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Abstract

Peroxynitrite is a reactive oxidant produced from nitric oxide (NO) and superoxide, which reacts with a variety of
biomolecules including proteins, lipids and DNA. Peroxynitrite is produced by the body in response to a variety of
toxicologically relevant molecules including environmental toxins. It is also produced by the body in response to
environmental toxins, as well as in reperfusion injury and inflammation. Here we overview the multiple pathways of
peroxynitrite cytotoxicity. Initiation of lipid peroxidation, direct inhibition of mitochondrial respiratory chain enzymes,
inactivation of glyceraldehyde-3-phosphate dehydrogenase, inhibition of membrane Na*/K* ATP-ase activity,
inactivation of membrane sodium channels, and other oxidative protein modifications contribute to the cytotoxic effect
of peroxynitrite. In addition, peroxynitrite is a potent trigger of DNA strand breakage, with subsequent activation of
the nuclear enzyme poly-ADP ribosyl synthetase or polymerase (PARP), with eventual severe energy depletion and
necrosis of the cells. Studies conducted with peroxynitrite decomposition catalysts suggest that neutralization of
peroxynitrite is of significant therapeutic benefit after exposure to various environmental toxins as well as in a variety of
inflammatory and reperfusion disease conditions.
© 2003 Elsevier Science Ireland Ltd. All rights reserved.
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1. The reactivity of peroxynitrite

Simultaneous generation of nitric oxide (NO)
and superoxide favors the production of a toxic
reaction product, peroxynitrite anion (ONOO ™)
(Beckman et al., 1990; see for reviews Pryor and
Squadrito, 1996; Szabd, 1996). In in vitro systems,
the ratio of superoxide and NO determines the
reactivity of peroxynitrite: excess of NO reduces
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the oxidation elicited by peroxynitrite (Rubbo et
al., 1994; Miles et al., 1996). The end-products of
specific oxidative processes triggered by peroxyni-
trite can be detected in vivo, suggesting in vivo
formation of peroxynitrite. The oxidant reactivity
of peroxynitrite is mediated by an intermediate
with the biological activity of hydroxyl radical
(Pryor and Squadrito, 1996).

The decomposition of peroxynitrite to nitrate is
intimately coupled with the oxidation chemistry of
this species, and both reactions have been the
subject of recent investigations and intense debate.
Peroxynitrite and its conjugate acid are strong
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oxidants, capable of effecting one- and two-
electron reactions akin to those of HO", nitrogen
dioxide (NO,), and nitrosonium cation. Oxida-
tions of thiols (Radi et al., 1991), sulfides (Pad-
maja et al., 1996), transition metal complexes
(Goldstein and Czapski, 1995), halide ions (Gold-
stein and Czapski, 1995), ascorbate (Barlett et al.,
1995), olefins, benzenes, phenols (Halfpenny and
Robinson, 1992; Ischiropoulos et al., 1992), and
other aromatics by peroxynitrite have been de-
scribed.

Peroxynitrite is a particularly effective oxidant
of aromatic molecules and organosulfur com-
pounds that include free amino acids and peptide
residues. Cysteine and glutathione, which are
significant components of antioxidant reservoirs,
are converted to disulfides. Methionine is con-
verted to sulfoxide or is fragmented to ethylene
and dimethyldisulfide. Dimethyl sulfoxide is oxi-
dized to formaldehyde. Tyrosine and tryptophan
undergo one-electron oxidations to radical cations,
which are competitively hydroxylated, nitrated,
and dimerized (Ischiropoulos et al., 1992; Rame-
zanian et al., 1996). The formation of nitrotyrosine
is particularly favorable, and the appearance of
this product in biological samples is taken as
diagnostic of exposure to peroxynitrite. Purine
nucleotides are vulnerable to oxidation and to
adduct formation (Douki and Cadet, 1996). For a
more detailed review on the chemistry, decom-
position and reactivity of peroxynitrite, peroxyni-
trous acid and its activated isomer (see Pryor and
Squadrito, 1996; Groves, 1999).

