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ABSTRACT
Nitric Oxide (NO), a lipophilic gas synthesised by the enzyme Nitric Oxide Synthase (NOS) from the substrate arginine, is an
important biomolecule that mediates cellular signaling. It has a wide spectrum of biological functions including immunomodulation,
inflammation, microbial and tumour eradication. Cells of the immune system such as macrophages on activation by cytokines and
microbial antigens eradicate a number of microbes or parasites as well as tumour cells by releasing a number of effector molecules
which also includes NO. However, this versatile molecule is shown to have dual roles. In lower concentration, this is beneficial
and regulates the physiological processes in the body whereas at higher concentrations it is harmful, not only to the microbes or
tumor cells but can produce undesirable effects on the host cells too. This suggests that NO has both protective and toxic roles
that occur parallel in the body depending upon cellular microenvironment. Therefore, it is very essential to have the knowledge of
the physiological processes involved in signaling cascades of NO since it might have novel clinical applications when therapeutic
potential of NOS inhibitors and NO donors are to be considered.

Keywords: Macrophages, Microbes, Nitric oxide synthase, Tumour cells

INTRODUCTION
NO was initially discovered as the Endothelium Derived Relaxing
Factor (EDRF) by Furchgott and Zawadki [1]. Joseph Priestly in 1772
was the first person to term it NO, however, till 1987, the biological
functions of NO were not known, and therefore it was merely
regarded as an air pollutant or toxic gas [2]. Only when the presence
of nitrates and nitrites were detected in healthy rats and human
volunteers, studies on the biological roles of NO came into light
which was further followed by the discovery of the tumouricidal and
antimicrobial activity of NO [3]. Later, the regulatory and protective
roles of NO in cardiovascular system were described, that included
blood pressure and vascular tone regulation, inhibition of leucocyte
adhesion or platelet adhesion and prevention of proliferation of
smooth muscles. This initiated extensive research on NO for its role
and use as therapeutic agents in various diseases [4].
NO especially from iNOS (inducible Nitric Oxide Synthase) has
important roles in immune regulation, inflammation and microbial
invasion [3]. NO is also implicated in the pathophysiology of various
cancers viz., breast, larynx, cervix, head and neck [5]. Tumour
promoting role of NO is dependent upon the tumour type, NO
concentration and its interaction with proteins, metals or free radicals
and the genetic makeup of the host cells [6]. Lower concentration
of NO is important for immune function, while NO at higher levels
are shown to be immunosuppressive suggesting the dual role of
this biomolecule. However, some contradictory reports also present
a debating role of NO in immune response. Some state NO to be
a causative agent of several diseases while others argue on its
protective roles. This contradiction has led a conflict over whether
NO serves as a protector from various infections or functions as a
destroyer resulting in different disorders. Therefore, in this review,
we emphasise on NO and its immunoregulatory, antimicrobial and
tumouricidal role along with the involvement of phagocytes.

Synthesis
NO is synthesised from L-arginine by the enzyme NOS in the
presence of two cofactors viz. NADPH and oxygen [7]. NOS has
three isoforms represented as neuronal NOS (nNOS) or NOS 1,
inducible NOS (iNOS) or NOS 2 and endothelial NOS (eNOS) or
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NOS 3 [7]. The genes for these isoforms 1, 2 and 3 are located on
the chromosomes 12, 17 and 7 respectively [8]. All the isoforms
of NOS are flavoproteins containing Tetrahydrobiopterin (THB) and
haeme. THB is an important cofactor for NOS, since in its absence,
NOS produces superoxide instead of NO [9].
Broadly, the isozymes of NOS are categorised as constitutive NOS
(cNOS) and iNOS. cNOS, which is constitutively present in the
cell, is calcium dependent and comprises nNOS and eNOS while
iNOS is calcium independent and expressed only after the stimulus
is provided by cytokines [10]. The synthesis of NO by nNOS and
eNOS is dependent on intracellular calcium ions and binding of
these enzymes to calmodulin [11]. Increase in calcium level causes
increased production of calmodulin that binds with eNOS and nNOS
causing enhanced synthesis of NO by the respective enzymes [12].
For the activation, nNOS in central nervous system, the glutamate
first binds with NMDA (N-methyl-D-aspartate) receptors causing
opening of the voltage gated calcium channels and rise in calcium
levels. In case of eNOS, it is activated when stimulus like blood shear
stress or factors like substance P, kinins or thrombin receptors etc.,
cause release of calcium ions from the endoplasmic reticulum [1]. In
the cells such as macrophages and monocytes, induction of iNOS
by inflammatory cytokines (INF-γ, TNF-α and IL-2) and presence of
L-arginine in sufficient amount leads to generation of NO [13].

