lymphocyte were not ex-
amined. Further studies are needed to confirm these prelimi-
nary findings.

Occurrence of 8-NO2-G and 8-NO2-X 
in human urine

Sawa et al. (60) recently developed an analytical method
to measure 8-NO2-G and 8-NO2-X in human biological speci-
mens such as urine. Human urine (50 ml), to which 500 dpm
[14C]-8-NO2-G had been added as an internal standard, was
purified by an immunoaffinity column prepared with a mono-
clonal antibody against 8-NO2-G (see below). 8-NO2-G and
8-NO2-X in the purified urine extract were analyzed by
HPLC with an ESA Coul-Array electrochemical detector.
Four electrodes were sequentially used at +250, �1,000,
�1,000, and +150 mV. Some interfering compounds, if pres-
ent in the sample, could be oxidized at the first electrode. Ni-
trated bases were then reduced on-line with two electrodes
under a reduction mode at �1,000 mV and the reduced deriv-
atives were analyzed quantitatively with the fourth electrode
at +150 mV. This method is sensitive and specific for the
analysis of 8-NO2-G and 8-NO2-X, with detection limits for
both compounds of 25–50 fmol/injection. We have used it to
detect significantly increased levels of 8-NO2-G and 8-NO2-
X in urine from smokers [median of 8-NO2-G plus 8-NO2-X
(range): 10.0 (0–29.5) fmol/mg creatinine, n = 12] compared
to those from nonsmokers [0 (0–5.4) fmol/mg creatinine, n =
17]. This is the first finding of 8-NO2-G and 8-NO2-X in
human urine.

IMMUNOHISTOCHEMICAL DETECTION
OF 8-NO2-G

Production of polyclonal and monoclonal
antibodies against 8-NO2-Guo and their
application to study 8-NO2-Guo formation in
cultured cells and in RNA virus-induced
pneumonia in mice

Akaike et al. (3) were the first to prepare polyclonal
antibodies against 8-NO2-Guo in rabbits using 8-NO2-Guo-
bovine serum albumin (BSA) conjugate as antigen. The anti-
body was purified by use of a series of affinity chromato-
graphic procedures. Competitive enzyme immunoassay
showed that only 8-NO2-G and 8-NO2-Guo, not guanine,
Guo, 8-oxo-G, 8-oxoGuo, or 3-nitrotyrosine, completely in-
hibited binding between the purified antibody and the 8-NO2-
Guo–BSA conjugate. In slot blot analyses, an RNA sample
treated with peroxynitrite in vitro showed strong immunore-
activity with the antibody. The immunoreactivity was also de-
tected against total RNA extracted from RAW 264 cells that
had been stimulated with LPS and interferon-� to induce
iNOS, and was eliminated almost totally when the RNA sam-
ple was treated with sodium hydrosulfite, which converts 8-
NO2-Guo to 8-amino-Guo. On the other hand, total RNA
samples isolated from nonstimulated cells or stimulated cells
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cultured in the presence of an NO synthase inhibitor, N�-
monomethyl-L-arginine, showed lower immunoreactivity.
These results indicated that the antibody could recognize 8-
NO2-Guo in RNA and that an appreciable amount of 8-NO2-
Guo was endogenously formed in cells producing NO.

Akaike et al. (3) applied this antibody against 8-NO2-Guo
to study formation of 8-NO2-Guo in vivo in mice infected
with influenza or Sendai viruses. Infection with these viruses
induces pneumonia in mice and its lethal effects could be me-
diated by reactive oxygen species and RNS produced as a
host response (1, 49). Strong 8-NO2-Guo immunostaining
was observed primarily in the cytosol of bronchial and bron-
chiolar epithelial cells of virus-infected wild-type mice 6–8
days after infection. This staining colocalized with iNOS im-
munostaining, particularly in bronchial cells, and correlated
well with formation of 3-nitrotyrosine, a marker of protein ni-
tration. The 8-NO2-Guo immunostaining was prevented by
preabsorption of the antibody with free 8-NO2-Guo or pre-
treatment of tissues with sodium hydrosulfite. On the other
hand, 8-NO2-Guo immunostaining was absent in airways of
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iNOS-deficient mice, in which the lethal effects of viral in-
fection were markedly weaker. 