In in vitro systems, peroxynitrite is highly
reactive. Its reported activities include a rapid
oxidation of sulfhydryl groups and thioethers, as
well as nitration and hydroxylation of aromatic
compounds, including tyrosine, tryptophan and
guanine. While the reaction with the sulfhydryl
groups is likely to represent a direct reaction of
peroxynitrite, the tyrosine nitration probably oc-
curs through a NOj -like intermediate. The detec-
tion of 3-nitrotyrosine by analytical and
immunological techniques has established that a
marked increase in tyrosine nitration occurs in a
wide variety of disease states (Greenacre and
Ischiropoulos, 2001). Other reactions such as a
reaction catalyzed by myeloperoxidase may also

contribute to the net tyrosine nitration seen in
pathophysiological states (Halliwell, 1997; Eiserich
et al., 1998).

The various reactions of peroxynitrite when
occurring during the reaction of peroxynitrite
with enzymes, macromolecules and lipids, have
been shown to influence cellular functions. For
instance, tyrosine nitration may lead to dysfunc-
tion of nitrated proteins, as has been shown or
suggested in the case of superoxide dismutase,
cytoskeletal actin, neuronal tyrosine hydroxylase,
cytochrome P450 and prostacyclin synthase (over-
viewed in Greenacre and Ischiropoulos, 2001).
Oxidation of critical sulfhydryl groups is respon-
sible for the inhibition of mitochondrial and
cytosolic aconitase and other critical enzymes in
the mitochondrial respiratory chain (Hausladen
and Fridovich, 1994). There is also evidence that
peroxynitrite can cause covalent modification of
an active site thiol of glyceraldehyde-3-phosphate
dehydrogenase (Mohr et al., 1994) and in creatine
kinase (Konorev et al., 1998). Peroxynitrite-
mediated nitration of myofibrillar creatine kinase
activity may lead to contractile dysfunction of the
heart (Mihm et al., 2001). Peroxynitrite-modified
cellular proteins are subject to accelerated degra-
dation via the proteosome (Grune et al., 1998).

Peroxynitrite has been shown to inhibit a variety
of ion pumps including calcium pumps (Klebl et
al., 1998), calcium-activated potassium channels
and also membrane Na*/K™ ATP-ase activity
(Muriel and Sandoval, 2000). These effects are
likely to contribute to a global dysregulation of ion
balance and a variety of related cellular functions
in peroxynitrite-challenged cells.

The reaction of peroxynitrite with lipids leads to
peroxidation (malondialdehyde and conjugated
diene formation) and formation of nitrito-, nitro-,
nitrosoperoxo- and/or nitrated lipid oxidation
adducts (Rubbo et al., 1994).

It has been recently discovered that peroxyni-
trite potently oxidizes various biomolecules. Per-
oxynitrite-mediated oxidation of tetrahydrobio-
pterin (BH4) to quinonoid 5,6-dihydrobiopterin
has been demonstrated in vitro. A large propor-
tion of the quinonoid isomer readily loses its side
chain to form 7,8-dihydropterin which is not a
cofactor for NO synthase. Thus, in endothelial



C. Szabo | Toxicology Letters 140—141 (2003) 105112 107

cells and other cell types, pathophysiologically low
levels of BH4 can promote a cycle of its own
destruction mediated by NO synthase-dependent
formation of peroxynitrite (Milstien and Katusic,
1999). This mechanism might contribute to vas-
cular endothelial dysfunction induced by oxidative
stress in various diseases. In vitro it has been
reported that reaction of NADH with authentic
peroxynitrite resulted in the formation of NAD ™
and superoxide and, thus, of hydrogen peroxide
(Goldstein and Czapski, 2000). This reaction can
both induce an imbalance in cellular pyrimidine
nucleotide levels, as well as a positive feedback
cycle of cytotoxic oxidant generation. Peroxyni-
trite mediated oxidation of catecholamines (Kerry
and Rice-Evans, 1998) has also been described and
may contribute to a variety of CNS and cardio-
vascular pathologies.

