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Cancer Immunoediting Come of Age 
The development in immunology in the last two decades has 

given us a different level of appreciation of the immune system and 
the dual role it plays in cancer. The immune surveillance system 
suppresses tumor formation by destroying cancer cells or obstructing 
their outgrowth. The development of some cancers might be seen as 
a failure of immune surveillance and the ability of tumors to thwart 
the development of effective immune responses against their antigens. 
This resistance of tumors against the immune response is facilitated 
by immunoediting of immune signals induced by the tumors and 
their metabolites during the course of carcinogenesis [1,2]. One of the 
components of the immune system that initiates the mechanism of 
cancer immunoediting is inflammation [3-5]. Some of the tools (such 
as nitric oxide and reactive nitrogen and or oxygen species) utilized by 
the immune system during infections and host defense also function to 
promote immune suppression in the tumor microenvironment.

Nitric oxide in cancer, a compelling relationship in tumor 
progression 

Nitric oxide is a gaseous signaling molecule in various biological 

systems [6]. It is highly reactive and diffuses freely across cell 
membranes. This property of NO makes it an ideal transient paracrine 
and autocrine signaling molecule in biological systems. Five chemical 
processes occur in the biological milieu upon exposure to NO: nitration 
and nitrosation, nitrosylation, oxidation and interactions with other 
free radicals, e.g., H2O2 [7]. All the five effects of NO have been reported 
to be involved in generation of modified metabolites in various cell 
signaling processes [3,8,9] (Figure1).

Nitric oxide is biosynthesized by three isoforms of nitric oxide 
synthases (NOSs). Endothelial NOS (eNOS), neuronal NOS (nNOS) 
and, inducible NOS (iNOS) are all involved in immune responses 
[3,7-9]. All the isoforms of NOS utilize L-arginine (L-Arg), oxygen, 
tetrahydrobiopterin and NADPH to generate NO and L-citrulline 
(L-Cit) [6,7]. Among these isoforms, iNOS exhibits high NO output and 
has been reported in various cell types, which include but not limited 
to M2 macrophages, MDSCs, dendritic cells, NK cells, tumor cells, 
endothelial cells, neuronal cells, and neutrophils which are involved 
in inflammation and cancer [10-16]. Cancer cells have a tendency 
to disregard oxygen availability, electing for less efficient anaerobic 
pathways of generating energy such as the pentose phosphate pathway 
and avoiding glycolysis [17]. The astuteness behind this is to manage 
the reactive oxygen species and or oxidative damage to itself in the 
tumor microenvironment. This process is specific for cancer cells, as 
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Abstract
Nitric oxide (NO), reactive nitrogen and oxygen species, hypoxia, L-arginine metabolites and peroxynitrite are 

contributing agents during various stages of carcinogenesis. Among these, NO contributes to various functions in the 
tumor microenvironment such as augmenting immune suppression, maintaining anergy to tumor associated antigens, 
stimulating angiogenesis, enhancing tumor growth and invasiveness, and modulating autophagy. Most cells in the 
tumor milieu either release NO and/or have altered physiological functions due to the influence of NO. Cancer 
cells evolve into a metabolic state to tolerate and reduce reactive nitrogen and oxygen species to elude oxidative 
damage. These cancer cells in the tumor microenvironment inhibit cellular infiltration of effector immune cells into 
the cancer milieu. Increased levels of CCAAT-enhancer-binding proteins such as C/EBP α and β are required for 
inducible Nitric Oxide Synthase (iNOS) gene expression and other transcripts for sustaining an immunosuppressive 
environment in growing tumors. The immunoediting property of reactive nitrogen and oxygen-modified metabolites 
change the functions of: intratumoral chemokines, T cell receptors, antigen specific tumor infiltrating lymphocytes 
(TILs), cytotoxic T lymphocyte, myeloid derived suppressive cells (MDSCs), gene expression, tumor suppressor 
genes, and Interferon responses which together countersignal tumor immunity. Recent studies show that reactive 
nitrogen species that promote tumor-mediated immune evasion can be reversed by gene therapy, immunotherapy, 
and chemotherapy by targeting or co-targeting excessive nitric oxide accumulation. 
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it may damage other metabolic active cells such as liver and immune 
cells. Thus “cancer cells make sacrifices for survival” [17]. 

Low level of NO is essential for immune functions whereas 
high levels of NO are associated with immune suppression [18]. 
Several studies using NOS-/- mice and/or NOS inhibitors have 
demonstrated that NO mostly promotes tumor progression as 
reviewed by Fukumura et al. [19]. Cells of the tumor milieu (Figure 
2) adapt to metabolic changes to limit the toxicity of free radicals, 
and acquire tumor immunity, resistance to apoptosis or other forms 
of cell death [7,17,20,21]. Thus NO is not only tightly regulated in the 
tumor environment, but it undergoes constant change and exhibits 
heterogenerous effects depending on the type of tumor, concentration 
of NO, NO’s ability to interact with other free radicals, proteins, metal 
ions and genetic background of its target [18]. The iNOS activity can 
change during tumor progression. For example, in colon cancers, iNOS 
activity is at the highest in adenomas. This iNOS activity decreases with 
advancing tumor-stages and was found to be minimum in metastatic 
tumors [19]. We and others have reported the pleiotropic role of NO in 
normal and pathophysiological conditions [22] including cancers [23]. 
In the present review, we will focus on the role of NO, NO producing 
cells, the modification of metabolites by free radicals and their impact 
on other cells involved in tumor immunity, immunotherapy, and 
chemotherapy. 

Free radical releasing cells in tumor milieu

The tumor milieu is a complex system of many cells [24]. They all 

participate in tumor progression, immunity, and immune suppression 
[5,25,26]. These cells include endothelial cells, pericytes, fibroblasts of 
various phenotypes, neutrophils and other granulocytes (eosinophils 
and basophils), cytotoxic T cells (CTL), mast cells, CD4 and CD8 T 
cells, B cells, natural killer (NK) lymphocytes, antigen-presenting cells 
such as macrophages, and dendritic cells [5,25,26]. Among these are 
cells with specialized functions such as T regulatory cells (Tregs) and 
MDSC [2,10,14,27]. The phenotypes of tumor-associated macrophages 
(TAMs) are distinct from normal macrophages [11]. Tumor-associated 
macrophages exhibit pro-tumoural functions and participate in 
suppression of adaptive immunity [11]. They also exhibit functional 
plasticity and also show reversible adaptation to changing environments 
[16,28].The TAMs, MDSCs, dendritic cells, NK cells, tumor cells, 
neutrophils, eosinophils, basophils, and endothelial cells have been 
reported to release NO and free radicals, which influence physiological 
functions in the tumor microenvironment [10,11,19,21,29-32].

The hijacking of myeloid-derived suppressor cells (MDSCs) 
by tumors

The immune system is structured to protect itself from excessive 
immune stimulation induced by cancer and/or self-antigens released 
by trauma. In the process, a complex network of soluble factors 
stimulates the production of immature myeloid cells (IMC) from the 
bone marrow and into the blood circulation [33,34].

