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The roles of nitric oxide (NO) in numerous disease states
have generated considerable discussion over the past
several years. NO has been labeled as the causative agent
in different pathophysiological mechanisms, yet appears to
protect against various chemical species such as those
generated under oxidative stress. Similarly, NO appears to
exert a dichotomy of effects within the multistage model
of cancer. Chronic inflammation can lead to the production
of chemical intermediates, among them NO, which in turn
can mediate damage to DNA. Yet, NO also appears to be
critical for the tumoricidal activity of the immune system.
Furthermore, NO can also have a multitude of effects on
other aspects of tumor biology, including angiogenesis and
metastasis. This report will discuss how the chemistry of
NO may impact the initiation and progression stages
of cancer.

Introduction

Over the past decade, it has been realized that the diatomic
radical, nitric oxide (NO*), plays a variety of regulatory
functionsin vivo. This molecule is produced by three isoforms
of the enzyme nitric oxide synthase (NOS) which can regulate
numerous physiological functions, as well as playing critical
roles in the anti-pathogen and tumoricidal response of the
immune system (1). Despite these beneficial effects, NO
has also been implicated as a deleterious agent in various
pathophysiological conditions including cancer. Some reports
suggest that NO possesses anti-tumor properties, while others
implicate NO in tumor promotion. This paper will discuss
some of the salient chemical aspects of NO in an attempt to
address these diametrically opposing roles in cancer biology.

The formation of tumors has been hypothesized to occur in
several stages: initiation, promotion, and progression. Over the
past several years, researchers have realized that the production
of NO can impact at least some of the stages of cancer, with
outcomes both positive and negative to the host. The earliest

*Abbreviations: NO, nitric oxide; NOS, nitric oxide synthase; RNOS, reactive
nitrogen oxide species; NO1, nitrosonium cation; ROS, reactive oxygen
species; Fpg protein, Formamidopyrimidine-DNA glycosylase; Fapy, 2,6-
diamino-4-hydroxy-5-N-methylformamidopyrimidine; IRB, iron-responsive
binding protein; IRE, iron responsive elements; TfR, transferrin receptor;
VEGF, vascular endothelial growth factor.

711

studies on NO indicated its complex role in cancer biology:
NO derived from activated macrophages was shown to
inhibit respiration in tumor cells (2,3), while other studies
proposed that carcinogenic nitrosamines could be derived from
NOS via the nitrosation chemistry of NO (4). Later, it was
suggested that reactive nitrogen oxide species (RNOS)
derived from NO may be carcinogenic by chemically altering
DNA directly as well as enhancing the genotoxicity of other
substances such as alkylating agents (5–7) and metals such as
cadmium (8). Furthermore, while some studies suggested that
expression of NOS correlated with reduced metastasis, other
studies suggested that some tumors which express NOS are
more aggressivein vivo than their counterparts which do not.
To understand the multifaceted role of NO in cancer, it is
important to consider spatial and temporal aspects of NO
production, as well as the complex chemistry in which this
seemingly simple molecule can participate.

Chemistry and biochemistry of NO

There are several isoforms of NOS: nNOS (the first to be
purified and cloned, hence also called NOS1), iNOS (NOS2),
and ecNOS (NOS3). Each isoform is the product of a distinct
gene (1). Historically, NOS have been classified into two
distinct categories, constitutive (nNOS and ecNOS) and
inducible (1). Generally, nNOS and ecNOS are present
continuously, in neurons and endothelial cells, respectively,
and require elevation in intracellular Ca21 and attendant
activation of calmodulin to produce NO. These isoforms are
regulated primarily by calcium influx and generate low levels
of NO for brief periods of time (9,10). On the other hand,
iNOS needs to be induced by cytokines in essentially every
cell type, and can generate locally high concentrations of
NO for prolonged periods of time. The distinctions between
‘constitutive’ and ‘inducible’ NOS have blurred somewhat in
recent years, with the finding of apparently basal expression
of iNOS in kidney and lung which performs physiological
regulatory roles (11), while conversely the expression of nNOS
and ecNOS can be modulated following injury or treatment
with cytokines (12–17). Furthermore, the initial suggestion
that only nNOS and ecNOS are dependent on elevations of
Ca21, while iNOS is not, has also been questioned, with the
reports of iNOS enzymatic activity dependent on intra-
cellular fluxes of Ca21 and concomitant binding of calmodulin
(18). However, in general cNOS is calcium dependent and
continously present, while iNOS is calcium independent and
is expressed only after cytokine exposure.

