J Pharm Pharmaceut Sci (www. cspsCanada.org) 11 (2): 81s-110s, 2008

Evolution of Nonsteroidal

Anti-Inflammatory

Drugs (NSAIDs):

Cyclooxygenase (COX) Inhibition and Beyond

P. N. Praveen Rao' and Edward E. Knaus?.

'Department of Chemistry and The Skaggs Institute for Chemical Biology, The Scripps Research Institute, 10550 North
Torrey Pines Road, La Jolla, CA 92037, USA. *Faculty of Pharmacy and Pharmaceutical Sciences, University of Alberta,

Edmonton, Alberta, Canada.

Received, April 28, 2008; Revised, August 27, 2008; Accepted, September 3, 2008; Published, September 13, 2008.

ABSTRACT. Purpose. NSAIDs constitute an
important class of drugs with therapeutic
applications that have spanned several centuries.
Treatment of inflammatory conditions such as
rheumatoid arthritis (RA) and osteoarthritis (OA)
starting from the classic drug aspirin to the recent
rise and fall of selective COX-2 inhibitors has
provided an enthralling evolution. Efforts to
discover an ultimate magic bullet to treat
inflammation continues to be an important drug
design challenge. This review traces the origins of
NSAIDs, their mechanism of action at the
molecular level such as cyclooxygenase (COX)
inhibition, development of selective COX-2
inhibitors, their adverse cardiovascular effects, and
some recent developments targeted to the design of
effective anti-inflammatory agents with reduced
side effects. Methods. Literature data is presented
describing important discoveries pertaining to the
sequential development of classical NSAIDs and
then selective COX-2 inhibitors, their mechanism
of action, the structural basis for COX inhibition,
and recent discoveries. Results. A brief history of
the development of NSAIDs and the market
withdrawal of selective COX-2 inhibitors is
explained, followed by the description of
prostaglandin  biosynthesis, COX  isoforms,
structure and function. The structural basis for
COX-1 and COX-2 inhibition is described along
with methods used to evaluate COX-1/COX-2
inhibition. This is followed by a section that
encompasses the major chemical classes of
selective COX-2 inhibitors. The final section
describes briefly some of the recent advances
toward developing effective anti-inflammatory
agents such as nitric oxide donor NO-NSAIDs, dual
COX/LOX inhibitors and anti-TNF therapy.
Conclusions. A great deal of progress has been
made toward developing novel anti-inflammatory
agents. In spite of the tremendous advances in the

last decade, the design and development of a safe,
effective and economical therapy for treating
inflammatory conditions still presents a major
challenge.

1. INTRODUCTION

The fascinating ability to treat fever and
inflammation dates back about 3500 (400 B.C.)
years ago to a time when the Greek physician
Hippocrates prescribed an extract from willow bark
and leaves. Later in the 17th century, the active
ingredient of willow bark salicin was identified in
Europe. The Kolbe company in Germany started
mass producing salicylic acid in  1860.
Acetylsalicyclic acid 1 (aspirin) the more palatable
form of salicyclic acid was introduced into the
market by Bayer in 1899 (1). However, the
mechanism of action of anti-inflammatory and
analgesic agents such as aspirin and indomethacin 2
remained elusive until the early 1960’s. This all
changed in the seventies, when John Vane
discovered the mechanism of action of aspirin and
other nonsteroidal anti-inflammatory  drugs
(NSAIDs) thereby increasing our ability to develop
novel anti-inflammatory therapies (2). The success
of NSAIDs in treating various inflammatory
conditions such as rheumatoid arthritis (RA) and
osteoarthritis (OA) validated inhibition of the
enzyme prostaglandin H synthase (PGHS) or
cyclooxygenase (COX) as a highly suitable target in
anti-inflammatory therapies (3,4). However, the
gastrointestinal (GI) toxicities associated with
widespread NSAID use proved to be a major
drawback during long term therapy (5).
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Figure 1. Some representative
cyclooxygenase (COX) inhibitors.
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In the early 90’s, Needleman, Simmons and
Herschman’s group reported the presence of an
inducible isoform of the enzyme COX later
identified as COX-2 (6-8). This discovery led to the
hypothesis that anti-inflammatory prostaglandins
(PGs) were produced through constitutive
expression of COX-1, whereas the proinflammatory
PGs were produced via induction of the COX-2
isoform (9-10). The traditional NSAIDs were
known to inhibit both isoforms of COX and their
adverse GI toxicities were attributed to the
inhibition of gastroprotective PGs produced via the
COX-1 pathway. Shortly thereafter, scientists from
the academic community and pharmaceutical
companies focused their efforts on the design of
selective COX-2 inhibitors in order to develop
superior anti-inflammatory and analgesic agents
with reduced adverse effects compared to
traditional NSAIDs. In 1999, G.D. Searle and Pfizer
(now Pfizer Inc) launched the first selective COX-2
inhibitor celecoxib 3 (Celebrex®). This was
followed by the launch of Merck’s selective COX-2
inhibitor rofecoxib 4 (Vioxx®). In a short period of
time both celecoxib and rofecoxib (coxibs) reached
blockbuster status achieving sales exceeding one
billion U.S. dollars within 15 months post launch
(11-15).