Increased amounts of IMCs are also associated with a state of 
immune suppression, dysfunctional dendritic cells, and T cells [35]. 
These IMCs can also generate a separate lineage of cells with distinct 
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Figure 1: Nitric oxide, peroxynitrite, and superoxide promote immunosuppres-
sion in tumor milieu: Most tumors show increased levels of free radicals which 
include reactive nitrogen and or oxygen species; however, cancer cells disre-
gard the availability of oxygen and choose a less efficient path for generating 
energy. Cancer cells operate via the pentose phosphate pathway (PPP) for 
their energy which generates fewer free radicals as compared to the glycolysis. 
The aim is to prevent the buildup of reactive nitrogen species and reactive oxy-
gen species and oxidative damage. In the process, cancer cells show increased 
levels of superoxide dismutase (SOD) activity and hypoxia-inducible protein 
factors (HIFs). HIF-1α is a transcription factor which induces transcription of 
several genes in hypoxia and low oxygen tension for cell survival. SODs are re-
sponsible for eliminating free radicals. The reactive nitrogen and or oxygen spe-
cies support conditions of immunosuppression in the tumor microenvironment. 
Some of the mechanisms include modification of metabolites of transformed 
cells and other cells in the vicinity such as impairing the activities of T and NK 
cells that are involved in tumor regression. Reactive nitrogen species modify 
chemokine that are required for signals that facilitate the entry of effectors cells 
into the tumor but allow myeloid cells which promote immunosuppression. Nitric 
oxide modifies various signal transduction molecules within the cells that alter 
the functions of various cells with respect to autophagy and apoptosis. It also 
modulates oncogenes like p53 which regulate apoptosis [7]. Reactive nitrogen 
and or oxygen species influence the changes in the cell-surface markers and 
modify cell phenotypes involved in carcinogenesis.
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Figure 2: Strategies for modulating nitric oxide, peroxynitrite, and superoxide 
in tumor milieu for therapy: The figure shows the various targets in the tumor 
milieu for therapeutic intervention. Reactive nitrogen and oxygen species and 
peroxynitrite within the tumor milieu are necessary and collective contributors 
of tumor-mediated immune evasion.(3, 19). They may function independently 
or collaboratively depending on the biochemical event. The cancer cells have 
evolved into a metabolic state to not only tolerate, but reduce reactive free 
radicals and oxidative damage. This metabolic state is regulated by various 
biochemical pathways {e.g. pentose phosphate pathways (PPP)}, enzymes 
{e.g. superoxide dismutase (SOD)} and other factors {such as hypoxia-induc-
ible factors (HIFs)} in the tumor milieu [17,56,57,71]. Several strategies have 
shown promising results in reversing immunosuppression by disrupting the 
roles of reactive nitrogen and oxygen species in tumors in animal studies and 
in man [56,57] These approaches include immunotherapy, gene therapy and 
chemotherapy [19,56,57,71]. Gene therapy targets the basic redox balancing 
processes. This approach is cancer-cell specific and it avoids collateral dam-
age. Various chemotherapies and immune therapies reduce the levels of reac-
tive nitrogen and/or oxygen species as secondary targets. Inhibitors of reactive 
nitrogen and or oxygen species have been used during Adoptive Cell Therapy 
or in vivo for preconditioning tumor microenvironment with other combinational 
therapies [19,46]. Another approach is by increasing the levels of endogenous 
nitric acid in tumors or introducing exogenous NO which sensitizes tumors to 
radiation therapy [19].
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immunoregulatory properties, which include MDSCs. While MDSCs 
have been reported to have a role in wound healing and tissue repair, 
tumors have learned to ‘harness’, these characteristics of MDSCs for 
antitumor immunity and tolerance, promote tumor development, and 
metastasis [16]. Myeloid derived suppressive cells are characterized 
by increased levels of arginase activity, reactive oxygen species and 
NO. In mice, their phenotype is CD11b+Gr1+ and in humans, it is 
CD11b+CD14-CD33+ or Lin-HLA-DR- CD33+ [11,16,36]. The human 
cells do not express the Gr1 homologue. The human population 
of MDSCs in blood shows the CD15+ marker [16]. Myeloid derived 
suppressive cells do not exhibit an immunosuppressive phenotype in 
the bone marrow, but that may change in the lymphoid organs and 
cancer due to the inflammatory environment, growth factors, cytokines 
and chemokines. In the tumor milieu, MDSC differentiates into a 
tumor associated macrophages like phenotype and retain their ability 
to generate NO and free radicals [16]. Kilinc et al. (2011) 1suggested 
that iNOS+- myeloid cells in tumors have multiple effector functions. 
They are also phenotypically similar to TAMs. These cells could be 
immune stained for iNOS expression but could be separated into two 
populations (P1) CD11bhigh, Gr1low/- F4/80+ cells and (P2) CD11b low/-

, Gr1 low/- F4/80. These populations of cells were also observed in the 
bone marrow and blood and their accumulation was dependent on 
tumor growth. Furthermore, In vitro experiments showed that these 
iNOS+ myeloid cells in the tumors could inhibit proliferation of CD8+ T 
cells and induce apoptosis which could be reversed by iNOS inhibitors 
[1]. These intra-tumoral MDSCs acquire strong immunosuppressive 
activity as described below by utilizing NO and other free radicals as 
one of the arsenals for their effector functions. 

L-Arginine metabolism, reactive nitrogen species and 
peroxynitrites in immunoediting of immune signals

L-Arginine is a substrate to three enzymes involved in the regulation 
of free radicals. Cytoplasmic arginase (arginase 1) and mitochondrial 
arginase (arginase 2) hydrolyze L-Arg to urea and ornithine. Ornithine 
is converted to polyamines by ornithine decarboxylase [16,19]. iNOS 
oxidizes L-Arg to L-Cit and releases NO [37]. An increased level of 
arginase and iNOS activity has been documented in patients with 
melanomas, gliomas, sarcomas, prostate, breast, colon, and lung cancer 
[16,19,38]. Previous studies have proposed that the increased arginase 
enzymatic activity in tumors is required to sustain the high demand 
of polyamines necessary for tumor growth [39]. Furthermore, specific 
oncogenes and tumor-suppressor genes have also been reported to 
regulate polyamine metabolism [39]. 

Tumor infiltrating lymphocytes cells (TILs) migrate from the 
blood stream into the tumor. In most solid tumors, TILs are unable 
to kill autologous tumors and are predominantly in an anergic state 
[16,40]. Increased arginase activity in tumor infiltrating macrophages 
diminished synthesis of the CD3 zeta chain and antigen-specific T cell 
responses [16,40]. Macrophages stimulated with IL-4 plus IL-13 up-
regulated arginase1 and amino acid transporter 2B, which triggered a 
rapid reduction in the levels of L-Arg in the extracellular compartment. 
This coincided with decreased expression of CD3 zeta chain in T 
lymphocytes and reduced proliferation of T lymphocytes [29]. Addition 
of excess L-Arg or competitive inhibitors of arginase 1 reversed the 
expression of CD3 zeta chain and recovered the proliferation of T 
lymphocytes. In contrast, inhibitors of iNOS inhibitors or arginase 2 
failed to significantly reduce the extracellular levels of L-Arg or restore 
CD3 zeta chain function [29]. The loss of CD3 zeta chain was more 
significant for inhibition of CD4+ T cell than of CD8+ T cell function. 
This cancer related immunosuppressive activity is also observed in the 

spleen where splenic MDSCs also down-regulated of CD3 zeta chain 
expression in antigen-stimulated CD4+but not CD8+ T cells. Another 
mechanism where L-Arg metabolism augments T cell suppression is 
reported in individuals with prostate cancer [35]. Increased expression 
of arginase 2 and iNOS by cancer cells inhibited CD8+ tumor-
infiltrating lymphocytes. These CD8+ tumor-infiltrating lymphocytes 
did not show any changes in the expression of CD3 zeta chain or other 
significant deficiencies in the TCR signaling mechanisms [29,41]. The 
third possible mechanism to inhibit T cell proliferation in tumors 
milieu is mediated by neutrophils, which showed increased levels of 
arginase 1 and depletion of extracellular L-Arg [15].The mechanism 
of immune suppression by neutrophils was associatedwith release of 
azurophil granules.

