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A B S T R A C T

Elevated levels of reactive nitrogen species, alteration in redox balance and deregulated redox signaling are
common hallmarks of cancer progression and chemoresistance. However, depending on the cellular context,
distinct reactive nitrogen species are also hypothesized to mediate cytotoxic activity and are thus used in an-
ticancer therapies. We present here the dual face of nitric oxide and its derivatives in cancer biology. Main
derivatives of nitric oxide, such as nitrogen dioxide and peroxynitrite cause cell death by inducing protein and
lipid peroxidation and/or DNA damage. Moreover, they control the activity of important protein players within
the pro- and anti-apoptotic signaling pathways. Thus, the control of intracellular reactive nitrogen species may
become a sophisticated tool in anticancer strategies.

1. Introduction

Nitro-oxidative stress is characterized by high cellular levels of re-
active nitrogen and oxygen species. Their formation is a natural con-
sequence of the cellular metabolism and nitro-oxidative stress [1]. They
play an important physiological role in the regulation of the cardio-
vascular and neuronal system, respectively, as well as in the control of
human immune response (Fig. 1). The pathophysiological effect of
these compounds is manifested by impaired antioxidant enzyme func-
tion, by accelerated cellular aging, immune deficiency and carcino-
genesis [2–5].

Nitric oxide (•NO) is synthetized from L-arginine, nicotinamide
adenine dinucleotide phosphate (NADPH) and oxygen by enzymes of
the nitric oxide synthase family (NOS), using flavin adenin dinucleotid
(FAD) and flavin adenin mononucleotid (FMN), tetrahydrobiopterin
(BH4) and calmodulin [6] (Fig. 2). Three NOS isoforms have been
isolated and characterized, i.e. neuronal NOS (nNOS), inducible NOS
(iNOS) and endothelial NOS (eNOS) [7]. They are localized in the cy-
tosol but can also be found in nucleus [8,9] and mitochondria (mtNOS)
[8,10–15].

An alternative way to produce bioactive •NO involves the reduction
of nitrate (NO3

−) and nitrite (NO2
−) [16,17]. Both molecules are taken

up from exogenous sources or endogenously synthesized.

Approximately 80% of nitrate is derived from vegetable consumption
[18–20]. While sources of nitrite include vegetables, fruits and pro-
cessed meat. Alternatively, nitrate and nitrite are generated from L-ar-
ginine and molecular oxygen in reactions catalyzed by NOS [18,21]
(Fig. 2). In addition, nitrite is generated by reduction of nitrate in the
upper gastrointestinal tract via entero-salivary circulation [22–24] or
by intracellular oxidoreductases [25,26].

There are few possible mechanisms by which nitrite is converted to
•NO. It occurs through nitrosyl intermediates, nitrogen oxides [27,28]
and by reduction of nitrite catalyzed by reducing compounds or en-
zymes. These include Fe(II), formic acid, cytochrome c oxidase (com-
plex IV) or NOS, respectively [29–31]. Also molybdenum-dependent
enzymes such as xanthine oxidoreductase, aldehyde oxidase, sulfite
oxidase, nitrite reductase and mitochondrial amidoxime reductase
complex were shown to reduce nitrite to •NO [30–39].

•NO has dichotomous effect on cancer cells [40–42]. At concentra-
tions below 100 nM •NO was found to promote angiogenesis, cells
proliferation, metastasis, and chemoresistance in a cGMP-dependent
manner [43–45]. On the other hand, concentrations of •NO higher than
approximately 500 nM inhibit cancer cell proliferation and induce
cancer cell death [45–49]. In this review, we will attempt to summarize
the current knowledge of •NO signaling in human cells and discuss its
dual face in cancer biology.
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Herein, we address the question whether and in what manner de-
rivatives of •NO, such as peroxynitrite or nitrogen dioxide, mediate
cytotoxic activity of their mother molecule.

2. Chemistry of nitric oxide

The chemistry of •NO determines its biological properties. Not all
reactions that occur in the test tube are relevant in vivo because •NO is
unstable in an oxygen environment. It is a small, diatomic, linear ra-
dical gaseous molecule with one unpaired electron (Fig. 3). •NO is so-
luble in aqueous solutions up to a concentration of ~2 mM at standard
conditions [50,51] and unlike other reactive nitrogen species, does not
produce the corresponding acid in solution (i.e. does not undergo hy-
dration). The fact that •NO is not remarkably soluble in aqueous solu-
tions is an advantage in terms of cellular access. In nonpolar solvents
and lipid membranes it possesses a 6–8 fold higher solubility than in
water [51-53]. Thus, •NO can easily diffuse through cell membranes
[51]. In this context, it is interesting to note that •NO rapidly partitions
into red blood cells where it quickly converts into nitrate using heme-
bound oxygen of hemoglobin [54–56]. This limits the biological half-
life of nitric oxide in vivo to less than a second, whereas the con-
centration of nitric oxide relevant for cellular signaling can persist in
phosphate-buffered saline for ~1 h. Thus NO itself is not particularly
toxic in vivo [57].

A closer look into the nature of the chemical bonds of the molecule
is relevant for understanding its physiological functions. Both, sym-
metry and energy level of the single occupied molecular orbital (SOMO)
of the •NO radical are critical to its reactivity with other molecules

(Fig. 3). The low ionization potential of •NO (9.25 eV) [58] indicates
that the electron residing in the π* anti-bonding orbital can be readily
lost, resulting in the formation of an NO+ nitrosonium ion.