Physiological Roles of No (Constitutive vs Inducible
NOS)
Activation of iNOS leads to the sustained production of large
amount of NO while that of constitutive forms (eNOS and nNOS)
cause production of low levels of NO within seconds. NO from
constitutive isoforms have direct and short lasting activities
[14]. They interact with cytochrome p450, guanylate cyclase
and NO itself. This leads to activation of guanylate cyclase that
converts Guanosine Triphosphate (GTP) into cyclic Guanosine
Monophosphate (cGMP) which in turn activates cGMP dependent
protein kinase that further mediates the functions of NO such as
increase in vascular permeability, vasorelaxation, antioxidant roles
and antiplatelet activities [1]. In Central Nervous System (CNS) and
Peripheral Nervous System (PNS), NO acts as a neurotransmitter
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and is involved in neuronal apoptosis [15]. NO from eNOS is
essential for maintaining tissue perfusion, protection against toxic
lipids derived from Lipopolysaccharides (LPS) and preservation of
RBC in septicaemia [16].
The functions of NO produced by iNOS is rather different. Such NO
is produced by activated macrophages and is involved in microbial
killing and immune regulation. NO combines with superoxide to form
peroxynitrite that further mediates toxicity of NO which includes
LDL oxidation, DNA damage, inhibition of TCA and mitochondrial
oxidative enzymes, nitrosation [1].

NO and Immune Regulation
The exact function of NO in immune regulation is unclear. It is
thought to be involved in the inhibition of genes responsible for cell
proliferation or it may have anti-apoptotic roles [1]. NO inhibits Th1
and promotes Th2 cytokine response that leads to humoral immunity
and allergic responses [2]. NO acts as the mediator of inflammation
by increasing the activity of cycloxygenase enzyme and production
of proinflammatory eicosanoids [17]. NO also inhibits the expression
of the number of cytokines like IL-1β, TNF-α, IL-6, INF-γ in various
immune cells such as lymphocytes, eosinophils and monocytes.
This effect is mediated by nitrosylation of various transcription
factors including JAK/STAT (Janus Kinase/ Signal Transducer and
Activator of Transcription) and NF-κβ (Nuclear Factor kappa beta).
NO from activated macrophages are involved in destruction of
cellular targets, tumours or bacteria [1].

NO and proinflammatory cytokines
Cells contain various mechanisms to regulate the signaling pathways
and transcription factors. Depending upon such regulation, NO
is reported to either depress or stimulate the proinflammatory
cytokine expression [18]. When the immune system is activated,
there is induction of proinflammatory phase of innate immunity, a
process which is termed as classical activation. Macrophages that
are classically activated, also termed as M1 macrophage, results in
production and release of proinflammatory cytokines [19].
Turpaev K et al., used DNA microarrays of macrophage cell lines in
humans to identify the genes regulated by NO such as cFos, cJun
and cell cycle regulator genes [20]. However, in some cases Reactive
Nitrogen Species (RNS) act as regulatory molecules rather than NO.
Most of the immune pathways regulated by NO/RNS require NFkβ for coordinating the outcomes of innate immunity. When the
cells are at resting state, NF-kβ forms complex with the inhibitory
proteins and are scattered in cytoplasm. Once the cells are
activated by various stimuli such as bacterial LPS or TNF-α, there
is proteosomal degradation of inhibitory proteins mediated by a
cascade of phosphorylation reactions, thereby facilitating entry of
NF-kβ to the nucleus where it modulates the respective genes of
immune activity [21]. Studies have shown that NO/RNS at lower
concentration augments NF-kβ mediated transcription of immune
genes while higher levels inhibit the process.

NO and anti-inflammatory signaling: Anti-inflammatory
cytokines such as TGF-β, IL-13, IL-10 and IL-4 down regulate
pro-inflammatory cytokines and facilitate the tissue repair [22]. The
action of NO/RNS can be compared to that of a traffic officer as they
critically regulate and redirect the signaling pathways by inducing
one pathway and diminishing the other. Most of the immune
receptors activated by anti-inflammatory cytokines are linked with
synergy between JAK that causes activation of signaling pathway
via stimulation of Signal Transducer and Activator of Transcription
6 (STAT6) through a cascade of phosphorylation reaction involving
tyrosine residues. This finally leads to the expression of genes
involved in tissue repair and restoration [23].

Immunosuppressive roles of NO: NO is also implicated to be
involved in immunosuppression. Various mechanisms have been
postulated as follows:
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•

Myeloid Suppressor Cell (MSC) mediated T cell suppression:
NO produced by MSCs causes T cell immunosuppression by
orchestrating the synergistic action of iNOS and arginase since
activation of both the enzymes lead to depletion of L arginine,
which inturn stimulates production of superoxide by iNOS in
small amount. The superoxide then reacts with NO to form
ONOO- and others forms of RNS that causes T cell apoptosis
[24].

•

Impairment in signaling cascade induced by IL-2R: NO at
higher concentration blocks IL-2R mediated activation of JAKs
(JAK 1and 2) and STAT 5 [25].

