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Abstract:

Nitric Oxide (NO) is an essential signaling molecule with diverse physiological functions in humans. The steady-state concentration and site of
production of nitric oxide determine its effects in biological systems. The human cells are exposed to both beneficial and harmful effects of NO.
These dual effects of NO could depend on its local concentration in the cells. Additionally, the rate of synthesis, translocation, direct interaction
with other molecules, and signals contribute to the biochemical and physiological effects of NO. In this review, the biochemical and physiological
role  of  NO, particularly  in  health  and disease  as  touching on cell  signaling,  oxidative  stress,  immunity,  as  well  as  cardiovascular  protection
amongst others, is focused on. Therefore, this review objectively discusses the dual functionality of NO in living cells.
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1. INTRODUCTION

Nitric Oxide (NO) was discovered as a colorless and toxic
gas  in  1772  by  Joseph  Priestly.  He  named  it  “nitrous  air”.
Some laboratories conducted research on NO in the late 1970s
with no knowledge that they were working on NO molecule.
Initially, Gruetter et al. [1] reported that NO induced relaxation
of the smooth muscles in the inner lining of the blood vessels,
but  the  mechanism  was  not  established  [1].  Another  experi-
ment by Furchgott and Zawadzki, after a year, showed that a
chemical released by the endothelial cells called Endothelium-
Derived  Relaxing  Factor  (EDRF)  was  triggered  by  acetyl-
choline  [2].  Subsequently,  EDRF,  which  affects  the  smooth
muscles  by  initiating  the  muscle  relaxation  and  vasodilation
was discovered to be the NO molecule [3, 4].

Although,  NO was  discovered in  the  18th  century,  it  was
not until 1987 that its mechanism of action was known, when
Katsuki et al. [5] demonstrated that the NO effects on smooth
muscles  relaxation  was  through  stimulation  of  a  soluble
Guanylyl Cyclase (sGC). Another report by Palmer et al.  [6]
revealed  that  NO is  catalyzed  by  NO  synthase  to  produce
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L-arginine. The NO molecule made headlines in 1992 when it
was  announced  on  the  cover  of  Science  magazine  as  “the
molecule  of  the  year”  [7].  Further  events  include  the  intro-
duction  of  Sildenafil  (Viagra®),  which  affects  vasodilation
through  NO  by  activation  of  sGC,  by  the  pharmaceutical
company  Pfizer  to  the  market  and  the  Nobel  Prize  award  to
scientists named Murad, Furchgott, and Ignarro, who unraveled
the effects of NO in their studies [8] leading to the worldwide
recognition of NO molecule. Further research has been able to
show that NO is involved in different physiological processes
and pathogenesis of several diseases. For example, the NO was
introduced  as  a  signaling  molecule  in  osteoclasts  in  the  late
1990s and in the orthodontic tooth movement in 2002 [8].

As  previously  reported  by  Jeandroz  et  al.  [9],  the  NO is
catalyzed by nitric oxide synthase (NOS) enzymes utilizing L-
arginine and oxygen. The NO is highly unstable with a short
half-life (6¬10 seconds). The NO binds to oxygen, producing
NO stable end-products such as nitrate (NO3) and nitrite (NO2)
(Fig.  1).  It  has  been  demonstrated  by  Bryan  [10],  that  NOS
exists in three isoforms: (1) Neuronal NOS (nNOS or NOS-1),
(2) Inducible NOS (iNOS or NOS-2) and (3) Endothelial NOS
(eNOS  or  NOS-3).  There  are  constitutive  NOS  (cNOS)
composed of eNOS and nNOS because they are constitutively
expressed in the cells [11].
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Fig. (1). Nitric oxide (NO) systhesis (van’t Hof and Ralston, 2001).

2. CLASSIFICATION OF NITRIC OXIDE SYNTHASE

The  different  families  of  NOS  are  encoded  by  separate
genes [12, 13]. There are different isoforms of NOS classified
as either constitutive (cNOS) or inducible (iNOS). nNOS and
eNOS  are  cons-titutive  while  iNOS  is  inducible  [14,  15].
Pathogens like Staphylococcus aureus and Bacillus anthraces
have  demonstrated  the  activity  of  NOS  [16]  and  protection
against  diverse  antibiotics,  host  immune  response,  and  oxi-
dative stress is shown in bacterial NOS (bNOS) [16].

2.1. Neuronal Nitric Oxide Synthase (nNOS)

Neuronal  NOS  (nNOS)  is  a  constitutive  NOS,  which
produces NO in the nervous system and certain epithelial cells.
Neuronal NOS is also associated with plasma membranes and
plays a vital role in cell communication. The nNOS activities
are  regulated by the  action of  Ca2+  and calmodulin  [13],  and
carried out through vasodilation via peripheral nitrergic nerves,
central regulation of blood pressure, smooth muscle relaxation
and  long-term  regulation  of  synaptic  transmission.  It  also
applies  to  neuronal  death  of  cerebrovascular  stroke  [17].

2.2. Endothelial Nitric Oxide Synthase (eNOS)

Endothelial  NOS  (eNOS  also  called  NOS-3)  is  a
constitutive  NOS,  which  regulates  vascular  function  and
generates NO in blood vessels [18].  eNOS is Ca2+-dependent
NOS,  it  is  also  associated  with  plasma  membranes  and
provides  basal  NO  release.

The three NOS isoforms function as a homodimer during
activation, they share a calmodulin-binding domain linked to a
heme  prosthetic  group  with  an  amino-terminal  oxygenase
domain  and  also  share  a  cytochrome  P450  reductase
homologous  to  the  carboxyl-terminal  reductase  domain  [19].
Calmodulin-binding  with  the  amino-terminal  oxygenase
domain acts as a “molecular switch” to support electron flow in
the reductase  domain from flavin  prosthetic  groups to  heme.
This  enables  the  reaction  of  L-arginine  and  oxygen  (O2)  to

produce NO and L-citrulline. The efficient generation of NO
required contains a tetrahydrobiopterin (BH4) prosthetic group
present in the oxygenase domain of each NOS isoforms. BH4 is
recycled by dihydrobiopterin reductase and serves as a source
of  reducing  equivalents.  By  a  single  electron  donation,  BH4

activates heme-bound O2,  which can be reobtained to aid the
NO release [18].

2.3. Inducible Nitric Oxide Synthase (iNOS)

iNOS is an inducible, calcium-insensitive NOS, possibly as
a  result  of  its  tight  non-covalent  interaction  with  Ca2+  and
calmodulin.  From  a  functional  perspective,  iNOS  induction
occurs mostly in an oxidative environment, and there is a fast
reaction between high NO levels with superoxide leading to the
formation of peroxynitrite which then causes cellular toxicity
[20].  These  properties  of  iNOS  make  it  essential  in  host
immunity,  anti-tumor,  and  anti-microbial  activities  [21].

3.  NITRIC  OXIDE  SYNTHASE:  REGULATION  AND
STRUCTURE

NO cannot  be  stored  in  the  cells  as  it  could  be  found  in
other signaling molecules. NOS expression is tightly regulated
and thus, controls the amount of NO produced [22]. NOS are
well-regulated enzymes in biology. The isoforms of NOS are
regulated differently, but showed similarity in structure and are
also  homodimeric  with  a  linker  segment  and  two  oxygenase
and reductase domains. There are different binding sites on the
isoforms  L-arginine,  calmodulin,  tetrahydrobiopterin,  flavin
mononucleotide, and flavin adenine dinucleotide [23]. All NOS
isoforms  are  biochemically  activated  when  bound  to
calmodulin  [24].  The  constitutive  isoforms  are  mainly
regulated  by  the  concentration  of  intracellular  calcium.
Increased calcium levels enhance NOS binding to calmodulin
and lead to isoform activation [22].

For  an  effective  and  sensitive  mechanism,  calcium
channels  are  located  in  proximity  to  NOS  enzymes.  The
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Fig. (2). Mechanistic effect of nitric oxide (NO) production.

regulation  of  NO  production  occurs  at  both  upstream  and
downstream  controlling  pathways.  Protein  interactions  and
modifications of post-translational level are controlling mecha-
nisms  that  mediate  the  upstream  controlling  pathways.  The
downstream  control  occurs  through  NOS  localization  in
proximity to NO target molecules. The diffusion of NO to its
target cells is because it is a free radical that reduces its toxic
effects in the surrounding environment [25].

iNOS is regulated differently compared to the regulation of
nNOS and eNOS. iNOS activities are not affected by the levels
of  intracellular  calcium,  but  it  binds  to  calmodulin  just  like
other  NOS.  However,  in  low  levels  of  intracellular  calcium,
iNOS still bind to calmodulin, which means its activation may
be independent of calcium concentration [26].