In spite of this initial success after the
launch of selective COX-2 inhibitors, concerns
were raised regarding their adverse cardiovascular

events (16). Further studies, conclusively
demonstrated that selective COX-2 inhibitors may
tip the natural balance between prothrombotic
thromboxane A, (TxA;) and antithrombotic
prostacyclin (PGIL,) potentially increasing the
possibility of a thrombotic cardiovascular event
(17-19). In September 2004 Merck’s Vioxx® was
withdrawn from the world-wide market (20). In
April of 2005, the US FDA advisory committee
overwhelmingly concluded that coxibs increase the
risk of cardiovascular events and recommended the
suspension of Pfizer’s Bextra® (valdecoxib).
Celecoxib was allowed to remain in the market
place, but with a black box warning indicating a
risk of adverse cardiovascular events (15, 21).
Furthermore, the FDA requested manufacturers of
commonly used NSAIDs to make labeling changes
to their products suggesting that adverse
cardiovascular events could be a general effect for
this class of compounds (22). The European
Medicines Agency (EMA) was in agreement with
the FDA regarding the suspension of Bextra® and
labeling changes for coxibs. However, the EMA
gave a clean chit to traditional NSAIDs based on
their benefit to risk ratio (23,24). Recently, the
American Heart Association issued a statement
advising prescribing clinicians pertaining to the use
of NSAIDs (25). Health Canada recently decided to
withdraw Novartis Pharmaceuticals selective COX-
2 inhibitor lumiracoxib (Prexige®) due to concern
regarding its liver toxicity.

The objective of this review is to discuss
the COX pathway, enzyme functions, molecular
basis of COX-2 inhibition, chemical classification
of selective COX-2 inhibitors and their COX-
1/COX-2 selectivities. The underlying basis for
adverse cardiovascular effects and progress made in
the development of novel anti-inflammatory agents
having reduced GI and cardiovascular adverse
effects will be the focus of this review.

2. PROSTAGLANDIN BIOSYNTHESIS

Prostanoids (PG’s) are end products of fatty acid
metabolism produced via the COX pathway. PG’s
have long been known to behave as important
physiological and pathological mediators implicated
in a number of therapeutic areas of interest
including inflammation, pain, pyrexia, cancer,
glaucoma, male sexual dysfunction, osteoporosis,
cardiovascular disease, labor and asthma (26).

82s



J Pharm Pharmaceut Sci (www. cspsCanada.org) 11 (2): 81s-110s, 2008

E f 5 E E E 5 EMembrane phospholipids

Phospholipase A,

12/15-LOX — — COOH 5| oXx
12/15 HPETE €— — 5-HPETE —> LTA,
Arachidonic acid *
Aspirin Aspirin LTB4,LTCy,
Indomethacin COX-1 | COX-2 Indomethacin LTD, LTE,
Ibuprofen Ibuprofen
Celecoxib
Rofecoxib

PGD,

OH
PGH,

PGE Synthase

PGE,

PGD Synthase o \“\\—_—/\/\CO(DH Tx Synthase
\ —_—
-
e} / TXA2

PGF Synthase

PGI Synthase

PGI,

PGF,

Figure 2. Representative biosynthetic pathway of prostaglandin (PG) biosynthesis from arachidonic acid (AA) via COX-
1/COX-2 isoform catalysis. The NSAIDs aspirin, indomethacin and ibuprofen are nonselective inhibitors of COX isozymes
whereas celecoxib and rofecoxib exhibit selective COX-2 inhibition.

