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Abstract. Nitric oxide (NO) is a signaling molecule that 
plays a key role in the pathogenesis of infl ammation. It 
gives an anti-infl ammatory effect under normal physiologi-
cal conditions. On the other hand, NO is considered as a 
pro-infl ammatory mediator that induces infl ammation due 
to over production in abnormal situations. NO is synthe-
sized and released into the endothelial cells by the help of 
NOSs that convert arginine into citrulline producing NO in 
the process. Oxygen and NADPH are necessary co-factors 
in such conversion. NO is believed to induce vasodilata-
tion in cardiovascular system and furthermore, it involves 
in immune responses by cytokine-activated macrophages, 
which release NO in high concentrations. In addition, NO 
is a potent neurotransmitter at the neuron synapses and 
contributes to the regulation of apoptosis. NO is involved 
in the pathogenesis of infl ammatory disorders of the joint, 
gut and lungs. Therefore, NO inhibitors represent impor-
tant therapeutic advance in the management of infl amma-
tory diseases. Selective NO biosynthesis inhibitors and 
synthetic arginine analogues are proved to be used for the 
treatment of NO-induced infl ammation. Finally, the unde-
sired effects of NO are due to its impaired production, in-
cluding in short: vasoconstriction, infl ammation and tissue 
damage.
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Introduction

Nitric oxide (NO) is a member of the labile radical entities 
known as reactive oxygen species (ROS) and contains 1 ni-
trogen atom covalently bonded to an oxygen atom with one 

unpaired electron. It is particularly reactive with oxygen and 
heme-iron containing groups which reduce NO to more sta-
ble nitrate compounds (Ignarro, 1989) For this reason, the 
bioavailability of NO in certain tissues (notably blood-rich 
in haemoglobin and muscle rich in myoglobin) is extremely 
low and the biological actions are restricted temporally and 
spatially close to its site of synthesis (Ignarro et al., 1993). 
Paradoxically, NO is also lipid soluble, making it highly 
membrane permeant (Subczynski et al., 1996). Therefore, 
many of its most well described actions involve its diffusion 
between cells to act as a paracrine-signaling molecule. 

The NO’s role was fi rstly discovered by several groups of 
scientists who were attempting to identify the agent as to be 
responsible for promoting blood vessel relaxation and regu-
lating vascular tone. This agent was termed endothelium-de-
rived relaxing factor (EDRF), and was initially assumed to 
be a protein like most other signaling molecules. The discov-
ery that EDRF was in fact nitric oxide has led to explosion 
of interest in this fi eld and resulted in many thousands of 
publications over the last few years.

NO has now been demonstrated to be a versatile mole-
cule that plays its actions in a variety of biological processes 
including immune defenses, infl ammation and neurotrans-
mission. 

NO is a fairly short-lived molecule (with a half life of 
6 s) produced from enzymes known as nitric oxide synthases 
(NOSs) and provides its actions through the L-arginine 
substrate that is transported into the cells (Moncada et al., 
1991).

Since it is a small molecule, NO is able to penetrate 
rapidly across cell membranes and diffuse through distances 
of more than several microns. This means that NO can be 
formed or synthesized in a variety of tissues and as a conse-
quence it is capable of affecting a number of important bio-
logical processes and has been implicated in several disease 
(Gonon et al., 2004). 

This paper is going to concern more on specifi c disease 
conditions related to joint, gut and asthmatic infl ammatory 
disorders.* Corresponding author 
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It should be noted that the reductase domain transfers elec-
trons to the oxygenase domain of the opposite sub-unit of 
the dimer, and not to the domain on the same sub-unit (Liu 
and Gross, 1996).

2.  Calmodulin binding: The binding of calmodulin is required 
for the activity of all the NOS isoforms. It detects changes 
in intracellular calcium levels, although its precise func-
tion is slightly different in each of the three isoforms (Phil 
Dash, 2001). 

3.  The oxygenase domain: This domain contains the bind-
ing sites for tetrahydrobiopterin, haem (heme) and ar-
ginine. The oxygenase domain catalyses the conversion of 
arginine into citrulline and NO (Knowles and Moncada, 
1994).

Two of the enzymes (nNOS and eNOS) are constitutively ex-
pressed in mammalian cells and synthesize NO in response 
to increases in intracellular calcium levels. In some cases, 
however, they are able to increase NO release indirectly, in 
response to stimuli such as shear stress. The shearing forces 
act on the luminal surface of the vascular endothelium and 
increase the fl ow velocity of the calcium atoms, which in 
turn, increase the activity of nNOS and eNOS (Suschek et 
al., 2004)..

iNOS activity is independent of the level of calcium in the 
cell; however its activity – like all of the NOS isoforms – is 
dependent on the binding of calmodulin. Increases in cellular 
calcium leads to increases in levels of calmodulin and the 
increased binding of calmodulin to eNOS and nNOS leads 
to a transient increase in NO production by these enzymes. 
By contrast iNOS is able to bind tightly to calmodulin even 
at very low cellular concentration of calcium. Consequently,  
iNOS activity isn’t able to respond to changes in calcium 
levels in the cell. As a result the production of NO by iNOS 
lasts much longer than from the other isoforms of NOS, and 
tends to produce much higher concentrations of NO in the 
cell (Koppenol and Traynham, 1996).

3. Physiological roles of NO

Since the discovery that nitric oxide is able to induce vasodi-
lation in the cardiovascular system, a large number of other 
roles have been described for NO. It is also known to play a 
role in the immune system, the nervous system and in pro-
grammed cell death (apoptosis) (Kolb and Kolb-Bachofen, 
1998).