The driving hypothesis of our research, as well as that of
several other groups, has been that the chemistry of NO is
one of the primary determinants of its final effect on a given
biological system. The potential chemical reactions of NO in
biological systems is vastly more complex than that of NO
in an oxygenated aqueous solution. However, the chemistry
of NO, like the difference between the roles ascribed to
‘inducible’ and ‘constitutive’ NOS, can be separated based on
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Fig. 1. The biochemistry/chemistry of NO.

concentrations of NO produced (19,20). We have used the
phrase ‘the chemical biology of NO’ to describe its chemical
reactions based on the chemistry of NO which occurs at
different fluxes and concentrations (20,21). The chemical
biology of NO can be divided into two types of effects, direct
and indirect (Figure 1). Direct effects are those chemical
reactions in which NO reacts directly with a given biological
target. For instance, low levels of NO can react directly
with heme-containing proteins such as guanylate cyclase,
oxyhemoglobin, and cytochrome P450, and thereby may
account for the neuromodulatory effects of nNOS and the
vasodilatory effects of ecNOS. Indirect effects are those
chemical reactions mediated by RNOS, formed through the
reaction of NO either with oxygen or with superoxide. These
reactions require high local concentrations of NO, of which
iNOS may be the sole biological source.

The chemistry of the indirect effects of NO can be broken
down further, to nitrosation and oxidation (Figure 1) (20).
Nitrosation reactions are those in which RNOS donate
nitrosonium cation (NO1) to nucleophiles such as thiols
and amines. The formation of these nitrosonium adducts in
biological systems indicates the presence of conditions which
can be termed nitrosative stress. Oxidative chemistry mediates
the removal of electrons or hydroxylation reactions analogous
to those described for reactive oxygen species (ROS). Forma-
tion of these oxidative lesions in biological systems is indicative
of oxidative stress. Oxidative and nitrosative stresses produce
different effects on intracellular processes and thus can be
often associated with apparently opposite phenomena (20).
While at first glance, it may appear that such a diverse range
of chemical reactions may lead to uncontrollable outcomes, a
finely-tuned balance appears to exist between nitrosative and
oxidative stresses (22,23). With these basic principles in mind,
we will describe some of the potential roles of NO in cancer.

NO and genotoxic mechanisms

Several studies have implied that over-expression of NOS in
chronic inflammation can lead to genotoxicity. The DNA
of macrophages expressing iNOS can be deaminated (24).
Furthermore, lymphoma cells which induce NO production in
macrophages can cause various DNA lesions in lacZ promoters
(25), thus suggesting that NO generatedin vivo, perhaps even
during the immune response to tumors, may be genotoxic.
Nitric oxide may mediate DNA lesions by any of three possible
mechanisms: i) formation of carcinogenic nitrosamines; ii)
direct modification of DNA, not by NO but by RNOS; and
iii) inhibition of systems required to repair DNA lesions
mediated by other genotoxic substances. In addition, some
RNOS can mediate DNA strand breaks. Furthermore, as
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outlined below, nitrosative and oxidative stresses appear to
yield different types of mutations in DNA.

Nitrosamines can be formed by chemical intermediates
associated with nitrosative stress and are potentially carcino-
genic. For example, RNOS generated from acidic nitrite form
such carcinogenic nitrosamines in the stomach (26–31). The
presence of NO in an aerobic environment can also result in
the formation of nitrosamines (32). Though NO itself does not
interact with bio-organic macromolecules such as DNA or
proteins, high concentrations of NO can lead to the formation
of RNOS such as N2O3 or in the presence of superoxide
(O2

–); peroxynitrite, which in turn can alter DNA and result
in a variety of lesions (21). These chemical intermediates
result in either nitrosative or oxidative stress to biological
systems. The nitrosation reactions appear to be relevantin vivo,
since stimulated macrophages and neutrophils express iNOS
and generate high amounts of NO and hence RNOS, which
can nitrosate amines (4,33). These observations led to the
proposal that nitrosamines could be formed under conditions
of chronic inflammation, which in turn can lead to cancer
(34,35). Liu et al. demonstrated that nitrosamines could be
generated from woodchuck liver chronically infected with
hepatitis virus, and suggested that sufficient nitrosative stress
exists under certain conditionsin vivo to form carcinogenic
nitrosamines (36,37).

Deamination of guanine, cytosine, and adenine is mediated
in vivo primarily by the nitrosative chemistry of N2O3 (38,39).
Both bacterial and mammalian cells exposed to NO exhibit
lesions consistent with the chemistry of deamination (38,39).
Nitrosation of an exocyclic amine group has been proposed to
lead to the formation of a primary nitrosamine, followed by
rapid deamination which culminates in the formation of an
hydroxyl group.

NH2–R 1 N2O3 → R–NHNO 1 NO2
– (1)

R–NHNO → R–NNOH → R–OH 1 N2 (2)

This chemistry would lead to the conversion of cytosine to
uracil, guanine to xanthine, methylcytosine to thymine, and
adenine to hypoxanthine. Single stranded DNA is far more
susceptible to nitrosative chemistry than double stranded DNA
(40), which suggests that deamination should occur more
prevalently during replication and transcription of DNA. In
support of this hypothesis, Cooney and co-workers have shown
that bacteria growing in log phase are more susceptible to
mutations than bacteria in plateau phase (41). Such mechanisms
involving nitrosation of nucleic acids (equations 1,2) may
contribute to the spontaneous deamination which occurs
in vivo.