•

Activation of mitochondrial intrinsic pathways that induces
apoptosis: When NO is present in higher concentration in
the cell, competition occurs between NO and oxygen to bind
with the enzyme cytochrome oxidase C of inner membrane
of mitochondria. This decreases the membrane potential
of mitochondria causing production of Reactive Nitrogen
Intermediates (RNI)that nitrosylate haeme iron of cytochrome
oxidase causing its release to the cytosol where it assembles
with adaptor protease activating factor 1 (Apaf 1) to form
apoptosome that activates and mobilizes caspases 2,3,7 and
9 which induces apoptosis [26].

•

Upregulation of p53 expression that may generate
proapoptotic responses. Studies on mice thymocytes and
human lymphocytes that were made p53 null and mutated at
p53 gene respectively showed that these modified cells were
resistant to NO induced apoptosis [27].

•

S-nitrosylation of glucose-6-phosphate dehydrogenase (G6PD)
results in its nuclear translocation and degradation [28].

Macrophages and Role of NO in Microbial Killing
Immune cells such as phagocytes have unique and non specific
roles in host defence systems. They are also known as the janitors
of innate immunity since they clear up the whole cellular debris.
The phagocytes in human immune system may be microphages
(neutrophils and eosinophils) or macrophages (phagocytes).
Macrophages are larger than microphages and represent the first
line barrier to the pathogens. Macrophages engulf pathogens even
before they are detected by the lymphocytes [29].
Macrophages develop from haematopoietic stem cells and mature
or proliferate into monocytes in presence of Macrophage Colony
Stimulating Factor (MCSF) and Granulocyte Macrophage Colony
Stimulating Factor (GMCSF). Monocytes migrate to various tissues
and differentiate into macrophages. During this process, cells enlarge
with the increase in mitochondrial and lysosomal number, along
with the lysosomal enzymes such as cathepsin, β-glucuronidase,
acid phosphatase and sulphatase [30].

Activation of macrophages and effect of NO: When
macrophages encounter foreign molecules they are activated.
Activated macrophages act on the pathogens via one of three
mechanisms:
•

Engulf and destroy the foreign molecules via lysosomal
enzymes [30].

•

Remove the invading substances from the interstitial fluid in
assistance with the lymphocytes [31].

•

Release a variety of chemical mediators such as ROS, NO or
RNS, bioactive lipids and hydrolytic enzymes [30].

Production of these mediators facilitates cytotoxic as well as
bactericidal action of macrophages. However, over production of,
especially Reactive Oxygen Species (ROS) and RNS (NO, ONOO-)
may lead to injury and toxicity to the host cells [30]. Fortunately, host
cells are equipped with some protective mechanisms also known
as antioxidant defence system that protect macrophage as well as
other non infected cells from the toxic effects of RNS [32].
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Microbial killing by NO occurs in a concentration dependent manner
which in turn depends on NOS activity and availability of arginine
in phagosomes. Nicotinamide Adenine Dinucleotide Phosphate
(NADPH) oxidase and superoxide act synergistically in phagosomes
to scavenge NO thereby causing increased nitrite levels which in
acidic environment contribute to Cauldron effect. Like NO, nitrites
can also generate NO2/NO and N2O3 under favourable conditions.
This mechanism is important during phagocytosis as acidic
environment of phagosomes render suitable conditions for the
production of RNS that lead to killing of pathogens [19].
Macrophages on encountering with foreign molecules are activated
causing upregulation of NF-kβ which acts synergistically with
inflammatory cytokines through JAK-STAT dependent pathway
to increase the expression of iNOS and production of NO [21].
NO exerts immunity against various bacteria, viruses, fungi and
parasites. The role of NO as a potent antimicrobial agent is due
to formation of products also called as RNS such as peroxynitrite,
NONOates, S-nitrosothiols and nitrous acid [3]. NO produced by
skin cells provides the protective barrier against micro-organism. It
also regulates melanogenesis and erythema formation on exposure
to Ultra Violet (UV) light [33].