The radical nature of •NO is evidenced by its ability to react with
unpaired electrons of other molecules, e.g. biradical O2 and superoxide
anion (O2

•−). The product of radical oxygen and •NO still has one un-
paired electron that has the ability to further react with other mole-
cules. Taken together, the reaction of radical •NO with oxygen con-
sumes two equivalents of •NO to give two equivalents of nitrogen
dioxide (•NO2), via the following reactions (1)–(3):
•NO + O2 → •OONO (1)
•OONO + •NO → ONOONO (2)

ONOONO → 2 •NO2 (3)

Nitrogen monoxide's dimer exists, but it is very unstable. •NO con-
sists of dimers only at low temperatures (about −163 °C). Solid •NO
seems to consist mostly of dimers. This is surprising since dimerization
of •NO molecule could lead to a structure where all atoms have a full
complement of eight valence electrons satisfying the octet rule
(ON–NO). In order to reconcile this apparent anomaly, the molecular
orbitals of •NO must be considered.

Simple combination of the nitrogen and oxygen atomic orbitals
gives set of molecular orbitals (Fig. 3). In the order of increasing energy,
the atomic orbitals (2s and 2p) of nitrogen and oxygen splits into a
sigma-bonding (σ) and corresponding sigma-antibonding (σ*) orbitals,
two degenerate pi-bonding (π) and two degenerate pi-antibonding (π*)

Fig. 1. The main physiological roles of nitric oxide in cardiovascular, neuronal and immune systems.

Fig. 2. NOS pathway. Synthesis of nitric oxide catalyzed by nitric oxide synthases.
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orbitals [59]. Since the total number of valence electrons in the •NO
molecule is 11 (five from nitrogen and six from oxygen), the low-lying σ
bonding and σ antibonding orbitals along with the bonding π and σ
orbitals are all filled.

Thus, •NO has a net bond order of 2.5 because there is one electron
in the π* antibonding orbital. When •NO forms a dimer (O]N–N]O),
seems that unpaired electrons on antibonding orbitals can only π-
overlap. In •NO the electronic density is shifted towards oxygen atom,
and the “petals” of π-orbitals don't have enough electronic density to
support a stable bond (some call it a half-bond). So the dimer bond is
weak - its enthalpy of formation is about 17 kJ [60]. Therefore, since
there is no net gain in overall bonding when •NO dimerizes and entropy
would favor the monomer, •NO exists as a monomer at room tem-
perature and pressure.

The antibonding orbitals that are occupied in •NO are in fact π
symmetry, but when the dimer forms that is no longer relevant. It is a
sigma-bond. The enthalpy of the newly formed sigma bond in the dimer
is weak because the net gain in bond is off set by the loss of a very odd
set of single-electron resonance forms available for •NO monomer.
Given ΔG= −17 J/mol, and that dimerization is entropically dis-
favored, when the total free energy is considered there is no gain since
entropic effects are on the order of 10–30 kJ/mol. Thus any small gain
in enthalphy is offset by the loss of entropy.

The above rationale for the observation that •NO exists primarily as
a monomeric species at room temperature and pressure is purely qua-
litative. This issue has also been examined quantitatively. The experi-
mental dimerization energy for two •NO molecules has been measured
to be in the range of only 2–4 kcal/mol [61–63]. In order to understand
the low magnitude of this bond energy, one needs to examine the •NO

dimer itself.
The •NO dimer has been the subject of considerable experimental

and theoretical study [61–68]. The experimental structure is cis-ONNO,
with ONN angle of 99.6°. The NN bond in the dimer is extremely long
(2.263 Å) [69], while the N–O bond lengths are 1.161 Å [68]. No single
Lewis structure can accurately describe the electronic state of this
molecule; however, considering the bond lengths, a single N–N bond
and triple N–O bonds would be better.

Thus, the NN interaction in the •NO dimer is considerably weaker
than a covalent bond and yet cannot be explained entirely by van der
Waals interactions, which provide stabilization on the order of only
tenths of a kilocalorie per mole. Interestingly, •NO dimer formation does
very little to disturb the nitrogen–oxygen orbital overlap. A partial ra-
tionale for the unusually long and weak NN bond in the •NO dimer may
also be found in an examination of the nature of the unpaired electron
in the •NO monomer.

3. Chemistry of nitric oxide derivatives

•NO can easily be oxidized [56,70,71]. In biological systems, it often
is closely associated with nitrogen dioxide (•NO2), dinitrogen trioxide
(N2O3), dinitrogen tetroxide (N2O4), nitrate (NO3

−), nitrite (NO2
−) and

peroxynitrite (ONOO−) (Fig. 4). Most of these compounds form in vitro.
Only a few can be detected in vivo [72].

•NO reacts with dioxygen or molecular oxygen which like •NO, is
also a radical species. •NO undergoes decomposition when it is auto-
oxidized gas, nitrogen dioxide reaction in the gas phase to form the
characteristic brown gas, nitrogen dioxide (reaction (4)). However,
since the reaction between •NO and O2 follows third order kinetics, the

Fig. 3. Molecular orbital diagram of NO.
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rate it proceeds will depend on the concentration of •NO, where at high
concentrations of both O2 and •NO, the reaction proceeds rapidly while
at low NO concentrations the oxidation of •NO will be very slow
[73,74]:

2 •NO + O2 → 2 •NO2 (4)

2 •NO2 → 2 (NO2)2 (5)
•NO2 + •NO → N2O3 (6)