4. SYNTHESIS OF NITRIC OXIDE

Nitric oxide synthase catalyzes nitric oxide synthesis and
three NOS isoforms with different function; inducible (iNOS),
endothelial  (eNOS)  and  neuronal  (nNOS)  (Fig.  2).  The
endothelial and neuronal isoforms are characterized by low NO
production  as  a  signaling  molecule  and  are  also  calcium-
dependent. The inducible isoform is calcium-independent and
can  be  cytotoxic  due  to  large  amounts  of  NO  gas  produced.
The  NOS  reacts  with  the  guanidine  group  of  L-arginine
through  oxidation,  thereby  losing  five  electrons  to  form  L-
citrulline  and  NO.  The  NADPH  oxidation  and  reduction  of
molecular oxygen are involved in the reaction. Adjacent to the
L-arginine  specific  binding  site,  the  catalytic  transformation
occurs [27].

The  neuronal  NOS  acts  as  a  transmitter  and  is  found  in
different  nerves  in  the  nervous  system,  like  non-cholinergic
(NANO) and non-adrenergic autonomic nerves [28]. In blood
vessels,  constitutive  nitric  oxide  synthase  (cNOS)  activities
produce NO in a calcium- and calmodulin-dependent reaction.

Stimulation  of  cNOS  occurs  in  two  basic  pathways,  which
involve  calcium  ions  release  from  sub-sarcolemma  storage
sites.

In physiological conditions, iNOS activity is minimal and
can be stimulated during inflammation and cytokines, such as
tumor necrosis factor (TNF) and interleukins. About a 1,000-
fold of NO is produced by iNOS during inflammation than that
produced by cNOS. The NO production by endothelial nitric
oxide  synthase  is  stimulated  by  cytokines,  acetylcholine,
platelet-derived  factors,  and  shear  stress  [29].

4.1. Intracellular Mechanisms

NO  has  a  very  short  life  after  its  production  before  it
becomes oxidized to one of its more stable end-products. There
is a high affinity between superoxide anion and NO as a result
of an unpaired electron in their outer shell, making them highly
reactive and thus, reducing NO bioavailability. In most cells,
NO  binds  to  the  heme  moiety  of  hemoglobin  and  guanylyl
cyclase [30]. Therefore, there is rapid diffusion into the blood
when NO is formed and then binds to hemoglobin. Activation
of guanylyl cyclase occurs when NO binds to guanylyl cyclase
and diffuses into the smooth muscle cells [30].

The  synthesis  of  NO  and  its  subsequent  effects  are
dependent  on  the  types  of  cells  that  produce  NO  and  also
conditions experienced by the organism during the production
periods.  For  instance,  the  production  of  NO  by  vascular
endothelial cells in small amounts is continuous and this contri-
butes  to  the  maintenance  of  blood  homeostasis  and  normal
blood  pressure  [31].  During  septic  shock,  the  expression  of
NOS-2 induces the vascular endothelial cells to produce high
NO concentrations, a process associated with persistent hypo-
tension, decompensation, and vasoplegia [32, 33].
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4.2. Mechanism of Action

Nitric oxide provides several mechanisms that affect cell
biology,  for  instance,  guanylate  cyclase  activation,
nitrosylation of protein sulfhydryl group, ADP ribosylation of
proteins, iron-containing proteins oxidation, such as aconitase
and  ribo-nucleotide  reductase,  and  iron  regulatory  factor
activation  [34].  In  peripheral  blood  mononuclear  cells,  NO
activates  a  vital  transcription  factor  in  the  iNOS  gene
expression named nuclear factor kappa light chain enhancer of
activated B cells (NF-KB) as a result of inflammation. NO acts
through soluble guanylate cyclase stimulation to subsequently
form  cyclic  GMP.  The  cGMP  activates  protein  kinase  G  to
inactivate  myosin  light-chain  kinase.  This  eventually
dephosphorylates  myosin  light  chain  and  results  in  the
relaxation  of  the  smooth  muscles  [35].

4.3. Physiological and Cellular Action

NO  is  important  in  regulating  and  mediating  several
processes in the immune, cardiovascular, and nervous systems,
such as neurotransmission and relaxation of smooth muscles as
a result  of vasodilation and eventually increasing blood flow
[36]. In the pathophysiological state, NO has been implicated
in conditions, such as septic shock, stroke, neurodegenerative
diseases, and hypertension [37].

Guanylate cyclase activation by NO causes the relaxation
of smooth muscle by:

Decreasing  intracellular  calcium  concentrations  by[i]
increasing the levels of intracellular cGMP
K+  channels  activation  resulting  in  relaxation  and[ii]
hyperpolarization
cGMP-dependent protein kinase stimulation stimulates[iii]
myosin  light  chain  phosphatase,  thereby  leading  to
smooth muscle relaxation.

4.4. Vasodilation

NO, induced by several  factors,  mediates vasodilation in
blood  vessels.  Its  synthesis  by  eNOS  stimulates  smooth
muscles  relaxation  through  the  phosphorylation  of  several
proteins.  The  vasodilatory  action  is  vital  in  blood  flow
regulation, renal control of extracellular fluid homeostasis, and
maintenance of blood pressure [13]. After synthesis, due to its
highly reactive nature, it diffuses into the smooth muscle cells
and  interacts  with  soluble  guanylate  cyclase.  The  soluble
guanylate cyclase is stimulated by NO to produce cGMP from
GTP  [38].  The  soluble  cGMP  activates  cyclic  nucleotide-
dependent protein kinase G (PKG or cGKI) and results in the
relaxation of smooth muscles [39].

Additionally, the vasodilatory effect of NO function is in
erection  development  and  maintenance.  The  blood  vessels
vasodilation results in increased blood flowing into the corpus
cavernosum, which leads to erection [40]. Sildenafil (Viagra)
follows a similar mechanism by inhibiting phosphodiesterase-5
(PDE5),  which  lowers  the  concentration  of  cGMP by  recon-
verting to GMP.

4.5. Immune System

In the immune system, the macrophages produce NO using
iNOS  so  as  to  eliminate  the  invading  bacteria  [41].  For
example,  fulminant  infection (sepsis)  causes  excess  NO pro-
duction  by  macrophages,  and  could  probably  cause
hypotension in sepsis as a result of vasodilatation. The iNOS,
when expressed, generates cytotoxic levels of NO [42].

4.6. Inflammatory Action

During inflammatory reactions in humans, there is a high
level of NO produced and iNOS is principally responsible for
this process. At low concentration, NO is a pro-inflammatory
agent that induces vasodilatation and recruit neutrophils, while
high concentrations of NO downregulate adhesion molecules,
suppresses  activation,  and  induce  apoptosis  of  inflammatory
cells  [43,  44].  During  inflammatory  reactions,  there  is  an
increased expression of iNOS by pro-inflammatory cytokines
in  cells  like  neutrophil  granulocytes  and  monocyte/  macro-
phages.  However,  endotoxin  induces  expression  strongly  in
bacterial  infection.  As  a  result,  there  is  a  high  production  of
NO, which exceeds the physiological NO by up to 1000-fold.
As an inflammatory mediator, the overproduction can result in
tissue  destruction,  such  as  in  inflammatory  autoimmune
diseases.  Thus,  NO  can  process  pro-  or  anti-inflammatory
effects  depending  on  the  concentration  [45].  Several  reports
have shown the relationship between inflammation in the brain
and the  pathogenesis  of  several  neurodegenerative  disorders,
such as Alzheimer’s diseases, dementia, Parkinson’s disease,
amyotrophic  lateral  sclerosis,  AIDS,  and  multiple  sclerosis.
The brain inflammation is mainly caused by the activation of
glial  cells,  which  stimulate  the  production  of  several  pro-
inflammatory cytokines. Neurodegenaration has been attributed
to  the  excessive  production  of  NO  due  to  NOS  induction  in
activated glia. Increased NO production has also been linked
with  chronic  inflammatory  bowel  diseases,  arthritis,  and
inflammatory  diseases  of  the  respiratory  tract  [45,  46].