NO mediated immunity against bacteria: NO and RNS
eradicate bacteria by nitrosylation and oxidation of bacterial
macromolecules [34]. Three times more bactericidal activity can be
observed when NO and H2O2 act synergistically, in comparison to
killing by NO alone. Bacteria especially E. coli utilises iron sulphur
proteins of the respiratory chain causing release of iron in the interior
of bacteria where it binds with DNA. NO cannot easily enter the
interior of bacterial cell; therefore peroxide through Fenton reaction
interacts with these released iron leading to oxidative cleavage
of bacterial DNA. On the other hand NO which can diffuse to
mammalian cells easily, serves as an antioxidant and protects the
cells from ROS mediated toxicity [35]. Destruction of bacteria like
Staphylococcus involves the sequential exposure of bacteria to
respiratory burst followed by NO exposure [19]. Mycobacterium
tuberculosis is another bacterial example killed by NO produced
from alveolar macrophages. The survival of this organism is guarded
by methionine sulfoxide reductase but the acidic environment
of alveolar phagosomes favours the generation of RNS from NO
that causes oxidation of methionine group of the enzyme. NO also
protects from Mycobacterium mediated T cell apoptosis and also
helps in eradication of disease from adaptive immune system [36].
Not all the bacteria are susceptible to killing by NO, however NO
reduces the infectivity of such bacteria. High levels of NO cause
cytostasis and bacterial imprisonment in the infected cells via
nitrosation of thiol groups of proteins responsible for pore formation
in cell membrane thereby, preventing the bacterial exit from the
infected cell and spread of infection to the other cells. At the same
time, it also allows other components of the immune system to
eradicate the bacteria [37].
Leggett R et al., detected intracellular NO from phagolysosome
using conjugate of fluorescently tagged metalloprotein-gold. They
developed NO specific biosensor by conjugating cytochrome c
with alexa fluor dye fixed on a gold nanoparticles. These biosensors
detected increasing concentrations of NO in macrophages during
bacterial phagocytosis [38]. Similarly, Yang Z et al., investigated the
gender based resistance against pneumonia among female and
oestrogen treated male mice. They observed increased bacterial
clearance with low inflammation and improved survival rate in those
mice. They showed that oestrogen activates NOS-3 in macrophages
causing increased production of NO that is responsible for bacterial
eradication [39].

NO mediated immunity against viruses: NO also acts as an
important element in the control of some viruses like rhino-virus,
cytomegalo virus (CMV), herpes virus, vaccinia virus etc [40]. Most of
these viruses cause induction of iNOS via Toll like receptor-3 (TLR-3)
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activation [41]. NO combats viral infection by causing nitrosation
of cysteine residues of proteins essential for viral replication and
infection. Some of the examples of such proteins include integrases
and nucleocapsid proteins which on nitrosation are unable to
bind DNA and hence do not function as topoisomerases thereby
preventing the integration of viral DNA to the host cell DNA.
However, during clearance of virus, high levels of NO can produce
some undesirable effects on the host, like haemorrhagic fever [42].

NO mediated immunity against parasites: The human
parasites subjected to expulsion via NO/RNS mediated mechanisms
include Plasmodium, Leishmania and Toxoplasma, the most
common one being Plasmodium infection, also known as malaria
[19]. According to Kun and Weinberg etal, increased production
of NO and protection against malaria are associated with a single
nucleotide polymorphism of iNOS gene promoter sequence called
NOS2 lambarene (G954C) mutation. Leishmania is also successfully
destroyed by NO [43]. Increased expression of iNOS also inhibits
the infectivity of Toxoplasma and prevents the disease progression
to other systems especially central nervous system (CNS) while
inactivity of iNOS allows uncontrolled replication of the organism [40].
NO is also involved in provided immunity against Giardia intestinalis.
In study of Zarebavani M et al., there was a sharp increase in NO
and its derivatives among the patients infected with Giardiasis. NO
eliminates the parasites by cytostatic or cytotoxic effects. It can also
inhibit parasitic replication and differentiation [44].
Hence, the overall effect of NO on microbial killing is that, it targets
the microorganisms by inducing DNA damage, impairment in
DNA replication and repair, impairing mitochondrial respiration and
inducing apoptosis or disabling the pathways that are used by that
organism to escape the other immune responses.
Besides humans, insects such as lepdopterans, hemipterans,
dipterans etc depend on NO to mediate immune response. NO in
insects acts both as signalling molecule and a cytotoxic component
to combat parasites [45]. Negri P et al., conducted study on Apis
mellifera hematocytes and reported that not only NO is produced in
large amount in hematocytes when larvae are injured by mite called
Varroa destructor (that feeds on larvae of Apis mellifera), but is there
also increase in subsets of hematocytes that can produce NO after
injury [46].

Tumour Cells and NO
Tumour develops due to genetic alterations that cause uncontrolled
growth and proliferation of the cells. Initially the immune system act
to eliminate such abnormal cells via the process known as immunesurveillance [47]. During the first stage of immune-surveillance,
the immune cells succeed to destroy the developing transformed
cells and prevent the formation of tumour mass. However, if the
surveillance process fails, then the emerging transformed cells
transit to the second phase, also known as equilibrium phase in
which immune system can control but not clear up the tumour cells.
During this phase the immune system constantly pressures the
tumour cells in order to remove many original variants but additional
mutation may occur causing generation of the new variants, some
of which may escape the immune-surveillance and enter the third
phase known as escape phase, in which the transformed cells grow
in an unrestricted manner [48].
Macrophages among the immune cells are the most prominent
ones that infiltrate deep into the hypoxic area of the tumour mass
to combat and eliminate the pathogens and tumour cells. In some
cases macrophages comprise about 50% of the tumour mass [49].