Arachidonic acid (AA), an unsaturated 20-carbon
fatty acid embedded in cell membranes as a
phospholipid ester, is the precursor for PG synthesis
(Figure 2). In response to a wide variety of stimuli,
free AA is released which is subsequently
converted via COX, lipoxygenase (LOX) and
cytochrome P450 enzyme catalysis to various lipid
mediators known collectively as eicosanoids (27).
In the COX pathway, the two known COX isoforms

catalyse the first committed step in the biosynthesis
of PG’s, thromboxanes (TxA) and other eicosanoids
(11, 26, 27). The production of these eicosanoids is
dependent on the availability of AA. The release of
AA from membrane phospholipids is mediated by
either secretory (sPLA;) or cytoplasmic (cPLA,)
phospholipases. Once AA is released, the COX
isoforms catalyze two sequential reactions. The
initial COX reaction converts AA to prostaglandin
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G, (PGG,). The subsequent peroxidase (POX)
reaction reduces PGG, to prostaglandin H, (PGH,)
which is then converted by various cell specific
isomerases and synthases to produce five
biologically active primary PG’s that include
prostaglandin D, (PGD,), prostaglandin E, (PGE,),
prostaglandin F,, (PGF,,), prostacyclin (PGI,) and
thromboxane A, (TxA;) as illustrated in Figure 2.
These products act as secondary messengers by
interacting with prostanoid G-protein coupled
receptors and other receptors (27).

3. CYCLOOXYGENASE
STRUCTURE AND FUNCTION:

ISOFORMS,

The first purified preparation of the COX enzyme
was reported in 1976 (28). More than a decade later
COX was cloned in 1988 (29-31). In the 1990’s an
inducible isoform now called COX-2 was
discovered (6-8). COX, originally called
prostaglandin H synthase (PGHS), is the major
enzyme responsible for oxidation of AA to PGG;
and PGH, (Figure 2). The COX-1 and COX-2
isoforms both catalyze a cyclooxygenase reaction in
which the substrate AA and two molecules of
molecular O, are converted to PGG, and a
peroxidase reaction in which PGG, is reduced to
PGH, by a two electron reduction. These two
reactions occur at distinct but structurally and
functionally interconnected sites. The COX
isoforms are heme containing enzymes that exhibit
distinct expression profiles and roles in several
physiological processes. The primary structure of
COX-1 is comprised of 602 amino acids whereas
COX-2 has 604 amino acids. By convention, the
residues are numbered according to the ovine or
murine COX-1 sequence to standardize structural
and functional comparisons between species. The
COX-1 and COX-2 isoforms share 60-65%
sequence identity within species and about 85-90%
sequence identity among different species (31). The
first crystal structure of ovine COX-1 complexed
with the NSAID flurbiprofen was reported in 1994
(32). The structures of human and murine COX-2
are virtually super imposable on ovine COX-1. The
COX isoforms are homodimers, with each
monomer comprised of three structural domains; a
N-terminal epidermal growth factor (EGF) domain,
a membrane binding domain (MBD) and a large C-
terminal catalytic domain (Figure 3). The COX

catalytic reaction occurs in a hydrophobic channel
in the core of the enzyme while the peroxidase site
is located in the heme containing region near the
protein surface. The MBD is made up of four alpha
helices with helix D merging into the catalytic
domain. These helices surround an opening through
which fatty acid substrates and NSAIDs are
believed to enter the COX active site. Both COX-1
and COX-2 isoforms are attached to the
endoplasmic reticulum (ER) and nuclear envelope.
N-glycosylation of the COX isoforms is required
for enzyme folding and activity (27). The COX
isoforms have very similar binding site structures,
catalytic mechanisms and produce the same
biosynthetic products. Some of the differences
between human COX-1 and COX-2 are shown in
Table 1. The COX-1 and COX-2 monomers both
contain a 25 A hydrophobic channel that originates
at the MBD and extends into the core of the
catalytic domain. The MBD forms the mouth and
first half of the channel, allowing AA and
molecular oxygen to enter directly from the apolar
compartment of the lipid layer.