•NO2 either dimerises to form dimeric (NO2)2 (reaction (5)) or reacts
again with •NO to form N2O3 (reaction (6)), which may donate a •NO
moiety to various nucleophilic targets, such as thiols [50]. In the aqu-
eous phase, this reaction proceeds slowly to eventually produce the
water-soluble terminal products nitrite (NO2

−) or nitrate (NO3
−)

(Fig. 5) [75].
•NO reacts with the one-electron reduction product of oxygen, su-

peroxide O2
•−, at near-diffusion controlled rate to produce peroxyni-

trite (ONOO−) (reaction 7) [70,76]. It has also been put forth recently
that peroxynitrite could form during the reaction between molecular
oxygen and NO− (reaction 8) [70,77], although this may depend on the
excitation state of NO− and has been deemed by some authors to be
thermodynamically unviable [54],[77]:
•NO + O2

•− → ONOO− (7)

NO− + O2 → ONOO− (8)

Peroxynitrite plays an important role in vivo as the reaction of su-
peroxide with •NO kinetically competes with the enzymatic activity of
superoxide dismutase [70], which catalyzes the reaction of superoxide
with protons to hydrogen peroxide. The peroxynitrite anion is a strong
oxidant, which is relatively stable in alkaline solutions [78]. At phy-
siological conditions peroxynitrite rearranges to nitrite and nitrate in
30% and 70%, respectively [79]. However, its protonated form in acidic
solutions (HOONO, pKa = 6.8) decomposes rapidly within < 1s [78-
81] mostly towards nitrate (reaction 9) [82]. Thus, the fate of perox-
ynitrite is highly dependent on its environmental conditions.

HOONO → [HO• + •NO2] → NO3
− + H+ (9)

HOONO + O2
•−+ H+ → O2 + •NO2 + H2O (10)

HOONO + •NO → •NO2 + NO2
− + H+ (11)

The potential physiological generation of –OONO/HOONO results
from the rapid reaction of O2

•− with •NO, both known to be generated

in significant amounts under certain pathophysiological conditions.
However, HOONO can react further with either •NO or O2

•− to gen-
erate, among other things, •NO2 [reactions (10) and (11)] [83,84].

In contrast to peroxynitrite, peroxynitrous acid can easily partition
into the hydrophobic phase of lipid membranes [51,52,83,84]. In-
tracellular accumulation of peroxynitrous acid thus results in significant
flux of this molecule across cellular membranes via passive or fa-
cilitated diffusion [51,84]. The overall distance that peroxynitrous acid
can diffuse is given by its concentration and biological half-life [84].
Several studies have reported a displacement of peroxynitrous acid up
to several cell diameters away [51][84].

Peroxynitrous acid may undergo homolytic cleavage to hydroxyl
and the nitrogen dioxide radicals or alternatively heterolytic cleavage
to a nitronium cation and a hydroxide anion [55,56,70,78].

Recent studies indicated that the yield of hydroxyl and the nitrogen
dioxide radicals formation approximates 25–35% in the absence of
competitive reactions [56,85,86]. However, it has to be taken into
consideration that under physiological conditions, where bicarbonate
abounds, the formation of hydroxyl and the nitrogen dioxide radicals is
limited by the reaction of peroxynitrite with CO2 forming nitrosoper-
oxocarbonate (ONOOCO2

‾) [56,87]. 33% of which subsequently de-
composes to carbonate radicals and nitrogen dioxide 51,87,88].

Another important aspect related to the generation of peroxynitrite
in vivo is the timing and the stoichiometry of •NO and superoxide radical
formation. The production of peroxynitrite is maximal, when the molar
ratio between •NO and superoxide is around 1 (1.1–1) [53,78,89,90].
This stoichiometry sharply limits the capability of peroxynitrite to at-
tack biomolecules. The molar ratio between •NO and superoxide thus
rules the cytotoxic potential of in situ generated peroxynitrite.

Although nitrogen dioxide can also be formed by oxidation of nitrite
for example via myeloperoxidase using hydrogen peroxide [89,91],
peroxynitrite also is considered as an important endogenous source of
nitrogen dioxide [88].

4. Post-translational modifications of proteins mediated by nitric
oxide and its derivatives

•NO -mediated signaling involves the modifications of tyrosine and
cysteine residues of the proteins. Apoptotic and necrotic cell death in-
duced by its derivatives are consequence of lipid peroxidation, cysteine
oxidation, protein nitration and S-nitrosylation (S-nitrosation) [54-
56,71,86,91,92].

Nitration of protein tyrosine residues occurs by the reaction with
peroxynitirite and nitrogen dioxide [88,93,94]. Both oxidants may

Fig. 4. Structure of simple nitrogen-oxygen containing species associated.

A. Kamm, et al. Nitric Oxide 93 (2019) 102–114

105



nitrate tyrosine at position 3 of the phenolic ring, generating 3-ni-
trotyrosine, the predominant final product in neutral solution. 3-ni-
trotyrosine is an indicator of nitro-oxidative stress under pathophysio-
logical conditions [93]. However, it was evidenced that peroxynitrite
does not contribute to protein tyrosine nitration in vitro and in vivo
models [91,95,96]. As suggested by Pfeiffer and Mayer peroxynitrite at
physiological pH does not react with carbon dioxide and thus does not
nitrate tyrosine [91]. It was furthermore proved that it is the nitrogen
dioxide that directly nitrates tyrosine residues within hydrophobic re-
gions under in vivo conditions [88,94-96]. Induction of secondary oxi-
dative processes is dependent on nonlinear relationships among ni-
trogen dioxide flux rates, antioxidant concentrations, and diffusivity of
secondary reactive species [51,94].