Tumour inhibition by NO: NO/RNS when present in higher
concentration cause cellular death by stimulating modification of
death related target protein receptors or affecting the respiratory
chain via changes in the permeability of mitochondrial outer
membrane causing cytochrome C release and cellular apoptosis
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[50]. Besides these mechanisms, another mechanism of tumour
inhibition by NO/RNS includes phosphorylation of Ser15 of wild
type P53 that leads to its activation and initiates the process of
apoptosis. It also causes S-nitrosylation of Cys 62 of NF-κβ (anantiapoptotic factor) leading to its inhibition [51].

Tumour promoting action of NO: Though high levels of NO/
RNS are used as a killing mechanism by phagocytes, it has also
been shown that NO/RNS can cause carcinogenesis as well as
support the progression of pre-existing tumour which is at escape
phase from the immune system.

Carcinogenic Role
NO/RNS being lipophilic can easily diffuse through the cell membrane
and cause oxidation or deamination of nitrogen bases, produces
DNA breaks and cross links, all of which induce mutations. NO
can also activate the oncogenes or cause deactivation of tumour
suppressor genes. S-Nitrosylation or nitration of proteins involved
in DNA repair by NO/RNS affects the cellular repair mechanism and
genomic stability [52].

Role in Escape Phase of Tumour Cells
Tumour cells at escape phase deploy a mechanism that enables
them to maintain NO/RNS at lower levels which supports the
progression of tumour. Anti-inflammatory mediators like TGF-β
decreases production of NO by suppressing iNOS mRNA
transcription. Also, the enzyme arginase, expressed by Tumour
Associated Macrophages (TAMs) and Myeloid Derived Suppressor
Cells (MDSCs) degrades L-arginine thereby creating scarcity of this
substrate for iNOS [53].
Lower levels of NO/RNS act as anti-apoptotic factor. The
S-nitrosylation of caspases blocks the process of apoptosis and
prevents the degradation of anti apoptotic proteins, hence protects
the cells from death. Lower NO/RNS levels also facilitate angiogenesis
and promote tumour growth and metastasis [54]. Thus by all these
mechanisms, tumor cells are able to reprogram macrophages
ensuring their proangiogenic activation there by deviating the
macrophages towards the fulfillment of tumour needs.

NO Production From Tumour Cells and Therapeutic
Intervention
Since high levels of NO/RNS induces apoptosis it is plausible to
manipulate the tumour cells to maintain their concentrations at the
higher levels, so that they can be used as a means of therapeutic
intervention. In a study using mice model, the tumour cells transfected
with iNOS gene using viral vectors showed the increased ability to
produce NO, pro-angiogenic proteins and prevented the tumour
progression [55].
Another therapeutic approach for the treatment of tumour could
be induction of M1 macrophages. Macrophages may be isolated
from the patient and activated as M1 macrophages ex vivo, then
introduced back to the patients.
However macrophages in tumour therapy can only be used until
they are skewed towards M1 activation. Tumour mass reduces
after surgery or chemotherapy. At this stage, MDSCs are decreased
along with the tumour micro-environment being less hypotoxic and
immunosuppressive. This period is regarded as window period that
allows the opportunity for a successful antitumourtherapy using
macrophages. Recently combined therapies using macrophages
and activation of innate immune system are being explored [56].
Inhibitors of programmed cell death proteins-1 (PD-1) are novel drugs
developed for treatment of various cancers. However, most of the
patients either donot or partially respond to PD-1 inhibitors which
is attributed to cancer associated immunosuppression. Therefore,
a combination therapy has been proposed which involved coupling
of PD-1 inhibitors with NOS inhibitors. Such combination modulates
4
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the immunosuppressive microenvironment of tumour cells and
aids the patients who are unresponsive to anti PD-1 monotherapy.
Moreover, further experimental analysis is still in progress to rule out
the responders and nonresponders [57].

CONCLUSION
The effects of NO in humans are an area of interest for most of
the researchers both at basic experimental levels or clinical studies.
Remarkable studies have been conducted in the past decades to
understand the role of NO in immunity. It not only acts as a potent
antimicrobial agent but also has a protective function against
tumours. However, despite of these beneficial effects, NO has the
potential to switch from the protector to destroyer, i.e., it either
protects from or leads to diseases. Over production by excess
stimulation of NOS can lead to neurodegenerative disorders,
cancer or inflammation. It is therefore essential to understand the
roles of NO in immune system which requires the discrimination
between the dual natures of this biomolecule. Observations from
animal models regarding the interaction between macrophages
and pathogens must be correlated carefully to human studies so
that the importance of NO in providing protection against emerging
pathogens can be stressed out. Also NO can be used as a novel
therapeutic regimen in the treatment of refractory tumours which
can be achieved by sensitising the tumour cells to immunotherapy.
But validation of such strategies requires further clinical trials, so
that NO mediated therapies can be developed in the prevention and
treatment of cancer. Though most of the studies are focused on the
immunological role of NO from iNOS; nNOS and eNOS can also be
up-regulated to produce large amounts of NO. But the contribution
of these variants of NO in immunoregulation are yet to be clarified.
Therefore, further in-depth studies, on a much larger scale, for the
identification of NO signaling cascade, molecular mechanisms of
NO action and their targets should be carried out so that justification
on how, when, where and why the cells are targeted by NO can be
provided, thereby aiding in further exploration of therapeutic and
clinical applications of such a versatile molecule