It is important to note that peroxynitrite can
inhibit superoxide dismutase (Ischiropoulos et al.,
1992; MacMillan-Crow et al., 1998; Yamakura et
al., 1998), glutaredoxin (Aykac-Toker et al., 2001)
and other antioxidant molecules and systems.
Peroxynitrite-mediated depletion of one of the
key cellular antioxidants, glutathione (Cuzzocrea
et al., 1998) can lead to positive feedback cycles of
intracellular oxidant generation and exacerbation
of the oxidative cellular injury.

Oxidative stress may cause tissue injury through
activation of the precursors of matrix metallopro-
teinase (proMMPs). Recent work suggests that the
activation of proMMPs is triggered by peroxyni-
trite generation, via an extensive S-glutathiolation
reaction (Okamoto et al., 2001). By inhibiting this
reaction, peroxynitrite decomposition catalysts
may reduce MMP activation, an important me-
chanism of tissue injury in inflammation and
reperfusion.

An important interaction of peroxynitrite occurs
with nucleic acids, with the production of 8-
hydroxydeoxyguanosine or 8-nitroguanine. Perox-
ynitrite can also cause DNA cleavage in solutions
of end-labelled DNA restriction fragments and can
initiate DNA nicking in the supercoiled plasmid
pBR322 (overviewed in Szabd and Ohshima,
1997). Peroxynitrite-induced DNA single strand
breakage can activate the nuclear enzyme
poly(ADP-ribose) polymerase, which can trigger

a cellular suicide pathway (Szabd et al., 1996,
1997; overviewed in Virag and Szabd, 2002).

2. The cytotoxicity of peroxynitrite

Peroxynitrite is more cytotoxic than NO or
superoxide in a variety of experimental systems.
In fact, recent studies suggest that, peroxynitrite,
and not NO, may be the ultimately cytotoxic
species in many conditions. In cells exposed to
authentic peroxynitrite or to compounds that
simultaneously generate NO and superoxide,
marked changes in the level of cellular energetics
and DNA integrity occur (overviewed in Szabd,
1996).

In addition to being a terminal mediator of cell
injury—also enhances and triggers a variety of
pro-inflammatory processes. For example, perox-
ynitrite enhances the expression of ICAM-1 and
P-selectin in human endothelial cells (Zingarelli et
al., 1998), and it mediates the cytokine-induced IL-
8 expression in human leukocytes (Zouki et al.,
2001). In human neutrophils, peroxynitrite triggers
the down-regulation of L-selectin expression, and
up-regulation of CD11b/CD18 expression (Zouki
et al.,, 2001). These effects are likely to be
mediated, at least in part, by the ability of
peroxynitrite to trigger and enhance nuclear factor
kappa B (NF-kB) mediated pro-inflammatory
signal transduction pathways (Matata and Gali-
nanes, 2001). These alterations can culminate in a
global dysregulation of cellular signal transduction
pathways.

In pathophysiologically relevant situations—
e.g. in macrophages that produce NO and super-
oxide, and thus peroxynitrite from endogenous
sources—DNA strand breakage also occurs, and
the time course of the strand breakage parallels the
time course of NO and peroxynitrite production
(Zingarelli et al., 1996). Moreover, in immunosti-
mulated macrophages, (5-hydromethyl)uracil; 2,6-
diamino-4-hydroxy-5-formamidopyrimidine and
8-oxoguanine formation have been reported, in-
dicating both oxidative and deaminative DNA
injury (Rojas-Walker et al.,, 1995). In motor
neurons, both axotomy and peroxynitrite exposure
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leads to a time-dependent accumulation of DNA
single strand breaks (Liu and Martin, 2001).

DNA single strand breakage, initiated by en-
dogenous or exogenous peroxynitrite, is a potent
trigger of PARP activation (overviewed in Virdg
and Szabo, 2002), which is a major contributor to
cell necrosis under conditions of severe oxidative
stress.

While exposure to high concentrations of per-
oxynitrite leads to rapid cell death, associated with
rapid energetic derangements, lower concentra-
tions of peroxynitrite, after several hours, can
lead to apoptotic cell death which is dependent
on cytochrome ¢ release from the mitochondria
and activation of caspases 3, 2, 8§ and 9 (Virag et
al., 1998, Zhuang and Simon, 2000).

