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A B S T R A C T

Nitric oxide (NO) is a small gaseous signaling molecule that mediates its effects in melanoma through free radical
formation and enzymatic processes. Investigations have demonstrated multiple roles for NO in melanoma pa-
thology via immune surveillance, apoptosis, angiogenesis, melanogenesis, and on the melanoma cell itself. In
general, elevated levels of NO prognosticate a poor outcome for melanoma patients. However, there are pro-
cesses where the relative concentration of NO in different environments may also serve to limit melanoma
proliferation. This review serves to outline the roles of NO in melanoma development and proliferation. As
demonstrated by multiple in vivo murine models and observations from human tissue, NO may promote mel-
anoma formation and proliferation through its interaction via inhibitory immune cells, inhibition of apoptosis,
stimulation of pro-tumorigenic cytokines, activation of tumor associated macrophages, alteration of angiogenic
processes, and stimulation of melanoma formation itself.

1. Mechanisms of nitric oxide production in melanoma

Nitric oxide (NO) is a free radical inorganic signaling molecule that
is generated via multiple mechanisms (Fig. 1). One of these mechanisms
catalyzed by nitric oxide synthase (NOS) is the oxidation reaction of L-
arginine and oxygen with a NADPH co-substrate to produce L-citrulline
and NO [1]. There are 3 isotypes of NOS in humans: neuronal NOS
(nNOS or NOS1), inducible NOS (iNOS or NOS2) and endothelial NOS
(eNOS or NOS3). iNOS is transcriptionally induced by immunologic
stimuli produced by various cells in the immune system (e.g. macro-
phages) in a calcium independent manner [2,3]. The eNOS and nNOS
isoforms have been collectively grouped as constitutively active NOS
(cNOS). These cNOS isoforms are constitutively expressed and their
activity has classically been thought to be dependent on prior calcium
influx that enables the isoforms to bind to calmodulin. Normal mela-
nocytes express both cNOS and iNOS [4].

Another source of NO is the conversion of nitrate into NO in a two-
step process. First nitrate is reduced to nitrite and then nitrite is reduced
to nitric oxide. For example, oral bacteria reduce dietary inorganic
nitrate into nitrite and then in an acidic environment such as the sto-
mach nitrite is then reduced to NO via non-enzymatic disproportiona-
tion [5–7]. Therefore, it is not surprising that the major sources of ni-
trate and nitrite are the diet, products of the endogenous NOS pathway,
and products of the oxidation and reduction by commensal organisms
[1,7]. A similar mechanism occurs in the skin where nitrate present in
the sweat is reduced to nitrite with subsequent conversion to NO in the
presence of the acidic skin surface [8]. Nitrite may also be converted
into NO enzymatically via the xanthine oxidoreductase or proteins
containing the iron porphyrin moiety (e.g. cytochrome c, deox-
yhemoglobin, mitochondrial electron transport chain) [2,9]. In normal
human skin, photolabile compounds (e.g. nitrate, nitrite and the S-ni-
troso compounds such as S-nitrosothiols, S-nitrosoalbumin, S-
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nitrosoglutathione or S-nitrosocysteine) generated NO via photo-
decomposition after exposure to ultraviolet A (UVA) or blue light. In the
presence of blue light, photolabile NO derivatives photodecompose to
NO via a copper (Cu1+) dependent mechanism. In the presence of UVA
radiation, nitrite decomposed to NO and subsequent electron transfer
reactions generated highly toxic nitrogen dioxide (NO2%), which in turn
initiated a lipid peroxidation chain reaction [10,11]. It is not surprising
with these interdependent processes nitrite can also serve as the sub-
strate to form s-nitrosothiols in vivo [12]. NO and metabolites of NO
such as nitrite may be measured via colorimetric dyes such as the Griess
reagent, fluorescent dyes such as DAF-FM, and in vivo via electron
paramagnetic resonance spectroscopy [13–15]. Generally, NO may be
derived enzymatically (NOS, xanthine oxidoreductase, or iron por-
phyrin containing proteins) or non-enzymatically (UVA or blue light
photochemistry or low pH induced disproportionation).

1.1. Nitric oxide biochemistry

NO exerts its effects through two major signaling pathways, the
cGMP dependent pathway and the cGMP independent pathway (Fig. 2)
[16]. In the cGMP dependent pathway, NO synthesized from NOS dif-
fuses across the plasma membrane and cytoplasm, reacts with the active
site of soluble guanylate cyclase and produces cGMP. cGMP then

phosphorylates the cGMP dependent protein kinase G, which in-turn
phosphorylates and activates cGMP dependent gated ion channels and
phosphodiesterase. As describes above, NO and its derivatives may be
involved in redox chemistry with other small molecules and metal
complexes on proteins [6,17]. The cGMP independent pathway occurs
commonly through modification of proteins through S-nitrosylation of
cysteine residues [16,18]. Nitrosation or nitrosylation (biological term
for nitrosation) is the incorporation of NO onto another molecule with
an alkene bond between the N and O. Such post translational mod-
ifications affect transcriptional activity by alteration of DNA-protein
interactions [16,19] (see Fig. 3).

The derivatives of NO are responsible for multiple post-translational
modifications resulting in altered functional properties of proteins [2].
NO can react with superoxide anions to yield peroxynitrite, which in
turn serves as a nitrating and nitrosylating agent. Peroxynitrite interacts
with amino acids, generating nitrotyrosine and reversible thiol ni-
trosylation [20]. In fact, there are known motifs in proteins that have
been shown to be preferentially nitrosylated [18]. A literature review of
233 S-nitrosylated proteins revealed that S-nitrosylation sites were
found in alpha helices, solvent accessible areas, and structural motifs
with charged amino acids within 6 Å [21]. S-nitrosylated proteins are
also involved in the reactions of energy metabolism such as mi-
tochondrial respiration/proliferation and reactions of glucose

Fig. 1. NO biochemistry. NO is produced by various biochemical
processes and is involved in post-translational modifications of
proteins.

Fig. 2. NO general cellular function. NO is involved in
cGMP dependent and independent cell processes. It is in-
volved in regulating mitochondrial function, apoptotic
processes and multiple other pathways such interferon re-
sponse pathways and production of chemokines/cytokines.
This figure has been generated utilizing the tools provided
in the ChemDraw program (PerkinElmer, Waltham, MA,
USA).
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