REFERENCES

[1] Guzik TJ, Korbut R, Guzik TA. Nitric oxide and superoxide in inflammation and
immune regulation. J Physio Pharmacol. 2003;54(4):469-87.
[2] Schairer DO, Chouake JS, Nosanchuk JD, Friedman AJ. The potential of nitric
oxide releasing therapies as antimicrobial agents. Virulence. 2012;3(3):271-79.
[3] Chakravortty D, Hensel M. Inducible nitric oxide synthase and control of
intracellular bacterial pathogens. Microbes Infect. 2003;5(7):621-67.
[4] Machha A, Schechter AN. Dietary nitrite and nitrate: a review of potential
mechanisms of cardiovascular benefits. Eur J Nutr. 2011;50(5):293-303.
[5] Taysi S, Uslu C, Akcay F, Sutbeyaz MY. MDA and nitric oxide in the plasma of
patients with advanced laryngeal cancer. Surg Today. 2003;33(9):651-54.
[6] Amin AR. The metabolomics of nitric oxide and reactive nitrogen species in
immune editing tumor milieu: influence of nitric oxide-modulating therapies. J
Drug Metab Toxicol. 2012;S8-002:01-07.
[7] Omer N, Rohilla A, Rohilla S, Kushnoor A. Nitric oxide: role in human biology.
International Journal of Pharmaceutical Sciences and Drug Research.
2012;4(2):105-09.
[8] Tripathi P, Tripathi P, Kashyap L, Singh V. The role of nitricoxide in inflammatory
reactions. FEMS Immunol Med Microbiol. 2007;51(3):443-52.
[9] Alp NJ, Mussa S, Khoo J, Cai S, Guzik T, Jefferson A, et al. Tetrahydrobiopterindependent preservation of nitric oxidemediated endothelial function in diabetes
by targeted transgenic GTP-cyclohydrolase Ioverexpression. J Clin Invest.
2003;112(5):725-35.
[10] Forstermann U, Sessa WC. Nitric oxide synthases: regulation and function. Eur
Heart J. 2012;33(7):829-37.
[11] Wilms H, Sievers J, Rickert U, Rostami-Yazdi M, Mrowietz U, Lucius R.
Dimethylfumarate inhibits microglial and astrocytic inflammation by suppressing
the synthesis of nitric oxide, IL-1beta, TNF-alpha and IL-6 in an in-vitro model of
brain inflammation. J Neuroinflammation. 2010;7(30):01-08.
[12] Sanchez A, Contreras C, Martinez MP, Climent B, Benedito S, Garcia-Sacristan
A, et al. Role of Neural NO Synthase (nNOS) Uncoupling in the dysfunctional
nitrergic vasorelaxation of penile arteries from insulin-resistant obese zucker rats.
PLoS One. 2012;7(4):01-12.
[13] Heba G, Krzeminski T, Porc M, Grzyb J, Keic AD. Relation between expression
of TNF alpha, iNOS, VEGF mRNA and development of heart failure after
experimental myocardial infarction in rats. J Physiol Pharmacol. 2001;52(1):3952.
Journal of Clinical and Diagnostic Research. 2018 Jul, Vol-12(7): BE01-BE05