Akaike’s group recently produced a mouse monoclonal an-
tibody against 8-NO2-Guo (81) using 8-NO2-Guo–BSA con-
jugate as antigen. The specificity of this monoclonal antibody
was confirmed by a competitive enzyme immunoassay, as de-
scribed for production of the polyclonal antibody against 8-
NO2-Guo. The antibody could be used to immunolocalize 8-
NO2-Guo in the cytosol of bronchial and bronchiolar
epithelial cells of virus infected mice (Fig. 2). Yoshitake et al.
(81) also used this monoclonal antibody to immunolocalize
8-NO2-Guo in human adenocarcinoma (SW480) cells with
and without transfection of a rat iNOS expression vector.
Much stronger 8-NO2-Guo immunostaining was observed in
iNOS-expressing SW480 cells than in cells without iNOS.
Analysis by confocal laser scanning microscopy showed that
8-NO2-Guo was localized mainly in the cytosol of iNOS-
expressing SW480 cells. These findings are consistent with
those from the study on formation of 8-NO2-Guo in vivo in
mice infected with influenza or Sendai viruses (3).

A B

FIG. 2. Immunohistochemical detection of 8-NO2-G in vivo. Mouse lung obtained at 0 (A) and 8 (B) days after influenza
virus infection (3) was immunostained with anti-8-nitroguanosine monoclonal antibody (81).
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The results from these studies in mice and iNOS-express-
ing cells indicate that NO production is needed for formation
in vivo of 8-NO2-Guo, which mainly localizes in the cytosol.
This observation may be explained by the following: 8-NO2-
G in DNA is unstable and undergoes spontaneous depurina-
tion to produce an apurinic site (see above). Thus, 8-NO2-G
does not accumulate in DNA in an amount sufficient for de-
tection by immunohistochemical analysis; 8-NO2-Guo, how-
ever, is stably formed in the nucleotide pool and RNA in the
cytosol of the cells (81).

The mouse monoclonal 8-NO2-Guo antibody has also been
used successfully to show that 8-NO2-Guo is formed in
mouse chondrocyte-like ATDC5 cells and rat primary chon-
drocytes after exposure to interleukin-1�, which acts as a key
mediator of the degradation of articular cartilage in rheuma-
toid arthritis (76). Upon exposure to interleukin-1�, chondro-
cytes showed immunoreactivity against 8-NO2-Guo, which
was inhibited by N�-monomethyl-L-arginine, suggesting the
production of RNS such as peroxynitrite. 

Occurrence of 8-NO2-G in inflamed tissues

Pinlaor et al. (57) applied a commercial anti-8-NO2-G
mouse monoclonal antibody [Dojindo Laboratories, Ku-
mamoto, Japan; the same monoclonal antibody as reported by
Yoshitake et al. (81)] to immunolocalize 8-NO2-G in the liver
of hamsters infected with the parasite Opisthorchis viverrini
(OV). OV infection has been associated with increased risk of
intrahepatic cholangiocarcinoma in northeast Thailand (28).
Enhanced iNOS activity and NO production have been re-
ported in the liver of hamsters infected with OV (50). 8-NO2-
G immunoreactivity was found mainly in the cytoplasm and
slightly in the nucleus of inflammatory cells and epithelial
lining of bile ducts in inflammatory areas of the liver of OV-
infected hamsters. The immunoreactivity was highest 30 days
after infection and then decreased until 60 days. It was absent
in the liver of uninfected hamsters.

Kawanishi’s group (55) recently produced a rabbit poly-
clonal antibody against 8-NO2-G, using a similar approach to
that of Akaike et al. (3). They performed double immunofluo-
rescence staining of 8-NO2-G and 8-oxo-dGuo in the liver of
OV infected-hamsters, using this polyclonal antibody to-
gether with anti-8-oxo-dGuo mouse monoclonal antibody
(69). Immunoreactivity for both 8-NO2-G and 8-oxo-dGuo
was observed mostly in the nucleus of the same inflammatory
cells and in epithelium of bile ducts in livers of hamsters from
day 7 after OV infection. Staining was maximal at 21–30
days, and lower at 90 and 180 days. Presence of 8-NO2-G and
8-oxo-dGuo was also detected in some small bile ducts at day
180. The pattern of 8-NO2-G staining in this study (mostly
nuclear localization), however, appears to be different from
that seen earlier by the same group using an 8-NO2-G mono-
clonal antibody (mainly in the cytoplasm) (57).

Double immunofluorescence staining of 8-NO2-G and 8-
oxo-dGuo has been applied to examine several animal and
human tissues, including the liver of hamsters infected re-
peatedly with OV (56), human gastric mucosa infected with
Helicobacter pylori (39), and colon tissue from mice with in-
flammatory bowel diseases (15). In these studies, both 8-
NO2-G and 8-oxo-dGuo were detected mostly in the nucleus
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of inflammatory cells and/or epithelial cells in inflamed tis-
sues, but not in normal tissues. Immunoreactivity was also
spread in the cytoplasm and also weakly in mitochondria.
Further studies using chromatographic methods are needed to
confirm that 8-NO2-G is indeed formed in the nucleus.