Tyrosine nitration also interferes directly and indirectly with tyr-
osine phosphorylation/dephosphorylation signaling pathways [97] i.e.
several tyrosine residues in the manganese superoxide dismutase
(MnSOD) can be nitrated, what results in decreased enzyme activity.
MnSOD is considered as a tumor suppressor in various cancer models
[98,99]. On the other side, in light of its antioxidant enzymatic func-
tion, many types of malignant tumors often are characterized by de-
creased activity of MnSOD [100–102]. These observation seems to be
quite puzzling. Indeed, the inverse correlation between cellular pro-
liferative potential and MnSOD activity has been previously established
[98].

S-glutathionylation refers to the incorporation of glutathione thiol
group into a protein and the formation of a mixed disulfide bond be-
tween the cysteine residue and glutathion thiol. It can be induced by
peroxynitirite, nitrogen dioxide or formed by the reaction with ni-
trosothiol [[103],104]. Moreover, it was evidenced that nitrogen di-
oxide causes the widespread increases in protein S-glutathionylation in
lung tissue animal model [104].

Importantly, altered S-glutathionylation patterns occur in diseases
characterized by redox deregulation, such as cancer. S-glutathionyla-
tion of the tumor suppressor p53 has been found in human cancers, and
functional inactivation of p53 by S-glutathionylation inhibits its DNA
binding in cancer cells [103]. Moreover, changes in redox homeostasis

induced by nitro-oxidative stress cause S-glutathionylation of protein
disulfide isomerase and mediate cancer cell death through activation of
the unfolded protein response and abrogation of ERα stability and
signaling [105].

Protein S-nitrosation is defined as the addition of nitroso group
moiety to a thiol group of cysteine residue in peptide or proteins. S-
nitrosation is modulated by nitric oxide oxides (N2O3/NOx), or me-
tal–nitric oxide complexes (M − NO) [106]. Protein S-nitrosation has
been considered as a mechanism for signal transduction by nitric oxide
and S-nitrosothiols. Specificity of S-nitrosation can be associated with
accumulation of high concentrations of nitrosylating species in the vi-
cinity of specific cysteine residues in subcellular compartments
[106].06 Signaling events regulated by S-nitrosylation may lead to ei-
ther progression or inhibition of cancer. Notably, at least 1.000 proteins
modified by S-nitrosation have been identified in mammalian cells
[97].

•NO –mediated signaling involves also S-nitrosation of the reg-
ulatory ferrous heme of the soluble isoform of the guanyl cyclase
leading to its activation and increased production of second messenger,
cGMP [107,108]. Recently, the statement that •NO produced by acti-
vated macrophages inactivates the iron/sulfur centers in mitochondria
of tumor cells has been re-evaluated by a series of experiments, what
revealed that •NO -dependent inactivation of iron/sulfur centers may be
mediated by peroxynitrite [109,110] However, it was further evidenced
that peroxynitrite is not itself a nitrosating agent, in contrast to its
decomposition products like nitrogen dioxide [111]. Notably, S-ni-
trosation induced by peroxynitrite occurs at low efficacy and seems not
to be an important signaling pathway in vivo [107,108]. While, it was
proved that nitrogen dioxide triggers the biosynthesis of nitraosamines
in mice model [111].

Protein S-nitrosation may affect the transcriptional activity i.e. the
activity of nuclear transcription factor NF-κB [112]. Hypoxia-inducible
factor-1 (HIF-1) and estrogen receptors are redox sensitive transcription
actors are either regulated by S-nitrosation [106,113-115]. Interest-
ingly, S-nitrosation of NF-κB and matrix metalloproteinase 9 (MMP9)
promotes cell death whereas S-nitrosation of caspase-3, caspase-9, and

Fig. 5. Plausible cytotoxic mechanism of nitric oxide and its derivatives.
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c-Jun N-terminal kinase prevents activity and inhibits apoptosis
[106,116]. Death receptors were also found to be regulated by S-ni-
trosation such as death receptor DR4 [106,117]. Notably, •NO can in-
directly influence the apoptotic caspase cascade via S-nitrosation of
FLICE inhibitory protein (FLIP) and Bcl-2. S-nitrosation of FLIP and Bcl-
2 inhibits their proteasomal degradation, stabilizing both of these anti-
apoptotic proteins to enhance their pro-survival function in cancer
[118]. Moreover, it was established that co-generation of •NO and su-
peroxide decreased accumulation of pro-apoptotic BAX [119]. It was
further demonstrated that both p53 and BAX are early components in
•NO and superoxide-induced apoptosis in mesangial cells [119]. De-
crease in phospho-Akt was also an essential event upstream from BAX
integration in breast cancer cells [120].

Due to the above, we hypothesize that the main deteriorating de-
rivative of •NO in vivo is nitrogen dioxide (Fig. 5). Notably, as much as
20 nM of nitrogen dioxide/mg protein was correlated with severe de-
terioration of pancreatic acinar cell ultrastructure [121].