The COX-1 isoform is constitutively
expressed at high levels in cells and tissues such as
endothelium, monocytes, platelets, renal collecting
tubules and seminal vesicles indicating that it is
developmentally regulated (33). The COX-2
enzyme is induced by mediators of inflammation
such as lipopolysaccharides (LPS), interlukin-1 (IL-
1), tumor necrosis factor-alpha (TNF-a) in a wide
variety of cells and tissues such as vascular
endothelium, osteoclasts, rheumatoid synovial
endothelial cells, monocytes and macrophages.
Recent studies have indicated that constitutively
expressed COX-2 plays specific functions in
reproduction, renal physiology, bone resorption and
neurotransmission (34-37).

3.1. COX isoforms and inflammation

Traditional NSAIDs prescribed to control joint pain
and treat inflammatory conditions such as RA and
OA produce their anti-inflammatory and analgesic
effects by nonselective inhibition of COX activity.
During the inflammatory process, the COX-1
mRNA and protein activity do not change whereas
a dramatic increase in COX-2 levels occurs leading
to increased production of proinflammatory PGs.
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Figure 3. A. Ribbon diagram of the ovine COX-1 homodimer with flurbiprofen bound within the COX active site. B.
Ribbon diagram of ovine COX-1 monomer with flurbiprofen bound indicating the locations of the COX and peroxidase
(POX) active sites and the EGF and MBD domains. Flurbiprofen is represented as a yellow space filling model [reprinted

with permission, from the
www.annualreviews.org, ref 27].

Annual Review of Biochemistry,

Table 1: Comparison of the COX-1 and COX-2 isoforms

Volume 69 (c) 2000 by Annual Reviews

Properties COX-1 COX-2

Gene size 22 kb 8.3 kb

Exons 11 10

Chromosome 9q32-q33.3 1925.2-g25.3

mRNA 2.8 kb 4.1 kb

mRNA regulation constitutive inducible

Inducers — LPS, cytokines, phorbol esters

Molecular weight 70 kD 70-72 kD

Localization Endoplasmic reticulum Nuclear membrane,
(ER) ER

Cofactors 1 mol of heme 1 mol of heme

Glycosylation -N, 3 sites -N, 3 or 4 sites

Substrate specificity
eicosapentenoic acid
Activity

AA, y-linolenic acid

23 mmol of AA/mg/ml

AA, v-linolenic acid, a-linolenic acid,

12 mmol of AA/mg/ml

The GI side effects associated with traditional
NSAIDs are due to the inhibition of
gastroprotective PGs synthesized via the COX-1
pathway (38, 39). The expression of COX-2 has
been studied extensively in animal models of
inflammation which provided strong evidence that
induction of COX-2 enzyme is associated with
inflammation. The COX-1 enzyme does not appear
to be affected by the inflammatory process since
similar levels of mRNA and protein are detected in
both normal and inflamed tissue in animal models.

PGs such as PGE, and PGI, produced via the COX-
2 pathway magnify the degree of inflammation
initiated by other mediators of inflammation such as
histamine and bradykinin leading to increased
vascular permeability and edema (40-43). COX-2 is
not detectable in normal tissue but is detectable
after induction by inflammatory stimuli. Selective
COX-2 inhibitors exhibit good anti-inflammatory
and analgesic activities in various animal models.
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3.2. COX and the gastrointestinal tract (GI)

In humans and other species, it has been shown that
COX-1 but not COX-2 is expressed constitutively
throughout the GI tract (44). PGs such as PGE, and
PGI, produced by COX-1 are known to exhibit
cytoprotective effects on the GI mucosa by
reducing gastric acid secretion by parietal cells in
the stomach, increase mucosal blood flow, and
stimulate the release of viscous mucus. Selective
COX-2 inhibitors are efficient anti-inflammatory
agents with less GI toxicity due to their selective
inhibition of COX-2 and sparing action on COX-1.
However, there are reports of constitutive COX-2
expression in healthy human and rabbit GI mucosa
(45). It has also been reported that during the GI
ulcer formation process, COX-2 may be induced
and that it could play a role in the GI healing (46).
Clinical trials indicate short term GI safety benefits
occur with selective COX-2 inhibitors compared to
traditional NSAID therapy (47-49). However, long
term studies are limited and inconclusive.