5.  NITRIC  OXIDE  IN  THE  CELLULAR
ENVIRONMENT

5.1. Lungs

The  lung  is  composed  of  numerous  cell  types,  such  as
macrophages,  epithelial  cells,  endothelial  cells,  vascular
smooth muscle cells, bronchial smooth muscle cells, neurons,
and  pneumocytes  [47].  Each  cell  type  produces  NO  through
one or more isoforms of NOS [48]. Blood vessels irrigate all
the  components  in  the  lungs,  while  essential  blood  vessel
components named endothelial cells, express NOS-3 [49]. The
NO in the lungs is involved in the production of mucin by the
bronchial epithelial cells, the participation of macrophages in
phagocytosis, bronchodilation at the inhibitory non-adrenergic
/non-cholinergic nerve terminals, and vasodilation at the endo-
thelium [50]. These functions are controlled and coordinated to
aid adequate blood flow as well as in allergen- or immunogen-
induced inflammation [50].

The NO and reactive species, such as RNS, are essential in
different inflammatory pulmonary diseases [51]. For example,
the exhaled air of asthma patients showed increased NO levels
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and it  is consistent with elevated gene expression of NOS -2
[52,  53].  A  pathological  lung  condition  called  chronic  obs-
tructive pulmonary disease is  associated with pulmonary hy-
pertension  [54],  the  NO  level  in  patients’  exhaled  air  was
demonstrated to be elevated two-fold higher than normal [55].
As in the case of asthma, increased oxidative stress in the lung
has been associated with COPD [56].

5.2. Liver

All  the  NOS  isoforms  are  produced  in  hepatocytes.
Different conditions, however, can modulate the synthesis and
effects  of  NO,  such  as  contact  with  metabolic  by-products,
oxygen availability, and other various cellular interactions [57].
Although, it has been shown that the hepatocyte gene profile
and  metabolic  functions  are  dependent  on  its  location  [58].
Hence, it is reasonable to claim that NOS isoforms expression
and  the  NO  effects  are  dependent  on  enzyme  com-
partmentalization,  cell  localization in the organ,  and also the
developmental  timing  of  enzyme expression.  An  example  of
changes  from  different  NOS  compartmentalization  is  that  a
change in the hepatic blood circulation during endotoxic shock
has  been  found  to  be  anti-parallel  to  those  observed  in  the
lungs [47].

5.3. Skeletal Muscle

Nitric oxide carries out a vital role in the contraction of the
skeletal muscle [59]. NOS-2 and NOS-3 found in the skeletal
muscle are largely located in the sarcoplasm, while NOS-1 is
found  only  in  sarcolemma  [60],  anchored  by  two  proteins
named  syntrophin  and  dystrophin,  that  forms  the  dystrophin
protein  complex  [61].  For  instance,  the  gene  encoding
dystrophin  is  mutated  in  Duchenne  Muscular  Dystrophy
(DMD), and as a consequence, NOS-1 remains localized in the
sarcoplasm  even  as  NOS-1  mis-localization  has  shown  to
contribute  towards  muscular  ischemia  [62].

6.  NITRIC  OXIDE  IN  VARIOUS  CELLULAR
CONDITIONS

6.1.  Effects  of  Nitric  Oxide  (NO)  on  the  Cardiovascular
System

NO  potentially  influences  vascular  homeostasis  through
different means, such as vasomotion modulation, platelet, and
monocyte  adhesion  to  the  endothelium,  production  of
endothelin,  inhibition  of  smooth  muscle  cell  proliferation,
aggregation of platelet, expression of adhesion molecules and
oxidation of LDL. Decreased bioavailability of NO, as a result
of  defects  in  function,  are  caused  by  decreased  activities  of
antioxidant enzyme/increased oxidative or nitrative stress and
are responsible for diseases, such as vascular restenosis, septic
shock, sickle cell  diseases,  immune reaction,  coronary artery
disease,  inflammation,  peripheral  vascular  disease,  diabetes,
hypercholesterolemia,  atherosclerosis,  migraine,  meningitis,
hypertension,  and  stroke  [63,  64].

In normal vascular biology, there is a need for interaction
between  endothelial  cells  and  monocytes,  but  lengthy
interactions  are  implicated  in  the  pathogenesis  of  vascular
diseases [65]. The interaction lowers the release of biologically

active NO and develops into atherosclerotic lesions. The NO is
an  anti-proliferative,  anti-atherogenic,  and  anti-thrombotic
factor  [66].

6.2. Nitric Oxide in Infection

In  understanding  the  pathogenesis  of  infection,  several
studies  have  been  carried  out  over  the  last  two  decades
showing  the  importance  of  enzymatically  produced  NO  in
diverse  physiological  processes.  The  morbidity  of  the  host
during  an  infection  is  contributed  by  NO  by  acting  as  a
myocardial  depressant,  vasodilator,  and  cytotoxic  mediator.
NO  possesses  immunoregulatory,  cytoprotective,
microvascular,  and  anti-microbial  properties  that  have  a
beneficial  role  in  the  infected  host  [67].

Evidences implicate the generation of NO as an effective
host response to infection. The generation of NO by the iNOS
isoform (NOS-2) is stimulated by pro-inflammatory cytokines.
Infection  in  humans  and  experimental  animals  significantly
increases  in  systemic  NO  production,  when  determined  by
measurement of NO oxidation end-products (nitrite and nitrate)
in plasma and urine [68]. In animal models, infections, such as
leishmaniasis  and  toxoplasmosis,  as  well  as  tuberculosis  in
humans, have shown to have elevated expression of NOS-2 and
NO  production  [69,  70].  Possibly,  there  is  a  correlation
between  NO  production  and  the  host  ability  to  contain
microbial proliferation, due to dramatic increases in microbial
burden as a result of abrogation of inducible NOS activity [71,
72]. In vitro studies revealed that NO-donor compounds could
kill or inhibit microbial activities when administered directly
[69].

The  NO  scavengers’  abundance  outside  the  phagosomal
compartment helps the host defenses against organisms, such
as Salmonella, Mycobacteria, and Leishmania. NO scavenging
by hemoglobin in an experimental system can physiologically
antagonize  anti-microbial  action  of  NO  against  bacteria  and
trypanosomes,  which  is  relevant  in  bloodstream  infection  or
haemorrhage  [73].  Several  pathogens,  such  as  Toxoplasma
gondii,  Mycobacterium  tuberculosis,  and  Leishmania  spp.
promote  persistent  asymptomatic  latent  infection.  However,
reactivation  of  some  organisms  has  been  induced  in
experimental models, such as Leishmania major, T. gondii, M.
Tuberculosis,  or  Epstein  -Barr  virus,  due  to  NO  synthesis
inhibition  [70],  indicating  the  major  role  of  NO  in  latent
infections.

6.3. Sepsis

Under normal physiological conditions, NO derived from
eNOS  present  in  the  smooth  muscle  stimulates  soluble
guanylate  cyclase,  which  enhances  intracellular  cGMP  and
results in vasodilation. In sepsis, iNOS derived NO mimics and
amplified the process to cause chronic vasodilation and damage
other pathways. Thus, iNOS becomes an important mediator of
shock  and  organ  damages  in  sepsis.  Animal  models  affirm
widespread NO production and iNOS expression in response to
inflammatory cytokines, endotoxin, or Gram negative bacteria,
causing organ failure, hypotension, and death [74].
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6.4. Hypertension

Decreased bioavailability of NO is an essential mechanism
in the pathogenesis of hypertension. A report has revealed that
angiotensin  II-  (Ang  II-)  induced  hypertensive  rats  showed
eNOS phosphorylation at threonine 495 residue [75]. Several
investigations have observed in salt-induced hypertension rats
that there is high BH4 oxidation as a result of activation of the
p47phox subunit of NADPH oxidase [76, 77]. Another report
suppresses  hypertension  in  spontaneously  hypertensive  rats
after  BH4  was  orally  administered  thanks  to  the  O2

−  accu-
mulation  and  reduction  of  ONOO−  [78].

