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Direct and Indirect Antioxidant Effects of Nitric Oxide:
Radically Unsettled Issues

VALERIAN E. KAGAN! and JEFFREY D. LASKIN?

IT HAS BECOME a textbook erudition that nitric
oxide (NO) acts as an inter- and intracellular
messenger, and it is implicated in many differ-
ent biological functions. Diverse and potent ef-
fects that NO exerts in normal physiological
processes as well as in different diseases are
due mainly to its widespread distribution in tis-
sues and to its ability to bind and interact with
hemoproteins such as soluble guanylyl cyclase,
hemoglobin, myoglobin, and peroxidases.
These functions of NO are not directly associ-
ated with its specific propensity to act as a free
radical. In contrast, a recent discovery of a di-
rect free radical scavenging role of NO is due
solely to its free radical nature (reviewed in 9).

The overwhelming majority of structural and
functional biomolecules in cells and biological
fluids are not free radicals. Therefore, a reac-
tive free radical once formed will most likely
interact with these nonradical molecules to
produce new radicals. As a result, free radical
processes have a tendency to propagate as
chain reactions and spread around to involve
more and more new neighboring molecules,
thus causing substantial damage. Clearly, re-
combination of two radicals might be an effec-
tive way to terminate a free radical process. Un-
fortunately, the collision of a free radical with
another reactive free radical is not that likely.
Being a free radical, NO offers a unique op-
portunity to scavenge reactive propagating free

radicals and terminate damaging free radical
processes.

This seemingly simple and unequivocally
advantageous function of NO is, however, as
controversial as its other roles. Even aside from
its calamitously known interaction with su-
peroxide radical resulting in the production of
peroxynitrite (reviewed in 1, 13), the products
of NO recombination with different radicals
may be unstable. For example, interactions of
NO with lipid peroxyl radicals (LOO") result
in a very effective inhibition of lipid peroxi-
dation (reviewed in 9). NO turns out to be
more effective as a radical scavenger than vit-
amin E, and combination of the latter with NO
was found to be more effective than vitamin E/
vitamin C couple (24). However, molecular
products formed during the reaction of NO
with peroxyl radicals, organic peroxynitrites,
are not particularly stable and may be decom-
posed to generate the more reactive alkoxyl
and nitrogen dioxide free radicals, or the less
reactive organic nitrate (17). Obviously, the
gain that is achieved through this type of elim-
ination of peroxyl radicals by interaction with
NO may be weakened by the new radicals
formed. Although NO has been recognized as
an important scavenger of lipid-derived radi-
cals, its role in antioxidant protection against
thiyl radicals (RS’), although predictable, has
not been well documented experimentally (4).
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Further studies are necessary to provide strong
evidence that accumulation of nitrosothiols
(e.g.,in sepsis and preeclampsia) is due to scav-
enging of thiyl radicals by NO.

Effective binding of NO with hemoproteins
and non-heme iron catalytic sites predisposes
its chemical interactions with iron-catalyzed re-
actions. In particular, NO can act as a direct
chemical reductant during its interactions with
potent oxidants formed in the presence of H,O,
or organic peroxides, oxoferryl species. This re-
action has been suggested as an important anti-
oxidant mechanism against iron-mediated ox-
idative stress (5, 8, 14). The same mechanisms,
however, can be operational toward catalase-
and peroxidase-catalyzed reactions in which
case their prooxidant rather antioxidant role
seems more apparent (10, 11).

Another important pathway through which
NO can affect overall redox balance is its abil-
ity to nitrosylate (oxidize) protein thiolate clus-
ters involved in binding of metals, including
transition metals. As a result, bound metals can
be “loosened” or released from proteins. In the
case of transition metals, their fate is crucial for
determining subsequent pro- or antioxidant
events. For example, copper bound by metal-
lothioneins and released by NO may be utilized
to reconstitute apo-Zn-superoxide dismutase
(apo-Zn-SOD) to functional Cu,Zn-SOD yield-
ing enhanced antioxidant protection. If recon-
stitution of SOD activity is not the predominant
pathway for released copper, its presence in re-
dox-active form may cause enhanced redox-cy-
cling activity and oxidative damage to cells.

Finally, a plethora of antioxidant and proox-
idant effects of NO may arise as a result of its
actions in regulating expression of proteins in-
volved in prooxidant metabolism. For example,
NO regulates the “iron response element bind-
ing protein” (IRE-BP), an important mRNA-
binding protein, that is a key regulatory ele-
ment for the synthesis of proteins involved in
iron metabolism (7, 22, 27). IRE-BP binds to the
mRNA of genes such as the transferrin recep-
tor, ferritin, and erythroid aminolevulinic acid
synthase, and controls the translation and/or
stability of the messages (6, 20, 27, 29). An im-
portant iron-sulfur cluster containing IRE-BP
and target for NO is cytoplasmic aconitase. By
reacting with this protein, NO modulates its
mRNA binding functions as well as its enzyme
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activity. This, in turn, can modulate cellular
iron homeostasis and production of reactive
oxygen intermediates, as well as redox status.
The effects of NO will depend on the cell type,
availability of iron, and localized concentra-
tions of H,O, (21, 27).

Altering expression of proteins conferring re-
sistance to free radical damage remains a key
element defining the pathways by which NO
can act as an indirect antioxidant. One impor-
tant protein mediating this function is heme
oxygenase-1, the rate-limiting enzyme in heme
catabolism. In many different cell types, NO in-
duces heme oxygenase-1 (2, 11), and several
mechanisms have been suggested to explain
the role of this protein in defense against oxi-
dant injury (15, 19, 28). Importantly, heme is
considered to be a dangerous intracellular
prooxidant, and its breakdown by heme oxy-
genase-1 is an important protective mechanism
(16). Heme oxygenase-1 activity generates
bilirubin, carbon monoxide, and iron. Carbon
monoxide and bilirubin have antioxidant po-
tential, carbon monoxide has been reported to
protect against hyperoxic lung injury (16), and
bilirubin can act as a peroxyl radical scavenger
(25, 26). Although iron can generate free radi-
cals via Fenton-type chemistry, it also induces
ferritin, which can sequester this metal and ef-
fectively limit its toxicity (16). Examples of sev-
eral additional genes important in redox regu-
lation in cells regulated by NO include the
heme-containing proteins catalase and cy-
tochrome P450 (3, 10, 11), heat-shock protein 70
(13), and hypoxia-inducible factor-1 (12, 18).

Overall, NO is not an indisputable antioxi-
dant. It may affect numerous metabolic path-
ways acting directly or indirectly in an anti-
and/or prooxidant fashion. The final balance
in favor of its anti- or prooxidant role(s) is de-
pendent on specific predominant mecha-
nism(s) of oxidative stress in each cell. Identi-
fication of these antioxidant or prooxidant
functions of NO will be a challenge for future
studies in the field of NO research.

ABBREVIATIONS
IRE-BP, iron response element binding pro-

tein; NO, nitric oxide; SOD, superoxide dis-
mutase.
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