5. Nitric oxide and its derivatives impacts on mitochondria

Mitochondria are highly specialized organelles that are crucial
players in fundamental aspects of cell pathophysiology. However, be-
yond energy production, they play an important role in regulation of
cell signaling, cell death, and biosynthetic metabolism [122,123].
Dysregulation of mitochondrial biogenesis and elimination is a reason
of great number of diseases including neurodegeneration and cancers
[124,125]. •NO and its derivatives have multiple effects on mitochon-
dria that impact on cell physiology and cell death [71]. It is well es-
tablished that nitro-oxidative stress-associated cell death is linked to
mitochondrial membrane depolarization and mitochondrial dynamics
via mitochondrial biogenesis, fission, fusion or mitophagy
[10,122,126]. Notably, •NO does stimulate mitochondrial biogenesis,
but it is also produced and consumed by mitochondria [127,128]. The
crucial factor regulating the mitochondrial biogenesis is peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PARGC1A,
PGC-1α) [127-129]. Interestingly, Nisoli et al. evidenced that PGC-1α
–mediated induction of mitochondrial biogenesis is driven by •NO in
cultured mouse brown adipocytes [130]. They have further confirmed
that •NO generated by eNOS plays a role in mitochondrial biogenesis in
a cGMP-dependent manner [130]. Notably, invasive tumor cells, via
upregulation of PGC-1α, increase oxidative phosphorylation, oxygen
consumption rate and ultimately, mitochondrial biogenesis. Indeed, the
relationship between level of •NO, expression of PGC-1α in cancer cells
and the formation of metastases was found [128,129].

Our research team also proved that anticancer activity of 2-meth-
oxyestradiol, a physiological metabolite of 17β-estradiol, is associated
with generation of •NO and regulation of mitochondrial biogenesis
[127]. 2-methoxyestradiol, branded as PANZEM, is currently being
evaluated in advanced phases of clinical trials [131–139]. In our studies
we have revealed that anticancer mode of the chemotherapeutic is
strictly based on nuclear hijacking of nNOS and local generation of •NO
[140]. Indeed, nuclear recruitment of nNOS and the production of •NO
in the nucleus are necessary for the induction of the mitochondrial
biogenesis pathway [128].

6. DNA-damaging effects mediated by nitric oxide and its
derivatives

•NO and its derivatives are also able to induce direct- and mediated-
genotoxic effects [141,142]. However, •NO per se is not very reactive
with DNA and does not directly attack DNA, as was initially believed,
but this effect instead depends on its conversion into its derivatives
[53,143]. Indeed, several studies demonstrated that •NO itself is not
able to induce single strand breaks [144]. The biochemical nature of
DNA damage mediated by reactive nitrogen species is associated with
induction of genomic instability and cell death [140][143]. It is well

known that DNA is a polyanion making direct interactions between
molecules in probable electrostatic manner. However, it is also clear
that base pairing in DNA is the result of hydrogen bonding interactions
and base stacking, what explains hydrophobicity and partially non-
polar feature of DNA [145]. The well-established DNA damaging factor
is peroxynitrite [144,146]. DNA strand breaks induced by peroxynitrite
activate the repair enzyme, poly (ADP)-ribose (PARS). Excessive acti-
vation of PARS can lead to rapid consumption of NAD+ + and ATP,
and consequently to cell dysfunction and death by apoptosis or necrosis
[147].

However, beyond peroxynitrite, nitrogen dioxide formed from proto-
nated peroxynitrite or by nitric oxide autooxidation seems to be re-
sponsible for •NO -mediated DNA damage. The life time of nitrogen di-
oxide in cytosol is < 10 μs. The diffusion distance of nitrogen dioxide is
0.2 μm in the cytoplasm and < 0.8 μm in plasma [73]. Notably, perox-
ynitrite due to its negative charge at physiological pH seems to be elec-
trostatically repelled from DNA. While, nitrogen dioxide, due to its elec-
tron neutral and lipophilic radical nature, may be a direct cause of DNA
strand breaks [148,149]. Nitrogen dioxide has a preference to dissolve in
organic solvents as compared with water [51-53]. Due to its electro-che-
mical nature, DNA is an ideal target for nitrogen dioxide during nitro-
oxidative stress [51]. Interestingly, nitric oxide tends to accumulate in the
hydrophobic layers of biological membranes, where it often undergoes
oxidation to its derivatives such as peroxynitrite or nitrogen dioxide (in
case of the former, only under conditions of superoxide anion bioavail-
ability). Indeed, in our data obtained by means of stopped flow spectro-
photometry using specific nitrogen dioxide tracker - complex ion cis-[Cr
(C2O4) (AaraNH2)(OH2)2]+ [72,121,150,151], we observed that anti 2-
methoxyestradiol, may induce DNA damage most plausibly via nitrogen
dioxide generation, what results in cancer cell death (data not yet pub-
lished). Notably, DNA damage mediated by nitrogen dioxide was pre-
viously reported in vivo studies [149].

7. Current nitric oxide-based anticancer strategies

7.1. Nitrated fatty acids against cancer

Nitrate fatty acids (NO2–FAs) are considered reactive lipid species
(RLS) derived from the non-enzymatic oxidation of polyunsaturated
fatty acids by nitric oxide and nitric oxide-derived species, such as
peroxynitrite or nitrogen dioxide [152,153]. Nitrate fatty acids are also
called nitro-fatty acids, nitrolipids or nitroalkenes. Nitroalkylation, the
addiction of NO2–FAs to protein, is a reversible post-translational
modification [153,154]. Nitrate fatty acids were found both in animal
and plant kingdom [155]. They were detected in healthy human plasma
and urine at nanomolar concentrations and in cardiac mitochondria
after ischemia at micromolar concentrations [156]. In plants nitrate
fatty acids can be found in fresh olive oil, extra virgin olive oil and
rockcress [157].

Due to electrophilic properties of lipid-derived species, nitrolipids
modulate cell signaling in both physiological and pathophysiological
processes [156]. The generation of nitrate fatty acids is promoted under
pathological conditions [156]. In oxidative inflammatory environment,
the immune system activates lipases, causing the cleavage of fatty acids
from cellular membranes. The electrophilic RLS allows nucleophiles to
attack proteins, leading to modification of their structures, catalytic
activities, charge, hydrophobicity and in their localization [158].