6.5. Diabetes

Diabetes involves a reduced synthesis of NO production.
Reports  have  shown  that  eNOS  activity  was  reduced  by
increased  phosphorylation  at  threonine  495  via  PKC  in  the
obese  mouse  model  [79].  Alp  et  al.  showed,  in  diabetic
hypertensive  rats,  decreased  synthesis  of  NO  and  low  BH4

levels  [80].  Heitzer  and  colleagues  demonstrated  that
supplementation  of  BH4  improved  endothelium-dependent
vasodilation in patients with type II diabetes but not in control
subjects.  Such  beneficial  effect  was  completely  blocked  by
N(G)-monomethyl-L-arginine, a well-known inhibitor of NOS,
suggesting  that  it  was  dependent  on  the  NO  production
increase  [81].

CONCLUSION

Besides  mediating  normal  functions,  such  as  smooth
muscle relaxation causing the artery vasodilation and increased
blood  flow;  macrophage  mediated  cytotoxicity  against
microbes and tumor cells and neurotransmission, NO has also
been  implicated  in  several  essential  disease  conditions.
Interestingly,  some  disease  processes  are  linked  with  excess
production of  NO, while  other  conditions,  such as  achalasia,
are connected with low levels of NO. Therefore, the view into
the mechanistic biochemistry of NO in health and disease is a
requirement for the NO-related newer and improved therapies.

CONSENT FOR PUBLICATION

Not applicable.

FUNDING

None.

CONFLICT OF INTEREST

The  authors  declare  no  conflict  of  interest,  financial  or
otherwise.

ACKNOWLEDGEMENTS

Declared none.

REFERENCES

Gruetter,  C.A.;  Barry,  B.K.;  McNamara,  D.B.;  Gruetter,  D.Y.;[1]
Kadowitz, P.J.; Ignarro, L. Relaxation of bovine coronary artery and
activation  of  coronary  arterial  guanylate  cyclase  by  nitric  oxide,
nitroprusside and a carcinogenic nitrosoamine.  J.  Cyclic Nucleotide
Res., 1979, 5(3), 211-224.
[PMID: 39089]

Furchgott,  R.F.;  Zawadzki,  J.V.  The  obligatory  role  of  endothelial[2]
cells  in  the  relaxation  of  arterial  smooth  muscle  by  acetylcholine.
Nature, 1980, 288(5789), 373-376.
[http://dx.doi.org/10.1038/288373a0] [PMID: 6253831]
Dashwood,  M.R.  Editorial:  Endothelium:  A  target  for  therapeutic[3]
intervention. Curr. Vasc. Pharmacol., 2016, 14(2), 126-129.
[http://dx.doi.org/10.2174/157016111402160208120152]  [PMID:
26864444]
Uche,  O.K.;  Ehanire,  V.O.  Influence  of  nanosilver  on  endothelial[4]
function and vascular reactivity of isolated rabbit carotid artery. Niger.
J. Physiol. Sci., 2018, 33(2), 139-144.
[PMID: 30837766]
Katsuki, S.; Arnold, W.; Mittal, C.; Murad, F. Stimulation of guanylate[5]
cyclase  by  sodium  nitroprusside,  nitroglycerin  and  nitric  oxide  in
various tissue preparations and comparison to the effects of sodium
azide and hydroxylamine. J. Cyclic Nucleotide Res., 1977, 3(1), 23-35.
[PMID: 14978]
Palmer,  R.M.;  Ferrige,  A.G.;  Moncada,  S.  Nitric  oxide  release[6]
accounts for the biological activity of endothelium-derived relaxing
factor. Nature, 1987, 327(6122), 524-526.
[http://dx.doi.org/10.1038/327524a0] [PMID: 3495737]
Koshland,  D.E.,  Jr.  The  molecule  of  the  year.  Science,  1992,[7]
258(5090), 1861.
[http://dx.doi.org/10.1126/science.1470903] [PMID: 1470903]
Goldstein, I.; Burnett, A.L.; Rosen, R.C.; Park, P.W.; Stecher, V.J. The[8]
serendipitous  story  of  sildenafil:  an  unexpected  oral  therapy  for
erectile dysfunction. Sex. Med. Rev., 2019, 7(1), 115-128.
[http://dx.doi.org/10.1016/j.sxmr.2018.06.005] [PMID: 30301707]
Jeandroz, S.;  Wipf,  D.;  Stuehr,  D.J.;  Lamattina,  L.;  Melkonian, M.;[9]
Tian,  Z.;  Zhu,  Y.;  Carpenter,  E.J.;  Wong,  G.K.;  Wendehenne,  D.
Occurrence,  structure,  and  evolution  of  nitric  oxide  synthase-like
proteins in the plant kingdom. Sci. Signal., 2016, 9(417), re2.
[http://dx.doi.org/10.1126/scisignal.aad4403] [PMID: 26933064]
Bryan,  N.S.  Application  of  nitric  oxide  in  drug  discovery  and[10]
development. Expert Opin. Drug Discov., 2011, 6(11), 1139-1154.
[http://dx.doi.org/10.1517/17460441.2011.613933] [PMID: 22646983]
Shiga, S.; Machida, T.; Yanada, T.; Machida, M.; Hirafuji, M.; Iizuka,[11]
K. The role of nitric oxide in small intestine differs between a single
and  a  consecutive  administration  of  methotrexate  to  rats.  J.
Pharmacol.  Sci.,  2020,  143(1),  30-38.
[http://dx.doi.org/10.1016/j.jphs.2020.02.006] [PMID: 32151540]
van’t  Hof,  R.J.;  Ralston,  S.H.  Nitric  oxide  and  bone.  Immunology,[12]
2001, 103(3), 255-261.
[http://dx.doi.org/10.1046/j.1365-2567.2001.01261.x]  [PMID:
11454054]
Costa, D.; Benincasa, G.; Lucchese, R.; Infante, T.;  Nicoletti,  G.F.;[13]
Napoli,  C.  Effect  of  nitric  oxide  reduction  on  arterial  thrombosis.
Scand. Cardiovasc. J., 2019, 53(1), 1-8.
[http://dx.doi.org/10.1080/14017431.2019.1581943]  [PMID:
30741027]
Kozlov, A.V.; Bahrami, S.; Redl, H.; Szabo, C. Alterations in nitric[14]
oxide homeostasis  during traumatic  brain injury.  Biochim.  Biophys.
Acta Mol. Basis Dis., 2017, 1863(10 Pt B), 2627-2632.
[http://dx.doi.org/10.1016/j.bbadis.2016.12.020] [PMID: 28064018]
Lee,  C.;  Su,  P.;  Lin,  P.;  Tsai,  H.;  Lam,  C.  Reappraisal  of  the[15]
significance of inducible nitric oxide synthase in colorectal cancer. J.
Cell Sci. Ther., 2016, 7(239), 2.
Fang,  F.C.;  Vázquez-Torres,  A.  Reactive  nitrogen  species  in  host-[16]
bacterial interactions. Curr. Opin. Immunol., 2019, 60, 96-102.
[http://dx.doi.org/10.1016/j.coi.2019.05.008] [PMID: 31200187]
Chen, Z.Q.; Mou, R.T.; Feng, D.X.; Wang, Z.; Chen, G. The role of[17]
nitric oxide in stroke. Med. Gas Res., 2017, 7(3), 194-203.
[http://dx.doi.org/10.4103/2045-9912.215750] [PMID: 29152213]
Aiyengar, T.M.; Chiranjeevi, P.; Rani, H.S. Role of endothelial nitric[18]
oxide  synthase  in  breast  cancer.  Nitric  Oxide  Synthase:  Simple
Enzyme-Complex  Roles,  2017,  179
Hanson, Q.M.; Carley, J.R.; Gilbreath, T.J.; Smith, B.C.; Underbakke,[19]
E.S.  Calmodulin-induced  conformational  control  and  allostery
underlying  neuronal  nitric  oxide  synthase  activation.  J.  Mol.  Biol.,
2018, 430(7), 935-947.
[http://dx.doi.org/10.1016/j.jmb.2018.02.003] [PMID: 29458127]
Berges, A.; Van Nassauw, L.; Bosmans, J.; Timmermans, J.P.; Vrints,[20]
C. Role of nitric oxide and oxidative stress in ischaemic myocardial
injury and preconditioning. Acta Cardiol., 2003, 58(2), 119-132.
[http://dx.doi.org/10.2143/AC.58.2.2005264] [PMID: 12715903]
Ekmekcioglu, S.; Grimm, E.A.; Roszik, J. Targeting iNOS to increase[21]
efficacy of immunotherapies. Hum. Vaccin. Immunother., 2017, 13(5),