3.3. COX and the kidney

PGs regulate vascular tone and normal blood flow
thereby maintaining renal function (50). Studies
using animal models of renal diseases, and patients
with congestive heart failure, liver cirrhosis or renal
insufficiency have shown that PGE, was primarily
responsible for maintaining normal kidney function
(10). In humans COX-1 is constitutively expressed
in the vasculature, the collecting ducts and the loop
of Henle, whereas low levels of COX-2 are
expressed constitutively in the macula densa,
epithelial cells lining the ascending loop of Henle
and medullary interstitial cells of the renal papillae
(11). The COX-2 enzyme is involved in normal
renal development and COX-2 deficient mice
develop severe nephropathy (51, 52). Studies have
shown that NSAID-induced sodium retention in
healthy and elderly patients is mediated by the
inhibition of COX-2, whereas a decreased
glomerular filtration rate is associated with
inhibition of COX-1. These studies confirm that
both COX isoforms are involved in renal
physiology (53). Recent studies have indicated,
among a group of current selective COX-2
inhibitors, that rofecoxib 1is associated with
increased renal and arrhythmia risks (54, 55).

3.4. COX and the cardiovascular system

It is well known that the COX-1 isoform is
constitutively expressed in platelets and is
responsible for the formation of pro-aggregatory
TxA,. In contrast, the synthesis of anti-aggregatory
PGI, in endothelial cells is primarily catalyzed by
COX-2 (56). Aspirin acts as an irreversible inhibitor
of COX-1 in platelets by acetylating the Ser530
residue. This leads to blocking of TxA, synthesis
resulting in a reduced risk of thrombosis. COX
mediated vascular control has been demonstrated in
COX-1 and COX-2 knock out animal models. Mice
deficient in COX-2 die within 48 hours after birth
with a patent ductus arteriosus. Similarly, mice
deficient in both isoforms of COX die within 12
hours of birth due to a similar condition (57). Soon
after the launch of selective COX-2 inhibitors
celecoxib and rofecoxib a cautionary flag was
raised regarding the use of COX-2 inhibitors in
patients at risk for cardiovascular morbidity such as
myocardial infarction (16). The argument was that
PGI, is a vasodilator and a potent inhibitor of
platelet aggregation produced by COX-2 at the sites
of inflammation. Although selective COX-2
inhibitors have no effect on TxA, production, by
decreasing PGI, production, selective COX-2
inhibitors may tip the natural balance between
prothrombotic TxA, and anti-inflammatory PGI,
that could potentially increase the possibility of a
thrombotic cardiovascular event. In addition, there
are other indications of a protective role for PGE,
and PGI, derived from the COX-2 pathway
pertaining to oxidative damage (58). Accordingly,
both COX-1 and -2 derived PGs appear to have a
profound role in the regulation of wvascular
homeostasis. The VIGOR trial for rofecoxib
showed increased risk of cardiovascular events
compared to naproxen. However, the CLASS trial
for celecoxib and the TARGET trial for
lumiracoxib did not indicate an increased risk of
cardiovascular events (47-49). While the debate
continues on cardiovascular risks associated with
COX-2 inhibitors, indications are clear that COX-2
selective inhibitors as a class are associated with
cardiovascular risks (59). The argument that
selective COX-2 inhibitors tip the balance between
prothrombotic TxA, and anti-inflammatory PGI,
was validated experimentally by an elegant study
recently. In this regard, FitzGerald and coworkers
investigated the mechanisms by which COX-2
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inhibitors increase the risk of myocardial infarction.
Their studies demonstrated that selective inhibition,
knockout, or mutation of COX-2, or deletion of the
receptor for COX-2 derived PGIl,, was shown to
accelerate thrombogenesis and elevate blood
pressure in mice. These responses were attenuated
by COX-1 knock down, which mimics the
beneficial effects of low-dose aspirin. In addition,
these authors suggest that inhibitors of microsomal
PGE synthase-1 (mPGES-1) may exhibit efficient
anti-inflammatory  activity with no adverse
cardiovascular events (60).