Oxidative stress can also mediate damage to DNA. Oxida-
tive chemistry induced by RNOS is thought to be mediated
primarily by the formation of peroxynitrite (22,33), though it
is important not to discount the involvement of reactive
oxygen species created by Fenton-type oxidation. It has been
suggested that oxidative damage to DNA in activated macro-
phages is due to the formation of peroxynitrite (24), and
peroxynitrite generated synthetically at concentrations ranging
from 0.05–8 mM can induce DNA strand breaksin vitro
(42,43). SIN-1, an NO donor which generates both NO and
superoxide, oxidizes guanine to form HOdG (44), though
another study suggests that peroxynitrite does not increase the
levels of HOdG in DNA (45). In addition to oxidation products,
8-nitroguanine has also been detected as a product of the
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Table I. Summary of distribution of mutations of plasmid sp189 shuttled
into Ad293 cells

Transversions NO donors NO (gas) Nitrite OONO-
(pH 5.4)

GC→TA 14 4 29 65
GC→CG 8 1 9 28
Transitions
GC→AT 55 29 46 11
AT→GC 7 60 12 –

reaction of peroxynitrite with guanine, suggesting that nitration
of nucleotides could occur (45,46). Analogously to the treat-
ment of a plasmid with NO depicted in Table I, Juedes and
Wogan treated plasmids with peroxynitrite and transfected
them into eitherEscherichia colior mammalian AD293 cells
(47). Treatment of plasmids with 2.5 mM peroxynitrite resulted
primarily in GC→TA (65%) transversions, GC→CG (28%)
transversions, and GC→AT transitions (11%), suggesting a
different spectrum of mutations from that observed with agents
which induce nitrosative stress (Table I). Agents such as
ferrous ion, which induce oxidative damage to DNA, also
primarily lead to the formation of transversions. Thus, this
type of mutation may be indicative of oxidative stress while
under conditions of nitrosative stress transitions appear to
occur predominately.

The roles of NO and peroxynitrite in genotoxicity are
complex, and experiments using these compounds to examine
DNA mutations should be performed under conditions as close
to those which actually occurin vivo as possible. Peroxynitrite
is often administered as a large bolus of the synthetically
generated compound. It should be realized that these prepara-
tions are contaminated with excessive nitrite and hydrogen
peroxide, thereby possibly influencing the results obtained in
these studies. Unlike the chemistry which occurs upon bolus
delivery of peroxynitrite, the actions of peroxynitrite formed
in vivo depend on the relative fluxes of NO and superoxide in
a given microenvironment (48). The amount of peroxynitrite
which reacts directly with the biological target is minimal if
the flux of NO exceeds that of superoxide.

In fact, damage to DNA mediated by XO and hydrogen
peroxide is abated by NO (49,50), presumably by attenuation
of the Fenton chemistry which mediates DNA strand breaks.
Furthermore, hydroxylation reactions are also quenched by
NO (22,48). These results suggest that the presence of NO
could abate the chemistry mediated by oxidants generated
in classical Haber-Weiss chemistry. Taken together, these
protective effects indicate that the direct modification of DNA
by RNOS might be limitedin vivo, while NO may actually
protect against the chemistry of oxidative stress.

The induction of strand breaks, as well as oxidation and
deamination of nucleic acids, requires the kinds of high
concentrations of RNOS or NO which may occur only rarely.
In vivo, antioxidants and RNOS scavengers such as ascorbate
and GSH are abundant, decreasing the chance that RNOS or
NO would accumulate in sufficient concentrations to modify
DNA directly. Furthermore, cells treated with NO donors
showed no appreciable mutations in thep53gene, as compared
to high mutation frequencies in this gene after treatment with
genotoxic substances such as ethylnitrosourea (51). These data
suggest that NO and derived RNOS are not particularly potent
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mutagens, and raises the possibility of other roles for NO in
genotoxic mechanisms.

In addition to the formation of nitrosamines and deamination
of bases in DNA, recent studies indicate that NO may act
indirectly by affecting the enzymatic activity of several DNA
repair proteins. Initial studies were conducted to determine
what types of mutations escaped repair in prokaryotic and
eukaryotic systems. Plasmid shuttle vectors were treated with
either NO gas under aerobic conditions (52), NO donor
compounds (53), or acidic nitrite (54), and the rescued plasmids
were assayed for mutations. The distribution of types of
mutations varied, as indicated by Table I. Though many of the
mutations were attributed to deamination, a recent study has
suggested that this does not occur in human tumor lines (55).
Such discrepancies, as well as the apparently protective effects
of NO in vitro described above, led us to the hypothesis that
NO and/or RNOS may affect DNA repair mechanisms and
thus lead to mutations in DNA indirectly.