http://www.ncbi.nlm.nih.gov/pubmed/39089
http://dx.doi.org/10.1038/288373a0
http://www.ncbi.nlm.nih.gov/pubmed/6253831
http://dx.doi.org/10.2174/157016111402160208120152
http://www.ncbi.nlm.nih.gov/pubmed/26864444
http://www.ncbi.nlm.nih.gov/pubmed/30837766
http://www.ncbi.nlm.nih.gov/pubmed/14978
http://dx.doi.org/10.1038/327524a0
http://www.ncbi.nlm.nih.gov/pubmed/3495737
http://dx.doi.org/10.1126/science.1470903
http://www.ncbi.nlm.nih.gov/pubmed/1470903
http://dx.doi.org/10.1016/j.sxmr.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/30301707
http://dx.doi.org/10.1126/scisignal.aad4403
http://www.ncbi.nlm.nih.gov/pubmed/26933064
http://dx.doi.org/10.1517/17460441.2011.613933
http://www.ncbi.nlm.nih.gov/pubmed/22646983
http://dx.doi.org/10.1016/j.jphs.2020.02.006
http://www.ncbi.nlm.nih.gov/pubmed/32151540
http://dx.doi.org/10.1046/j.1365-2567.2001.01261.x
http://www.ncbi.nlm.nih.gov/pubmed/11454054
http://dx.doi.org/10.1080/14017431.2019.1581943
http://www.ncbi.nlm.nih.gov/pubmed/30741027
http://dx.doi.org/10.1016/j.bbadis.2016.12.020
http://www.ncbi.nlm.nih.gov/pubmed/28064018
http://dx.doi.org/10.1016/j.coi.2019.05.008
http://www.ncbi.nlm.nih.gov/pubmed/31200187
http://dx.doi.org/10.4103/2045-9912.215750
http://www.ncbi.nlm.nih.gov/pubmed/29152213
http://dx.doi.org/10.1016/j.jmb.2018.02.003
http://www.ncbi.nlm.nih.gov/pubmed/29458127
http://dx.doi.org/10.2143/AC.58.2.2005264
http://www.ncbi.nlm.nih.gov/pubmed/12715903


Mechanism of NO in health and Disease The Open Biochemistry Journal, 2020, Volume 14   31

1105-1108.
[http://dx.doi.org/10.1080/21645515.2016.1276682]  [PMID:
28121247]
Sharma,  S.;  Puttachary,  S.;  Thippeswamy,  T.  Glial  source  of  nitric[22]
oxide in epileptogenesis: A target for disease modification in epilepsy.
J. Neurosci. Res., 2019, 97(11), 1363-1377.
[http://dx.doi.org/10.1002/jnr.24205] [PMID: 29230865]
Barbanti,  P.;  Egeo, G.;  Aurilia,  C.;  Fofi,  L.;  Della-Morte,  D. Drugs[23]
targeting nitric oxide synthase for migraine treatment. Expert Opin.
Investig. Drugs, 2014, 23(8), 1141-1148.
[http://dx.doi.org/10.1517/13543784.2014.918953] [PMID: 24818644]
Pimlott, D.; Guillemette, G.; Dieckmann, T. Structural investigation of[24]
melatonin metabolites as calmodulin antagonists and potential nitric
oxide  synthase  inhibitors.  The  FASEB  Journal,  2019,
33(1_supplement),  784-12.
Hasanuzzaman, M.; Oku, H.; Nahar, K.; Bhuyan, M.B.; Al Mahmud,[25]
J.; Baluska, F.; Fujita, M. Nitric oxide-induced salt stress tolerance in
plants: ROS metabolism, signaling, and molecular interactions. Plant
Biotechnol. Rep., 2018, 12(2), 77-92.
[http://dx.doi.org/10.1007/s11816-018-0480-0]
Leiper,  J.  Nitric  Oxide.Textbook  of  Vascular  Medicine;  Springer:[26]
Cham, 2019, pp. 117-126.
[http://dx.doi.org/10.1007/978-3-030-16481-2_11]
Wynia-Smith,  S.L.;  Smith,  B.C.  Nitrosothiol  formation  and  S-[27]
nitrosation  signaling  through  nitric  oxide  synthases.  Nitric  Oxide,
2017, 63, 52-60.
[http://dx.doi.org/10.1016/j.niox.2016.10.001] [PMID: 27720836]
Min, Y.W.; Ko, E.J.; Lee, J.Y.; Rhee, P.L. Impaired neural pathway in[28]
gastric muscles of patients with diabetes. Sci. Rep., 2018, 8(1), 7101.
[http://dx.doi.org/10.1038/s41598-018-24147-y] [PMID: 29739973]
Sriram, K.; Laughlin, J.G.; Rangamani, P.; Tartakovsky, D.M. Shear-[29]
induced nitric oxide production by endothelial cells. Biophys. J., 2016,
111(1), 208-221.
[http://dx.doi.org/10.1016/j.bpj.2016.05.034] [PMID: 27410748]
Koesling, D.; Russwurm, M.; Mergia, E. Regulation and physiological[30]
functions  of  no-sensitive  guanylyl  cyclase.nitric  oxide;  Academic
Press, 2017, pp. 107-116.
[http://dx.doi.org/10.1016/B978-0-12-804273-1.00008-9]
Fulton,  D.J.R.  Transcriptional  and  posttranslational  regulation  of[31]
eNOS in the endothelium. Adv. Pharmacol., 2016, 77, 29-64.
[http://dx.doi.org/10.1016/bs.apha.2016.04.001] [PMID: 27451094]
Sundaresan,  L.;  Giri,  S.;  Chatterjee,  S.  Inhibitors  of  nitric  oxide[32]
synthase:  What’s  up  and  what’s  next?  Curr.  Enzym.  Inhib.,  2016,
12(1), 81-107.
[http://dx.doi.org/10.2174/1573408012666151126185922]
Webber,  R.J.;  Sweet,  R.M.;  Webber,  D.S.  Inducible  nitric  oxide[33]
synthase  in  circulating  microvesicles:  Discovery,  evolution,  and
evidence as a novel biomarker and the probable causative agent for
sepsis. J. Appl. Lab. Med., 2019, 3(4), 698-711.
[http://dx.doi.org/10.1373/jalm.2018.026377] [PMID: 30937423]
Pan, J.; Yuan, H.; Zhang, X.; Zhang, H.; Xu, Q.; Zhou, Y.; Tan, L.;[34]
Nagawa, S.; Huang, Z.X.; Tan, X. Probing the molecular mechanism
of human soluble guanylate cyclase activation by NO in vitro and in
vivo. Sci. Rep., 2017, 7, 43112.
[http://dx.doi.org/10.1038/srep43112] [PMID: 28230071]
MacDonald, J.A.; Walsh, M.P. Regulation of smooth muscle myosin[35]
light chain phosphatase by multi-site phosphorylation of the myosin
targeting  subunit,  MYPT1.  Cardiovasc  Haematol  Disorders-Drug
Targets, 2018, 18(1), 4-13.
Chong, C.M.; Ai, N.; Ke, M.; Tan, Y.; Huang, Z.; Li, Y.; Lu, J.H.; Ge,[36]
W.; Su, H. Ai, N.; Ke, M.; Tan, Y.; Huang, Z.; Li, Y.; Su, H. Roles of
nitric oxide synthase isoforms in neurogenesis. Mol. Neurobiol., 2018,
55(3), 2645-2652.
[http://dx.doi.org/10.1007/s12035-017-0513-7] [PMID: 28421538]
Restini,  C.B.A.;  Gonçalves,  L.  Nitric  oxide  and  related  aspects[37]
underlying angina. Open Cardiovasc. Med. J., 2017, 11, 33-46.
[http://dx.doi.org/10.2174/1874192401711010033] [PMID: 28567132]
Zhou, Z.; Martin, E.; Sharina, I.; Esposito, I.; Szabo, C.; Bucci, M.;[38]
Cirino, G.; Papapetropoulos, A. Regulation of soluble guanylyl cyclase
redox state by hydrogen sulfide. Pharmacol. Res., 2016, 111, 556-562.
[http://dx.doi.org/10.1016/j.phrs.2016.06.029] [PMID: 27378567]
Hofmann,  F.  A  concise  discussion  of  the  regulatory  role  of  cGMP[39]
kinase  I  in  cardiac  physiology  and  pathology.  Basic  Res.  Cardiol.,
2018, 113(4), 31.
[http://dx.doi.org/10.1007/s00395-018-0690-1] [PMID: 29934662]
Ismail,  S.;  Aminyoto,  M.  Aphrodisiac  activity  of  ethanol  extract  of[40]
cratoxylum  sumatranum  (jack)  blume  stems  on  isolated  rat  corpus