On the other hand, an electrophilic character of nitrate fatty acids
promotes adaptive and anti-inflammatory cell signaling responses
[158–160]. Cui T et al. reported that inflammatory effects nitroalkene
derivatives of linoleic acid and oleic acid (LNO2 and OA-NO2, respec-
tively) are associated with inhibited secretion of proinflammatory cy-
tokines in macrophages and endothelial cells [158]. In the light of
above, Woodcock CC et al. investigated the effect of nitro-oleic acid on
multiple preclinical models of triple-negative breast cancer - the most
aggressive mammary breast cancer subtype [159]. Nitrated oleic acid
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inhibited cancer cell viability and tumor cell proliferation–related sig-
naling reactions in vivo. What is more, after oral admiration, the com-
pound reduced tumor growth in MDA-MB-231 xenograft mice model
[159,160]. The study revealed that, in comparison with non-tumori-
genic human breast epithelial MCF-10A cells, nitrated oleic acid NO2-
OA more selectively inhibited triple-negative breast cancer function
[159]. It was attributed to easier mechanisms for maintaining redox
homeostasis in non-tumorigenic breast epithelium than in cancer tissue.
Woodcock CC et al. reported that the lipid electrophile NO2-OA impacts
NF-κB signaling in triple-negative breast cancer at multiple levels, in-
cluding the suppression of IKKβ phosphorylation, inhibition of IκBα
degradation, and enhanced ubiquitination and proteasomal degrada-
tion of RelA [159]. These observations reveal that electrophilic fatty
acid nitroalkenes react with more alkylation-sensitive targets in triple-
negative breast cancer cells to inhibit growth and viability [159].

A unique pharmacokinetic profile is expected from nitrated fatty
acids because of their ability to undergo reversible reactions, such as
Michael addition and esterification [161,162]. Fazzari et al. confirmed
different distribution profile of 10-nitro-oleic acid (10-NO2-OA) in vivo
in the adipose tissue of NO2-OA-treated mice [163]. This study lends
new insight into the unique pharmacokinetics and pharmacologic
properties of NO2–FAs, what makes them perfect drug candidates
[163]. Due to its unique pharmacological properties and effective
tumor proliferation inhibition, further investigation on utilization of
nitrolipids in anticancer therapy is needed.

7.2. Nitric oxide donors

•NO donors belong to a group of novel anticancer agents. Their in-
hibitory effect on survival and induction of tumor cell death has been
demonstrated on various tumor models [164]. Nonsteroidal anti-in-
flammatory drugs (NSAIDs) have been considered as promising chemo-
preventive agents due to their potent antioxidant and anti-in-
flammatory properties [165][166]. •NO-NSAIDs consist of a traditional
non-steroidal anti-inflammatory drugs that bears a nitric oxide-re-
leasing moiety which reduces gastric toxicity [167]. •NO-NSAID has
been shown to be very effective in prevention of colon and pancreatic
cancers in vitro and in animal tumor models [168].

Acetylsalicylic acid (ASA), commonly known as aspirin, is the ar-
chetype of the nonsteroidal anti-inflammatory drug family. Decreased
effectiveness of aspirin during long term use associated with side effects
such as gastrointestinal bleeding and hemorrhagic stroke led to the
development of more potent and safe aspirin derivatives. One of these
compounds is nitric oxide-donating aspirin (•NO-Aspirin, •NO ASA) in
which •NO-donating group is attached to aspirin through a linker mo-
lecule. The development of •NO-Aspirin plays important role of •NO in
mucosal defense [169]. The gastroduodenal toxicity of •NO -ASA in
healthy volunteers was reported to be equivalent to that of placebo
[170,171]. •NO-Aspirin inhibited lung tumorigenesis in vitro and in vivo
and these effects were associated with reduced activation of EGFR and
its downstream effectors. The cancer preventive activities and gastro-
intestinal safety profile of •NO-Aspirin were improved as compared with
the aspirin [170].

Among the •NO donors, NONOates are reported to be the most
commonly used low-molecular-weight nitric oxide donors in biome-
dical applications [172]. Indeed, administration of the NONOate die-
thylenetriamine •NO adduct (DETA/•NO) at range of concentrations
from 250 to 1000 μmol/L inhibited cell growth of the human leukemia
line HL-60 [173]. Examination of human metastatic prostate cells
confirmed, that high levels of •NO, derived from the DETA-NONOate,
inhibits epithelial-mesenchymal transition (EMT) and reverses both the
mesenchymal phenotype and the tumor invasive properties [174].

Notably, also •NO-derived HIV protease inhibitors are potential
novel class of anticancer drugs. A nitric oxide-modified derivative of
saquinavir (saquanivir-•NO) has reported strong antitumoral effects
with low toxic adverse effects [175–182]. Its anticancer effects was

examined in numerous cancer cells, including primary acute lympho-
blastic, acute myeloid leukemia, prostate, glioma and melanoma cells
[175–182]. In contrast to saquinavir, saquinavir-•NO had no effect on
the viability of primary cells [177–179]. p70S6 kinase and activation of
p53 were indicated as a plausible targets of saquanivir-NO [177–179].
The HIV protease inhibitors such as saquinavir-NO, are used with great
success in treating HIV-related Kaposi's sarcoma [180]. Another •NO-
releasing derivative of the anti-HIV protease inhibitor is lopinavir-•NO.
It exhibits a two-fold stronger anticancer activity as compared to lopi-
navir in vitro [181]. Importantly, lopinavir-•NO reduces the viability of
glioblastoma cells at significantly lower concentrations than the par-
ental drug. The anticancer effect of lopinavir-•NO seem to be present
even upon drug elimination [182].