RNOS have a particular high affinity for amino acids
containing thiol residues (56) suggesting that enzymes which
have thiol residues critical to their function may be
inhibited. We therefore examined the effect of NO on several
purified DNA repair proteins, and found that the enzymatic
activities of both purified alkyl transferase and alkyl transferase
activity from whole cells exposed to NO were significantly
inhibited (5). DNA alkyl transferase is involved in the repair
of O6-methylguanine andO4-methylthymine residues, and
contains a thiol group in its active site (57,58). We proposed
that nitrosation of thiol residues in the active site, critical for
repair of lesions induced by alkylation, was the primary
mechanism of action of NO.

Another important class of DNA-binding proteins
includes those containing zinc finger motifs (59). Zinc finger
motifs contain two to four cysteine residues and up to two
histidine residues. Formamidopyrimidine-DNA glycosylase
(Fpg protein) is a zinc-finger protein which repairs oxidative
damage to guanine, including such lesions as 2,6-diamino-4-
hydroxy-5-N-methylformamidopyrimidine (Fapy) and 8-
oxoguanine, by glycosylase activity or by incision of DNA at
abasic sites byα β δ elimination reactions. The zinc finger
motif is required for the activities of the Fpg protein (60).
Both activities of the Fpg protein were inhibited in the presence
of NO under aerobic conditions, perhaps through the nitrosation
of thiols by N2O3, subsequent ejection of the zinc, and
consequent degradation of the structural integrity of the protein
(61). Another study showed that the zinc finger protein
LAC9 was degraded by NO, accompanied by the formation
of S-nitrosothiol adducts as determined by Raman spectro-
scopy (62).

Another DNA repair enzyme which is inhibited by RNOS
is DNA ligase. The chemistry of the NO/O2 reaction suggests
that at neutral pH nitrosation of cysteine should predominate
over that of other amino acids, partly due to the fact that
amine-containing amino acids are protonated at neutral pH.
However, the enzymatic activity of T4 DNA ligase is inhibited
by NO, despite having an active site which does not contain
cysteine but instead contains a partially deprotonated lysine
residue. This lysine is nitrosated and undergoes deamination
analogously to the process described in equations 1 and 2,
which results in inhibition of enzymatic activity (63). In
addition to thesein vitro findings, other experiments also
showed that NO was capable of reducing the activity of ligase
in mammalian cells (63).
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Fig. 2. Potential mechanisms for participation of NO in various genotoxic
mechanisms.

Exposure of cells to NO results in an increased number of
DNA single strand breaks (39). However, when purified DNA
was exposed to NO, even at accumulated doses as high as
1 M (which can lead to the formation of RNOS), no single
strand breaks were observed (52). This finding implies that
direct chemical modification of DNA by NO or RNOS does
not lead to DNA breaks, and thus DNA strand breakagein vivo
must occur through other mechanism(s). One possibility is the
inhibition of the activity of DNA ligase by NO, resulting in
the accumulation of DNA strand breaks formed either during
transcription or repair. The increase in DNA breaks due to
NO-mediated inhibition of ligase could in turn activate the
tumor suppressor gene,p53(64), or activate poly(ADP-ribose)
synthetase (65).

Nitric oxide can affect the expression and activity of proteins
critical to the cell cycle and apoptosis, which are in turn
influenced by mutations in DNA (64,66,67). The regulatory
effects of these oncogenes are critical for proper cellular growth
and differentiation. The modulation of several oncogenes
by NO has been examined, in particular those oncogenes
associated with apoptosis. Exposure of cells to NO donors
resulted in the upregulation of the tumor suppressor genep53
(66), possibly in response to DNA damage mediated by NO.
Though deamination did not occur following exposure to
similar amounts of NO delivered by an NO donor compound
(51), the DNA damage could have resulted from inhibition of
DNA repair proteins such as DNA ligase (63). The expression
of p53 has been associated with reduced expression of iNOS,
which suggests that wild-typep53 may be critical for the
control of genotoxicity mediated by NO (66). It is not known
whether mutatedp53 could bring about a similar reduction
in iNOS.

The mechanisms by which NO participates in genotoxic
events involve the indirect chemistry of NO (Figure 2).
For such chemistry to occurin vivo requires high localized
concentrations of NO such as that generated by iNOS. It
would therefore be reasonable to expect that sites of potential
carcinogenic risk are those which exhibit prolonged expression
of iNOS, such as during episodes of chronic inflammation.
Though RNOS can modify DNA, the yield and repair of these
lesions do not make them powerful mutagens. Instead, in
addition to the formation of carcinogenic nitrosamines, we are
beginning to appreciate the indirect roles of NO in genotoxicity
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Fig. 3. Cytotoxic and cytostatic action of NO.

which may serve to increase the susceptibility of cells to other
genotoxic agents.