www.jcdr.net
[14] Salvemini D, Ischiropoulos H, Cuzzocrea S. Roles of nitric oxide and superoxide
in inflammation. Methods Mol Biol. 2003;225(3):291-303.
[15] Borhani AA, Houshmand G, Samini M, Namiranian K, Hajrasouliha AR, Tavakoli
S, et al. Alpha 2-adrenoceptor subsensitivity in mesenteric vascular bed of
cholestatic rats: the role of nitric oxide and endogenous opioids. Eur J Pharmacol.
2005;514(2-3):183-89.
[16] Korbut RA, Adamek-Guzik T, Madej J, Korbut R. Endothelial secretogogues and
deformability of erythrocytes. J Physiol Pharmacol. 2002;53(4):655-65.
[17] Kousai A, Mizuno R, Ikomi F, Ohhashi T. ATP inhibits pump activity of lymph
vessels via adenosine A1 receptor-mediated involvement of NO- and ATPsensitive K+ channels. Am J Physiol Heart Circ Physiol. 2004;287(6):H2585-97.
[18] Ibiza S, Serrador JM. The role of nitric oxide in the regulation of adaptive immune
responses. Inmunologia. 2008;27(3):103-17.
[19] Wink DA, Hines HB, Cheng RYS, Switzer CH, Santana WF, Vitek MP, et al.
Nitric oxide and redox mechanisms in the immune response. J Leukoc Biol.
2011;89(6):873-91.
[20] Turpaev K, Glatigny A, Bignon J, Delacroix H, Drapier JC. Variation in gene
expression profiles of human monocytic U937 cells exposed to various fluxes of
nitric oxide. Free Radic Biol Med. 2010;48(2):298-305.
[21] Takeuchi O, Akira S. Genetic approaches to the study of Toll-like receptor
function. Microbes Infect. 2002;4(9):887-95.
[22] Thomas DD, Espey MG, Ridnour LA, Hofseth LJ, Mancardi D, Harris CC, et al.
Hypoxic inducible factor 1α, extracellular signal-regulated kinase, and p53 are
regulated by distinct threshold concentrations of nitric oxide. Proc Natl Acad Sci
USA. 2004;101(24):8894-99.
[23] Sharma P, Chakraborty R, Wang L, Min B, Tremblay ML, Kawahara T, et al.
Redox regulation of interleukin-4 signaling. Immunity. 2008;29(4):551-64
[24] Bronte V, Serafini P, Mazzoni A, Segal DM, Zanovello P. L-arginine metabolism in
myeloid cells controls T-lymphocyte functions. Trends Immunol. 2003;24(6):30206.
[25] Mazzoni A, Bronte V, Visintin A, Spitzer JH, Apolloni E, Serafini P, et al. Myeloid
suppressor lines inhibit T cell responses by an NO-dependent mechanism. J
Immunol. 2002;168(2):689-95.
[26] Schonhoff CM, Gaston B, Mannick JB. Nitrosylation of cytochrome c during
apoptosis. J Biol Chem. 2003;278(20):18265-70.
[27] Li CQ, Trudel LJ, Wogan GN. Nitric oxide-induced genotoxicity, mitochondrial
damage, and apoptosis in human lymphoblastoid cells expressing wild-type and
mutant p53. Proc Natl Acad Sci USA. 2002;99(16):10364-69.
[28] Bosca L, Zeini M, Traves PG, Hortelano S. Nitric oxide and cell viability in
inflammatory cells: a role for NO in macrophage function and fate. Toxicology.
2005;208(2):249-58.
[29] Benjamini E, Coico R, Sunshine G. Immunology: A Short Course. 4th ed. New
York, A John Wiley & Sons, Inc.; 2000;p:17-38.
[30] Billack B. Macrophage Activation: role of toll-like receptors, nitric oxide and
nuclear factor kappa β. Am J Pharm Educ. 2006;70(5):01-10.
[31] Janeway CA, Medzhitov R. Innate immune recognition. Ann Rev Immunol.
2002;20(1):197-216.
[32] Coleman JW. Nitric oxide in immunity and inflammation. Int Immunopharmacol.
2001;1(8):1397-406.
[33] Adler BL, Friedman AJ. Nitric oxide therapy for dermatologic Disease. Future Sci.
OA. 2015;1(1):FSO37.
[34] Delledonne M, Polverari A, Murgia I. The functions of nitric oxide-mediated
signaling and changes in gene expression during the hypersensitive response.
Antioxid Redox Signal. 2003;5(1):33-34.
[35] Manchado M, Michan C, Pueyo C. Hydrogen peroxide activates the SoxRS
regulon invivo. J Bacteriol. 2000;182(23):6842-44.
[36] Vandal OH, Roberts JA, Odaira T, Schnappinger D, Nathan CF, Ehrt S. Acidsusceptible mutants of Mycobacterium tuberculosis share hyper-susceptibility
to cell wall and oxidative stress and to the host environment. J Bacteriol.
2009;191(2):625-31.
[37] Torres D, Barrier M, Bihl F, Quesniaux VJ, Maillet I, Akira S, et al. Toll-like receptor
2 is required for optimal control of Listeria monocytogenes infection. Infect
Immun. 2004;72(4):2131-39.