7.3. Nanoparticles

Unfortunately, the majority of •NO donors do not release free radical
in a controlled manner directly to specific target. Moreover, low-mo-
lecular-weight •NO donors that disperse rapidly in biological medium
are easily cleared in kidneys and liver. Due to above, utilization of •NO
donors in target therapy is very difficult. To overcome these issues, •NO
donors can be incorporated into nanomaterials or chemically linked to
their surface. Nanomaterials have ability to load high levels of nitric
oxide, are considerably stable, and mimic endogenous •NO production
by iNOS [183].

The administration of exogenous •NO represents a challenge, be-
cause the non-systemic route of administration is relatively difficult to
achieve. There is a growing interest in a development of nitric oxide
eluting materials as potent anticancer agents. Targeted- •NO directly
and continuously released into the tumor site may be a key in the
treatment of cancer [184]. Polymeric nanoparticles are the most com-
monly used class of nanomaterials used to carry and deliver nitric oxide
in tumor cells. NONOate-multiarm-polymer-nanocarriers, composed of
poly-(6-O-methacryloyl-D-galactose), release therapeutic micromolar
concentrations of nitric oxide. The cytotoxicity of polymeric nano-
particles loaded with •NO was confirmed in human cancer cell lines.
Nitric oxide-releasing nanomaterials may be successfully co-adminis-
tered with traditional chemotherapy agents, such as cisplatin. They
sensitize cancer cells, decrease the used concentration of cisplatin, and
reduce traditional chemotherapy side effects [185].

Under physiological conditions, •NO release is induced by increased
temperature and pH [186]. Due to above, zwitterionic NONOate was
encapsulated into thermosensitive liposomes. The half-life of •NO re-
leased from free NONOate was about 1 h in contrast to 3 h - 7 h for
NONOate incorporated into the thermo-sensitive liposomes [186]. The
increased temperature found in the tumor site may be sufficient to
trigger nitric oxide release from the thermo-sensitive liposomes. In-
duction of nitric oxide release might also be achieved in the case of
cancer with external stimuli, such as with hyperthermia [186].

Silica nanoparticles are another molecular carriers that support
anticancer activity of nitric oxide. However, release of •NO from silica
nanoparticles completed in less than 1 h was the most valuable ther-
apeutic effect. Prolonged release of nitric oxide took several hours. This
is comparable to the physiological effect of endogenous nitric oxide
production by iNOS [187].

The use of metal nanoparticles and liposomes in therapies gives the
possibility of controlling nanoparticles in the human body. Example of
particles with ability to control in an organism are iron oxide (Fe3O4)
magnetic nanoparticles coated with mercaptosuccinic acid (MSA) and
dimercaptosuccinic acid (DMSA). The transformation of the Fe3O4 na-
noparticles allows to obtain S-nitrosated nanoparticles, which act as
spontaneous nitric oxide donors. Their cytotoxicity depends on the
concentration in the body and duration of action. However, the most
promising in cancer therapy are the supermagnetic nanoparticles active
at room temperature [188]. Moreover, they can be guided directly to
the tumor cells upon application of an external magnetic field what
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result in site-specific nitric oxide release to tumor cells [188]. Fur-
thermore, cytotoxicity of gold nanoparticles (AuNPs), capped with 2-
mercapto-5-nitrobenzimidazole (MNBI) releasing •NO to cervical cancer
cells (HeLa cells) was confirmed in the dark and under visible light
irradiation. The cell mortality was higher after treatment under light
irradiation in comparison with the dark condition. Moreover, the cy-
totoxicity of •NO-photo-releasing capped AuNPs with cisplatin was
found to possess similar antitumor effects. In fact, an 80% lower dose of
AuNPs was found to have a similar cytotoxicity as cisplatin. The
structure of the nanomaterial strengthens the apoptotic properties by
releasing nitric oxide after irradiation with visible light [189]. Nitro-
oxidative stress is also one of the mechanisms inducing cell death by
nanoparticles. A study conducted on human pancreatic ductal adeno-
carcinoma cells (PANC-1), demonstrated anti-cancer potential of silver
nanoparticles (AgNP), by an induction of ROS and RNS [150].

The control under the light nanoparticles is also possible with
quantum dots (QD) [190]. •NO donors linked to QDs may have im-
portant applications as anti-tumoral agents. The RSNO S-ni-
trosocysteine (Cys-•NO) was combined with multiwall TiO2 nanotube-
doped PbS quantum dots (PbS QDs) to release free nitric oxide. The
obtained nitric oxide-eluting hybrid nanomaterial (3.6 nm diameter and
several hundred nanometer lengths) was able to release millimolar
amounts of •NO in a few minutes. This can lead to significant cyto-
toxicity of cancer cells and is extremely promising in future therapies
[190].