NO and tumor biology

As discussed above, there exists a variety of mechanisms by
which NO can mediate genotoxicity, and thus be considered
a tumor initiating agent. However, NO may impact other stages
of cancer development. These effects of NO are broad and
often self-contradictory, spanning its involvement in cytostatic
processes, cellular transformation, formation of neoplastic
lesions, and regulation of various aspects of tumor biology.
To this point we have focused on the intracellular events
mediated by NO; we will now discuss the intercellular effects
of NO.

Tumoricidal effects of NO
In seminal experiments involving cocultures of macrophages
and lymphoma cells, NO generated from macrophages was
shown to inhibit cellular respiration in the target cells (Figure
3) (2,3). Later reports demonstrated that NO derived from
macrophages, Kupffer cells, natural killer cells, and endothelial
cells participates in tumoricidal activity against many types of
tumors (68–79). These studies suggest that NO has a cytostatic
and/or cytotoxic effect on tumor cells.

Several molecular targets, such as aconitase and ribo-
nucleotide reductase, have been implicated in the cytostasis/
cytotoxicity mediated by NO. One of the first targets of NO
associated with the tumoricidal activity of macrophages was
mitochondrial aconitase (80). There are two enzymes which
possess aconitase activity, mitochondrial aconitase and iron-
responsive binding protein (IRB) which is found in the cytosol.
Aconitase and iron-responsive binding protein contain an Fe4S4
center in which three iron molecules are bound via cysteine
to the protein, while apical iron binds substrate. Several
studies suggest that aconitase activity is modified by oxidation
mediated by superoxide and peroxynitrite, and to a lesser
extent by hydrogen peroxide and oxygen, but not by NO
(81,82). Though these data suggest that indirect effects are
primarily responsible for aconitase inhibition, the finding that
anaerobic solutions of NO inactivate aconitase reversibly
suggests that direct effects of NO are also involved (83).

The IRB is critical in regulating the transcription of iron
responsive elements (IRE; RNA structures) which regulate the
transferrin receptor (TfR) or ferritin post-transcriptionally (84).
The IRB exists in two forms: the holoprotein, which contains
Fe4S4 and possesses aconitase activity but which cannot bind
to the IRE; and the apoprotein, which has no aconitase activity
but can bind to the IRE. Stimulation of iNOS activity increases
cellular uptake of iron (83,85), while NO derived either from
100 µM SNAP or from nNOS following treatment of cortical
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neurons with NMDA resulted in the binding of IRB to
IRE (86). As is the case with the mitochondrial aconitase,
superoxide and peroxynitrite inhibit the the aconitase activity
of IRB, while NO does not (87). However, NO does stimulate
the binding of IRB to the IRE, unlike superoxide or peroxy-
nitrite (87). Superoxide and peroxynitrite may modify the IRB
such that it cannot bind to the IRE effectively, probably by
oxidation of a critical thiol group [see reviews in (88,89)].
Therefore, these reactive species may inhibit the protein
irreversibly, abolishing both aconitase activity and IRE binding.
If this were the case, the direct effects of NO would result in
increased iron uptake; whereas, the indirect effects of NO or
ROS would result in decreased iron uptake. These differential
effects may be crucial in tumor growth versus the cytotoxicity/
cytostasis mechanisms mediated by the immune system against
tumor cells.

There are other iron metabolism proteins which are
affected by NO, including the reaction of NO with ferritin to
form Fe-NO complexes. As discussed above, cellular exposure
to NO results in a detectable Fe-NO (90). An iron nitrosyl can
be formed from ferritin, resulting in labilization of iron (90,91).
Ferrochelatase, which is involved in the synthesis of heme
proteins, is also inhibited by NO. Thus, NO appears not only
to suppress cellular respiration but also to shift iron metabolism,
which may contribute to cytostasis properties of NO.

Another important reaction implicated in cytostasis is that
between NO and the tyrosyl radical species formed in ribo-
nucleotide reductase (92–95). During normal catalytic turnover
of this enzyme, a tyrosyl radical is formed. Ribonucleotide
reductase is inhibited by NO, presumably by the reaction with
this tyrosyl radical (96,97). Inhibition of this enzyme has been
proposed as another factor in the cytostatic properties of
NO, due to the suppression of DNA synthesis through the
salvage pathway.