In various tissues and organs, peroxynitrite
elicits a variety of alterations. Table 1 overviews
some of the peroxynitrite-mediated deleterious
molecular, subcellular and cellular pathophysiolo-
gical alterations. Peroxynitrite has been implicated
in the pathogenesis of a wide variety of diseases
and toxicologically relevant conditions. In the
following sections, we will restrict our overview
to a few selected conditions induced by environ-
mental toxins (Chapter 3), ischemia—reperfusion
(Chapter 4) and inflammatory conditions (Chapter
5).

3. The toxicological relevance of peroxynitrite

Recent work demonstrates the formation of
peroxynitrite, and its potential pathogenetic rele-
vance in cells or animals exposed to various
environmental toxins. For example, in vitro stu-
dies by Liu et al. concluded that peroxynitrite
formation contributes to the in vitro cytotoxicity
induced by peroxyacetyl nitrate, an ubiquitous air
pollutant (Liu et al., 1999; Lin et al., 2000).
Similarly, benzene-induced cytotoxicity may in-
volve peroxynitrite (Tuo et al., 1998). It has been
suggested that the increased production of perox-
ynitrite during chronic inflammation combined
with benzene exposure may increase the carcino-
genicity of benzene by a mechanism that includes
the formation of metabolites from the chemical
reaction between benzene and peroxynitrite.

Table 1
Selected cytotoxic processes initiated by peroxynitrite

Action Mechanism

On the molecular level
Cytosolic enzyme inhibi-
tion

Membrane pump inhibi-
tion

Antioxidant enzyme inhi- Oxidation, nitration
bition

Signal transduction path-  Oxidation, nitration
way disturbances
DNA injury

Oxidation, nitration

Oxidation, nitration

Oxidation, nitration, deamination,
adduct formation

Surfactant protein damage Nitration

Metalloproteinase activa-  S-glutoxidation of pro-metallo-
tion proteinases

Antioxidant enzyme de- Glutathione, cysteine oxidation
pletion

Inhibition of BH4-depen- BH4 oxidation

dent enzymes

Inhibition of NAD-depen- NAD oxidation

dent enzymes
Lipid peroxidation Peroxidation, lipid peroxide chain
reactions

On the subcellular level
Mitochondrial dysfunction Inhibition of cytochromes,
NADH-COQI, etc.

PARP activation, direct NAD
oxidation

Upregulation of adhesion NF-xB activation

receptors

DNA fragmentation
Calcium dysregulation

NAD depletion

DNA injury, caspase activation
Dysfunctional calcium pumps and
cell energetics

On the cellular level

Necrosis Mitochondrial injury, energetic
collapse, oxidation, nitration,
antioxidant depletion, calcium
dysregulation

Apoptosis Mitochondrial injury, DNA in-

jury, caspase activation, signal
transduction disturbances, calcium
dysregulation

Peroxynitrite formation has been implicated in
various forms of pulmonary injury induced by
respirable mineral dusts or asbestos fibers (Choe et
al., 1998; Zhu et al., 1998; Tanaka et al., 1998;
Morio et al., 2001), diesel exthaust particles (Bai et
al., 2001) and ozone, bleomycin (Yamazaki et al.,
1998). With respect to asbestos, studies in Chinese
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hamster cells have demonstrated a link between
peroxynitrite formation and mutagenicity (Park
and Aust, 1998).

The toxicity of nitroarene 1,3-dinitrobenzene
(1,3-DNB), a cerebellar neurotoxin in rats, is an
interesting example of how peroxynitrite forma-
tion can mediate cytotoxicity in response to
neurotoxins. 1,3-DNB is metabolized by the
NADPH-cytochrome P450 reductase in liver. In
a manner similar to NADPH-cytochrome P450
reductase, the neuronal NO synthase can interact
with 1,3-DNB and generate superoxide anion
radical. Therefore, NO, r-citrulline, and super-
oxide are simultancously produced by the neuro-
nal NO synthase in the presence of 1,3-DNB and
other nitroarenes. The simultaneous production of
NO and superoxide leads to peroxynitrite, and the
resulting nitrosative stress plays a role in the
cerebellar neurotoxicity of 1,3-DNB (Miller,
2002). There is also evidence that peroxynitrite
formation in the hepatocytes may contribute to the
hepatotoxic effects of various drugs and xenobio-
tics (Jaeschke et al., 2002).

