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Peroxynitrite Mediated Oxidation Damage
and Cytotoxicity in Biological Systems'-
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Abstract: Peroxynitrite is the product of the diffusion-controlled tennination reaction between two radicals, nitric
oxide and superoxide and is a strong oxidant and nitrating regeant. Critical biomolecules like proteins, lipids and
DNA react with peroxynitrite via direct or radical-mediated mechanisms, resulting in alterations in enzyme activitie."
and signaling pathways. The biological consequence." of peroxynitrite-mediated oxidative modifications depend on
the levels of oxidant achieved in vivo and its cellular site of production. In this article we overview multiple biologi-
cal toxicity of peroxynitrite including the biological reactivity of peroxynitrite, peroxynitrite mediated oxidation
damage of biomacromolecule." such as proteins, lipids and DNA and the cytotoxic effects (apoptosis and necrosis) of
peroxynitrite. [Life Science Journal. 2006 :3(3) :41- 44] (ISSN: 1097 - 8135).
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Abbreviations: NOS: nitric oxide synthase; PARP-1: poly(ADP-ribose) polymerase-1

1 Production of peroxynitrite in biological sys-
tems

ONOO- , fonned by the reaction of nitric ox-
ide with superoxide (O~) which is a byproduct of
cellular respiration at near diffusion controlled

rates[l], is very likely to occur even in the presence
of physiological concentrations of SOD. Nitric ox-

ide is enzymatically produced from L-arginine by
nitric oxide synthase (NOS). Three isoforms of
this enzyme have been described: nNOS (neu-
ronal), eNOS (endothelial) and iNOS (induced,
inflammatory). On the other hand, superoxide can
be catalytically produced (for example, by xanthine
oxidase or NADPH oxidase), and also formed by
partial reduction of oxygen in the mitochondrial
membrane or non-enzymatic monoelectron reduc-
tion of oxygen (for example, hemoglobin autoxida-
tion). Peroxynitrite has a short biological half-life
(10 - 20 ms) but can cross biological membranes
and diffuse one to two cell diameters[2]. In vivo

formation of peroxynitrite is supported by the
growing experimental evidence[3].

2 Reactivity of Peroxynitrite
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Peroxynitrite mediated oxidation damage by a
decomposition intennediate with the biological ac-

tivityof hydroxyl radical[4]. 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 investiga-

tions. ONOO- is a relatively stable at alkaline pH,
but at physiological pH it is capable of effecting one
and two electron reactions akin to those of HO + ,
NOz, and nitrosonium cation. Oxidations of ascor-

bate[S], transition metal complexes, halide ions,

thiols, sulfides[6], olefins, benzenes, phenols[7]
and other aromatics by peroxynitrite have been de-
scribed. Peroxynitrite is a particularly effective-oxi-
dant of aromatic molecules and organosulfur com-
pounds that include free amino acids and peptide
residues. Cysteine and glutathione, which are sig-
nificant components of antioxidant reservoirs, are
converted to disulfides. Methionine is converted to

sulfoxide or is fragmented to ethylene and
dimethyldisulfide. Tyrosine and tryptophan under-
go one-electron oxidations to radical cations, which

are competitively hydroxylated, nitrated and dimer-
ized[8]. Purine nucleotides are vulnerable to oxida-

tion and to adduct fonnation[9]. Other reports have
more detailed reviews on the chemistry, decomposi-
tion and reactivity of peroxynitrite, peroxynitrous
acid and its activated isomer[lO]. The various reac-

tions of peroxynitrite when occurring during the re-
action of peroxynitrite with enzymes, macro-
molecules and lipids, have been shown to influence
cellular functions.
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3 Peroxynitrite Mediated Oxidation of Biomacro-
Molecules

3. 1 Protein oxidation
Peroxynitrite-induced protein modifications in-

clude protein oxidation (on methionine, cysteine,
tryptophane or tyrosine residues) and nitration (of
tyrosine or tryptophane residues). However, en-
zymes containing a redox active transition metal
center are the prime targets of the oxidant[ll]. Re-
actions of peroxynitrite are affected by the local pH
and the microenvironment with hydrophobic mem-
brane compartments favoring nitration and aqueous
environments favoring oxidation. Moreover, car-
bon dioxide reacts with peroxynitrite resulting in
the formation of nitroso-peroxocarbonates[l]. The
ubiquitous presence of CCh at high concentration
may favor this reaction route. As nitroso-peroxo-
carbonates divert peroxynitriteinduced protein mod-
ifications toward nitration, CCh is now considered
as key determinant of peroxynitrite chemistry.