The upregulation of NO in several human cancers contribute 
to neoangiogenesis, tumor metastasis, tumor-related immune 
suppression, and autophagy by modification of signal transduction 
pathways [18,19].Unlike the increased activity of arginase, which 
leads to paralysis of T cell functions due to depletion of the CD3 zeta 
chain, increased levels of NO inhibit JAK-1 and -3, Erk, Akt, STAT5 
phosphorylation, and blocks IL-2 signaling In T cells [12,19]. Nitric 
oxide modulates autophagy by S-nitrosylation of JNK1 and IKKβ. 
In the process, inhibition of JNK1 decreases Bcl-2 phosphorylation, 
and blocks the formation of the hVps34/Beclin 1 complex and 
related signaling pathway. Nitric Oxide induces inhibition of IKKβ, 
decreases AMPK phosphorylation and activates TSC2 and mTORC1 
[42]. Overexpression of all isoforms of NOS impairs autophagosome 
formation through the JNK1–Bcl-2 pathway and in the process 
facilitates tumor growth [42]. S-nitrosylation of caspase 3 (at 
Cys163) results in decreased apoptosis of cells, where S-nitrosylation 
of p21Ras (at Cys118) results in activation of Ras and increased 
proliferation and migration of endothelial cells [19,43,44]. Increased 
levels of NO is associated with G:C to A:T mutation in oncogene 
p53 at 5-methylcytosine site in breast, brain and stomach cancer [3]. 
Increased levels of nitric oxide in MDSCs correlated with nitration of 
STAT1 (Ni-STAT1) and inhibition of phosphorylation of Try 701. The 
Ni-STAT1 coincided with reduced IFN-response in immune cells in 
animal models of adenocarcinomas which could be reversed in iNOS 
-/- mice [19].

Post-translational modification of DNA bases, amino acids, 
and chemokines have been reported in tumor micro environments 
with increased levels of reactive nitrogen species and peroxynitrite 
[3,45]. The production of reactive nitrogen species induce nitration 
of Chemokine (C-C motif) ligand 2- (CCL2) leading to formation of 
N-CCL2, which deters T cell infiltration into the tumor. Although 
N-CCL2 trapped tumor-specific T cells in the stroma that surrounded 
cancer cells, N-CCL2 attracted myeloid cells into the tumor [46-48]. 
The action of N-CCL2 was reversible by preconditioning of the tumor 
milieu with drugs (with peroxynitrite–scavenging activity) that block 
CCL2 nitration, which also facilitated CTL invasion of the tumor. 
Furthermore, NO induces changes in cellular phenotypes that promote 
immune suppression. For example, NO facilitated transformation of 
CD4+CD25+ Foxp3+ regulatory T cells from CD4+CD25− T cells via 
p53 and IL-2 [16,19]. Recent studies have also shown a close association 
between NO and NK cell-mediated target-cell-killing. For instance, 
OX40 NK cell’s cytotoxic activity is dependent on NO synthesis 
and inhibitors of NO synthesis impair NK cell-mediated target cell 
killing [49]. Several studies have shown that Th1 and Th2 cytokines 
competitively regulate arginase and iNOS within the intracellular 
biochemical pathways, negative feed-back loops, and competition for 
the same substrate [16]. The dual activation of arginase and iNOS in 
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myeloid cells unleash a powerful inhibitory signals preventing antigen-
specific T lymphocytes to penetrate the tumor and eventually leading 
to apoptotic death of these antigen-specific T lymphocytes [35]. When 
iNOS and arginase 1 are induced together, peroxynitrite generated 
by iNOS under conditions of limiting L-arginine, causes activated T 
lymphocytes to undergo apoptosis [35]. Thus iNOS and arginase 1 
may act separately or synergistically in vivo in cancer milieu. Cancer 
cells depend on intricate antioxidative reactions which supply large 
amounts of reducing equivalents that neutralize reactive oxygen 
species [48]. The isoforms of Pyruvate Kinase (PKMs) regulate anti-
oxidative metabolism in cancer cells. Lung cancer cells which show 
oxidation of PKM2 (on Cys 358) exhibited decreased PKM2 activity 
shifting glucose-6-phosphate to the pentose phosphate pathway [17]. 
The activation of this pathway in cancer cells is essential for limiting 
reactive oxygen species accumulation, reducing oxidative stress, and 
tumor growth [17].

CCAAT-enhancer-binding proteins (C/EBP) are common 
regulators for iNOS gene expression, tumor induced tolerance, and 
immune suppression [50]. The regulation of MDSCs is influenced 
by the cytokines such as GM-CSF, G-CSF and IL-6, which are also 
dependent on CCAAT-enhancer-binding proteins. These cytokines 
promote the production of MDSCs from precursors present in bone 
marrow (BM). The BM-MDSCs were dependent on the transcription 
factor C/EBPβ for some of their effector functions [51]. Adoptive 
transfer of tumor antigen-specific CD8+ T cells in mice devoid of C/
EBPβ in myeloid cells gave rise to promising therapy in established 
tumors [49-51]. These observations suggested that C/EBPβ is not only 
a key regulator of iNOS expression [52,53], but also regulates several 
other transcripts (such as GM-CSF, G-CSF and IL-6) that foster the 
immunosuppressive milieu structured by growing cancers [49-53].

Challenges and promises of targeting NO, reactive nitrogen 
and oxygen species -modified metabolites for immunotherapy and 
chemotherapy.

Small molecules and biologics are being developed to create 
isozyme-specific inhibitors for both nitric oxide synthases and 
arginases [19,54,55]. It should be noted that inhibitors of arginase 1 may 
interfere in the final cytosolic step of the urea cycle and the clearance 
of nitrogenous waste in the liver [19,39]. Thus arginase inhibitors may 
cause hyperammonemia. Selective iNOS antagonists such as N-nitro-
L-arginine methyl ester have also been reported to inhibit arginase 
activity [12]. Another iNOS-selective inhibitor (1400W), inhibited 
growth of iNOS expressing tumors [19]. 

Co-activation of arginase and iNOS within the same environment 
can generate the production of several types of reactive nitrogen and 
oxygen species. For example, solid tumor environments which are in 
a hypoxic state with increased arginase 1 activity deplete L-arginine 
concentrations. The uncoupling reaction by the NOS reductase 
domain at low L-arginine concentrations release superoxides (O2-
) [12], which reacts immediately with residual NO, leading to the 
formation of peroxinitrite [3,12]. Superoxide dismutases (SODs) 
which are unregulated in cancer cells and MDSCs are vital enzymes 
that eliminate superoxide radical (O2-) and therefore, protect cancer 
cells from injury induced by free radicals [56]. Several reports in the 
literate describe SOD as a potential target for immunotherapy [57]. 
Recent studies suggest that therapeutic failure of cancer correlated with 
high contents of free radicals and peroxynitrite in tumors [19,46,47]. 
Peroxynitrite has been described to react with several amino acids by 
directly modifying tryptophan, methionine, cysteine, phenylalanine, 
histidine and typtophan [45]. Peroxynitrite that is generated by tumor 

conditioned- MDSCs {by their iNOS and NADPH oxidases} can 
modify tyrosine residues on the T cell receptors and CD8 receptors, 
resulting in a decreased recognition of peptide–MHC complexes [58]. 
Since modifications of CCR2 chemokines in the tumor environment 
can block the entry of effector cells into the tumor environments, 
therapeutic intervention to avert the formation of N-CCR2 expression 
may be one approach for effective active immunotherapy [46].