BIOLOGICAL SIGNIFICANCE

Superoxide generation mediated by 8-NO2-Guo

Sawa et al. (58) and Akaike et al. (3) reported that 8-NO2-
Guo and its 5�-monophosphates and 5�-triphosphates are
highly redox-active nucleic acid derivatives that strongly
stimulate superoxide generation in the presence of various
NADPH-dependent reductases, including cytochrome P450
reductase and all isoforms of NO synthase. These reductases
in the presence of NADPH catalyze single-electron reduction
of 8-NO2-Guo to form 8-NO2-Guo anion radical, from which
one electron is then transferred to molecular oxygen to form
superoxide in a redox cycling reaction. Thus, 8-NO2-Guo and
its related nucleotides may participate in diverse physiologi-
cal and pathological events (Fig. 3).

Viral mutation induced by 8-NO2-Guo

Yoshitake et al. (81) examined whether 8-NO2-Guo can
induce mutations in an RNA virus. They analyzed phenotypic
alteration (loss of fluorescence) in Sendai virus fused to a
green fluorescent protein gene (GFP–SeV) that propagated in
cells or in mice (2). Authentic 8-NO2-Guo added exogenously
to GFP–SeV-infected CV-1 cells caused a dose-dependent in-
crease in viral mutations, especially C to U transitions. The
same type of mutation was also detected in GFP–SeV iso-
lated from lungs of mice 7 days after infection with this virus.
Similarly, the GFP–SeV mutation frequency was much higher
in iNOS-expressing SW480 cells than in parent SW480 cells.
As 8-NO2-Guo was detected in the cytosol of iNOS-express-
ing SW480 cells, but not in parent cells (see above), the au-
thors proposed that NO has mutagenic potential for RNA
viruses such as Sendai virus, possibly via 8-NO2-Guo forma-
tion and cellular oxidative stress due to production of super-
oxide mediated by 8-NO2-Guo (see above).

Roles of 8-NO2-G in gene mutation 
and carcinogenesis

As described above, 8-NO2-G residues in DNA may be
rapidly depurinated from DNA in vitro with a half-life of 1–4
h under physiological conditions, resulting in the formation
of mutagenic abasic sites and release of free 8-NO2-G. Thus,
the formation of 8-NO2-G in DNA may facilitate G to T trans-
version via abasic site formation (79). In addition, Suzuki et
al. (66) recently synthesized an oligodeoxynucleotide con-
taining a single 8-NO2-dGuo at a specific position by photo-
chemical synthesis (61) and used it as a template in primer
extension reactions catalyzed by mammalian DNA poly-
merases. Primer extension reactions catalyzed by certain
polymerases were strongly retarded at the 8-NO2-dGuo le-
sion. However, a fraction of primers was extended past the le-
sion by incorporating adenine residues, in addition to the cor-
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rect cytosine residues, opposite 8-NO2-dGuo in an
oligodeoxynucleotide. This suggests that 8-NO2-dGuo in
DNA can mispair with adenine, directly inducing a G to T
transversion in mammalian cells. Neeley et al. (47) also stud-
ied the miscoding potential of 5-guanidino-4-nitroimidazole,
another nitrated guanine derivative formed by the reaction
with peroxynitrite, using M13mp7L2 bacteriophage genome
containing the adduct at a known position, which was used to
transform E. coli cells. Analyses of the resulting progeny
phage showed that this nitrated adduct is a strong block to
replication, and 50% mutagenic, generating G to A, G to T,
and to a lesser extent, G to C mutations.

In agreement with these observations, peroxynitrite has
been reported to be strongly mutagenic in the supF shuttle
vector pSP 189 replicated in bacteria or human cells (32). The
majority of mutations were found at G:C base pairs, predomi-
nantly involving G to T transversion, followed by G to C
transversion and G to A transition.

As mentioned above, immunohistochemical studies have
demonstrated that 8-NO2-G is also present in the cytosol of
NO-producing cells, suggesting that 8-NO2-G may be pro-
duced in the nucleotide pool, RNA, and other compartments
in the cytosol. Although certain enzymes such as MPO are
unlikely to nitrate DNA directly, nitrated nucleic acids may
be formed in the nucleotide pool or in RNA by RNS gener-
ated by such enzyme systems. As shown for some oxidized
and halogenated nucleosides (23, 44, 45), 8-NO2-G and re-
lated nucleosides and nucleotides may be misincorporated
into DNA, which can result in mutations. Similarly, 8-NO2-G
and related nucleosides and nucleotides may be incorporated
into RNA to interfere with RNA function and metabolism, as
occurs with oxidized and halogenated nucleosides (36, 62,
68) (Fig. 3).