cavernosum. J. Trop. Pharm. Chem., 2018, 4(3), 122-127.
[http://dx.doi.org/10.25026/jtpc.v4i3.150]
Kobayashi,  Y.M.;  Rader,  E.P.;  Crawford,  R.W.;  Iyengar,  N.K.;[41]
Thedens,  D.R.;  Faulkner,  J.A.;  Parikh,  S.V.;  Weiss,  R.M.;
Chamberlain, J.S.; Moore, S.A.; Campbell, K.P. Sarcolemma-localized
nNOS  is  required  to  maintain  activity  after  mild  exercise.  Nature,
2008, 456(7221), 511-515.
[http://dx.doi.org/10.1038/nature07414] [PMID: 18953332]
Greenwald,  A.;  Yim,  P.  Molecular  mechanisms  of  hypotension  in[42]
sepsis. Crit. Care Med., 2020, 48(1), 2.
[http://dx.doi.org/10.1097/01.ccm.0000618516.46234.c1]
Coleman,  J.W.  Nitric  oxide  in  immunity  and  inflammation.  Int.[43]
Immunopharmacol., 2001, 1(8), 1397-1406.
[http://dx.doi.org/10.1016/S1567-5769(01)00086-8]  [PMID:
11515807]
Guzik,  T.J.;  Korbut,  R.;  Adamek-Guzik,  T.  Nitric  oxide  and[44]
superoxide  in  inflammation  and  immune  regulation.  J.  Physiol.
Pharmacol.,  2003,  54(4),  469-487.
[PMID: 14726604]
Sharma,  J.N.;  Al-Omran,  A.;  Parvathy,  S.S.  Role  of  nitric  oxide  in[45]
inflammatory diseases. Inflammopharmacology, 2007, 15(6), 252-259.
[http://dx.doi.org/10.1007/s10787-007-0013-x] [PMID: 18236016]
Moncada, S.; Higgs, E.A. Nitric oxide and the vascular endothelium.[46]
Handb. Exp. Pharmacol., 2006, 166(176 Pt 1), 213-254.
[http://dx.doi.org/10.1007/3-540-32967-6_7] [PMID: 16999221]
Balbino, A.M. Silva, M.M.; Azevedo, G.A.; Gil, N.L.; Ferreira, R.R.;[47]
dos Santos, L.A. ... & Landgraf, R.G. Intrauterine malnutrition reduced
long leptin receptor isoform expression and proinflammatory cytokine
production  in  male  rat  pulmonary  endothelial  cells  stimulated  by
lipopolysaccharide. Mediators Inflamm., 2018, 2018, 1-11.
[http://dx.doi.org/10.1155/2018/8597361]
Lind, M.; Hayes, A.; Caprnda, M.; Petrovic, D.; Rodrigo, L.; Kruzliak,[48]
P.;  Zulli,  A. Inducible nitric oxide synthase: Good or bad? Biomed.
Pharmacother., 2017, 93, 370-375.
[http://dx.doi.org/10.1016/j.biopha.2017.06.036] [PMID: 28651238]
Qin, J.Z.; Wang, S.J.; Xia, C. microRNAs regulate nitric oxide release[49]
from endothelial cells by targeting NOS3. J. Thromb. Thrombolysis,
2018, 46(3), 275-282.
[http://dx.doi.org/10.1007/s11239-018-1684-4] [PMID: 29948755]
Shiobara,  T.;  Chibana,  K.;  Watanabe,  T.;  Arai,  R.;  Horigane,  Y.;[50]
Nakamura,  Y.;  Hayashi,  Y.;  Shimizu,  Y.;  Takemasa,  A.;  Ishii,  Y.
Dipeptidyl peptidase-4 is highly expressed in bronchial epithelial cells
of  untreated  asthma  and  it  increases  cell  proliferation  along  with
fibronectin production in airway constitutive cells. Respir. Res., 2016,
17(1), 28.
[http://dx.doi.org/10.1186/s12931-016-0342-7] [PMID: 26975422]
Kamble, L.V.; Jagtap, M.V.R.; Ganu, M.J. To study the level of nitric[51]
oxide and ceruloplasmin in chronic obstructive pulmonary disease. Int.
J. Biotechnol. Biochem., 2020, 16(1), 47-51.
Ricciardolo, F.L.; Sterk, P.J.; Gaston, B.; Folkerts, G. Nitric oxide in[52]
health  and  disease  of  the  respiratory  system.  Physiol.  Rev.,  2004,
84(3), 731-765.
[http://dx.doi.org/10.1152/physrev.00034.2003] [PMID: 15269335]
Shaw, D.E.; Berry, M.A.; Thomas, M.; Green, R.H.; Brightling, C.E.;[53]
Wardlaw, A.J.; Pavord, I.D. The use of exhaled nitric oxide to guide
asthma  management:  A  randomized  controlled  trial.  Am.  J.  Respir.
Crit. Care Med., 2007, 176(3), 231-237.
[http://dx.doi.org/10.1164/rccm.200610-1427OC] [PMID: 17496226]
Barberà,  J.A.;  Blanco,  I.  Pulmonary  hypertension  in  patients  with[54]
chronic obstructive pulmonary disease: Advances in pathophysiology
and management. Drugs, 2009, 69(9), 1153-1171.
[http://dx.doi.org/10.2165/00003495-200969090-00002]  [PMID:
19537834]
Beg, M.F.; Alzoghaibi, M.A.; Abba, A.A.; Habib, S.S. Exhaled nitric[55]
oxide in stable chronic obstructive pulmonary disease. Ann. Thorac.
Med., 2009, 4(2), 65-70.
[http://dx.doi.org/10.4103/1817-1737.44649] [PMID: 19561927]
Roy, K.; Borrill, Z.L.; Starkey, C.; Hazel, A.L.; Morris, J.; Vestbo, J.;[56]
Singh,  D.  Use  of  different  exhaled  nitric  oxide  multiple  flow  rate
models in COPD. Eur. Respir. J., 2007, 29(4), 651-659.
[http://dx.doi.org/10.1183/09031936.00149706] [PMID: 17301096]
Wang, R.; Geller, D.A.; Wink, D.A.; Cheng, B.; Billiar, T.R. NO and[57]
hepatocellular cancer. Br. J. Pharmacol., 2018.
[PMID: 31423564]
Bachmann, M.; Waibler, Z.; Pleli, T.; Pfeilschifter, J.; Mühl, H. Type I[58]
interferon supports inducible nitric oxide synthase in murine hepatoma
cells and hepatocytes and during experimental acetaminophen-induced