Several immunization protocols have shifted the function of NO in 
immunotherapy. For example, Ribavirin (RBV) has been reported to 
change an immune response from Th2 toward a Th1 cytokine profile 
and also inhibit tetrahydrobiopterin synthesis: an essential cofactor 
for the generation of NO by NOS. Ribavirin decreases NO production 
and can be useful for sensitizing the treatment of melanomas, which 
are known to overexpress NOS [59]. Similarly, Kahn et al. [60] have 
shown that adjuvant based immunotherapy required functional 
iNOS synthesis before procuring immunoprotective effects of 
immunotherapy. These adjuvant immunized mice showed high 
expression of iNOS expression in spleen and lymph nodes [60]. Weiss 
et al. [61] showed that iNOS expressed in the macrophages controlled 
metastasis of renal carcinomas to the lung during IL-2/anti-CD40 
immunotherapy [62]. These outcomes highlight the feasibility of using 
NO-modulating agents in combination-immunotherapy to build new 
strategies for cancer therapy.

Tumor cells can be targeted by increasing NO toxicity in the 
tumor microenvironment. Several studies have shown that targeted 
overloading of reactive oxygen and nitrogen species render cancer cells 
susceptible to oxidative damage by neutralizing the protective shield 
of the Warburg’s effects [17]. For example, this can be achieved by 
transfection of iNOS gene which inhibited growth of several cancers 
[19]. Similarly, retroviral vector-expression iNOS and an anti-carcino 
embryonic antigen (CEA) antibody chain targeted tumor cells and 
induced apoptosis of malignant cells [62]. Injection of NO-releasing 
agents such as iNOS-expressing-microencapsulated cells amplified 
the levels of FAS and FASL protein in tumors and inhibited growth 
of colon and ovarian cancers [19]. These approaches also improved 
vascular density and radio-sensitivity in human colorectal cancer. 
Nitric oxide–producing hypoxic cells are sensitive to radiation due 
to impaired DNA damage repair mechanisms [63]. iNOS expression 
in colon cancer potentiates radiation treatment [19]. Activation of 
eNOS by low dose radiation increased blood flow into tumors and also 
increased radiation sensitivity in fibrosarcomas, liver, and lung cancers 
[19].

Non-steroidal anti-inflammatory drugs (NSAIDS) have been 
reported to play a protective role in various tumors [64]. We and 
others have previously reported the ability of Aspirin to inhibit iNOS 
at clinically relevant concentrations by acetylating NOS [65]. NSAIDS 
in combination with NO donors seem to be more effective therapeutic 
agents. Nitro-aspirin (NO-ASA) inhibits both arginase1 and iNOS 
activities in lymphoid organs, spleen, and tumor-related myeloid 
cells [66,67]. Administration of a mixture of NO-ASA in colon cancer 
models showed additive effects and strong synergism with increased 
reduction in tumor growth than single-drug treatments [68]. Nitro-
aspirin may sensitize cancer cells for the effects of other antitumor 
drugs. Bronte et al., designed a NO donor designated as AT38. AT38 
promoted a massive T cell infiltration into the tumor milieu in prostate 
cancer to augment tumor regression by immunotherapy [46]. Michaud 
et al. showed that reducing the activity of two genetic determinants: 
ATG5 and ATG7 (which regulate autophagy) by chemotherapy-
induced autophagy in mouse tumor cells [69]. A preclinical study with 
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Hydroxychloroquine (HCQ) which also regulates autophagy (and 
iNOS expression) increases the efficacy of chemotherapy. Treatment 
of patients with metastatic melanomas in Phase I studies with 
Temsirolimus plus HCQ showed stabilization of tumors in 73% of the 
patients as compared to none with Temsirolimus alone [70].

Hypoxia is known to induce iNOS gene expression and up-regulate 
peroxynitrite production during malignant transformation [71]. HIF1α 
was shown to drive the sequence of events leading to upregulation of 
arginase 1 and iNOS in tumor macrophages [72]. Thus inhibition of 
HIF-1α can be a potential therapeutic target against cancer. HIF-1α 
inhibitors such as farnesyl transferase inhibitors and PI3K inhibitors 
are currently in clinical studies as anti-cancer drugs [19].

Summary and Conclusions
The role of NO in cancer like other biological systems is dependent 

on the effects and concentration of NO in the microenvironment. Nitric 
oxide participates in both direct and indirect reactions in cancer.Nitric 
oxide may directly interact with its molecular targets suchas metal ions, 
orit may indirectly react with oxygen and / or superoxide generating 
free nitrogen species which promote nitrosative and / or oxidative 
stress [6, 8, 66]. The tumor milieu in most cancers adapts itself to utilize 
NOto its advantage. Nitric oxide is part of an inflammatory process 
[4,12,22,23,65]. Chronic inflammation is associated with several 
cancers  including infection-induced cancers [4,9]. The iNOS-/- animals 
showed impaired or delayed wound healing whereas arginine and NO 
administration improved healing [73]. Wound repair and tumor growth 
are analogous with respect to tissue remodeling, cell proliferation, 
angiogenesis, infiltration of inflammatory cells, regulation of cytokines 
and growth factors [73]. The inflammatory process which is involved 
in wound healing evades the normal wound healing process bysubtle 
modifications in the cancer milieu. In cancer, the Tregs, MDSCs and 
TAMs exhibit pro-tumoural functions and participate in suppression of 
adaptive immunity [2,10,14,27,28,29-32]. The immature myeloid cells 
from the bone marrow that are normally involved in woundhealing 
exhibit a state of immune suppression during carcinogenesis [33-35]. 
Furthermore, the loss of T cell receptor chain prevents antigen specific T 
cells response in tumors [29, 41]. Another mechanism to refocus the role 
of T cells by tumor generating NO is bynitration of chemokineswhich 
deters T cell infiltration into the tumor [46-48]. The dual actions of 
arginase and iNOS modulate innate and adaptive immunity to further 
promotetumors survival and growth [1, 2, 3]. The metabolic activity of 
tumor cells alsotransforms from normoxia to hypoxia by shifting to the 
utilization of the pentose phosphate pathway, limiting reactive oxygen 
species accumulation, reducing oxidative stress and tumor growth [17]. 

The role of NO in cancer is like a “double edge sword” since its 
differential actions are dependent on the concentration of NO in the 
microenvironment. Low levels of nitric oxide (<10nM) is normally 
associated with homeostatic physiological functions in the muscle and 
endothelial cells [73]. Hundred to three hundred nM of nitric oxide is 
sufficient for HIF-1expression, p53-phosphoration, DNA damage, anti-
apoptotic response and MMP 9 expression in tumor cells [73]. More 
than1000nMof NO are associated withphagocytosis, apoptosis and 
cell death [73]. Thus, higher levels of NO promote anti-tumor activity 
and cell death, and sustained fluxes of low levels of NO promote tumor 
growth. Indeed, five years survival rate of cancer patients decrease with 
enhanced iNOS expression in the tumor [73].

In summary, the future of using NO and/or other free-radicals 
modulating agents with standard anti-cancer therapies appear 
promising. These approaches will require the consideration of 

immunization or therapeutic timetable and suppressive networks 
present in a particular tumor. The complete inhibition of iNOS activity 
and or other free radicals (which are also required for housekeeping 
activity) may not be necessary to reverse immune tolerance in cancer. 
These modulators may be effective in combination with other therapies: 
For example, Chemically Modified Tetracyclines with reduced 
anti-microbial activity such as ORACEATM whose pharmacological 
properties include decreasing free radicals, inflammation, and nitric 
oxide production [3,19,73] can be a promising FDA-approved agents 
to sensitize cancer cells when combined with other anti-cancer drugs 
and therapies.

Acknowledgement

I would like to thank Dr. Kalpit Vora, Vaccine Department. Merck Inc. NJ. 
USA. for his constructive and intellectual contribution for the preparation of this 
manuscript.