Chronic inflammation induced by a variety of biological,
chemical, and physical factors has been associated with in-
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creased risk of human cancer at many sites (51, 52, 59). The
studies summarized above clearly show that nitrative DNA
damage can be induced under various inflammatory condi-
tions, as evidenced by increased formation of 8-NO2-G. How-
ever, further studies are required to establish a causal rela-
tionship between this type of DNA damage and human
cancer, using a molecular epidemiological approach in a large
human population.

Roles of 8-NO2-G in cellular signaling

In addition to enzymatic superoxide generation mediated
by various reductases in the presence of 8-NO2-Guo and ni-
trated nucleotides, these nitrated derivatives may interfere
with or modulate functions of various important enzymes that
utilize GTP, GDP, GMP, and cGMP as substrates. Examples
include various GTP-binding proteins including Ras proteins
and various cGMP-dependent enzymes. Recently Heo et al.
(24) reported that treatment of Ras with NO and oxygen
caused conversion of Ras-bound GDP into a free 463.3 Da
nucleotide-nitration product, which was identified as 5-
guanidino-4-nitroimidazole diphosphate, a degradation prod-
uct of 5-nitro-GDP. They proposed the mechanism that •NO2

formed from NO and oxygen reacts with Ras to generate a
Ras-Cys 118 thiyl radical intermediate, which withdraws an
electron from the Ras-bound guanine nucleotide base to pro-
duce a guanine nucleotide diphosphate cation radical (G•+-
DP), reacting with •NO2 to form 5-nitro-GDP. This radical-
based reaction process disrupts key binding interactions
between Ras and the guanine base, resulting in release of
GDP from Ras and its conversion to free 5-nitro-GDP. This
mechanism may be common to other Ras superfamily GT-
Pases. Further studies are warranted to investigate effects of
nitrated nucleotides on these enzymes in relation to intracel-
lular signaling systems.

Inflammation/air pollutants/cigarette smoke

Reactive nitrogen species
(PN, •NO2, NO2Cl, etc)

8-NO2-G
in nucleotide pool

8-NO2-G
in DNA

8-NO2-G
in RNA

Impaired RNA functions
/metabolism

O2
•- generation Effects on

GTP binding proteins,
cGMP-dependent enzymes, etc

Mutation

CancerAltered cell signalingOxidative stress

FIG. 3. Biological significance of 8-NO2-G formed in a cell.
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CONCLUSION

We have reviewed studies on 8-NO2-G published in the
last decade. Various RNS produced in a variety of pathophys-
iological conditions may nitrate guanine and its related nucle-
osides and nucleotides in the free form, or in DNA or RNA.
Immunohistochemical studies with 8-NO2-G specific anti-
bodies have shown that the adduct is formed in the cytosol as
well as in the nucleus of inflammatory and epithelial cells in
inflamed tissues, but not in normal tissues. 8-NO2-G in DNA
is potentially mutagenic. Furthermore, 8-NO2-G formed in
the nucleotide pool may trigger oxidative stress, may be in-
corporated into DNA and RNA, and may interfere with vari-
ous important enzymes that use guanine nucleotides as sub-
strates. Thus, 8-NO2-G is not only a marker of RNS-induced
nitrative DNA damage, but also may play roles in diverse
pathophysiological conditions, such as inflammation, neu-
rodegenerative and cardiovascular diseases, and cancer.
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ABBREVIATIONS

8-amino-G, 8-Aminoguanine; BSA, bovine serum albu-
min; dGuo, 2�-deoxyguanosine; GFP–SeV, Sendai virus
fused to a green fluorescent protein gene; Guo, guanosine;
HPLC, high-performance liquid chromatography; iNOS, in-
ducible type of nitric oxide synthase; LPS, lipopolysaccha-
ride; MPO, myeloperoxidase; MS, mass spectrometry; 
8-NO2-dGuo, 8-nitro-2�-deoxyguanosine; 8-NO2-G, 8-nitro-
guanine; 8-NO2-Guo, 8-nitroguanosine; nox-dGuo, 4,5-di-
hydro-5-hydroxy-4-(nitrosooxy)-2�-deoxyguanosine; 8-NO2-X,
8-nitroxanthine; OV, Opisthorchis viverrini; 8-oxo-G, 8-oxo-
7,8-dihydroguanine; 8-oxo-Guo, 8-oxo-7,8-dihydroguanosine;
PMA, �-phorbol myristate acetate; RNS, reactive nitrogen
species; SIN-1, 3-morpholinosydnonimine.
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