Nitric oxide donors appear to reduce the viability of several
tumor lines (98) perhaps by deleting intracellular stores of
GSH making the cell suspetible to other toxic mechanisms
(56,98,99). Cells exposed to high fluxes of NO for short
periods of time, through the use of chemical NO donors with
short half-lives in solution, exhibited increased sensitivity to
NO. However, when longer-lasting NO donors were used,
there was little difference in proliferation in the presence or
absence of intracellular GSH (98). Thus, high concentra-
tions of NO may result in the formation of RNOS which
mediates cell death, while lower fluxes of NO may interact
with metal/tyrosyl radicals to mediate cytostasis. Macrophages
in direct contact with tumor cells would be expected to generate
4–5 µM NO (100) and thus mediate indirect effects, whereas
tumor cells farther away would experience lower fluxes of NO
associated with direct effects.

Though most of the observations on the tumoricidal role of
NO have been derivedin vitro, additional evidence in tumor-
bearing animals supports the contention that NO derived from
leukocytes may have an antitumor role. Melanoma cells which
were transfected with or stimulated to express iNOS show
reduced cell growthin vitro and limited tumorigenesis and
metastasisin vivo (101–104). These observations are supported
by studies indicating that NO donors inhibit angiogenesis,
tumor growth, and metastasis (105).

Some tumors have evolved mechanisms by which to suppress
the expression of iNOS. Macrophages harvested from tumor-
bearing animals exhibit a reduced ability to produce NO and
diminished tumoricidal activity (106–108). Several studies
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demonstrate suppressed expression of iNOS in macrophages
from tumor-bearing mice, which is thought to be due to
systemic formation of tumor-derived suppressor agents such
as IL-10, TGF-β1 and PGE2 (109–111). These findings suggest
a causal relationship between NO formation and tumoricidal
activity.

One possible consequence of NO production is apoptosis,
and this process has been implicated in the tumoricidal activity
of NO (112). However, another mechanism by which the
expression of iNOS may be reduced involves, paradoxically,
apoptotic events within the growing tumor. Mastocytoma cells
(113), sarcoma cells (102,114), L929 cells (114,115) and
melanoma cells (103) all undergo extensive apoptosis upon
exposure to NO, while other tumor cell lines such as A549
undergo limited apoptosis (5–20%) when exposed to chemical
NO donors (116)(Y.Vodovotz, M.H.Barcellos-Hoff, and
D.Wink, unpublished observations). Lymphocytes undergoing
apoptosis present phosphotidylserine on their plasma mem-
brane, and macrophages are then stimulated to phago-
cytose these lymphocytes (117). Phosphatidic acid suppresses
the activity iNOS bothin vitro (118,119) and in peritoneal
macrophages from tumor bearing animals, at the transcriptional
level (119). This leads to the possibility that apoptosis and
subsequent presentation of phosphotidylserine may reduce
NO generated from macrophages and result in reduction of
antitumor activity within a given tumor.

The ability to treat metastatic disease effectively is a major
clinical problem, and some reports suggest that NO may
contribute to suppression of metastasis. Nitric oxide produced
endogenously by tumor cells may reduce their metastatic
potential, since transfection of iNOS into metastatic melanoma
cells resulted in a dramatic decrease in metastasis (101).
Additionally, NO produced by the host cells may also affect
metastasis, by blocking the adhesion of tumor cells to the
venular side of the microcirculation. Korthusis and co-workers
have shown that NO inhibits tumor cell adhesion (120) in a
manner similar to the inhibition of leukocyte adhesion
described for NO in ischemia reperfusion injury (121–123).
These data may suggest that low levels of NO produced by
the endothelium will reduce metastasis to tissues such as the
lung. However, the route of administration of NO may affect
this outcome, since inhaled NO did not prevent the metastasis
of melanoma cells to the lung (124). Other reports suggest
that NO produced by the endothelium of the liver prevents
metastasis of lymphoma cells (125) while NO produced in the
vasculature of the brain limits the spread of colon cancer to
that tissue (126). In addition, NO secreted by microglial cells
might also suppress the spread of cancer to the brain (126).

Tumor-promoting effects of NO

In striking contrast to the antitumor roles of NO described
above, NO has been proposed to be an important mediator
of tumor growth. Within the paradigm of the multistage
carcinogenesis model described above, NO has been reported
to act in other stages of cancer growth in addition to initiation.
For example, endogenously formed NO appeared to cause the
neoplastic transformation of C3H 10T1/2 mouse fibroblasts
(127). Another example of a role in tumor promotions is the
NO-mediated secretion of mucin by colonic adenocarcinoma
cells, which is thought to protect the tumor (128). Human
adenocarcinoma (DLD-1) and murine mammary carcinoma
(EMT-6) expressing iNOS show inhibited growthin vitro.
However, contrary to melanomas which express NOS, these
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cell lines are considerably more aggressive when transplanted
into mice (129,130). This strongly suggests that NO production
by these cells promotes tumor growth. Other studies suggest
that 5-FUdR activity in colon cancer may be due in part to
reduction in iNOS expression and may account for the activity
of this chemotherapeutic drug (131). In order to address the
issue of possible involvement of NO in tumor promotion, one
must first examine the expression of isoforms of NOS by
tumor cells or infiltrating leukocytes, and whether direct or
indirect effects of NO might be expected to predominate based
on the amount of NO produced by each isoform.