Footnote

Identification and characterization of a particular subset of MDSC with possible 
multiple effector roles in tumorgenesis. Lauren P. Virtuoso, Jamie L. Harden, 
Paula Sotomayor, Fuminobu Yoshimura, Nejat K. Egilmez and Mehmet O. Kilinc. 
Presented at Society for Immunotherapy of Cancer. North Bethesda, November, 
2011. 

References

1.	 Schreiber RD, Old LJ, Smyth MJ (2011) Cancer immunoediting: integrating 
immunity’s roles in cancer suppression and promotion. Science 331: 1565-
1570. 

2.	 Vesely MD, Kershaw MH, Schreiber RD, Smyth MJ (2011) Natural innate and 
adaptive immunity to cancer. Annu Rev Immunol 29: 235-271.

3.	 Hussain SP, Hofseth LJ, Harris CC (2003) Radical causes of cancer. Nat Rev 
Cancer 3: 276-285.

4.	 Mantovani A, Allavena P, Sica A, Balkwill F (2008) Cancer-related inflammation. 
Nature 454: 436-444.

5.	 Whiteside TL (2008) The tumor microenvironment and its role in promoting 
tumor growth. Oncogene 27: 5904-5912.

6.	 Rosselli M, Keller PJ, Dubey RK (1998) Role of nitric oxide in the biology, 
physiology and pathophysiology of reproduction. Hum Reprod Update 4: 3-24.

7.	 Lancaster JR Jr, Xie K (2006) Tumors face NO problems? Cancer Res 66: 
6459-6462.

8.	 Lamas S, Lowenstein CJ, Michel T (2007) Nitric oxide signaling comes of age: 
20 years and thriving. Cardiovasc Res 75: 207-209.

9.	 Hofseth LJ, Hussain SP, Wogan GN, Harris CC (2003) Nitric oxide in cancer 
and chemoprevention. Free Radic Biol Med 34: 955-968.

10.	Aiello S, Noris M, Piccinini G, Tomasoni S, Casiraghi F, et al. (2000) Thymic 
dendritic cells express inducible nitric oxide synthase and generate nitric oxide 
in response to self- and alloantigens. J Immunol 164: 4649-4658.

11.	Allavena P, Sica A, Solinas G, Porta C, Mantovani A (2008) The inflammatory 
micro-environment in tumor progression: the role of tumor-associated 
macrophages. Crit Rev Oncol Hematol 66: 1-9.

12.	Bronte V, Zanovello P (2005) Regulation of immune responses by L-arginine 
metabolism. Nat Rev Immunol 5: 641-654.

13.	Cifone MG, Ulisse S, Santoni A (2001) Natural killer cells and nitric oxide. Int 
Immunopharmacol 1: 1513-1524.

14.	Ostrand-Rosenberg S, Sinha P (2009) Myeloid-derived suppressor cells: 
linking inflammation and cancer. J Immunol 182: 4499-4506.

15.	Rotondo R, Bertolotto M, Barisione G, Astigiano S, Mandruzzato S, et al. 
(2011) Exocytosis of azurophil and arginase 1-containing granules by activated 
polymorphonuclear neutrophils is required to inhibit T lymphocyte proliferation. 
J Leukoc Biol 89: 721-727.

16.	Sica A, Bronte V (2007) Altered macrophage differentiation and immune 
dysfunction in tumor development. J Clin Invest 117: 1155-1166. 

17.	Grüning NM, Ralser M (2011) Cancer: Sacrifice for survival. Nature 480: 190-

http://www.ncbi.nlm.nih.gov/pubmed/21436444
http://www.ncbi.nlm.nih.gov/pubmed/21436444
http://www.ncbi.nlm.nih.gov/pubmed/21436444
http://www.ncbi.nlm.nih.gov/pubmed/21219185
http://www.ncbi.nlm.nih.gov/pubmed/21219185
http://www.ncbi.nlm.nih.gov/pubmed/12671666
http://www.ncbi.nlm.nih.gov/pubmed/12671666
http://www.ncbi.nlm.nih.gov/pubmed/18650914
http://www.ncbi.nlm.nih.gov/pubmed/18650914
http://www.ncbi.nlm.nih.gov/pubmed/18836471
http://www.ncbi.nlm.nih.gov/pubmed/18836471
http://www.ncbi.nlm.nih.gov/pubmed/9622410
http://www.ncbi.nlm.nih.gov/pubmed/9622410
http://www.ncbi.nlm.nih.gov/pubmed/16818612
http://www.ncbi.nlm.nih.gov/pubmed/16818612
http://www.ncbi.nlm.nih.gov/pubmed/12684081
http://www.ncbi.nlm.nih.gov/pubmed/12684081
http://www.ncbi.nlm.nih.gov/pubmed/10779769
http://www.ncbi.nlm.nih.gov/pubmed/10779769
http://www.ncbi.nlm.nih.gov/pubmed/10779769
http://www.ncbi.nlm.nih.gov/pubmed/17913510
http://www.ncbi.nlm.nih.gov/pubmed/17913510
http://www.ncbi.nlm.nih.gov/pubmed/17913510
http://www.ncbi.nlm.nih.gov/pubmed/16056256
http://www.ncbi.nlm.nih.gov/pubmed/16056256
http://www.ncbi.nlm.nih.gov/pubmed/11515816
http://www.ncbi.nlm.nih.gov/pubmed/11515816
http://www.ncbi.nlm.nih.gov/pubmed/19342621
http://www.ncbi.nlm.nih.gov/pubmed/19342621
http://www.ncbi.nlm.nih.gov/pubmed/21330347
http://www.ncbi.nlm.nih.gov/pubmed/21330347
http://www.ncbi.nlm.nih.gov/pubmed/21330347
http://www.ncbi.nlm.nih.gov/pubmed/21330347
http://www.ncbi.nlm.nih.gov/pubmed/17476345
http://www.ncbi.nlm.nih.gov/pubmed/17476345
http://www.ncbi.nlm.nih.gov/pubmed/22158241


Citation: Amin AR (2012) The Metabolomics of Nitric Oxide and Reactive Nitrogen Species in Immune Editing Tumor Milieu: Influence of Nitric Oxide-
Modulating Therapies. J Drug Metab Toxicol S8:002. doi:10.4172/2157-7609.S8-002

Page 6 of 7

J Drug Metab Toxicol                                                                                                                            ISSN: 2157-7609 JDMT, an open access journal
Mechanisms in Free radical 

Metabolomics

191.

18.	Jenkins DC, Charles IG, Thomsen LL, Moss DW, Holmes LS, et al. (1995) 
Roles of nitric oxide in tumor growth. Proc Natl Acad Sci U S A 92: 4392-4396.

19.	Fukumura D, Kashiwagi S, Jain RK (2006) The role of nitric oxide in tumour 
progression. Nat Rev Cancer 6: 521-534.

20.	Wink DA, Vodovotz Y, Laval J, Laval F, Dewhirst MW, et al. (1998) The 
multifaceted roles of nitric oxide in cancer. Carcinogenesis 19: 711-721.

21.	Xu W, Liu LZ, Loizidou M, Ahmed M, Charles IG (2002) The role of nitric oxide 
in cancer. Cell Res 12: 311-320.

22.	Amin AR, Abramson SB (1998) The role of nitric oxide in articular cartilage 
breakdown in osteoarthritis. Curr Opin Rheumatol 10: 263-268.

23.	Di Cesare PE, Carlson CS, Attur M, Kale AA, Abramson SB, et al. (1998) Up-
regulation of inducible nitric oxide synthase and production of nitric oxide by the 
Swarm rat and human chondrosarcoma. J Orthop Res 16: 667-674.

24.	Krummel MF (2010) Illuminating emergent activity in the immune system by 
real-time imaging. Nat Immunol 11: 554-557.

25.	Carmeliet P, Jain RK (2011) Molecular mechanisms and clinical applications of 
angiogenesis. Nature 473: 298-307.

26.	Whiteside TL (1998) Immune cells in the tumor microenvironment. Mechanisms 
responsible for functional and signaling defects. Adv Exp Med Biol 451: 167-
171.

27.	Serafini P, Borrello I, Bronte V (2006) Myeloid suppressor cells in cancer: 
recruitment, phenotype, properties, and mechanisms of immune suppression. 
Semin Cancer Biol 16: 53-65.

28.	Sica A, Rubino L, Mancino A, Larghi P, Porta C, et al. (2007) Targeting tumour-
associated macrophages. Expert Opin Ther Targets 11: 1219-1229.

29.	Bronte V, Serafini P, Mazzoni A, Segal DM, Zanovello P (2003) L-arginine 
metabolism in myeloid cells controls T-lymphocyte functions. Trends Immunol 
24: 302-306.

30.	Chang CI, Liao JC, Kuo L (2001) Macrophage arginase promotes tumor cell 
growth and suppresses nitric oxide-mediated tumor cytotoxicity. Cancer Res 
61: 1100-1106.

31.	Eyler CE, Wu Q, Yan K, MacSwords JM, Chandler-Militello D, et al. (2011) 
Glioma stem cell proliferation and tumor growth are promoted by nitric oxide 
synthase-2. Cell 146: 53-66.

32.	Hou Y, Wang J, Andreana PR, Cantauria G, Tarasia S, et al. (1999) Targeting 
nitric oxide to cancer cells: cytotoxicity studies of glyco-S-nitrosothiols. Bioorg 
Med Chem Lett 9: 2255-2258.

33.	Almand B, Clark JI, Nikitina E, van Beynen J, English NR, et al. (2001) Increased 
production of immature myeloid cells in cancer patients: a mechanism of 
immunosuppression in cancer. J Immunol 166: 678-689.

34.	Youn JI, Collazo M, Shalova IN, Biswas SK, Gabrilovich DI (2012) 
Characterization of the nature of granulocytic myeloid-derived suppressor cells 
in tumor-bearing mice. J Leukoc Biol 91: 167-181.

35.	Bronte V, Kasic T, Gri G, Gallana K, Borsellino G, et al. (2005) Boosting 
antitumor responses of T lymphocytes infiltrating human prostate cancers. J 
Exp Med 201: 1257-1268.

36.	Bunt SK, Sinha P, Clements VK, Leips J, Ostrand-Rosenberg S (2006) 
Inflammation induces myeloid-derived suppressor cells that facilitate tumor 
progression. J Immunol 176: 284-290. 

37.	Wu G, Morris SM Jr (1998) Arginine metabolism: nitric oxide and beyond. 
Biochem J 336 : 1-17.

38.	Cederbaum SD, Yu H, Grody WW, Kern RM, Yoo P, et al. (2004) Arginases I 
and II: do their functions overlap? Mol Genet Metab 81 Suppl 1: S38-44.

39.	Gerner EW, Meyskens FL Jr (2004) Polyamines and cancer: old molecules, 
new understanding. Nat Rev Cancer 4: 781-792.

40.	Zea AH, Rodriguez PC, Culotta KS, Hernandez CP, DeSalvo J, et al. (2004) 
L-Arginine modulates CD3zeta expression and T cell function in activated 
human T lymphocytes. Cell Immunol 232: 21-31.

41.	Rodriguez PC, Quiceno DG, Zabaleta J, Ortiz B, Zea AH, et al. (2004) Arginase 
I production in the tumor microenvironment by mature myeloid cells inhibits 
T-cell receptor expression and antigen-specific T-cell responses. Cancer Res 

64: 5839-5849.

42.	Sarkar S, Korolchuk VI, Renna M, Imarisio S, Fleming A, et al. (2011) Complex 
inhibitory effects of nitric oxide on autophagy. Mol Cell 43: 19-32.

43.	Lander HM, Hajjar DP, Hempstead BL, Mirza UA, Chait BT, et al. (1997) A 
molecular redox switch on p21(ras). Structural basis for the nitric oxide-p21(ras) 
interaction. J Biol Chem 272: 4323-4326.

44.	Rössig L, Fichtlscherer B, Breitschopf K, Haendeler J, Zeiher AM, et al. (1999) 
Nitric oxide inhibits caspase-3 by S-nitrosation in vivo. J Biol Chem 274: 6823-
6826.

45.	Abello N, Kerstjens HA, Postma DS, Bischoff R (2009) Protein tyrosine 
nitration: selectivity, physicochemical and biological consequences, denitration, 
and proteomics methods for the identification of tyrosine-nitrated proteins. J 
Proteome Res 8: 3222-3238.

46.	Molon B, Ugel S, Del Pozzo F, Soldani C, Zilio S, et al. (2011) Chemokine 
nitration prevents intratumoral infiltration of antigen-specific T cells. J Exp Med 
208: 1949-1962.

47.	Schaer DA, Lesokhin AM, Wolchok JD (2011) Hiding the road signs that lead to 
tumor immunity. J Exp Med 208: 1937-1940.

48.	Cairns RA, Harris I, McCracken S, Mak TW (2011) Cancer cell metabolism. 
Cold Spring Harb Symp Quant Biol 76: 299-311.

49.	Cifone MG, Festuccia C, Cironi L, Cavallo G, Chessa MA, et al. (1994) Induction 
of the nitric oxide-synthesizing pathway in fresh and interleukin 2-cultured rat 
natural killer cells. Cell Immunol 157: 181-194.

50.	Marigo I, Bosio E, Solito S, Mesa C, Fernandez A, et al. (2010) Tumor-induced 
tolerance and immune suppression depend on the C/EBPbeta transcription 
factor. Immunity 32: 790-802.

51.	Rosenbauer F, Tenen DG (2007) Transcription factors in myeloid development: 
balancing differentiation with transformation. Nat Rev Immunol 7: 105-117.

52.	Teng X, Li D, Catravas JD, Johns RA (2002) C/EBP-beta mediates iNOS 
induction by hypoxia in rat pulmonary microvascular smooth muscle cells. Circ 
Res 90: 125-127.

53.	Sakitani K, Nishizawa M, Inoue K, Masu Y, Okumura T, et al. (1998) Synergistic 
regulation of inducible nitric oxide synthase gene by CCAAT/enhancer-binding 
protein beta and nuclear factor-kappaB in hepatocytes. Genes Cells 3: 321-
330.

54.	Amin AR, Attur MG, Thakker GD, Patel PD, Vyas PR, et al. (1996) A novel 
mechanism of action of tetracyclines: effects on nitric oxide synthases. Proc 
Natl Acad Sci U S A 93: 14014-14019.

55.	Ckless K, Lampert A, Reiss J, Kasahara D, Poynter ME, et al. (2008) Inhibition 
of arginase activity enhances inflammation in mice with allergic airway disease, 
in association with increases in protein S-nitrosylation and tyrosine nitration. J 
Immunol 181: 4255-4264.

56.	Oberley LW, Buettner GR (1979) Role of superoxide dismutase in cancer: a 
review. Cancer Res 39: 1141-1149.

57.	Huang P, Feng L, Oldham EA, Keating MJ, Plunkett W (2000) Superoxide 
dismutase as a target for the selective killing of cancer cells. Nature 407: 390-
395.

58.	Nagaraj S, Gupta K, Pisarev V, Kinarsky L, Sherman S, et al. (2007) Altered 
recognition of antigen is a mechanism of CD8+ T cell tolerance in cancer. Nat 
Med 13: 828-835.

59.	Kast RE (2003) Ribavirin in cancer immunotherapies: controlling nitric oxide 
augments cytotoxic lymphocyte function. Neoplasia 5: 3-8.

60.	Kahn DA, Archer DC, Gold DP, Kelly CJ (2001) Adjuvant immunotherapy is 
dependent on inducible nitric oxide synthase. J Exp Med 193: 1261-1268.

61.	Weiss JM, Ridnour LA, Back T, Hussain SP, He P, et al. (2010) Macrophage-
dependent nitric oxide expression regulates tumor cell detachment and 
metastasis after IL-2/anti-CD40 immunotherapy. J Exp Med 207: 2455-2467.

62.	Khare PD, Shao-Xi L, Kuroki M, Hirose Y, Arakawa F, et al. (2001) Specifically 
targeted killing of carcinoembryonic antigen (CEA)-expressing cells by a 
retroviral vector displaying single-chain variable fragmented antibody to CEA 
and carrying the gene for inducible nitric oxide synthase. Cancer Res 61: 370-
375. 

63.	Mitchell JB, Wink DA, DeGraff W, Gamson J, Keefer LK, et al. (1993) Hypoxic 

http://www.ncbi.nlm.nih.gov/pubmed/22158241
http://www.ncbi.nlm.nih.gov/pubmed/7538668
http://www.ncbi.nlm.nih.gov/pubmed/7538668
http://www.ncbi.nlm.nih.gov/pubmed/16794635
http://www.ncbi.nlm.nih.gov/pubmed/16794635
http://www.ncbi.nlm.nih.gov/pubmed/9635855
http://www.ncbi.nlm.nih.gov/pubmed/9635855
http://www.ncbi.nlm.nih.gov/pubmed/12528889
http://www.ncbi.nlm.nih.gov/pubmed/12528889
http://www.ncbi.nlm.nih.gov/pubmed/9608331
http://www.ncbi.nlm.nih.gov/pubmed/9608331
http://www.ncbi.nlm.nih.gov/pubmed/9877390
http://www.ncbi.nlm.nih.gov/pubmed/9877390
http://www.ncbi.nlm.nih.gov/pubmed/9877390
http://www.ncbi.nlm.nih.gov/pubmed/20562836
http://www.ncbi.nlm.nih.gov/pubmed/20562836
http://www.ncbi.nlm.nih.gov/pubmed/21593862
http://www.ncbi.nlm.nih.gov/pubmed/21593862
http://www.ncbi.nlm.nih.gov/pubmed/10026868
http://www.ncbi.nlm.nih.gov/pubmed/10026868
http://www.ncbi.nlm.nih.gov/pubmed/10026868
http://www.ncbi.nlm.nih.gov/pubmed/16168663
http://www.ncbi.nlm.nih.gov/pubmed/16168663
http://www.ncbi.nlm.nih.gov/pubmed/16168663
http://www.ncbi.nlm.nih.gov/pubmed/12810105
http://www.ncbi.nlm.nih.gov/pubmed/12810105
http://www.ncbi.nlm.nih.gov/pubmed/12810105
http://www.ncbi.nlm.nih.gov/pubmed/11221839
http://www.ncbi.nlm.nih.gov/pubmed/11221839
http://www.ncbi.nlm.nih.gov/pubmed/11221839
http://www.ncbi.nlm.nih.gov/pubmed/21729780
http://www.ncbi.nlm.nih.gov/pubmed/21729780
http://www.ncbi.nlm.nih.gov/pubmed/21729780
http://www.ncbi.nlm.nih.gov/pubmed/10465556
http://www.ncbi.nlm.nih.gov/pubmed/10465556
http://www.ncbi.nlm.nih.gov/pubmed/10465556
http://www.ncbi.nlm.nih.gov/pubmed/11123353
http://www.ncbi.nlm.nih.gov/pubmed/11123353
http://www.ncbi.nlm.nih.gov/pubmed/11123353
http://www.ncbi.nlm.nih.gov/pubmed/21954284
http://www.ncbi.nlm.nih.gov/pubmed/21954284
http://www.ncbi.nlm.nih.gov/pubmed/21954284
http://www.ncbi.nlm.nih.gov/pubmed/15824085
http://www.ncbi.nlm.nih.gov/pubmed/15824085
http://www.ncbi.nlm.nih.gov/pubmed/15824085
http://www.ncbi.nlm.nih.gov/pubmed/16365420
http://www.ncbi.nlm.nih.gov/pubmed/16365420
http://www.ncbi.nlm.nih.gov/pubmed/16365420
http://www.ncbi.nlm.nih.gov/pubmed/9806879
http://www.ncbi.nlm.nih.gov/pubmed/9806879
http://www.ncbi.nlm.nih.gov/pubmed/15050972
http://www.ncbi.nlm.nih.gov/pubmed/15050972
http://www.ncbi.nlm.nih.gov/pubmed/15510159
http://www.ncbi.nlm.nih.gov/pubmed/15510159
http://www.ncbi.nlm.nih.gov/pubmed/15922712
http://www.ncbi.nlm.nih.gov/pubmed/15922712
http://www.ncbi.nlm.nih.gov/pubmed/15922712
http://www.ncbi.nlm.nih.gov/pubmed/15313928
http://www.ncbi.nlm.nih.gov/pubmed/15313928
http://www.ncbi.nlm.nih.gov/pubmed/15313928
http://www.ncbi.nlm.nih.gov/pubmed/15313928
http://www.ncbi.nlm.nih.gov/pubmed/21726807
http://www.ncbi.nlm.nih.gov/pubmed/21726807
http://www.ncbi.nlm.nih.gov/pubmed/9020151
http://www.ncbi.nlm.nih.gov/pubmed/9020151
http://www.ncbi.nlm.nih.gov/pubmed/9020151
http://www.ncbi.nlm.nih.gov/pubmed/10066732
http://www.ncbi.nlm.nih.gov/pubmed/10066732
http://www.ncbi.nlm.nih.gov/pubmed/10066732
http://www.ncbi.nlm.nih.gov/pubmed/19415921
http://www.ncbi.nlm.nih.gov/pubmed/19415921
http://www.ncbi.nlm.nih.gov/pubmed/19415921
http://www.ncbi.nlm.nih.gov/pubmed/19415921
http://www.ncbi.nlm.nih.gov/pubmed/21930770
http://www.ncbi.nlm.nih.gov/pubmed/21930770
http://www.ncbi.nlm.nih.gov/pubmed/21930770
http://www.ncbi.nlm.nih.gov/pubmed/21948803
http://www.ncbi.nlm.nih.gov/pubmed/21948803
http://www.ncbi.nlm.nih.gov/pubmed/22156302
http://www.ncbi.nlm.nih.gov/pubmed/22156302
http://www.ncbi.nlm.nih.gov/pubmed/7518750
http://www.ncbi.nlm.nih.gov/pubmed/7518750
http://www.ncbi.nlm.nih.gov/pubmed/7518750
http://www.ncbi.nlm.nih.gov/pubmed/20605485
http://www.ncbi.nlm.nih.gov/pubmed/20605485
http://www.ncbi.nlm.nih.gov/pubmed/20605485
http://www.ncbi.nlm.nih.gov/pubmed/11834703
http://www.ncbi.nlm.nih.gov/pubmed/11834703
http://www.ncbi.nlm.nih.gov/pubmed/11834703
http://www.ncbi.nlm.nih.gov/pubmed/9685183
http://www.ncbi.nlm.nih.gov/pubmed/9685183
http://www.ncbi.nlm.nih.gov/pubmed/9685183
http://www.ncbi.nlm.nih.gov/pubmed/9685183
http://www.ncbi.nlm.nih.gov/pubmed/8943052
http://www.ncbi.nlm.nih.gov/pubmed/8943052
http://www.ncbi.nlm.nih.gov/pubmed/8943052
http://www.ncbi.nlm.nih.gov/pubmed/18768883
http://www.ncbi.nlm.nih.gov/pubmed/18768883
http://www.ncbi.nlm.nih.gov/pubmed/18768883
http://www.ncbi.nlm.nih.gov/pubmed/18768883
http://www.ncbi.nlm.nih.gov/pubmed/217531
http://www.ncbi.nlm.nih.gov/pubmed/217531
http://www.ncbi.nlm.nih.gov/pubmed/11014196
http://www.ncbi.nlm.nih.gov/pubmed/11014196
http://www.ncbi.nlm.nih.gov/pubmed/11014196
http://www.ncbi.nlm.nih.gov/pubmed/17603493
http://www.ncbi.nlm.nih.gov/pubmed/17603493
http://www.ncbi.nlm.nih.gov/pubmed/17603493
http://www.ncbi.nlm.nih.gov/pubmed/12659664
http://www.ncbi.nlm.nih.gov/pubmed/12659664
http://www.ncbi.nlm.nih.gov/pubmed/11390433
http://www.ncbi.nlm.nih.gov/pubmed/11390433
http://www.ncbi.nlm.nih.gov/pubmed/20921282
http://www.ncbi.nlm.nih.gov/pubmed/20921282
http://www.ncbi.nlm.nih.gov/pubmed/20921282
http://www.ncbi.nlm.nih.gov/pubmed/8261391


Citation: Amin AR (2012) The Metabolomics of Nitric Oxide and Reactive Nitrogen Species in Immune Editing Tumor Milieu: Influence of Nitric Oxide-
Modulating Therapies. J Drug Metab Toxicol S8:002. doi:10.4172/2157-7609.S8-002

Page 7 of 7

J Drug Metab Toxicol                                ISSN: 2157-7609 JDMT, an open access journal
Mechanisms in Free radical 

Metabolomics

mammalian cell radiosensitization by nitric oxide. Cancer Res 53: 5845-5848.

64.	Giovannucci E, Rimm EB, Stampfer MJ, Colditz GA, Ascherio A, et al. (1994) 
Aspirin use and the risk for colorectal cancer and adenoma in male health 
professionals. Ann Intern Med 121: 241-246.

65.	Amin AR, Vyas P, Attur M, Leszczynska-Piziak J, Patel IR, et al. (1995) The 
mode of action of aspirin-like drugs: effect on inducible nitric oxide synthase. 
Proc Natl Acad Sci U S A 92: 7926-7930.

66.	Griscavage JM, Hobbs AJ, Ignarro LJ (1995) Negative modulation of nitric oxide 
synthase by nitric oxide and nitroso compounds. Adv Pharmacol 34: 215-234.

67.	Mariotto S, Cuzzolin L, Adami A, Del Soldato P, Suzuki H, et al. (1995) Effect of 
a new non-steroidal anti-inflammatory drug, nitroflurbiprofen, on the expression 
of inducible nitric oxide synthase in rat neutrophils. Br J Pharmacol 115: 225-
226.

68.	Leonetti C, Scarsella M, Zupi G, Zoli W, Amadori D, et al. (2006) Efficacy of a 
nitric oxide-releasing nonsteroidal anti-inflammatory drug and cytotoxic drugs 
in human colon cancer cell lines in vitro and xenografts. Mol Cancer Ther 5: 
919-926.

69.	Michaud M, Martins I, Sukkurwala AQ, Adjemian S, Ma Y, et al. (2011) 
Autophagy-dependent anticancer immune responses induced by 
chemotherapeutic agents in mice. Science 334: 1573-1577.

70.	Amaravadi RK (2011) Cancer. Autophagy in tumor immunity. Science 334: 
1501-1502.

71.	Melillo G, Musso T, Sica A, Taylor LS, Cox GW, et al. (1995) A hypoxia-
responsive element mediates a novel pathway of activation of the inducible 
nitric oxide synthase promoter. J Exp Med 182: 1683-1693.

72.	Doedens AL, Stockmann C, Rubinstein MP, Liao D, Zhang N, et al. (2010) 
Macrophage expression of hypoxia-inducible factor-1 alpha suppresses T-cell 
function and promotes tumor progression. Cancer Res 70: 7465-7475.

73.	Ridnour LA, Thomas DD, Switzer C, Flores-Santana W, Isenberg  JS, et al. 
2008.Molecular Mechanisms for Discrete Nitric Oxide Levels in Cancer.Nitric 
Oxide.19(2): 73–76

74.	Amin AR, Attur MG, Thakker GD, Patel PD, Vyas PR, et al. (1996) A novel 
mechanism of action of tetracyclines: effects on nitric oxide synthases. Proc 
Natl Acad Sci U S A 93: 14014-14019.

This article was originally published in a special issue, Mechanisms in Free 
radical Metabolomics handled by Editor(s). Dr. Eric Kelley, University of 
Pittsburg, USA

http://www.ncbi.nlm.nih.gov/pubmed/8261391
http://www.ncbi.nlm.nih.gov/pubmed/8037405
http://www.ncbi.nlm.nih.gov/pubmed/8037405
http://www.ncbi.nlm.nih.gov/pubmed/8037405
http://www.ncbi.nlm.nih.gov/pubmed/7544010
http://www.ncbi.nlm.nih.gov/pubmed/7544010
http://www.ncbi.nlm.nih.gov/pubmed/7544010
http://www.ncbi.nlm.nih.gov/pubmed/8562436
http://www.ncbi.nlm.nih.gov/pubmed/8562436
http://www.ncbi.nlm.nih.gov/pubmed/7545516
http://www.ncbi.nlm.nih.gov/pubmed/7545516
http://www.ncbi.nlm.nih.gov/pubmed/7545516
http://www.ncbi.nlm.nih.gov/pubmed/7545516
http://www.ncbi.nlm.nih.gov/pubmed/16648562
http://www.ncbi.nlm.nih.gov/pubmed/16648562
http://www.ncbi.nlm.nih.gov/pubmed/16648562
http://www.ncbi.nlm.nih.gov/pubmed/16648562
http://www.ncbi.nlm.nih.gov/pubmed/22174255
http://www.ncbi.nlm.nih.gov/pubmed/22174255
http://www.ncbi.nlm.nih.gov/pubmed/22174255
http://www.ncbi.nlm.nih.gov/pubmed/22174234
http://www.ncbi.nlm.nih.gov/pubmed/22174234
http://www.ncbi.nlm.nih.gov/pubmed/7500013
http://www.ncbi.nlm.nih.gov/pubmed/7500013
http://www.ncbi.nlm.nih.gov/pubmed/7500013
http://www.ncbi.nlm.nih.gov/pubmed/20841473
http://www.ncbi.nlm.nih.gov/pubmed/20841473
http://www.ncbi.nlm.nih.gov/pubmed/20841473
http://www.ncbi.nlm.nih.gov/pubmed/8943052
http://www.ncbi.nlm.nih.gov/pubmed/8943052
http://www.ncbi.nlm.nih.gov/pubmed/8943052

	Title

	Corresponding author
	Abstract
	Keywords

	Abbreviations

	Cancer Immunoediting Come of Age
	Nitric oxide in cancer, a compelling relationship in tumorprogression
	Free radical releasing cells in tumor milieu
	The hijacking of myeloid-derived suppressor cells (MDSCs)by tumors
	L-Arginine metabolism, reactive nitrogen species andperoxynitrites in immunoediting of immune signals

	Summary and Conclusions
	Acknowledgement
	Footnote
	Figure 1
	Figure 2
	References