In the Cardiovascular system (CVS)

NO formed in the endothelium from the amino acid precur-
sor L-arginine by the activity of the constitutive endothelial 
NOS isoenzymes has been shown to play an important role 
in the regulation of local vasomotor tone and other vascular 
roles and is thought, on the other hand to be due to tran-
scriptional diversity (Ignarro et al., 1993). Based on such 
mechanisms, NO roles in the CVS are vasodilatation (ligand 
mediated and fl ow dependent), inhibition of vasoconstric-
tor infl uences (e. g., inhibits angiotensin II and sympathetic 
vasoconstriction), inhibition of platelet adhesion to the vas-
cular endothelium (anti-thrombotic), inhibition of leukocyte 

Formation of NO

To begin with, nitric oxide (NO) is a paracrine mediator that 
is released by endothelial cells and by certain neurons. Be-
cause NO is rapidly oxidized, its biological lifetime is only 
several seconds. For this reason, NO affects only cells in the 
immediate vicinity of the cell that produces it. 

The formation of NO is catalyzed by nitric oxide synthas-
es (NOS), which are dimeric fl avoproteins, contain tetrahyd-
robioprotein and have homology with cytochrome P450 and 
is most likely to be in the cardiovascular and central nervous 
systems. These enzymes convert arginine into citrulline, pro-
ducing NO in the process. Oxygen and NADPH (nicotina-
mide adenine dinucleotide Phosphate with extra hydrogen) 
are necessary co-factors. There are three isoforms of NOS 
named according to their activity or the tissue type in which 
they were fi rst described. The isoforms of NOS are neuronal 
NOS (or nNOS), constitutive endothelial NOS (or eNOS) 
and inducible NOS (or iNOS). These enzymes are also 
sometimes referred to by number, so that nNOS is known as 
NOS1, iNOS is known as NOS2 and eNOS is NOS3. Despite 
the names of these enzymes, all three isoforms can be found 
in a variety of tissues and cell types (Kolb-Bachofen et al., 
2006).

2.1. General mechanism of NO formation by NOSs 

L-arginine      nNOS            NO 

NADPH      iNOS                NADP

       eNOS

O2              L-citrulline 
Figure 1 shows the nitrogen atom of NO is derived from the 
terminal guanido group of L-arginine. Details of the reac-
tion mechanism are controversial, but it is known that NOS 
enzymes are functionally ‘bimodal’ in that they combine 
oxygenase and reductase activities associated with distinct 
structural domains. The oxygenase domain contains haem, 
while the reductase domain binds calcium-calmodulin, FMN 
(fl avin mono-nucleotide), FAD (fl avin adenine di-nucle-
otide) and NADPH. By analogy with cytochrome P450, it 
is believed that the fl avins accept electrons from NADPH 
and transfer them to the haem iron, which binds to oxygen 
and catalyses the stepwise oxidation of L-arginine (essential 
alpha-amino acid) to NO and citrulline (alpha-amino acid).

General structure of the NOS

The functional NOS protein is a dimer formed of two identi-
cal sub-units. There are three distinct domains in each NOS 
sub-unit: a reductase domain, a calmodulin-binding domain 
and an oxygenase domain (Liu and Gross, 1996). 
1.  The reductase domain: This domain contains the calcium-

calmodulin, FMN, FAD moieties and NADPH. It acts to 
transfer electrons from NADPH to the oxygenase domain. 



254 J. N. Sharma, A. Al-Omran and S. S. Parvathy       Infl ammopharmacology

adhesion to vascular endothelium (anti-infl ammatory), anti-
proliferative (e. g., inhibits smooth muscle hyperplasia fol-
lowing vascular injury) (Hocher et al., 2004). COX-inhibit-
ing NO donors (CINODs) have been suggested as potentially 
benefi cial drugs on cardiovascular and renal abnormalities 
((Muscara and Wallace, 2006). 

Release of NO as an important infl ammatory mediator

In infl ammatory reactions, pro-infl ammatory cytokines lead 
to expression of the inducible NO synthase in monocyte/
macrophages, neutrophil granulocytes and many other cells; 
in the case of bacterial infection, endotoxin is another strong 
inducer of expression. In consequence, large amounts of NO 
are synthesized, exceeding the physiological NO production 
by up to 1000-fold (Forstermann et al., 1994; Knowles and 
Moncada, 1994; Weinberg et al., 1995; Cook and Cattell, 
1996).

NO is secreted by neutrophils and macrophages in the 
following sequence:

With the onset of infl ammation, circulating neutrophils 
begin to move out of the blood across the endothelium of 
venules to enter the infl amed area. This multistage process 
is known as chemotaxis. It involves a variety of protein and 
carbohydrate adhesion molecules on both endothelial cell 
and the neutrophil, and is regulated by messenger molecules 
released by cells in the injured area, including the endothe-
lial cells. These messengers are collectively termed chemoat-
tractants (also termed chemotaxins or chemotactic factors) 
(Scales et al., 1988).

In the fi rst stage, the neutrophil is loosely tethered to the 
endothelial cells via a particular class of adhesion molecules; 
this event is associated with rolling of the neutrophil along 
the vessel surface. In essence, this initial reversible event 
permits the neutrophil to be exposed to chemoattractants be-
ing released in the injured area. These chemoattractants act 
on the neutrophil to induce the rapid appearance of another 
class of adhesion molecules in its plasma membrane-mol-
ecules that bind tightly to their matching molecules in the 
endothelial cells. In the next stage, via still other adhesion 
molecules, a narrow projection of the neutrophil is inserted 
into the space between two endothelial cells, and the entire 
neutrophil squeezes through the endothelial wall and into the 
interstitial fl uid. In this way, huge numbers of neutrophils 
migrate into the infl amed area and move toward the microbes 
(Scales et al., 1988).

Movement of leukocytes from the blood cells into the 
damaged area is not limited to neutrophils. Monocytes fol-
low later, and once in the tissue they undergo anatomical 
and functional changes that transform them to macrophages 
(Scales et al., 1988).

Killing by Phagocytes

The initial step in phagocytosis is contact between the 
surfaces of the phagocyte and microbe. One of the major 
triggers for phagocytosis during this contact is the interac-
tion of phagocyte receptors with certain carbohydrates or 
lipids in the microbial cell walls. Contact is not itself always 

suffi cient to trigger engulfment, however, particularly with 
those bacteria that are surrounded by a thick, gelatinous 
capsule. Chemical factors produced by the body can bind 
the phagocyte tightly to the microbe and markedly enhance 
phagocytosis. Any substance that does this is known as an 
opsonin, from the Greek word that means ‘to prepare for 
eating’ (Scales et al., 1988). As the phagocyte engulfs the 
microbe, the internal, microbe-containing sac formed in this 
step is called a phagosome. A layer of plasma membrane 
separates the microbe from the phagocyte’s cytosol. The 
phagosome membrane then makes contact with one of the 
phagocyte’s lysosomes, which is fi lled with a variety of 
hydrolytic enzymes. The membranes of the phagosome and 
lysosome fuse, and the combined vesicles are now called the 
phagolysosome. Inside the phagolysosome, the microbe’s 
macromolecules are broken down by the lysosomal enzymes. 
In addition, other enzymes in the phagolysosome membrane 
produce NO as well as hydrogen peroxide and other oxygen 
derivatives, all of which are extremely destructive to the mi-
crobe’s macromolecules (Scales et al., 1988). 

Such intercellular destruction is not the only way 
phagocytes can kill microbes. The phagocytes also release 
anti-microbial substances into the extracellular fl uid, where 
these chemicals fi ght and destroy the microbes without prior 
phagocytosis. These chemicals can also damage normal tis-
sue (Scales et al., 1988).

Some of these substances such as NO secreted into the 
extracellular fl uid also function as infl ammatory mediators. 
Thus, positive feedback occurs such that when phagocytes 
enter the area and encounter microbes, infl ammatory media-
tors, including chemokines, are released that brings in more 
phagocytes (Scales et al., 1988).

The overproduction of NO as an infl ammatory mediator 
can lead to tissue destruction such as in infl ammatory au-
toimmune diseases. Thus, depending on the concentration of 
NO, it can process pro- or anti-infl ammatory effects. As a 
result NO is called ‘double-edged sword’ or ‘Jekll and Hide’ 
(Pfeilschifter et al., 1996).

4.4.  Role of NO in infl ammation-mediated 
 Neurodegeneration

Several studies provided evidences of the close association 
between infl ammation in the brain and the pathogenesis of 
several degenerative neurologic disorders, including Par-
kinson’s disease, Alzheimer’s diseases, multiple sclerosis, 
amyotrophic lateral sclerosis, AIDS and dementia. The brain 
infl ammation is mainly caused by activation of glial cells, 
especially in microglia that in turn produce a variety of pro-
infl ammatory and neurotoxic factors, including cytokines, 
fatty acid metabolites, free radicals-such as NO and superox-
ide. Excessive production of NO, as a consequence of NOS 
induction in activated glia, has been attributed to be involved 
in neurodegeneration and neuroprotection (Moncada and 
Higgs, 2006a).

Possible pro-infl ammatory pharmacological effects of NOS 
NO is to be produced by specifi c mechanisms (as mentioned 
earlier) with the help of NOSs. The two isoforms (iNOS and 
eNOS) involved in infl ammation produce NO that acts as an 
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infl ammatory mediator. On the other hand, the neuronal en-
zyme contributes only in the production of NO in the central 
nervous system to act as a neurotransmitter. Thus, our focus 
will be on iNOS and eNOS, which have pro-infl ammatory 
effects (Moncada and Higgs, 2006b).

Once there is a bacterial invasion (for example), the 
bacteria will release endotoxins (part of the bacterial cell 
wall). And when the immune cells are exposed to these 
bacterial endotoxins or pro-infl ammatory cytokines, they 
(immune cells) start to produce iNOS, which in turn results 
in an increase in cellular NO that contributes to infl amma-
tion and host defenses. Furthermore, the scientists suggested 
that the endotoxins activate the eNOS in macrophages that is 
essential in triggering the induction of iNOS (Corraliza and 
Moncada, 2002).

NO aids host defenses by killing the invading organism 
through inhibition of metabolic enzymes and destruction of 
DNA. However, overproduction of NO by iNOS can lead to 
septic shock (sepsis, a systemic bacterial infection) that caus-
es host-damage. In sepsis, this is manifested predominantly 
as a profound hypotension, inadequate tissue perfusion and 
organ failure, which often result in death. Sepsis and other 
forms of host-damage (due to overproduction of NO) can be 
managed by many drugs that can inhibit NO synthesis or ac-
tion by several mechanisms (Kolb-Bachofen et al., 2006).

6.  Involvement of NO in joint, gut and lung 
 infl ammatory disorders

It is mainly the inducible form of NO synthase (iNOS) that 
is involved in infl ammatory reactions. Virtually, all infl am-
matory cells express the inducible form of the enzyme in 
response to cytokine stimulation. NOS is also present in the 
bronchial epithelium of asthmatic subjects, in mucosa of the 
colon in patients with ulcerative colitis and in synoviocytes 
in infl ammatory joint diseases. Inhibitors of iNOS are un-
der investigation for treatment of infl ammatory conditions 
(Hocher et al, 2000). 

6.1. NO in joint infl ammatory disorders

NO is not only a marker, but also a pro-infl ammatory media-
tor of arthritis.

Increased serum concentration of nitrate, indicating en-
hanced NO production in serum and synovial fl uid of the 
infl amed joints in patients with rheumatoid arthritis (RA), 
osteoarthritis (OA) and ankylosing spondylitis (Farrell et al., 
1992; Kanno et al., 1992; Bode-Boger et al., 1996). Urinary 
nitrate (NO present in the kidney as nitrate) and c-GMP ex-
cretion are infl uenced in parallel when the constitutive NO 
synthase is activated (Stichtenoth et al., 1995; Van der Vliet 
et al., 1994). The urinary nitrate excretion was decreased sig-
nifi cantly by therapy with prednisolone or non-steroidal anti-
infl ammatory drugs (NSAIDs) (Stichtenoth et al., 1995).

Further evidence is given by the measurement of elevated 
nitrotyrosine concentrations in serum and synovial fl uid from 
patients with RA. Nitrotyrosine is formed by reaction of per-
oxynitrate with tyrosine and is an index of NO-dependent 
oxidative damage (Van der Vliet et al., 1994). Statins have 

been reported to possess a number of so-called pleiotropic 
(vasculoprotective actions that include improvement of en-
dothelial function, increased nitric oxide (NO) bioavailabil-
ity, antioxidant properties, stabilization of atherosclerotic 
plaques, regulation of progenitor cells, inhibition of infl am-
matory responses and immunomodulatory actions) actions. 
The anti-infl ammatory effects of statins may have clinical 
impact in a number of non-vascular conditions including 
multiple sclerosis and rheumatoid arthritis (Matthias En-
dres., 2006). 

6.1.b. Cellular origin and actions of NO in arthritis
Nearly, all mammalian cells can express the inducible NO 
synthase after stimulation by cytokines, which are enhanced 
in infl ammatory joint diseases as mentioned above. In hu-
mans, the following extra- and intra-articular sources of 
infl ammatory NO production were identifi ed: synovial fi -
broblasts, synoviocyts, endothelial cells, monocytes/mac-
rophages in blood stream and synovial membrane, osteob-
lasts and chondrocytes. In patients with active RA, blood 
mononuclear cells had increased NO synthase activity due 
to expression of the inducible isoenzymes; the NO synthase 
activity correlated with the tender and swollen joint count 
(Weinberg et al., 1994).

Physiological NO production inhibits bone resorption by 
osteoclasts and it may have some acute protective effects in 
cartilage breakdown. On the other hand, the high amounts of 
NO produced by infl amed synovium lead to enhanced bone 
resorption, diminished bone proliferation and may induce 
chondrocyte apoptosis (Ralston et al., 1993). 

All of these effects contribute to joint damage, thus NO 
must be considered as an important effector molecule of dis-
ease progression.

6.2. NO in gut infl ammatory disorders

The role of NO as a pro-infl ammatory mediator is proven for 
other chronic infl ammatory diseases, such as chronic infl am-
matory bowel diseases. An increased NO production by the 
inducible NO synthase was found. Cellular sources of this 
NO production were mucosal neutrophils in the acute phase, 
and monocytes/macrophages and lymphocytes in the chronic 
phase (Miller and Clark, 1994).

In a study of patients with ulcerative colitis or Crohn’s 
disease, there is a demonstration of enhanced activity of NO 
synthase in the infl amed mucosa. This activity was calcium 
independent, suggesting expression of the iNOS. As in RA, 
in ulcerative colitis there will be an increased urinary nitrate/
nitrate excretion as compared to healthy individuals. And af-
ter treatment with hydrocortisone by which the disease was 
inactivated, urinary nitrate/nitrate excretion was normalized 
(Weinberg et al., 1994; Ralston et al., 1993; Miller and Clark, 
1994). Since the iNOS is the most important isoenzyme in 
the production of NO in gut infl ammatory disorders, the ma-
jority of studies have shown improvement in experimental 
bowel diseases with iNOS inhibition.

6.2.a. Cellular effects of NO
NO can have potent effects on leukocyte adherence and 
chemotaxis. NO production leads to decreased expression 
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of adhesion molecules on neutrophils and endothelial cells. 
These effects can result in changes in leukocyte adhesion and 
recruitment of postcapillary venules in vivo (Banick et al., 
1997; Crisham et al., 1998).

NO can down-regulate macrophage cytokine production. 
However, it is important to consider that iNOS-derived NO 
from macrophages is also critical component of mucosal 
defense against luminal pathogens, such as Helicobacter 
pylori. Furthermore, NO can modulate neutrophil and mono-
cyte chemotaxis induced by a variety of factors (Gobert et 
al., 2002; Sato et al., 2000). 

Under conditions of oxidative stress, NO can scavenge 
free radicals and thus prevent cellular injury. However, 
iNOS activity is associated with inhibition of proliferation, 
increased apoptosis and cytotoxicity. High levels of NO are 
associated with mutagenesis and other forms of DNA dam-
age (Liu and Hotchkiss, 1995). NO can also act to alter the 
function of iron-sulfur-containing enzymes and disrupt mito-
chondrial respiration (Kurose et al., 1995).

6.2.b. Tissue effects of NO: NO role in gastrointestinal Se-
cretion, Permeability and Mucosal Blood Flow

In Gastro-intestinal Secretion. Mucus and epithelial 
cell fl uid secretion are important in host defense in the intes-
tine against microbes, toxins and irritants such as bile salts. 
NO has been shown to play an important role in both of these 
epithelial cell functions. NO induces gastric mucus and elec-
trolyte secretion via activation of soluble guanylate cyclase, 
and this NO production appears to be due to activation of 
cholinergic receptors. However, prolonged over-expression 
of iNOS has been linked to decreased intestinal electrolyte 
transport (Weinberg et al., 1995; Cook and Cattell, 1996).

In permeability. In addition to effects on transcellular 
transport, NO has also been linked to alterations in para-
cellular permeability and barrier function. Interferon (INF) 
gamma has been well shown to cause alterations in perme-
ability and several reports have linked this effect to induction 
of NO production (Sugi et al., 2001). The exact mechanism 
of how NO may alter the tight junctional complex or have 
other effects remains to be determined.

In Mucosal Blood Flow. NO is a potent vasodilator, an 
effect that is well documented in sepsis. This effect is also 
of great importance in the gastrointestinal mucosa. The in-
crease in mucosal blood fl ow that can occur in response to 
injury from a variety of causative factors can have obvious 
effects in that there is resulting buffering of acid, dilution of 
toxins and stimulation of angiogenesis, all of which are criti-
cal in mucosal protection (Lippe and Holzer, 1992).

6.3. NO in lung infl ammatory disorders

6.3.a. Introduction
Infl ammatory diseases of the respiratory tract are commonly 
associated with elevated production of NO and increased 
indices of NO-dependent oxidative stress. Although NO is 
known to have anti-microbial, anti-infl ammatory and anti-
oxidant properties, various studies support its involvement 
to lung injuries in several diseases. Such studies are also 
often presumed that NO dependent oxidations are due to the 
formation of the oxidant peroxynitrate, although alternative 

mechanisms involving the phagocyte-derived heme proteins 
myeloperoxidase and eosinophil peroxidase might be op-
erative during conditions of infl ammation (Moncada et al., 
1991).

6.3.b.  Roles, cellular origin and generation of NO in the res-
piratory tract

Since its discovery as a biological messenger molecule more 
than 10 years ago, NO is now well recognized for its roles 
and actions in diverse biological processes, including va-
sodilatation, bronchodilation, neurotransmission, tumor sur-
veillance, anti-microbial defenses and regulation of infl am-
matory-immune process (Moncada et al., 1991; Weinberger 
et al., 1999).

In the respiratory tract, NO is generated by the three 
distinct isoforms of NO synthase (nNOS, iNOS and eNOS) 
that are present to different extents in numerous cell types, 
including airway and alveolar epithelial cells, neuronal cells, 
macrophages, neutrophils, mast cells, and endothelial and 
smooth muscle cells (Gaston et al., 1994).

In contrast with the other two NOS isoforms (nNOS and 
eNOS), which are expressed constitutively and activated by 
mediator-induced or stress-induced cell activation, iNOS 
activity is primarily regulated transcriptionally and is com-
monly induced by bacterial products and pro-infl ammatory 
cytokines. As such, infl ammatory diseases of the respiratory 
tract, such as asthma, acute respiratory distress syndrome 
(ARDS) and bronchiectasis, are commonly characterized by 
an increased expression of iNOS within respiratory epitheli-
al and infl ammatory-immune cells, and a markedly elevated 
local production of NO, as an additional host defense mecha-
nism against bacterial or viral infection. The drawback of 
such excessive NO production is its accelerated metabolism 
to a family of potentially harmful reactive nitrogen species 
(RNS), including peroxynitrate and nitrogen dioxide, espe-
cially in the presence of phagocyte-generated oxidants. The 
formation of such RNS is thought to be the prime reason 
why NO can be considered as a pro-infl ammatory mediator 
(contribute to the etiology of infl ammatory lung diseases) 
(Gaston et al., 1994; Grisham et al., 1999).

Reynaert et al. in 2005 discussed the presence of high 
levels of nitric oxide in the expired breath of asthmatic pa-
tients and proposed the possible therapeutic benefi ts of NO 
inhibitors in the treatment of these patients. NO containing 
steroid moiety in its structure may provide useful anti-infl am-
matory drugs along with bronchodilating property.(Tallet et 
al., 2002).

Possible future prospects of NO-related therapy for 
infl ammatory conditions

NO has a double-edged role endogenously. It is an essential 
physiological signaling molecule mediating various cell 
functions, but on the other hand, it induces cytotoxic and 
mutagenic effects when present in excess (under oxidative 
stress condition). Thus, in this objective the concern will be 
on suppressing the overproduction of NO in which it causes 
infl ammatory tissue damage.
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Such suppression will occur through inhibition of the L-
arginine/nitric oxide pathway by different mechanisms using 
several agents including:

1.  Selective NO biosynthesis inhibitors which inhibit the 
inducible (but not constitutive) NOS.

2.  Synthetic arginine analogues, which compete with 
arginine and are useful experimental tools.

Selective NO biosynthesis inhibitors

The selective inhibition of enhanced NO synthesis is a new, 
so far exclusively experimental therapeutic strategy in the 
treatment of chronic infl ammatory, non-infectious diseases 
(Di Rosa et al., 1990; Radomski et al., 1990). 

Some established drugs for the therapy of these diseases 
inhibit activity or expression of the inducible NO synthase, 
which may contribute to their anti-infl ammatory effects (Ra-
domski et al., 1990).

Glucocorticoids inhibit expression of the inducible NO 
synthase, but have no effects on the activity of both inducible 
and constitutive NO synthases (Di Rosa et al., 1990; Radom-
ski et al., 1990). The mechanism of action is complex and 
includes inhibition of transcription and translation, as well as 
reduced enzyme stability (Kunz et al., 1994). 

Cyclosporin derivatives inhibit NO synthase expression. 
This could be explained by their actions on IL secretion and 
by direct effects on gene transcription (Muhl et al., 1993). 
Similar effects on the expression of inducible NO synthase 
are described for non-steroidal anti-infl ammatory drugs 
(Kepka-Lenhart et al., 1996). However, the mechanism and 
clinical implications of these fi ndings remain unclear.

In addition, salicylates are scavengers of NO. 5-Ami-
nosalicylic acid was found to reduce both NO production 
and disease activity in infl ammatory diseases especially in 
adjuvant arthritis (Grisham and Miles, 1994; Stichtenoth et 
al., 1997).

Specifi c and selective inhibition of the inducible NOS is 
so far possible only in animal experiments to some extent. 
For use in humans, only highly selective and non-toxic sub-
stances are suitable, since the pro-infl ammatory NO produc-
tion by the inducible NO synthesis, but not the homeostatic 
NO synthesis by the constitutive enzymes, must be inhibited. 
The latter inhibition can lead to vasoconstriction and platelet 
aggregation, both of which would augment the infl ammatory 
tissue damage (Miller and Clark, 1994).

A number of substances for selective inhibition of patho-
logical NO over production are now under development. 

Synthetic arginine analogues

Drugs can inhibit NO synthesis or action by several mech-
anisms. Currently, the most useful drugs are arginine ana-
logues, which compete with arginine for NOS and in some 
cases, also compete with the carrier that transports arginine 
into endothelial cells. Several such compounds, e. g. NG-
monomethyl-L-arginine (L-NMMA) and NG-nitro-L-arginine 
methyl ester (L-NAME), have proved to be of great value as 
experimental tools. The use of L-NMMA is being investi-
gated in disorders where there is overproduction of NO (e. g. 

infl ammation and neurodegenerative diseases). Disappoint-
ingly, L-NMMA increases mortality in one such condition 
(sepsis) (Grisham and Miles, 1994; Stichtenoth and Frölich, 
1998).

Besides selective inhibitors of the inducible NOS activ-
ity and synthetic arginine analogues, several other targets of 
pharmacological intervention have emerged: inhibition of 
enzyme transcription and translation, cofactor and substrate 
supply (Miller and Clark, 1994).

Undesired effects of NO

The undesired effects of NO are due to over or impaired 
production of such mediator and the affected endothelium 
becomes, as a result, damaged or dysfunctional. The fol-
lowing effects can result in vasoconstriction (e.g., coronary 
vasospasm, elevated systemic vascular resistance, hyperten-
sion), platelet aggregation and adhesion, which can lead 
to thrombosis, up-regulation of leukocyte and endothe-
lial adhesion molecules leading to enhanced infl ammation, 
vascular stenosis or restenosis as occurs following balloon 
angioplasty and stent placement and increased infl ammation 
and tissue damage mediated by reactive oxygen species such 
as superoxide anion and hydroxyl radical (Malmström and 
Weitzberg, 2004).

Conclusion

In conclusion, NO plays important roles in the pathophysiol-
ogy of infl ammatory disorders. These roles are crucial and 
controversial at the same time. Therefore, further studies 
are required to understand the whole picture of such me-
diator. However, various established non-steroidal anti-
infl ammatory drugs having NO releasing properties have 
been under intense clinical evaluations in the treatment of 
pain and infl ammatory disorders ( Marshall et al., 2006; 
Fiorucci et al., 2004; Hoogstraate et al., 2003) Furthermore, 
these combinations may have gastrointestinal protective 
properties.(Wallace, 2006; Ellis et al., 2005; Brzozowski et 
al., 2000; Ukawa et al., 1998).

References

Banick, P. D., Chen, Q., Xu, Y. A. et al. (1997). Nitric oxide inhibits neu-
trophil beta 2 integrin function by inhibiting membrane-associated 
cyclic GMP synthesis. J. Cell. Physiol. 172, 12–24.

Bode-Boger, S. M., Boger, R. H., Alfke, H. et al. (1996). L-arginine 
induces nitric oxide-dependent vasodilation in patients with critical 
limb ischemia. Circulation 93, 85–90.

Brzozowski, T., Konturek, P. C., Konturek, S. J. et al. (2000). Gastropro-
tective and ulcer healing effects of nitric oxide-releasing non-ster-
oidal anti-infl ammatory drugs. Dig. liver dis. 32, 583–594.

Cook, H. T. and Cattell, V. (1996). Role of nitric oxide in immune-medi-
ated diseases. Clin. Sci. 91, 375–384.

Corraliza, I. and Moncada, S. (2002). Increased expression of arginase 
II in patients with different from of atrhtritis. Inplications of the 
regulatuion of nitric oxide. J. Rheumatol. 29, 2261–2265.

Crisham, M. B., Granger, D. N. and Lefer, D. J. (1998). Modulation of 
leukocyte-endothelial interaction by reactive metabolites of oxygen 
and nitrogen: relevance to ischemic heart disease. Free Radic Biol. 
Med. 25, 404–433.



258 J. N. Sharma, A. Al-Omran and S. S. Parvathy       Infl ammopharmacology

Di Rosa, M., Radomski, M., Carnuccio, R. et al. (1990). Glucocorticoids 
inhibit the induction of nitric oxide synthase in macrophages. Bio-
chem. Biophys. Res. Commun. 172, 1246–1252.

Ellis, J. L., Augustyniak, M. E., Cochran, E. D. et al. (2005). NMI-1182, 
a gastroprotective cyclo-oxygenase-inhibiting nitric oxide donor. 
Infl ammopharmacology 12, 521–534.

Farrell, A. J., Blake, D. R., Palmer, R. M. J. et al. (1992). Increased con-
centrations of nitrite in synovial fl uid and serum samples suggest 
increased nitric oxide synthesis in rheumatic diseases. Ann. Rheum. 
Dis. 51, 219–222.

Fiorucci, S., Di Lorenzo, A., Renga, B. et al. (2004). Nitric oxide (NO) 
releasing naproxen (HCT-3012[(s)-6-methoxy-alpha-methyl-2-
naphthalene acetic acid4-(nitrooxy0butyl ester]) interactions with 
aspirin in gastric mucosa of arthritic rats reveal a role for aspirin 
triggered lipoxin, prostaglandins, and NO in gastric protection. J. 
Pharmacol. Exp. Ther. 311, 1264–1271.

Forstermann, U., Closs, E. I., Pollock, J. S. et al. (1994). Nitric oxide 
isozymes, Characterization, purifi cation, molecular cloning, and 
functions. Hypertension 23, 112–131.

Gaston, B., Drazen, J. M., Loscalzo, J. et al. (1994). The biology of 
nitrogen oxides in the airways. Am. J. Respir. Crit. Care Med. 149, 
538–551.

Gonon, A. T., Erbas, D., Broijerswen, A. et al. (2004). Nitric oxide me-
diates protective effect of endothelin receptors antagonism during 
myocardial ischemia and perfusion. Am. J. Physiol. Heart Circ. 
Physiol. 286, H1767–H1774.

Gobert, A. P., Mersey, B. D., Cheng, Y. et al. (2002). Cutting edge: ure-
ase release by Helicobacter pylori stimulates macrophage inducible 
nitric oxide synthase. J. Immunol. 168, 6002–6006.

Grisham, M. B. and Miles, A. M. (1994). Effects of aminosalicylates and 
immunosuppressive agents on nitric oxide-dependent N-nitrosation 
reactions. Biochem. Pharmacol. 47, 1897–1902.

Grisham, M. B., Jourd’Heuil, D. and Wink, D. A. (1999). Nitric oxide. I. 
Physiological chemistry of nitric oxide and its metabolites: impli-
cations in infl ammation. Am. J. Physiol. 275, G315–G321.

Hocher, B., Schwarz, A., Slowinski, T. et al. (2004). In-vitro interation 
of nitric oxide and endothelin. J. Hypertens 22, 111–119.

Hocher, B., Schwarz, A. and Fagan, K. A. et al. (2000). Pulmonary fi bro-
sis and chronic lung infl ammation in ET-1 transgenic mice. Am. J. 
Respir. Cell Mol. Biol. 23, 19–26.

Hoogstraate, J., Andersson, L. I., Berge, O. G. et al. (2003). COX-in-
hibiting nitric oxide donators (CINODs) – a new paradigm in the 
treatment of pain and infl ammation. Infl ammopharmacology 11, 
423–428.

Ignarro, L. J. (1989). Biological actions and properties of endothelium 
derived nitric oxide formed and released from artery and vein. Circ. 
Res. 65(1), 1–12.

Ignarro, L. J., Fukuto, J. M., Griscavage, et al. (1993). Oxidation of ni-
tric oxide in aqueous solution to nitrite but not nitrate: Comparison 
with enzymatically formed nitric oxide from L-arginine. Proc. Nalt. 
Acad. Sci. USA. 90(17), 8130–8107.

Kanno, K., Hirata, Y., Emori, T. et al. (1992). L-arginine infusion induc-
es hypotension and diuresis/natriuresis with concomitant increased 
urinary excretion of nitrite/nitrate and cyclic GMP in humans. Clin. 
Exp. Pharmacol. Physiol. 19, 619–625.

Kepka-Lenhart, D., Chen, L. C. and Morris, S. M. Jr. (1996). Novel ac-
tions of aspirin and sodium salicylate: discordant effects on nitric 
oxide synthesis and induction of nitric oxide synthase m RNA in a 
murine macrophage cell line. J. Leukocyte Biol. 59, 840–846.

Knowles, R. G. and Moncada, S. (1994). Nitric oxide synthases in mam-
mals. Biochem. J. 298, 249–258.

Kolb-Buchofen, V., Kuhhn, A. and Suschek, C. V. (2006). The role of 
nitric oxide. Rheumatol. 45 (Suppl. 3), iii17–iii19.

Kolb, H. and Kolb-Bachofen, V. (1998). Nitric oxide in autoimmune 
disease: cytotoxic or regulatory mediator? Immunol. Today 19, 
556–561.

Kopppenol, W. H.and Traynham, J. G. (1996). Say NO to nitric oxide: 
Nomenclature for nitrogen and oxygen containing compounds. 
Methods Enzymol. 268, 3–7.

Knowles, R. G. and Moncada, S. (1994). Nitric oxide synthase in mam-
mals. Biochem. J. 298, 249–258.

Kunz, D., Walker, G. and Pfeilschifter. J. (1994). Dexamethasone dif-
ferentially affects interleukin IB- and cyclic AMP-induced nitric 
oxide synthase mRNA expression in renal mesangial cells. Bio-
chem. J. 304, 337–340.

Kurose, I., Ebinuma, H., Higuchi, H. et al. (1995). Nitric oxide medi-
ates mitochondrial dysfunction in hepatoma cells induced by non-
activated Kupffer cells: evidence implicating ICAM-1-dependent 
process. J. Gastroenterol. Hepatol. 10, S68–71.

Lippe, F. T. and Holzer, P. (1992). Participation of endothelium-derived 
nitric oxide but not prostacyclin in the gastric mucosal hyperemia 
due to acid back-diffusion. Br. J. Pharmacol. 105, 708–714.

Liu, R. H. and Hotchkiss, J. H. (1995). Potential genotoxicity of chroni-
cally elevated nitric oxide: a review. Mutat. Res. 339, 73–89.

Malmstrom, R. E. and Weitzberg, E. (2004). Ndothelin and nitric oxide 
in infl ammation: colud there be a need for endothelin-blocking 
anti-infl ammatory drugs? J. Hypertens. 22, 27–29.

Marshall, M., Keeble, J., Moore, P. K. (2006). Effect of a nitric oxide 
releasing derivative of paracetamol in a rat model of endotoxemia. 
Br. J. Pharmacol. 149, 516–522.

Matthias Endres. (2006). Statins: potential new indications in infl amma-
tory conditions. Atherosclerosis supplements 7, 31–35.

Miller, M. J. S. and Clark, D. A. (1994). Nitric oxide synthase inhibition 
can initiate or prevent gut infl ammation: role of enzyme source. 
Agents Actions 41, C231–232.