Both constitutive and inducible forms of NOS are present
in tumors. Both isoforms of NOS have been detected in human
breast tumors (132), cervical tumors (133), tumors associated
with the central nervous system (134), colon (129,135), and
head and neck (136) cancers. iNOS is expressed after cytokine
stimulation in mammary carcinoma (Baniet al. 1995), melan-
oma (101) and human colon adenocarcinoma (129), and is
expressed in breast cancer in human patients (132). Biopsies
of human mammary tumors show that there is greater expres-
sion of iNOS in higher tumor grades which tend to be more
invasive (129). These data support the hypothesis that NO
may play a critical role in the growth and spread of tumors.

One way that NO could play an important role in tumor
progression is in the regulation of angiogenesis. Enhanced
angiogenesis can lead to accelerated growth of the primary
tumor, as well as facilitating the process of metastasis
(137,138). However, the data regarding how NO regulates
angiogenesis are controversial. The process of angiogenesis
will not be reviewed in detail here, but it is well established
that the primary mediator of this process in tumors is the
cytokine, vascular endothelial growth factor (VEGF). This
cytokine is produced by many cell types in response to hypoxia
and in some tumors its production may be independent of
oxygenation status. VEGF binds to specific receptors on
vascular endothelium, which in turn stimulates three processes
that are essential for angiogenesis to proceed. First, enhanced
vascular permeability leads to the formation of a provisional
fibrin matrix, which provides a scaffolding for endothelial
cell migration. Next, the cytokine stimulates endothelial cell
proliferation and migration into the provisional matrix. The
process is modulated by a number of other co-factors, including
TNFa, TGFb, bFGF and the angiogenic activity of some of
these factors may also be regulated by NO (139). It is also
important to note that the hyperpermeability of vascular
endothelium that is stimulated by VEGF occurs via stimulation
of NO synthesis (140). Evidence for a pro-angiogenic effect
of NO comes from the following observations: (i) exposure
of glioblastoma and hepatocellular carcinoma cell lines to
SNAP and NOR3 (both NO donor compounds) increased
VEGF production, primarily by stabilizing mRNA levels (141);
(ii) use of NO donors leads to increased angiogenesis in the
cornea pocket assay, when angiogenesis is stimulated by
substance P (142); (iii) use of NO donors stimulates prolifera-
tion of coronary post capillary endothelial cells,in vitro (143)
and (iv) the human colon tumor line, DLD1, which was
transfected with the NO synthase gene, grew more quickly
and had better vascularized tumors than the parent line (129).
There are also data which indicate that NO may actually
downregulate angiogenesis. Examples of such evidence
include: (i) VEGF production by arterial smooth muscle cells
is down-regulated by NO. In this case, the inhibition occurs
by inhibition of AP1 binding to the VEGF promoter (144);

716

(ii) production of VEGF and its receptors are downregulated
in ex-vivoperfused lungs and angiogenesis is inhibited in the
chick corioallantoic membrane, when exposed to exogenous
NO and upregulated when NO synthase inhibitors are used
(145,146); (iii) primary tumor growth and metastasic frequency
are lowered in the Lewis lung tumor model when animals are
administered NO donor drugs (105) and (iv) proliferation and
migration of endothelial cells is inhibitedin vitro in the
presence of NO donor drugs (147,148). It is clear from the
data that are available thus far that NO has both positive and
negative effects on angiogenesis.

However, two sets of data in tumor models suggest that it
plays a positive role in stimulating angiogenesis. The results
from the Lewis lung tumor study are difficult to interpret,
since angiogenesis was not measured directly and it is likely
that the tumors were made more hypoxic as a result of
hypotension induced from the administration of the NO donor
compounds (149). This would likely slow the growth of the
primary tumor. Reasons for the discrepant results in other
model systems may relate to the environment in which the
cells were exposed to NO, the types of cells in which the
assay was done or the presence or absence of other co-factors
that are important in the angiogenic process. Clearly, the issue
is very complicated and additional work is needed to further
elucidate the role that it plays in tumor angiogenesis.