http://dx.doi.org/10.1080/21645515.2016.1276682
http://www.ncbi.nlm.nih.gov/pubmed/28121247
http://dx.doi.org/10.1002/jnr.24205
http://www.ncbi.nlm.nih.gov/pubmed/29230865
http://dx.doi.org/10.1517/13543784.2014.918953
http://www.ncbi.nlm.nih.gov/pubmed/24818644
http://dx.doi.org/10.1007/s11816-018-0480-0
http://dx.doi.org/10.1007/978-3-030-16481-2_11
http://dx.doi.org/10.1016/j.niox.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27720836
http://dx.doi.org/10.1038/s41598-018-24147-y
http://www.ncbi.nlm.nih.gov/pubmed/29739973
http://dx.doi.org/10.1016/j.bpj.2016.05.034
http://www.ncbi.nlm.nih.gov/pubmed/27410748
http://dx.doi.org/10.1016/B978-0-12-804273-1.00008-9
http://dx.doi.org/10.1016/bs.apha.2016.04.001
http://www.ncbi.nlm.nih.gov/pubmed/27451094
http://dx.doi.org/10.2174/1573408012666151126185922
http://dx.doi.org/10.1373/jalm.2018.026377
http://www.ncbi.nlm.nih.gov/pubmed/30937423
http://dx.doi.org/10.1038/srep43112
http://www.ncbi.nlm.nih.gov/pubmed/28230071
http://dx.doi.org/10.1007/s12035-017-0513-7
http://www.ncbi.nlm.nih.gov/pubmed/28421538
http://dx.doi.org/10.2174/1874192401711010033
http://www.ncbi.nlm.nih.gov/pubmed/28567132
http://dx.doi.org/10.1016/j.phrs.2016.06.029
http://www.ncbi.nlm.nih.gov/pubmed/27378567
http://dx.doi.org/10.1007/s00395-018-0690-1
http://www.ncbi.nlm.nih.gov/pubmed/29934662
http://dx.doi.org/10.25026/jtpc.v4i3.150
http://dx.doi.org/10.1038/nature07414
http://www.ncbi.nlm.nih.gov/pubmed/18953332
http://dx.doi.org/10.1097/01.ccm.0000618516.46234.c1
http://dx.doi.org/10.1016/S1567-5769(01)00086-8
http://www.ncbi.nlm.nih.gov/pubmed/11515807
http://www.ncbi.nlm.nih.gov/pubmed/14726604
http://dx.doi.org/10.1007/s10787-007-0013-x
http://www.ncbi.nlm.nih.gov/pubmed/18236016
http://dx.doi.org/10.1007/3-540-32967-6_7
http://www.ncbi.nlm.nih.gov/pubmed/16999221
http://dx.doi.org/10.1155/2018/8597361
http://dx.doi.org/10.1016/j.biopha.2017.06.036
http://www.ncbi.nlm.nih.gov/pubmed/28651238
http://dx.doi.org/10.1007/s11239-018-1684-4
http://www.ncbi.nlm.nih.gov/pubmed/29948755
http://dx.doi.org/10.1186/s12931-016-0342-7
http://www.ncbi.nlm.nih.gov/pubmed/26975422
http://dx.doi.org/10.1152/physrev.00034.2003
http://www.ncbi.nlm.nih.gov/pubmed/15269335
http://dx.doi.org/10.1164/rccm.200610-1427OC
http://www.ncbi.nlm.nih.gov/pubmed/17496226
http://dx.doi.org/10.2165/00003495-200969090-00002
http://www.ncbi.nlm.nih.gov/pubmed/19537834
http://dx.doi.org/10.4103/1817-1737.44649
http://www.ncbi.nlm.nih.gov/pubmed/19561927
http://dx.doi.org/10.1183/09031936.00149706
http://www.ncbi.nlm.nih.gov/pubmed/17301096
http://www.ncbi.nlm.nih.gov/pubmed/31423564


32   The Open Biochemistry Journal, 2020, Volume 14 Akanji et al.

liver damage. Front. Immunol., 2017, 8, 890.
[http://dx.doi.org/10.3389/fimmu.2017.00890] [PMID: 28824623]
Zhang, X.; Hiam, D.; Hong, Y.H.; Zulli, A.; Hayes, A.; Rattigan, S.;[59]
McConell,  G.K.  Nitric  oxide  is  required  for  the  insulin  sensitizing
effects  of  contraction  in  mouse  skeletal  muscle.  J.  Physiol.,  2017,
595(24), 7427-7439.
[http://dx.doi.org/10.1113/JP275133] [PMID: 29071734]
Carnicer,  R.  Suffredini,  S.;  Liu,  X.;  Reilly,  S.;  Simon,  J.N.;  Surdo,[60]
N.C.; ... & Casadei, B.. The subcellular localization of neuronal nitric
oxide  synthase  determines  the  downstream  effects  of  NO  on
myocardial  function.  Cardiovasc.  Res.,  2017,  113(3),  321-331.
[http://dx.doi.org/10.1093/cvr/cvx002] [PMID: 28158509]
Gawor,  M.;  Prószyński,  T.J.  The  molecular  cross  talk  of  the[61]
dystrophin-glycoprotein  complex.  Ann.  N.  Y.  Acad.  Sci.,  2018,
1412(1),  62-72.
[http://dx.doi.org/10.1111/nyas.13500] [PMID: 29068540]
Dombernowsky, N.W.; Ölmestig, J.N.E.; Witting, N.; Kruuse, C. Role[62]
of  neuronal  nitric  oxide  synthase  (nNOS)  in  Duchenne  and  Becker
muscular  dystrophies  -  Still  a  possible  treatment  modality?
Neuromuscul.  Disord.,  2018,  28(11),  914-926.
[http://dx.doi.org/10.1016/j.nmd.2018.09.001] [PMID: 30352768]
Fernandes, T.; Gomes-Gatto, C.V.; Pereira, N.P.; Alayafi,  Y.R. NO[63]
signaling in the cardiovascular system and exercise. In: Exercise for
Cardiovascular  Disease  Prevention  and  Treatment;  Springer:
Singapore,  2017;  pp.  211-245.
Nagpure, B.V.; Bian, J.S. Interaction of hydrogen sulfide with nitric[64]
oxide in the cardiovascular system. Oxid. Med. Cell. Longev., 2016,
20166904327
[http://dx.doi.org/10.1155/2016/6904327] [PMID: 26640616]
Chen, W.; Tian, B.; Liang, J.; Yu, S.; Zhou, Y.; Li, S. Matrix stiffness[65]
regulates  the  interactions  between  endothelial  cells  and  monocytes.
Biomaterials, 2019, 221119362
[http://dx.doi.org/10.1016/j.biomaterials.2019.119362]  [PMID:
31442696]
Chen,  J.Y.;  Ye,  Z.X.;  Wang,  X.F.;  Chang,  J.;  Yang,  M.W.;  Zhong,[66]
H.H.; Hong, F.F.; Yang, S.L. Nitric oxide bioavailability dysfunction
involves  in  atherosclerosis.  Biomed.  Pharmacother.,  2018,  97,
423-428.
[http://dx.doi.org/10.1016/j.biopha.2017.10.122] [PMID: 29091892]
Fang,  Q.;  Seng,  E.K.;  Ding,  Q.Q.;  Zhang,  L.L.  Characterization  of[67]
infectious particles of grass carp reovirus by treatment with proteases.
Arch. Virol., 2008, 153(4), 675-682.
[http://dx.doi.org/10.1007/s00705-008-0048-3] [PMID: 18273678]
Mishra,  B.B.  Lovewell,  R.R.;  Olive,  A.J.;  Zhang,  G.;  Wang,  W.;[68]
Eugenin,  E.;  ...  &  Palace,  S.G.  .  Nitric  oxide  prevents  a  pathogen-
permissive  granulocytic  inflammation  during  tuberculosis.  Nat.
Microbiol.,  2017,  2(7),  1-11.
[http://dx.doi.org/10.1038/nmicrobiol.2017.72]
Jamaati,  H.;  Mortaz,  E.;  Pajouhi,  Z.;  Folkerts,  G.;  Movassaghi,  M.;[69]
Moloudizargari,  M.;  Adcock,  I.M.;  Garssen,  J.  Nitric  Oxide  in  the
pathogenesis and treatment of tuberculosis. Front. Microbiol., 2017, 8,
2008.
[http://dx.doi.org/10.3389/fmicb.2017.02008] [PMID: 29085351]
Arbabi, M.; Soleimani Jevinani, S.; Nahrevanian, H.; Hooshyar, H.;[70]
Esmaeili Rastaghi, A.R.; Delavari, M.; Ghasemi, F.S. The effects of
splenectomy on pattern of nitric oxide induction and pathogenesis of
rodent malaria caused by plasmodium berghei infection. Int. J. Med.