Shailaza Shreshtha et al., Nitric Oxide: Its Role in Immunity
[38] Leggett R, Thomas P, Marin MJ, Gavrilovic J, Russell DA. Imaging of
compartmentalised intracellular nitric oxide, induced during bacterial
phagocytosis, using a metalloprotein–gold nanoparticle conjugate. Analyst.
2017;142(21):4099-105.
[39] Yang Z, Huang YCT, Koziel H, Crom R, Ruetten H, Wohlfart P, et al. Female
resistance to pneumonia identifies lung macrophage nitric oxide synthase-3 as a
therapeutic target. eLife. 2014;3:e03711.
[40] Silva NM, Vieira JC, Carneiro CM, Tafuri WL. Toxoplasma gondii: the role of IFN-γ,
TNFRp55 and iNOS in inflammatory changes during infection. Exp. Parasitol.
2009;123(1):65-72.
[41] Hayes MM, Lane BR, King SR, Markovitz DM, Coffey MJ. Prostaglandin E(2)
inhibits replication of HIV-1 in macrophages through activation of protein kinase
A. Cell Immunol. 2002;215(1):61-71.
[42] Mendes-Ribeiro AC, Moss MB, Siqueira MA, Moraes TL, Ellory JC, Mann GE
et al. Dengue fever activates the L-arginine-nitric oxide pathway: an explanation
for reduced aggregation of human platelets. Clin Exp Pharmacol Physiol.
2008;35(10):1143-46.
[43] Kun JF, Mordmuller B, Perkins DJ, May J, Mercereau PO, Alpers M, et al. Nitric
oxide synthase 2(Lambarene) (G-954C), increased nitric oxide production, and
protection against malaria. J Infect. Dis. 2001;184(3):330-36.
[44] Zarebavani M, Dargahi D, Einollahi N, Dashti N, Safari F, Rezaeian M. Significance
of Nitric Oxide Level in Giardiasis. Clin. Lab. 2017;63(1):47-52.
[45] Negri P, Ramirez L, Quintana S, Szawarski N, Maggi M, Conte YL, et al. Dietary
Supplementation of Honey Bee Larvae with Arginine and Abscisic Acid Enhances
Nitric Oxide and Granulocyte Immune Responses after Trauma. Insects.
2017;8(3):85.
[46] Negri P, Quintana, Maggi M, Szawarski N, Lamattina L, Eguaras M. Apis mellifera
hemocytes generate increased amounts of nitric oxide in response to wounding/
encapsulation. Apidologie Springer Verlag. 2014;45(5):610-17.
[47] Dunn GP, Old LJ, Schreiber RD. The three Es of cancer immunoediting. Annu
Rev Immunol. 2004;22(1):329-60.
[48] Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation. Nature.
2008;454(7203):436-44.
[49] Murdoch C, Giannoudis A, Lewis CE. Mechanisms regulating the recruitment of
macrophages into hypoxic areas of tumours and other ischemic tissues. Blood.
2004;104(8):2224-34.
[50] Leon L, Jeannin JF, Bettaieb A. Post-translational modifications induced by nitric
oxide(NO): implication in cancer cells apoptosis. Nitric Oxide. 2008;19(2):77-83.
[51] Jeannin JF, Leon L, Cortier M, Sassi N, Paul C, Bettaieb A. Nitric oxide-induced
resistance or sensitization to death intumour cells. Nitric Oxide. 2008;19(2):15863.
[52] Kundu JK, Surh Y. Inflammation: gearing the journey to cancer. Mutat Res.
2008;659(1-2):15-30.
[53] Heller A. Apoptosis-inducing high NO concentrations are not sustained either in
nascent or in developed cancers. Chem Med Chem. 2008;3(10):1493-99.
[54] Chowdhury R, Godoy LC, Thiantanawat A, Trudel LJ, Deen WM, Wogan GN.
Nitric oxide produced endogenously is responsible for hypoxia-induced HIF-1
alpha stabilization in colon carcinoma cells. Chem Res Toxicol. 2012;25(2):2194202.
[55] Le X, Wei D, Huang S, Lancaster JR Jr, Xie K. Nitric oxide synthase II suppresses
the growth and metastasis of human cancer regardless of its upregulation of
protumour factors. Proc Natl Acad Sci USA. 2005;102(24):8758-63.
[56] Kees T, Egeblad M. Innate immune cells in breast cancer-from villains to heroes?
J. Mammary Gland Biol Neoplasia. 2011;16(3):189-203.
[57] Gonzalez DD, Rosato RR, Qian W, Kozielski AJ, Chen W, Choi DS, et al.
Evaluation of anti PD-1 plus nitric oxide synthase inhibition combination therapy
in 12 triple-negative breast cancer patient-derived xenografts using a humanderived immune system model. Cancer Res. 2017;77(13 Suppl): Abstract nr LB196.

PARTICULARS OF CONTRIBUTORS:
1. Research Scholar, Department of Biochemistry, Santosh Medical College and Hospital, Ghaziabad, Uttar Pradesh, India.
2. Associate Professor, Department of Biochemistry, Santosh Medical College and Hospital, Ghaziabad, Uttar Pradesh, India.
3. Professor, Department of Biochemistry, Santosh Medical College and Hospital, Ghaziabad, Uttar Pradesh, India.
4. Lecturer, Department of Biochemistry, TSM Medical College and Hospital, Lucknow, Uttar Pradesh, India.
5. Professor, Department of Biochemistry, Hind Medical College and Hospital, Lucknow, Uttar Pradesh, India.
NAME, ADDRESS, E-MAIL ID OF THE CORRESPONDING AUTHOR:
Dr. Preeti Sharma,
Associate Professor, Department of Biochemistry, Santosh Medical College and Hospital, Ghaziabad, Uttar Pradesh, India.
E-mail: prcdri2003@yahoo.co.in
Financial OR OTHER COMPETING INTERESTS: None.

Journal of Clinical and Diagnostic Research. 2018 Jul, Vol-12(7): BE01-BE05

Date of Submission: Jul 22, 2017
Date of Peer Review: Oct 05, 2017
Date of Acceptance: Feb 01, 2018
Date of Publishing: Jul 01, 2018

5