Moncada, S., Palmer, R. M. J. and Higgs, E. A. (1991). Nitric oxide: 
physiology, pathophysiology, and pharmacology. Pharmacol. Rev. 
43, 109–142.

Moncada, S. and Higgs, E. A. (2006a). Nitric oxide and the vascular 
endothelium. Handb. Exp. Pharmacol. 166 (Pt1), 213–254.

Moncada, S. and Higgs, E. A. (2006b). The discovery of nitric oxide 
and its role in vascular biology. Br. J. Pharmacol. 147 (Suppl 1), 
S193–S201.

Muhl, H., Kunz, D., Rob, P. et al. (1993). Cyclosporin derivatives inhibit 
interleukin IB induction of nitric oxide synthase in renal mesangial 
cells. Eur. J. Pharmacol. 49, 95–100.

Muscara, M. N., Wallace, J. L. (2006). COX-inhibiting nitric oxide 
donors (CINODs): potential benefi ts on cardiovascular and renal 
function. Cardiovasc. Hematol. Agents Med. Chem. 4, 155–164.

Pfeilschifter, J., Eberhardt, W., Hummel, R. et al. (1996).Therapeutics 
strategies for the inhibition of inducible nitric oxide synthase-po-
tential for a novel class of anti-infl ammatory agents. Cell Biol. Int. 
20, 51–58.

Radomski, M. W., Palmer, R. M. J. and Moncada, S. (1990). Glucocorti-
coids inhibit the expression of an inducible, but not the constitutive, 
nitric oxide synthase in vascular endothelial cells. Proc. Nalt Acad. 
Sci. USA 87, 10043–10047.

Ralston, S. H., Helfrich, M., Grabowski, P. S. et al. (1993). A role for 
nitric oxide in the regulation of cytokine-induced bone resorption. 
J. Bone Miner. Res. 8, 383.

Reynaert, N. L., Ckless, K., Wouters, E. F. et al.(2005). Nitric oxide and 
redox signaling in allergic airway infl ammation. Antioxid Redox 
signal 7, 129–143.

Sato, E., Simpson, K. L., Grisham, M. B. et al. (2000). Reactive nitro-
gen and oxygen species attenuate interleukin-8-induced neutrophil 
chemotactic activity in vitro. J. Biol. Chem. 275, 10826–10830.

Scales, W. E., Vander, A. J., Brown, M. B. et al. (1988). American Jour-
nal of Physiology 65, 1840.

Stichtenoth, D. O., Fauler, J., Zeidler, H. et al. (1995). Urinary nitrate 
excretion is increased in patients with rheumatoid arthritis and re-
duced by prednisolone. Ann. Rheum. Dis. 54, 820–824.

Stichtenoth, D. O. and Frölich, J. C. (1998). Nitric oxide and infl amma-
tory joint disease. Br. J. Rheumatol. 37, 246–257.

Subczynski, W. K., Lomnicka, M. and Hyde, J. S. (1996). Permeability 
of nitric oxide through lipid layer membranes. Free Radic Res. 
24(5), 343–349.

Sugi, K., Musch, M. W., Field, M. et al. (2001). Inhibition of Na+, K+-
ATPase by interferon gamma downregulates intestinal epithelial 
transport and barrier function. Gastroenterology 120, 1393–1403.

Suschek, C. V., Schnorr, O. and Kolb-Bachofen, V. (2004). The role of 
iNOS in chronic infl ammatory processes in vivo: is it damage-pro-
moting, protective, or active at all? Curr. Mol. Med. 4; 763–775.



Vol. 54, 2006       Role of nitric oxide in infl ammatory diseases 259

Tallet, D., Soldato, P. D., Oudart, N. et al. (2002). NO-Steroids: Potent 
anti-infl ammatory drugs with bronchodilating activity in vitro. Bio-
chemical and biophysical research communications 290, 125–130.

Ukawa, H., Yamakuni, H. (1998). Effects of cyclooxygenase-2 selective 
and nitric oxide-releasing nonsteroidal anti-infl ammatory drugs on 
mucosal ulcerogenic and healing responses of the stomach. Dig. 
Dis. Sci. 43, 2003–2011.

Van der Vliet, A., O’Neill, C. A., Halliwell, B. et al. (1994). Aromatic 
hydroxylation and nitration of phenylalanine and tyrosine by per-
oxynitrite-evidence for hydroxyl radical production from peroxyni-
trite. FEBS Lett. 339, 89–92.

Wallace, J. L. (2006). Nitric oxide, aspirin-triggered lipoxinns and 
NO-aspirin in gastric protection. Infl amm. Allergy Drug Targets 
5, 133–137.

Weinberg, J. B., Granger, D. L., Pisetsky, D. S. et al. (1994). The role 
of nitric oxide in the pathogenesis of spontaneous murine autoim-
mune disease: increased nitric oxide production and nitric oxide 
synthase expression in MRL-Ipr/Ipr mice, and reduction of sponta-
neous glomerulonephritis and arthritis by orally administered NG-
monomethyl-L-arginine. J. EXP. Med. 179, 651–660.

Weinberg, J. B., Misukonis, M. A., Shami, P. J. et al. (1995). Human 
mononuclear phagocyte inducible nitric oxide synthase (iNOS): 
analysis of iNOS m RNA, iNOS protein, biopterin, and nitric ox-
ide production by blood monocytes and peritoneal macrophages. 
Blood 86, 1184–1195.

Weinberger, B., Heck, B. E., Laskin, D. L. et al. (1999). Nitric oxide in 
the lung: therapeutic and cellular mechanism of action. Pharmacol. 
Therapeut. 84, 401–411.

To access this journal online:
http://www.birkhauser.ch/IPh