3.5. COX and cancer

Several reports, over a period of many years, have
shown that traditional NSAIDs exhibit anticancer
activities. For example, sulindac and indomethacin
exhibit protective effects against colorectal cancer
(61). After the discovery of the COX-2 isoform,
several studies have shown that COX-2 is expressed
at high levels in a wide variety of cancer tissues,
such as colon, breast, prostate and pancreas and
appears to control many cellular processes.
Selective COX-2 inhibitors have been extensively
studied in the treatment and prevention of a variety
of cancers (10, 62). The anticancer activity
exhibited by NSAIDs and selective COX-2
inhibitors could be associated with multiple COX-
dependent and COX-independent pathways (63, 64).
The selective COX-2 inhibitor celecoxib induces
apoptosis in human prostate cancer cell lines (PC-3)
expressing COX-2 by blocking antiapoptotic kinase
Akt activation, and the antiangiogenic activity of
COX-2 inhibitors may constitute another
mechanism to prevent tumor growth (65, 66).
Celebrex is currently available as a pharmacological
adjunct in the management of familial adenomatous
polyposis (FAP). In contrast, the eighteen month
adenomatous polyp prevention Vioxx® (APPROVe)
trial, where the efficacy of rofecoxib in preventing
the recurrence of colon polyps was investigated was
stopped early because of an increase in adverse
cardiovascular events (67). This latter study has put
a shadow of doubt on the long term use of selective
COX-2 inhibitors in chemoprevention.

3.6. COX and the central nervous system (CNS)

The use of NSAIDs has been associated with a
delay in the onset of Alzheimer’s disease (AD) in

high risk families (68). Since AD is associated with
inflammatory conditions in brain, the protective
effect provided by NSAIDs is consistent with their
anti-inflammatory activity. Initially, selective COX-
2 inhibitors were touted as a potential therapy to
treat AD since long term treatment using NSAIDs
leads to GI toxicity (69). However, current data
regarding the use of selective COX-2 inhibitors in
AD is conflicting. For example, a recent study has
shown that the selective COX-2 inhibitor rofecoxib
failed to slow cognitive decline in patients with
mild-to-moderate AD (70). In contrast, a recent
investigation showed that cyclooxygenase-2
inhibition improves B-amyloid mediated
suppression of memory and synaptic plasticity. This
suggests that selective COX-2 inhibitors may
protect against AD by blocking the COX-2-
mediated PGE, response at synapses (71). However,
the long term cardiovascular toxicities associated
with selective COX-2 inhibitor therapy makes their
application in AD questionable (72). Parkinson’s
disease (PD) is a neurodegenerative disease wherein
loss of dopaminergic transmission leads to rigidity,
resting tremors and slowness of movement
ultimately leading to death. Since PD progression
has an inflammatory pathology, studies on mice
deficient with COX-2 exhibited resistance in animal
models of PD. These results showed that COX-2
plays an important role in animal models of
dopaminergic neuron degeneration (73). A recent
report by Pzedborwski and coworkers described the
pathological role of COX-2 in the development of
PD. This study examined the role of increased
levels of COX-2 in generating a toxic dopamine-
quinone species which was responsible for
dopaminergic neuronal degeneration. The selective
COX-2  inhibitor  rofecoxib  exhibited a
neuroprotective effect. Other studies have also
shown that the selective COX-2 inhibitor paracoxib
exhibits neuroprotective activity in animal models
of PD (74, 75).

3.7. COX-3

A new twist was added to the COX story in 2002
with the discovery of a third isoform COX-3 by
Simmons and coworkers (76). Their study in dogs
showed that COX-3 was present as an alternative
splice variant of COX-1.
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4. MOLECULAR BASIS OF COX INHIBITION
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Figure 4. A. Active site of COX-1. B. Active site of COX-2 [adapted by permission from Macmillan Publishers Ltd: (Nat.

Struct. Biol. Vol: 3, 1996, ref 80).

It was long suspected that the widely used over-the-
counter analgesic/antipyretic agent acetaminophen

acts by inhibiting a brain specific COX isoform (77).

Acetaminophen, unlike other NSAIDs, is known to
exhibit weak inhibition of both COX-1 and COX-2
at therapeutic concentrations. The Simmons group
showed that indeed COX-3 was the target of
acetaminophen. However, the initial excitement
surrounding the discovery of COX-3 as a potential
drug target received a reality check when it was
discovered that one can not generalize the presence
of canine COX-3 to humans. It is now known that
COX-3 encodes proteins with completely different
amino acid sequences than COX-1 or COX-2 in

rodents and humans and moreover lacks COX
activity. This negates its role in causing pain and
fever. Therefore, the clinical relevance of COX-3 as
a drug target is questionable. However the final jury
on this question is not out yet (78, 79).

Although NSAIDs were known to inhibit
the COX enzyme to produce their anti-
inflammatory and analgesic activities, a clear
structural insight regarding the binding modes of
NSAIDs was not available until 1994. Garavito and
coworkers published a landmark paper that
described the crystal structure of COX-1 complexed
with the NSAID fluorbiprofen 5 (32). This study
showed that the COX-1 active site consists of a
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long, hydrophobic, narrow channel extending from
the membrane binding domain all the way to the
center of the COX monomer. The apex of the COX
active site was comprised of Tyr385 that sits near
heme iron. The aspirin acetylation site, Ser530, is
positioned below Tyr385. The mouth of the COX-1
channel was comprised of polar residues such as
Argl20 and Glu524. The carboxylate moiety of 5
was oriented toward the mouth of the COX active
site where it is in a favorable position to interact
with polar residues (Argl20 and Glu524). This
structure study gave mechanistic insight into the
binding modes of NSAIDs. Shortly thereafter, the
crystal structures of human and murine COX-2
complexed with selective COX-2 inhibitors were
solved (80, 81). These studies confirmed the belief
that the COX isoforms are structurally homologous
and quite super imposable.

The interactions of NSAIDs within the
COX active sites have been studied extensively.
Most traditional NSAIDs are nonselective inhibitors
of both isoforms whereas selective COX-2
inhibitors exhibit tight binding to the COX-2 active
site. Traditional NSAIDs exhibit one of three

different modes of binding: i) reversible binding (eg:

ibuprofen), ii) rapid, low affinity reversible binding
followed by a time-dependent, higher affinity,
slowly reversible binding (eg: fluorbiprofen, 5), iii)
or a rapid, reversible binding followed by a
covalent modification of the enzyme (eg: aspirin).
Selective COX-2 inhibitors exhibit time-dependent
inhibition of COX-2 but not COX-1. At the
entrance of the COX channel, Argl20, Glu524,
Tyr355 and His90 form a network of hydrogen
bonds that act as a gate to the binding site (82).
NSAIDs generally bind between the upper portion
of the COX channel located near Tyr385 and
Argl20 which is present at the mouth of the COX
channel.

The carboxyl moiety of acidic NSAIDs
such as fluorbiprofin (5) interacts with Argl20 in
both COX isoforms, via hydrogen bonding or
electrostatic interactions (83). The remaining
ligand-protein interaction is hydrophobic. Crucial
structural differences within the binding sites of the
COX isoforms have been exploited to design
selective COX-2 inhibitors. In the COX-2 active
site, due to the presence of a smaller valine at
amino acid residue at position 523 (isoleucine in
COX-1) and a valine (isoleucine in COX-1)
subsitution at position 434 creates an extra pocket

(secondary pocket) which is accessible in the COX-
2 active site. This difference increases the overall
volume of the COX-2 active site (394 A%) by almost
20% compared to that of COX-1 (316 A’, Figure 4).
Thus, nonacidic selective COX-2 inhibitors can
show enhanced binding to COX-2 due to reduced
steric and ionic crowding at the mouth of the
channel (binding site) by Argl20. Other structural
differences exist at amino acid residue 513 where
COX-1 has a histidine (His) residue and COX-2 has
an arginine (Arg) moiety. These subtle differences
provide substrate flexibility in the COX-2 active
site. The crystal structure of the diarylheterocyclic
selective COX-2 inhibitor SC-558 6 (81) firmly
established the structural basis for the COX-2
selectivity exhibited by this class of compounds
(Figure 5).

The para-SO,NH, pharmacophore of the
1,5-diarylpyrazole (SC-558, 6) plays a crucial role
in COX-2 selectivity by insertion into the COX-2
secondary pocket where it undergoes favorable
interactions with amino acid residues lining the
secondary pocket such as His90, Arg513, Phe518
and GIn192 within the COX-2 active site. The C-5
para-bromophenyl ring of SC-558 is oriented
toward the top (apex) of the COX-2 active site
where it is positioned to undergo hydrophobic
contacts with Phe381, Tyr385, Phe513, Trp387 and
Leu384. The CF; group at the 3-position of the
central pyrazole ring binds to a hydrophobic pocket
consisting of Metl13, Valll6, Val349, Tyr355,
Leu359 and Leu531. This crystal structure showed
the importance of pharmacophores such as a
SO,;NH,, or a SO,Me, substituent at the para-
position of one of the phenyl rings in the design of
diarylheterocyclic or diarylcarbocyclic selective
COX-2 inhibitors (81).