As just mentioned above, peroxynitrite can di-
rectly oxidize the prosthetic group of a protein, for
example, hemoglobin, or directly react with the
peptide chain leading to conformational and func-
tional changes with potential severe biological con-
sequences. Enzymes with critical cysteine residues
can be inactivated by peroxynitrite[12]. In contrast,
oxidation of a critical cysteine has been shown to
activate an enzyme, that is the case of matrix met-
alloproteinases where the cysteine residue is in the
autoinhibitory domain of the proenzyme[13].

In some cases, the oxidation of a cysteine
residue to disulfide (via sulfenic acid) is part of the
catalytic cycle, as is the case of peroxiredoxins,
thiol-dependent peroxidases[14]. Critical methionine
residues can be oxidized by peroxynitrite to yield
methionine sulfoxide with loss of protein function
as the case al-antiproteinase[15] which lose its abili-
ty to inhibit proteases, in particular, elastase. The
oxidation of methionine is readily reversed by me-
thionine sulfoxide reductase at the expenses of
thioredoxin. Peroxynitrite does not directly react
with tyrosine residues[16] but can oxidize and ni-
trate them. Nitration (i. e. addition of a N(h
group) of protein tyrosines to 3-nitrotyrosine has
been interpreted as a footprint of peroxynitrite in
vivo and which can inactivate the enzymes[17] or
the proteins loss function after nitration[18].
3.2 DNA oxidation

Peroxynitrite can mediate DNA damage such
as the oxidative modification of nitrogen bases and
the sugar moiety as well as strand breaks[19]. The
most reactive nitrogen base is guanine to yield 8-ox-

~

I

oguanine and 8-nitroguanine. The formation of
strand breaks have been shown to activate poly-
ADP ribose synthase (PARS) which catalyze the
poly-ADP ribosylation of histones, topoisomerases,
DNA ligase II, triggering signaling towards cell
cycle arrest[20]. Excessive PARS activation may
lead to NAD consumption and energy depletion[21].
3.3 Lipid peroxidation

Peroxynitrite can initiate oxidation of lipids
(membranes, liposomes and lipoproteins) yielding
lipid hydroperoxides, conjugated dienes, aldehy-
des, and even nitrated lipids have been detect-
ed[22]. In contrast to the well-known oxygen radi-
cal dependent lipid peroxidation that requires tran-
sition metal ion catalysis, no iron is required to ini- .-
tiate lipid peroxidation by peroxynitrite[l]. Oxida-
tion of polyunsaturated fatty acids and cholesterol in
the process of lipoperoxidation causes membrane
permeability and fluidity changes with biological
consequences. In addition, the intermediate prod-
ucts of lipoperoxidation (lipid hydroperoxides, mal-
ondialdehyde, 4-hydroxynonenal, isoprostanes) are
not inert and can initiate secondary oxidative
events. A significant correlation has been found be-
tween these products plasma concentration and sev-
eral disorders like Alzheimer[23] or diabetes. The
reactivity and functions of novel nitrated derivatives
found after peroxynitrite-mediated lipoperoxidation
are under study and their participation in cell sig-
naling has been suggested[24].
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Cytotoxicity of Peroxynitrite

4.1 Peroxynitrite-induced apoptosis
When peroxynitrite-induced cellular damage

reaches a level that cannot be handled by the repair
mechanisms, cells will undergo one of the basic cell
death pathways, apoptosis or necrosis. Apoptosis is
the "default" death pathway characterized, among
other parameters, by a compact morphology, main-
tenance of plasma membrane integrity, mitochon-
drial depolarization, secondary oxidant production,
activation of caspases (cysteinyl aspartate specific
proteases) and oligonucleosomal DNA fragmenta-
tion[25]. Pryor had the first report that peroxyni-
trite can trigger apoptotic death. They have detect-
ed DNA fragmentation in peroxynitrite treated thy-
mocytes[26]. Later, activation of caspase-3, a key
player in the caspase cascade has also been detected
in thymocytes and HL-60 cells[27]. Prototypical
apoptosis models utilize apoptosis inducers such as
tumor necrosis factor acting upon cell surface death
receptors. Channeling the death signal from these
receptors to apoptotic effector machineries is well
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described[25]. However, it is not quite clear, how
peroxynitrite triggers the apoptotic machinery. Mi-
tochondria are likely sites for peroxynitrite induced
apoptosis initiation. Mitochondria are now recog-

nized as central organizators of apoptosis[25]. A
characteristic sequence of events including opening
of mitochondrial permeability transition pore, mi to-
chondrial depolarization, secondary superoxide pro-
duction, release of apoptotic mediators from the in-
termembrane space to the cytoplasm, takes place in

apoptosing cells[25]. Furthermore, adenosine nu-
cleotide translocator, a member of the permeability

pore is also targeted by peroxynitrite[28]. The role
of mitochondria in peroxynitrite-induced apoptosis
is also supported by findings that bcl-2, a mito-
chondrial antiapoptotic protein inhibits peroxyni-

trite-induced apoptosis[29]. The cellular energetics
may become compromised by peroxynitrite also via
alternative mechanisms (e. g. inactivation of crea-
tine kinase in cardiomyocytes) which may also con-

tribute to peroxynitrite cytotoxicity[30] .
4.2 Peroxynitrite- induced necrosis

It has been found that low concentrations of

peroxynitrite trigger apoptosis, higher concentra-
tions of the oxidant compromise the apoptotic ma-

chinery forcing the cells to die by necrosis[30]. Re-
cently, a new method has emerged identifying an
active element in oxidative stress-induced necrosis.

According to method, degree of the activation of
poly(ADP-ribose) polymerase-l (PARP-l) deter-
mines the fate of the oxidatively-injured cells[31].
PARP-l is activated by DNA strand breakage. Ac-
tivated PARP-l cleaves NAD+ into nicotinamide

and ADP-ribose and polymerizes the latter on nu-
clear acceptor proteins. Peroxynitrite-induced over
activation of PARP consumes NAD+ and conse-

quently ATP culminating in cell dysfunction, apop-
tosis or necrosis. These findings indicate that
P ARP-l activation diverts the default apoptotic

process toward necrosis[31].
Moreover, peroxynitrite-induced DNA break-

age activates PARP leading to NAD+ and ATP de-
pletion and consequently to necrosis. The concerted
action of PARP-l and PARG maintains a highly ac-
celerated ADP-ribose turnover in peroxynitrite

treated cells. As a result, NAD+ becomes depleted
in the cells leading to malfunctioning glycolysis,
Krebs cycle, mitochondrial electron transport and

eventually to ATP depletion[32]. The deterioration
of cellular energetic status may playa central role in
the "cell death switch" of PARP-l[33].
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5 Conclusions

Peroxynitrite formed in vivo from superoxide
and nitric oxide can mediate selective oxidation and

nitration of biomolecules via direct or radical-depen-
dent pathways. Depending on the levels and cellu-
lar sites of peroxynitrite produced, these oxidative
modifications can lead to conformational changes,
impaired functions, enzyme inactivation, or signal-
ing pathways alterations, apoptotic or necrotic cell
death and result in various diseases. Pharmacologi-
cal approaches to ameliorate peroxynitrite-mediated
drug toxicity could be focused on diminishing the
flux of precursor radicals (nitric oxide and superox-
ide) or on scavenging the peroxynitrite formed.
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