7.4. Regulation of intracellular level of nitro-oxidative stress as the
sophisticated anticancer tool

Notably, beyond release the molecule of nitric oxide from a carrier,
some anticancer agents may also regulate NOS-dependent intracellular
level of nitro-oxidative stress. One of the compounds is 2-methox-
yestradiol, described also above. Our research group evidenced that 2-
ME selectively induces nNOS expression and drives nuclear transloca-
tion of the enzyme resulting in cancer cell death [93,127,140,191]. The
anticancer mechanism of 2-methoxyestradiol was strictly associated
with local •NO generation and DNA damage [140]. We have also evi-
denced that 2-ME regulates mitochondrial biogenesis pathway in
cancer cells under control of •NO [127]. Moreover, our preliminary
data, obtained by means of stopped flow spectrophotometry using
specific nitrogen dioxide tracker - complex ion cis-[Cr(C2O4) (AaraNH2)
(OH2)2]+ [72,121,150,151], suggest that nitrogen dioxide is a mediator
of cytotoxic activity of 2-methoxyestradiol (data not yet published).

8. The second side of the coin – nitric oxide abrogates efficiency of
anticancer therapy

As above-mentioned, low concentrations of •NO may support tumor
proliferation, migration and resistance to anticancer therapies.
Furthermore, the role of iNOS and •NO signaling on modulation of
anticancer efficacy is well documented. iNOS overexpression is found in
great number of malignancies including breast cancer, ovarian cancer,
melanoma or glioblastoma [192–194]. Moreover, overexpression of
iNOS is correlated with aggressive phenotype, disease progression and
poor survival outcome of patients with ovarian cancer and estrogen
receptor-negative breast cancer [45][195][196]. Especially, iNOS was
reported to be a strong predictor of survival in patients with very ag-
gressive phenotype of estrogen receptor negative breast cancer, namely:
triple negative breast cancer [193,194]. Interestingly, iNOS participate
in poor survival outcomes among estrogen receptor-negative breast
cancer in contrast to estrogen receptor-positive tumors [195]. This may
be due to •NO-mediated induction of interleukin 8 selectively in es-
trogen receptor-negative breast cancer cells [195]. Alternatively, the
differences between estrogen receptor-positive and negative-breast
cancer cells may be associated with tumor microenvironment i.e. ad-
ditional effects of estrogens on •NO level [195].

•NO promotes overall cancer progression via activating several on-
cogenic signaling pathways i.e. extracellular signal-regulated kinase
(ERK)/Akt, c-myc or PP2A phosphatase [193]. Pro-cancerogenic ac-
tivity of •NO is strictly dependent on its concentrations. As reported
low/physiological concentrations of nitric oxide, below or equal to
100 nM, promotes glycolysis for ATP production, oxidative defense and
cell proliferation of cancer cells [197]. While, activation of extracellular
signal-regulated kinase (ERK) and Akt, and stabilization of hypoxia-
inducible factor (Hif 1α) occurs at concentrations range of 200 nM up to
500 nM concentrations of •NO [198]. In addition, phosphorylation of
p53 occurs at 700–800 nM concentrations of •NO [45,195,198].

Interestingly, PP2A phosphatase, a tumor suppressor, negatively
regulates the same cancer-related signaling pathways activated by •NO
[193]. It was thus found the potential therapeutically target for therapy
of estrogen receptor-negative breast cancer [193]. Indeed, in our pre-
vious study we have evidenced that 2-ME activate PP2A. 2-ME in a
concentration-dependent manner had impacts on the gene and protein
expressions, as well as phosphorylation status of PP2A-α phosphatase in
osteosarcoma cancer cells [199]. We further demonstrated that 2-
methoxyestradiol decreases the level of nNOS phosphorylated at posi-
tion of serine 847 referred to as inactive pool of enzyme via activation
of PP2A phosphatase [199].

Notably, it was reported by numerous in vitro and in vivo studies that
endogenous •NO lead to development of resistance to photodynamic
therapy. What is even more interesting, it was only the nitric oxide
derived from iNOS responsible for cytoprotective effects. Photodynamic
therapy activates iNOS/nitric oxide signaling pathway leading to in-
creased proliferation and aggressiveness of cancer cells, involving
breast and prostate cancers or glioblastoma [200–202]. Effector pro-
teins responsible for photokilling resistance and cellular survival are
among others MAP kinases, cyclooxygenase 2, integrins, Bcl-xl or ma-
trix metaloproteinase-9 [197,203,204]. Importantly, both constitutive
and stress-induced iNOS seem to be engaged in the enhanced aggres-
siveness and resistance to photodynamic therapy [205].

Thus, specific iNOS inhibitors may complete the anticancer ad-
juvant therapy [203]. NOS inhibitors like 1400 W, L-NIO, JQ1, has
potent anticancer potential stated in preclinical studies [203,204,206].
The future of iNOS inhibitors as anticancer agents will be clearer over
the next years as results of the current clinical trials become available.
Up to date ASP9853, inhibitor of iNOS dimerization, in combination
with docetaxel was evaluated in Phase I study in advanced solid tumors.
Inhibition of NOS significantly enhances the efficacy of docetaxel re-
sponse in triple negative breast cancer [194]. Unfortunately, due to
toxicity and lack of clear efficacy, the study was terminated [206].
Nonetheless, control under the endogenous nitric oxide levels may
constitute an important tool in fight with cancer.

9. Conclusions

•NO may both inhibit or increase tumor progression depending on
the biological context, its concentration and duration of its production.
Elevated levels of reactive nitrogen species produced in cancer cells are
essential for the carcinogenesis and activation of signaling pathways
responsible for proliferation, metabolism and angiogenesis. However,
the increased status of oxidative stress in cancer cells makes them more
sensitive to reactive nitrogen species, which can lead to oxidation of
proteins, lipids and DNA. Despite the established contribution of •NO to
the pathogenesis of cancer, the implementation of •NO-based- anti-
cancer drugs requires the necessary further research.
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