Lab., 2019, 6(1), 33-42.
[http://dx.doi.org/10.18502/ijml.v6i1.505]
MacMicking,  J.D.;  North,  R.J.;  LaCourse,  R.;  Mudgett,  J.S.;  Shah,[71]
S.K.; Nathan, C.F. Identification of NOS2 as a protective locus against
tuberculosis. Proc. Natl. Acad. Sci. USA, 1997, 94, 5243-5248.
[http://dx.doi.org/10.1073/pnas.94.10.5243] [PMID: 9144222]
Soleimani, N.; Mohabati Mobarez, A.; Tavakoli-Yaraki, M.; Farhangi,[72]
B. Evaluation of nitric oxide production and proliferation activity of
recombinant Bacterioferritin of Helicobacter pylori on macrophages.
Microb. Pathog., 2016, 100, 149-153.
[http://dx.doi.org/10.1016/j.micpath.2016.07.008] [PMID: 27580846]
Kutty,  S.K.;  Ho,  K.K.K.;  Kumar,  N.  Nitric  Oxide  Donors  as  Anti-[73]
microbial  Agents.Nitric  Oxide  Donors;  Academic  Press,  2017,  pp.
169-189.
[http://dx.doi.org/10.1016/B978-0-12-809275-0.00007-7]
Luiking, Y.C.; Engelen, M.P.K.J.; Deutz, N.E.P. Regulation of nitric[74]
oxide production in health and disease. Curr. Opin. Clin. Nutr. Metab.
Care, 2010, 13(1), 97-104.
[http://dx.doi.org/10.1097/MCO.0b013e328332f99d]  [PMID:
19841582]
Ramseyer, V.D.; Gonzalez-Vicente, A.; Carretero, O.A.; Garvin, J.L.[75]
Angiotensin II-induced hypertension blunts thick ascending limb NO
production  by  reducing  NO  synthase  3  expression  and  enhancing
threonine 495 phosphorylation. Am. J. Physiol. Renal Physiol., 2015,
308(2), F149-F156.
[http://dx.doi.org/10.1152/ajprenal.00279.2014] [PMID: 25377910]
Landmesser,  U.;  Dikalov,  S.;  Price,  S.R.;  McCann,  L.;  Fukai,  T.;[76]
Holland,  S.M.;  Mitch,  W.E.;  Harrison,  D.G.  Oxidation  of
tetrahydrobiopterin leads to uncoupling of endothelial cell nitric oxide
synthase in hypertension. J. Clin. Invest., 2003, 111(8), 1201-1209.
[http://dx.doi.org/10.1172/JCI200314172] [PMID: 12697739]
Li,  H.;  Forstermann,  U.  Pharmacological  prevention  of  eNOS[77]
uncoupling. Curr. Pharm. Des., 2014, 20(22), 3595-3606.
[http://dx.doi.org/10.2174/13816128113196660749]  [PMID:
24180386]
Hong, H-J.; Hsiao, G.; Cheng, T-H.; Yen, M-H. Supplemention with[78]
tetrahydrobiopterin  suppresses  the  development  of  hypertension  in
spontaneously  hypertensive  rats.  Hypertension,  2001,  38(5),
1044-1048.
[http://dx.doi.org/10.1161/hy1101.095331] [PMID: 11711495]
Taguchi, K.; Kobayashi, T.; Matsumoto, T.; Kamata, K. Dysfunction[79]
of  endothelium-dependent  relaxation  to  insulin  via  PKC-mediated
GRK2/Akt activation in aortas of ob/ob mice. Am. J. Physiol. Heart
Circ. Physiol., 2011, 301(2), H571-H583.
[http://dx.doi.org/10.1152/ajpheart.01189.2010] [PMID: 21572010]
Alp, N.J.; Mussa, S.; Khoo, J.; Cai, S.; Guzik, T.; Jefferson, A.; Goh,[80]
N.;  Rockett,  K.A.;  Channon,  K.M.  Tetrahydrobiopterin-dependent
preservation of nitric oxide-mediated endothelial function in diabetes
by targeted transgenic GTP-cyclohydrolase I overexpression. J. Clin.
Invest., 2003, 112(5), 725-735.
[http://dx.doi.org/10.1172/JCI17786] [PMID: 12952921]
Heitzer, T.; Krohn, K.; Albers, S.; Meinertz, T. Tetrahydrobiopterin[81]
improves  endothelium-dependent  vasodilation  by  increasing  nitric
oxide activity in patients with Type II diabetes mellitus. Diabetologia,
2000, 43(11), 1435-1438.
[http://dx.doi.org/10.1007/s001250051551] [PMID: 11126415]

© 2020 Akanji et al.

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is
available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.

http://dx.doi.org/10.3389/fimmu.2017.00890
http://www.ncbi.nlm.nih.gov/pubmed/28824623
http://dx.doi.org/10.1113/JP275133
http://www.ncbi.nlm.nih.gov/pubmed/29071734
http://dx.doi.org/10.1093/cvr/cvx002
http://www.ncbi.nlm.nih.gov/pubmed/28158509
http://dx.doi.org/10.1111/nyas.13500
http://www.ncbi.nlm.nih.gov/pubmed/29068540
http://dx.doi.org/10.1016/j.nmd.2018.09.001
http://www.ncbi.nlm.nih.gov/pubmed/30352768
http://dx.doi.org/10.1155/2016/6904327
http://www.ncbi.nlm.nih.gov/pubmed/26640616
http://dx.doi.org/10.1016/j.biomaterials.2019.119362
http://www.ncbi.nlm.nih.gov/pubmed/31442696
http://dx.doi.org/10.1016/j.biopha.2017.10.122
http://www.ncbi.nlm.nih.gov/pubmed/29091892
http://dx.doi.org/10.1007/s00705-008-0048-3
http://www.ncbi.nlm.nih.gov/pubmed/18273678
http://dx.doi.org/10.1038/nmicrobiol.2017.72
http://dx.doi.org/10.3389/fmicb.2017.02008
http://www.ncbi.nlm.nih.gov/pubmed/29085351
http://dx.doi.org/10.18502/ijml.v6i1.505
http://dx.doi.org/10.1073/pnas.94.10.5243
http://www.ncbi.nlm.nih.gov/pubmed/9144222
http://dx.doi.org/10.1016/j.micpath.2016.07.008
http://www.ncbi.nlm.nih.gov/pubmed/27580846
http://dx.doi.org/10.1016/B978-0-12-809275-0.00007-7
http://dx.doi.org/10.1097/MCO.0b013e328332f99d
http://www.ncbi.nlm.nih.gov/pubmed/19841582
http://dx.doi.org/10.1152/ajprenal.00279.2014
http://www.ncbi.nlm.nih.gov/pubmed/25377910
http://dx.doi.org/10.1172/JCI200314172
http://www.ncbi.nlm.nih.gov/pubmed/12697739
http://dx.doi.org/10.2174/13816128113196660749
http://www.ncbi.nlm.nih.gov/pubmed/24180386
http://dx.doi.org/10.1161/hy1101.095331
http://www.ncbi.nlm.nih.gov/pubmed/11711495
http://dx.doi.org/10.1152/ajpheart.01189.2010
http://www.ncbi.nlm.nih.gov/pubmed/21572010
http://dx.doi.org/10.1172/JCI17786
http://www.ncbi.nlm.nih.gov/pubmed/12952921
http://dx.doi.org/10.1007/s001250051551
http://www.ncbi.nlm.nih.gov/pubmed/11126415
https://creativecommons.org/licenses/by/4.0/legalcode

	Nitric Oxide Balance in Health and Diseases: Implications for New Treatment Strategies 
	1. INTRODUCTION
	2. CLASSIFICATION OF NITRIC OXIDE SYNTHASE
	2.1. Neuronal Nitric Oxide Synthase (nNOS)
	2.2. Endothelial Nitric Oxide Synthase (eNOS)
	2.3. Inducible Nitric Oxide Synthase (iNOS)

	3. NITRIC OXIDE SYNTHASE: REGULATION AND STRUCTURE
	4. SYNTHESIS OF NITRIC OXIDE
	4.1. Intracellular Mechanisms
	4.2. Mechanism of Action
	4.3. Physiological and Cellular Action
	4.4. Vasodilation
	4.5. Immune System
	4.6. Inflammatory Action

	5. NITRIC OXIDE IN THE CELLULAR ENVIRONMENT 
	5.1. Lungs
	5.2. Liver
	5.3. Skeletal Muscle

	6. NITRIC OXIDE IN VARIOUS CELLULAR CONDITIONS
	6.1. Effects of Nitric Oxide (NO) on the Cardiovascular System
	6.2. Nitric Oxide in Infection
	6.3. Sepsis
	6.4. Hypertension
	6.5. Diabetes

	CONCLUSION
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES




