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ABSTRACT

Inflammation is a protective response for the purpose of removal of exogenous and endogenous harmful substances produced by
injurious stimuli and is a part of the healing process in wounded tissues. Since proinflammatory mediators such as COX-2, iNOS,
tumor necrosis factor alpha (TNF-α), interleukin IL-1 and IL-6, proteases, and oxidants produced during the typical response
can cause damage to normal tissues regardless of how and where the inflammatory response is triggered, the substances
involved in the inflammatory response need to be tightly regulated. If the scavenging reaction is delayed, the inflammatory
response may evolve into a variety of chronic inflammatory diseases, such as atherosclerosis, rheumatoid arthritis, asthma, and
neurodegenerative diseases. A vast number of molecular studies have identified several target molecules involved in
inflammatory changes, and most anti-inflammatory drugs currently used to suppress the biosynthesis of the inflammatory
mediators mentioned earlier.
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INTRODUCTION
nflammation is a complex biological
response of vascular tissues against
aggressive agents such as pathogens,

irritants, or damaged cells. It can be classified as
either acute or chronic, and involves a cascade
of biochemical events comprising the local
vascular system, the immune system, and
different cell types found in the injured tissue.
Acute inflammation is the initial response and is
characterized by the increased movement of
plasma and innate immune system cells, such as
neutrophils and macrophages, from the blood
into the injured tissues.
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Chronic inflammation concerns a progressive
change in the type of cells present at the site of
the inflammatory reaction and is characterized
by simultaneous destruction and healing of the
injured tissue [1].
Regardless of the triggering factor, the
mechanisms involved in the inflammatory
process are common to all and the standard signs
of inflammation are expressed by increased
blood flow, elevated cellular metabolism,
vasodilatation, release of soluble mediators,
extravasation of fluids and cellular influx [1].
Upon the presence of the inflammatory agent,
cell membranes induce the activation of
phospholipase A2 followed by release of
arachidonic acid and inflammatory mediators
such as cytokines, serotonin, histamine,
prostaglandin and leukotrienes that increase
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vascular permeability, thus facilitating the
migration of leukocytes to the site of
inflammation [2,3].

PRO-INFLAMMATORY MEDIATORS
Inflammation may release or generate a diverse
population of pro-inflammatory mediators like
bradykinins, serotonin, histamines,
prostaglandins, nitric oxide and reactive oxygen
species. These substances contribute to the
classic clinical picture of heat (calor), redness
(rubor), pain (dolor), swelling (tumor) and
diminished function associated with
inflammation and may produce hyperalgesia or
allodynia [4]. Inflammation can be classified
into two categories: acute inflammation and
chronic inflammation. Acute inflammation is the
initial response of the immune system against
pathogens and tissue injury. It is a rapid self-
limiting process, mediated by eicosanoids and
vasoactive amines which increase the movement
of plasma and leukocytes into infected site [5].
The classical hallmarks of acute inflammation
are reddening, heat, pain, oedema and loss of
function [6]. Acute inflammation helps the body
ward off infections; it lasts for short period and
generally is regarded as therapeutic
inflammation [7, 8]. Early in the inflammatory
response, pro-inflammatory mediators such as
prostaglandins and leukotrienes play an
important role [9]. The progression from acute
inflammation to chronic inflammation as in
many widely occurring human diseases is
widely viewed due to excess of pro-
inflammatory mediators [10].
In chronic inflammation, various cytokines and
growth factors are released, resulting
recruitment of higher order immune cells such as
leukocytes, lymphocytes and fibroblasts. The
inflammation can lead to persistent tissue
damage by these cells [7, 8]. In addition, chronic
inflammation can also lead to a number of
diseases such as hay fever, periodontitis,
rheumatoid arthritis, arteriosclerosis,
cardiovascular diseases, diabetes, obesity,
pulmonary diseases, neurologic diseases and
cancer [11]. Inflammation plays a critical role in
the promotional stage of carcinogenesis. Chronic
inflammation has been linked to various steps
involved in tumorigenesis, including cellular

transformation, promotion, survival,
proliferation, invasion, angiogenesis, and
metastasis [12, 13]. Inflammatory response and
tissue damage are induced by inflammatory
mediators generated through up-regulation of
inducible pro-inflammatory genes COX-2 and
iNOS. During the inflammatory process, large
amounts of the pro-inflammatory mediators like
nitric oxide and prostaglandins are generated by
the inducible iNOS and COX-2 respectively [14-
16]. They have been associated with
pathophysiology of certain types of human
cancers as well as inflammatory disorders.
Continuous production of these molecules in
chronic inflammation has been linked to the
development of cancer [17].
Many other proinflammatory cytokines and
inflammatory mediators are involved in
physiological responses to chronic and acute
inflammation. For example, nuclear
transcription factor kappa-B (NF-κB) is
transported into the nucleus to activate
inflammatory gene expression [15]. In the
inactive state, NF-κB is a heterodimer that
consists of p50 and p65 proteins. It is
constitutively localized in the cytoplasm, and its
movement is restrained by the inhibitor of
nuclear factor kappa B (IκB) [18]. When gram-
negative bacteria infect the cell, LPS stimulates
the activation of macrophages. This activation
induces the phosphorylation of IκB, which
releases NF-κB to move to the nucleus and
stimulate the expression of proinflammatory
cytokines, COX-2 and iNOS. The mitogen-
activated protein kinase (MAPK) signaling
pathway also plays an important role in
upregulating inflammatory gene expression in
LPS-stimulated macrophages [19]. Several
studies found that phosphorylation of MAPKs
could induce NF-κB activation and regulate
inflammatory gene expression [20, 21]. Hence,
suppressing NF-κB and MAPK pathways could
ameliorate the inflammatory response.

Reactive oxygen species (ROS) production also
plays an important role in the modulation of
inflammatory reactions. Major ROS produced
within the cell are superoxide anion, hydrogen
peroxide and hydroxyl radical [22]. Extracellular
release of large amounts of superoxide,
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produced as respiratory burst in leukocytes, is an
important mechanism of pathogen killing and
also leads to endothelial damage resulting in an
increased vascular permeability as well as cell
death [23].

ROLE OF ARACHIDONIC ACID IN
INFLAMMATION
The potent mediators of inflammation are
derivatives of arachidonic acid (AA) a 20-
carbon poly unsaturated fatty acid produced
from membrane phospholipids. Arachidonic
acid, the major poly unsaturated fatty acid
present in mammalian systems is the precursor
for PGs synthesis by cyclooxygenase pathway.
Under normal conditions the concentration of
free AA within the cells is low. Most of it is
stored as part of phospholipids in the membranes
of the cells [24].
The availability of free AA is essential for the
biosynthesis of eicosanoids. Therefore, this
mediator is released from the phospholipids
membranes by the action of various
phospholipase enzymes, which are activated in
response to multiple stimuli such as mechanical
trauma, cytokines and growth factors [25]. In
most cells, arachidonic acid may be released at
the endoplasmic reticulum and nuclear
membrane, predominantly via the translocation
of type IV cytosolic phospholipase A2.
Arachidonic acid released from the membrane is
rapidly metabolized in several enzymatic and
non-enzymatic pathways to yield an important
family of oxygenated products, collectively
termed eicosanoids [26, 27]. The arachidonic
acid metabolism generally occurs via one of four
major avenues (i) the cyclooxygenase (COX)
pathway, involved in the formation of
prostaglandins (PGs), thromboxanes (Txs), and
prostacyclin, (ii) the lipoxygenase (LOX)
pathway, which produces leukotrienes (LTs) and
lipoxins, (iii) the cytochrome P450
monooxygenase pathway, which produces
epoxyeicosatrienoic and
hydroxyeicosatetraenoic acids and (iv) non-
enzymatic lipid peroxidation which produces
isoprostanes [6].

CYCLOOXYGENASE PATHWAY
Cyclooxygenase converts arachidonic acid to
endoperoxide containing intermediates to
produce prostaglandins and thromboxanes. Two
distict active catalytic sites exist on COX: the
cyclooxygenase active site (CAS), which
converts arachidonic acid to prostaglandin G2
(PGG2) and the peroxidase active site (PAS)
which transform PGG2 to PGH2. The PGH2 is
the precursor of several bioactive prostanoids,
which are formed by the action of specialized
tissue isomerases. The five prostanoids
synthesized by this pathway include PGE2,
PGD2, PGF2α, PGI2, and TxA2. The production
of individual prostanoids is catalyzed by specific
synthases and they have distinct biological
functions [28].

ISOFORMS OF CYCLOOXYGENASE
Cyclooxygenase also known as Prostaglandin
endoperoxide H synthase (PGHS) and exists in
two isoforms; PGHS-1 (COX-1) and PGHS-2
(COX-2), which catalyses the oxidation of AA
to prostanoids. COX-1 and COX-2 enzymes are
heme proteins, homodimers that are widely
distributed [29]. These enzymes are located in
the lumenal portion of the endoplasmic
reticulum membrane and the nuclear envelope
[30]. COX-2 is twice more abundant at the
nuclear envelope than within the endoplasmic
reticulum, whereas the concentration of COX-1
is equal at both locations [31]. COX-1 functions
predominantly in the endoplasmic reticulum and
COX-2 mostly in the nucleus [32]. Therefore, it
appears that COX-1 and COX-2 are two distinct
prostanoid biosynthetic systems with separate
biological functions for their products. COX-1 is
expressed constitutively in most mammalian
tissues and plays a role in the production of PGs
that control normal physiological processes such
as regulation of gastric response. Therefore, it is
kept responsible for the housekeeping
prostaglandins synthesis. In contrast, COX-2 is
an inducible enzyme responsible for the
production of pro-inflammatory PGs causing
inflammation and pain [33].
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ROLE OF COX-2 IN INFLAMMATION
COX-2 is the more important source of
prostanoid formation in inflammatory processes
[34]. The prostanoids are metabolites that exert
their biological effects in the proximity of the
sites of their synthesis, in autocrine or paracrine
manner. These mediators play an important role
in the inflammatory process. In inflamed tissues,
their biosynthesis is significantly increased, and
they contribute to the development of the main
signs of acute inflammation. Moreover, during
an inflammatory response, the level and profile
of PG production change significantly [35].
COX-2 is also expressed constitutively, in few
tissues such as in brain, kidney and seminal
vesicles, but is induced by various inflammatory
and mitogenic stimuli [36]. It is highly induced
by various growth factors, cytokines,
endotoxins, pro-inflammatory molecules and
tumor promoters in various cell types and has
emerged as the isoform primarily responsible for
PGs production in acute and chronic
inflammatory conditions [37]. Over-expression
of COX-2 is associated with high levels of PGE2

and has been demonstrated in several
malignancies of breast, lung, prostrate, skin,
cervix and head and neck [38]. Higher
prostaglandin levels have been shown to
stimulate proliferation of cells and mediate
immune suppression [39]. Recently, COX-2 has
been shown to be involved in the suppression of
apoptosis, which is critical in tumor cell death
[40]. In parallel with the COX enzyme family,
there also exists constitutive isoforms of Nitric
oxide synthase (NOS), produce NO to maintain
physiological functions, including regulation of
vasodilation and neurotransmission. Like COX-
2, iNOS also plays an important role in the
mediation of inflammation [41].

NITRIC OXIDE SYNTHASE PATHWAY
NOS enzyme catalyzes the conversion of L-
arginine into L-citrulline with stoichiometric
formation of NO, a gaseous free radical. It acts
as a novel transcellular messenger molecule in
many key physiological and pathological
processes [16, 42]. The nitric oxide synthases
(NOSs) catalyze the oxidation of the terminal
guanidine group of L-arginine to NO [43]. This
conversion occurs in two steps, a two electron

oxidation of L-arginine to Nω-hydroxy-L-
arginine followed by a three-electron oxidation
of Nω-L-hydroxy arginine to NO and L-
citrulline [44]. Nitric oxide formation is
catalyzed by three homologous NOS isozymes,
constitutive isozymes function to produce low
levels of NO predominantly for blood pressure
regulation and nerve function. In contrast, iNOS
induced by cytokines produces high quantities of
NO in activated inflammatory cells [45].

ISOFORMS OF NITRIC OXIDE
SYNTHASE
NOS classified into subfamilies according to the
location of expression in the body and the
manner of expression namely constitutive or
inducible. Three quite distinct isoforms of NOS
have been identified, referred by the most
common nomenclature as nNOS (also known as
Type I, NOS-I) being the isoform first found
(and predominating) in neuronal tissue, iNOS
(also known as Type II, NOS-II) being the
isoform which is inducible in a wide range of
cells and tissues and eNOS (also known as Type
III, NOS-III) being the isoform first found in
vascular endothelial cells. These isoforms have
in the past been also differentiated on the basis
of their constitutive (eNOS and nNOS) versus
inducible (iNOS) expression [16].
The human NOSs exist on distinct genes, with
different localization, regulation, catalytic
properties and inhibitor sensitivity, and with
51±57% homology. They are homodimers with
each monomer composed of two distinct
catalytic domains, N-terminal oxygenase domain
containing binding sites for heme, BH4 and L-
arginine and are linked by a CaM-recognition
site to a C-terminal reductase domain that
contains binding sites for FAD, FMN and
NADPH [46]. The nNOS, iNOS and eNOS
genes were located on human chromosomes 12,
17 and 7 respectively. The gene for constitutive
nNOS is >200kb in length, contains 29 exons,
28 introns and for eNOS is 21-22kb in length,
contains 26 exons, 25 introns, whereas iNOS
gene is about 37kb, contains 26 exons, 25
introns. The molecular weight of nNOS, iNOS
and eNOS proteins is approximately 161kD,
131kD and 133kD containing 1434, 1153 and
1203 amino acids respectively [47-52]. NOSs
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have essential roles in the maintenance of
homeostasis, e.g., regulating blood vessel tone
(eNOS), and providing neurotransmitter and
neuromodulator (nNOS) functions. On the other
hand, numerous reports have implicated that
sustained and/or excess NO generation, most of
which is attributable to iNOS expression, often
occurs in pathogenic conditions. In particular,
iNOS has drawn considerable attention for its
critical functions in inflammation-related
diseases [53-55].

ROLE OF INOS IN INFLAMMATION
NO synthesized from L-arginine by iNOS is a
multifunctional mediator involved in the
vasodilatation observed during inflammatory
responses and an important biological signaling
molecule and cellular cytotoxin. The excessive
production of this free radical is pathogenic to
the host tissue, since NO can bind with other
superoxide radicals which directly damages the
function of normal cells [56, 57]. iNOS is
expressed in a variety of cell types under both
normal and pathological conditions, including
macrophages, microglial cells, keratinocytes,
hepatocytes, astrocytes and vascular endothelial
and epithelial cells. With infectious and pro-
inflammatory stimuli, iNOS protein is highly
induced to produce NO in a micromolar range,
whereas NO generation from nNOS and eNOS
enzymes is constant and within the nanomolar
range [16]. The expression of iNOS can be
transcriptionally regulated by factors such as
interferon-γ (IFN-γ), IL-1β and TNF-α, LPS and
oxidative stress (hypoxia) [58]. iNOS has been
implicated in different stages of cellular changes
that lead to malignancy: transformation of
normal cells, growth of transformed cells,
angiogenesis triggered by angiogenic factors
released from tumor cells or from the
surrounding tissue, and metastasis of malignant
cells [59]. NOS activity has been observed in
human tumor cell lines and cells from tumor
biopsies. In a variety of human malignant
tumors, e.g, breast, lung, prostate, bladder,
colorectal cancer and malignanat melanoma,
expression of iNOS can be observed. An initial
study on iNOS expression in human breast
cancer suggested that iNOS activity was higher
in less differentiated tumors in invasive breast

carcinomas [58, 59]. Patients with iNOS positive
breast carcinomas were found to have
significantly poorer overall survival rates than
those with iNOS negative tumors [60].

SYNERGISTIC ROLE OF COX-2 AND
INOS IN INFLAMMATION
The ubiquitous nuclear factor kappa B (NF-κB)
signalling pathway plays central role in
regulating inflammation through transcription of
pro-inflammatory genes COX-2 and iNOS.
Although this factor is expressed in an inactive
state in most cells, cancer cells express an
activated form of NF-κB. This activation is
induced by a wide variety of pro-inflammatory
stimuli (such as mitogens, inflammatory
cytokines and LPS), carcinogens, and the gene
products regulated by it mediate tumorigenesis
[61]. NF-κB is composed of a range of homo or
heterodimeric combinations of NF-κB /Rel
proteins, such as Rel (cRel), RelA (p65), RelB,
NF-κB1 (p50), and NF-κB2 (p52) in mammals.
The main inducible form is a heterodimeric
consisting of the p50/p65 subunit. NF-κB is
present in the cytoplasm as an inactive complex
associated with an inhibitory protein called IκB.
Exposure of cells to pro-inflammatory stimuli
causes the dissociation of NF-κB/IκB complex
by phosphorylation of IKK (IκB kinase), which
in turn phosphorylates IκB at Ser-32 and Ser-36
followed by proteosomal degradation of IκB.
Then subsequent translocation of NF-κB from
cytoplasm to nucleus occurs via specific
machinery. In the nucleus, NF-κB induces the
transcription of a large variety of target genes
that encode inflammatory enzymes, by binding
to the cis-acting κB element. Among the
transcription regulators in the promoter regions
of iNOS and COX-2, NF-κB seems to work as
the most essential transcription factor for the
expression of these inflammatory enzymes in
LPS induced cells [62-65]. Since the expression
and activity of both iNOS and COX-2 is induced
by the same pro-inflammatory agents and their
similarities in terms of pathophysiological
phenomena, it has been proposed that inhibition
of both iNOS and COX-2 would provide the
most potent anti-inflammatory effect [41].
Therefore, the targeted inhibition of iNOS and
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COX-2 is a promising approach to inhibit
inflammation as well as preventing cancer.

ROLE OF REACTIVE OXYGEN SPECIES
IN INFLAMMATION
Intracellular ROS production plays a key role in
modulation of release of other mediators of
inflammation. This is related mainly to the
constitutive expression of NAD(P)H oxidases
(termed NOXs- non-phagocytic oxidases) in
various tissues [66, 67]. ROS produced by this
family of enzymes can regulate adhesion
molecule expression on endothelium and
inflammatory cells, thus affecting cell
recruitment to the sites of inflammation [68, 69].
They also increase chemokines and cytokine
expression [70, 71]. At least part of these effects
results from the ability of ROS (in particular
H2O2) to stimulate MAP-kinases activity which
leads to activation of several transcription
factors. It is possible that intracellular ROS may
act as second messengers in inflammatory signal
transduction. Inflammatory cytokines (like TNF-
a) may in turn increase NAD(P)H oxidase
activity and expression which closes vicious
circle of inflammation [72]. While loss of
NAD(P)H oxidase activity in cells leads to
diminished inflammation in the vascular wall
several humoral factors may affect constitutive
NAD(P)H oxidase expression in the vascular
wall and therefore intracellular ROS production.
These include angiotensin II, endothelins, high
glucose or high cholesterol levels [66, 73]. Their
effects on baseline ROS production may
therefore mediate modulatory effects of these
factors (traditionally not considered) on
inflammation. Accordingly, attempts were
undertaken to inhibit intracellular ROS
production in order to limit inflammatory
responses. Apocynin, an NAD(P)H oxidase
activation inhibitor has been successfully used in
limiting inflammation in animal model of
rheumatoid arthritis [74, 75] while decoy
peptide, which prevents an association of
NAD(P)H oxidase subunits was shown to be
effective in inflammation related to
atherosclerosis [76]. It is important to note that
antioxidant properties of nitric oxide are also
important in mediating anti-inflammatory
properties of NO [77, 78]. NO inhibitory effects

on NAD(P)H oxidase can explain successful
application of nitric oxide gene transfer to limit
the extent of vascular inflammation [79, 80].

ANTI-INFLAMMATORY DRUGS
A number of drugs have been developed to cure
the diseases of chronic inflammation origin.
These drugs can be divided into two groups;
steroidal anti-inflammatory drugs and non-
steroidal anti-inflammatory drugs. Steroids are
the chemical compounds released by the adrenal
gland and have anti-inflammatory action by
different mechanisms. As an example,
glucocorticoids are the steroidal hormones
which enhance the expression of nearly 130
genes which include the anti-inflammation,
phagocytosis, antioxidative stress and suppress
the pro-inflammatory genes [81, 82]. In addition,
glucocorticoids may express non genomic
pathways by restricting ATP consuming
activities and these effects are much more rapid
than genomic effects. Corticosteroids, another
type of steroid hormones, inhibit the activity of
phospholipase A2 and diminish the production of
AA upon activation of cells by pro-
inflammatory molecules. PGs and LTs are thus
inhibited by corticosteroids through the action of
phospholipase A2. However, a number of side
effects are revealed as a result of glucocorticoid
use in inflammatory diseases. Glucocorticoids
enhance glucose levels by degrading proteins
and modulating fatty acid metabolism partly.
This catabolic interference by corticosteroids
leads to tissue remodeling, osteoporosis, insulin
resistance and diabetes. Long term use of
glucocorticoids increases the apoptosis of
hypertrophic chondrocytes in growth plate
which reduces the longitudinal growth of bones
[83].
The second category of anti-inflammatory drugs
is NSAIDs. Approximately, 60 million
Americans use the non steroidal anti-
inflammatory drugs annually to treat
inflammation related diseases and especially
rheumatological disorders and arthritis. NSAIDs
show their effect by inhibiting the action of
COX instead of phospholipase A2 and do not
prevent the activity of LOX [84]. NSAIDs block
the production of PGs by inhibiting both COX-1
and COX-2. It is known that about 1% of
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chronic users of NSAIDs, such as patients with
chronic inflammatory diseases develop
gastrointestinal (GI) complications such as
mucosal damage and bleeding. Moreover, some
researchers have found acute renal failure as a
result of NSAIDs use [85]. NSAIDs inhibit the
production of renal prostaglandins and
negatively affect glomerular filtration rate and
salt excretion. These drugs appear to produce at
least some of their beneficial effects by
inhibiting COX-2 and their deleterious side
effects by inhibiting COX-1. Hence, synthetic
anti-inflammatory drugs are more associated
with negative effects rather than positive effects.
Thus, selective inhibition of the induced
enzyme, without affecting the homeostatic one,
might avoid the side effects of currently
available NSAIDs. NSAIDs have also been
shown to inhibit iNOS but the pharmacological
inhibitors of iNOS are not yet in clinical use
while selective inhibitors of COX-2 have
recently been launched on the market [86].
Selective COX-2 inhibitors (COXibs) have same
anti-inflammatory benefits as traditional
NSAIDs with little effect on COX-1, but as
inhibitors of the enzyme responsible for the
production of most inflammatory PGs, their drug
efficacy is upheld. COXibs have proven to be
effective in suppressing experimental
tumorigenesis. Furthermore, several recently
reported randomized clinical trials have shown
that COXibs significantly reduce the incidence
of colorectal adenomas in humans. Dismayingly,
these trials also identified an increased risk for
cardiovascular events associated with COXib
use, suggesting that COXibs may not be
sufficiently safe for general use as cancer
chemopreventive agents [86]. In view of the
gastric side effects of conventional NSAIDs and
the recent market withdrawal of rofecoxib and
valdecoxib due to their adverse cardiovascular
side effects there is need to develop alternative
anti-inflammatory agents with reduced gastric
and cardiovascular problems [87].

CONCLUSIONS
Nitric oxide, COX-2 and other proinflammatory
mediators play important roles in the modulation
of inflammation and immune regulation. Their
effects are achieved through interactions with

numerous signal transduction pathways and
transcription factors. Therefore the exact effects
of these mediators on individual cells
participating in inflammation may be
ambiguous, and depend on cellular environment,
NO concentration as well as other factors.
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