Another mechanism by which NO may promote tumor
growth is by modulating the production of prostaglandins. NO
increases the production of PGE2, which may in turn increase
the leakiness of tumor vasculature (106,150). Prostaglandin
synthase activity is enhanced by NO (151), and several studies
suggest that NO can shift the balance in arachidonic acid
metabolism to favor prostaglandin synthases while limiting
lipoxygenase products. The control of the production of NO
and PGE2 may affect the host’s antitumor response adversely,
since PGE2 also suppresses NO-dependent macrophage
tumoricidal activity. Additionally, permeability of the tumor
vasculature is mediated by NO produced by the tumor cells
themselves (152,153). Enhanced permeability may facilitiate
angiogenesis, thus facilitating further tumor growth. It has also
been speculated that higher levels of nutrients may be taken
up by tumors in response to enhanced permeability, which
supports further tumor growth (154). This latter hypothesis is
an unlikely explanation, however, since transport of most
critical nutrients (oxygen, glucose) is not dependent upon
vascular permeability to any great extent (155). Therefore, it
is possible that the effects are more indirect. One potential
explanation is that activation of PGE2 by NO may bring about
the suppression of NO production and concomitant tumoricidal
activity of macrophages, while facilitating angiogenesis.

The suppression of proliferation and infiltration of leukocytes
is another systemic effect of NO of relevance in cancer biology.
Several studies indicate that T cell proliferation is limited by
NO, with adverse consequences for the antitumor response
of the host (107,156). Furthermore, administration of NOS
inhibitors results in increased activity of lymphocyte activated
killer cells, thus limiting tumorigenesis (153). This may indicate
that NO is essential in controlling the proliferation of tumor-
infiltrating T-cells as well as at more distant sites.

Several reports have indicated that NO produced by tumor
cells may prevent infiltration of leukocytes. One report suggests
that inhibitor effect allows a greater infiltration of leukocytes
in to the tumor (107). It was also shown that systemic LPS
administration causes leukocyte adhesion in normal vascula-
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Fig. 4. Potential roles of NO in promoting tumor growth.

ture but not in tumor vascular and suggested that NO was
secreted by the tumor cells to prevent adhesion (140). A study
showed that ischemia reperfusion injury which stimulated
more leukocyte infiltration was abated by NO donors (157).
These studies would suggest that NO, in addition to increasing
the vascular leakiness, downregulates expression of some
adhesion molecules, such as VCAM, which are important
for inflammatory and immune cell adhesion to vascular endo-
thelium (158). In this context, radiation may tip the balance
in favor of the immune system. We have found that tumor-
infiltrating leukocytes derived from fibrosarcomas grown and
irradiated in vivo (and subsequently regressing) produced
4-fold more NO ex vivo than did either leukocytes from
unirradiated mice or tumor cells from either unirradiated
or irradiated mice (Y.Vodovotz, D.Wink, and J.B.Mitchell,
unpublished observations).

In summary, both direct and indirect effects appear to be
involved in both the tumor-promoting and tumor-suppressing
roles of NO. In the context of immune surveillance, direct
interactions of NO with tyrosyl radicals and iron proteins
can result in reversible cytostasis. In the context of tumor
physiology, NO prevents binding of tumor cells to the
endothelium probably through low fluxes of NO and hence
direct effects. Additionally, other tumor promoting effects,
such as the prevention of leukocyte infiltration, suppression
of T-cell proliferation, increased vascular permeability, and
angiogenesis may also be mediated through direct effects of
NO. In contrast, we suggest that the potentially genotoxic
effects of NO are mediated by indirect effects. Likewise, the
cytotoxicity attributed to NO is probably instead mediated
through RNOS.

Both the direct and indirect effects of NO are dictated by

717

both amount and flux, and it is the former which may be an
important determinant whether NO promotes or inhibits tumor
growth (Figure 4). This may be illustrated best by comparing
the transfection of NOS-containing tumor cells which produce
different amounts of NO. Murine melanoma cells generate up
to 10 times more NO than the human colon adenocarcinoma
DLD-1. In the case of DLD-1, the tumor is far more aggressive
in vivo than the NOS deficient parental cells. However,
the melanoma cells expressing NOS are considerably less
tumorigenic. This may be due in part to direct effects mediated
by low concentrations of NO produced by DLD-1, whereas
the melanoma cells generate copious amounts NO which cause
apoptosis through indirect effects (103).

The role of NO in cancer is multi-dimensional. However,
its effects can be put into perspective based on timing, location,
and concentration. Tissues exposed to high concentrations of
NO over long periods of time, such as during episodes of
chronic inflammation or through environmental exposure,
could accumulate mutations either because of NO itself or
through the potentiation of other genotoxic agents. As the
tumor begins to grow, macrophages and natural killer cells
use NO derived from iNOS to kill tumor cells. However, as
the tumor progresses, NO can mediate capillary leakiness,
support angiogenesis, and limit leukocyte infiltration. Yet, NO
could also limit metastasis and cause the apoptotic death of
tumor cells. So it is important to consider timing and location
as to what effect NO might have on a particular aspect of
cancer biology. This is important in determining the proper
use of systemic NOS inhibitors and NO donors, and requires
a comprehensive knowledge of the chemistry, biochemistry,
toxicological mechanisms, and physiological properties of NO.
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