4. The pathophysiological relevance of
peroxynitrite: reperfusion injury

There is experimental evidence demonstrating
the protective effect of peroxynitrite decomposi-
tion catalysts in various models of reperfusion
injury. For example, Cuzzocrea et al. studied the
protective effect of the peroxynitrite decomposi-
tion catalyst 5,10,15,20-tetrakis(2,4,6-trimethyl-
3,5-disulfonatophenyl)-porphyrinato iron (III)
(FeTMPS) in a model of splanchnic artery occlu-
sion (SAO) shock (Cuzzocrea et al., 2000). Admin-
istration of FeTMPS significantly reduced
ischemia—reperfusion injury in the bowel, and
reduced lipid and the production of peroxynitrite
during reperfusion. Treatment with the peroxyni-
trite decomposition catalyst also markedly reduced
the intensity and degree of P-selectin and ICAM-1
staining in tissue sections from SAO-shocked rats
and improved survival.

As mentioned above, peroxynitrite is highly
toxic to various cell types. Peroxynitrite infusion
causes a reduction in myocardial contractility in

isolated perfused hearts (Schulz et al., 1995) and
induces an impairment of the endothelium-depen-
dent relaxant ability (Villa et al., 1994). Our group
has investigated the effects of FP15, a novel,
potent, porphyrinic peroxynitrite decomposition
catalyst (Szabo et al., 2002) in various animal
models of disease. We have recently demonstrated
the efficacy of FP15 in a large animal model of
myocardial ischemia and reperfusion. Infarct size
was significantly reduced (by ~40%) in the FP15
treated group. FP15 provided a significant sup-
pression of tyrosine nitration (a marker of perox-
ynitrite reactivity) in the ischemic myocardium,
further confirming its mode of action (Bianchi et
al., 2002).

Taken together, the above data demonstrate
that peroxynitrite is an important contributor to
various forms of reperfusion injury. It will be
important to test the effect of potent peroxynitrite
decomposition catalysts in other forms of reperfu-
sion injury also (including stroke, renal ischemia—
reperfusion, hemorrhagic shock—which is widely
considered a form of whole body ischemia—
reperfusion—as well as in a variety of other
disease models of ischemia and reperfusion).

5. The pathophysiological relevance of
peroxynitrite: inflammation

The earliest evidence demonstrating the protec-
tive effect of the peroxynitrite decomposition
catalyst 5,10,15,20-tetrakis(2,4,6-trimethyl-3,5-dis-
ulfonatophenyl)porphyrinato iron (III), was
shown in the carrageenan-induced paw edema
model, a model of acute inflammation in which
peroxynitrite may play a major role (Salvemini et
al.,, 1996). When tested in this system, the com-
pound caused a dose-dependent reduction in
swelling and lactate dehydrogenase release as
well as a detectable shift to nitrate formation in
paw tissue (Salvemini et al., 1998). Subsequent
studies demonstrated the protective effect of the
same compound in a model of experimental
autoimmune encephalomyelitis, an animal model
of the human disease multiple sclerosis. Mice
receiving the peroxynitrite decomposition catalyst
displayed less severe clinical disease, and less
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inflammation and demyelination than control
mice (Cross et al., 2001). In our own studies, we
have found that FP15 also exerts protective effects
in a wide variety of inflammation models, includ-
ing murine models of endotoxic shock, collagen-
induced arthritis and various experimental models
of colitis (Mabley et al., 2002).

Taken together, the above data demonstrate
that peroxynitrite is an important contributor to
various forms of inflammation. It will be impor-
tant to test the effect of potent peroxynitrite
decomposition catalysts in other forms of inflam-
mation also (including arthritis, endotoxic or
septic shock—which is widely considered a sys-
temic inflammatory discase—as well as in a
variety of other models of inflammation).
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