In vitro evaluation of NSAIDs and selective
COX-2 inhibitors have been tested using numerous
assay systems. Based on ICs, values for both the
COX-1 and COX-2 isoforms, COX-2 selectivity
(ratio of COX-1 ICs5¢/COX-2 ICsy = Selectivity
Index; SI) has been derived, which can be used to
compare COX inhibition and selectivity data for
diverse classes of COX inhibitors. Some examples
of in vitro COX inhibition assay systems utilize
purified/recombinant enzymes, or various cell lines
obtained from either human or animal sources (84,
85).
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Figure 5. The ribbon diagram of the murine COX-2 enzyme with the diaryheterocyclic selective COX-2 inhibitor SC-558
(represented as space filling model) bound to the COX-2 active site (ref 81).

5. COX ASSAYS, INHIBITORY POTENCY AND COX ISOZYME SELECTIVITY

Table 2. Classification of NSAIDs according to their COX-1/2 inhibitory activities.

Class Properties Examples
Group 1 NSAIDs that inhibit both COX-1 and COX-2  Aspirin, ibuprofen, diclofenac,
completely with little selectivity indomethacin, naproxen, piroxicam
Group 2 NSAIDs that inhibit COX-2 with a 5-50 fold Celecoxib, etodolac, meloxicam,
selectivity nimesulide
Group 3 NSAIDs that inhibit COX-2 with a > 50 fold ~ Rofecoxib, NS-398
selectivity
Group 4 NSAIDs that are weak inhibitors of both 5-Aminosalicylic acid, sodium
isoforms salicylate, nabumetone, sulfasalazine
Each of these assay systems have their benefits and assay system. For example, if the aim is to
drawbacks. Based on the aim of the experiment, one understand the enzyme-drug interaction at the
can carefully select the most appropriate in vitro molecular level, then purified or recombinant
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enzyme systems are used. NSAIDs exhibit strong
binding to plasma proteins. Therefore, an in vitro
purified enzyme assay system is not suited to study
the plasma concentration of the drug to predict its in
vivo activity. In contrast, human whole blood
assays can be used to assess the in vivo plasma
concentrations since intact cells are used that
account for cell permeability and plasma protein
binding of drugs. Vane and coworkers classified
NSAIDs based on the COX inhibition and
selectivity data obtained using a human modified
whole blood assay (WHMA) as shown in Table 2
(86). COX-1/2 inhibition data and COX-2
selectivity’s for NSAIDs including their clinical
dose for treating RA and OA is summarized in
Table 3 (86, 87, 88).

6. CHEMICAL CLASSIFICATION OF
SELECTIVE COX-2 INHIBITORS

6.1. 0. Methanesulfonanilide inhibitors

Members of the methanesulfonanilide class of
COX-2 inhibitors generally exhibit preferential
COX-2 selectivity (COX-2 selectivity between 5-50,
Table 2). These compounds are characterized as
derivatives of alkylsulfonanilides (Figure 6).
Nimesulide (7) was the first member of this class to
be discovered. Pharmacological studies
demonstrating  nimesulide’s clinical  anti-
inflammatory properties have been reported (89).
Structural modification of nimesulide culminated in
the development of NS-398 (8) with better COX-2
selectivity and anti-inflammatory activity (90).

Table 3. NSAID COX-1/2 inhibitory potencies and selectivities determined using a whole blood assay and their clinical

dose to treat RA and OA.
Drug Trade name Whole blood assay ICso (uM)  Selectivity Clinical dose (mg)
Index
COX-1 COX-2 RA OA
Aspirin Aspirin® 1.7 > 100 0.017 2600-3900 —
Ecotrin®
Diclofenac Voltaren® 0.075 0.038 1.97 150-200 100-150
Ibuprofen Advil® 7.6 7.2 1.05 1200-3200 1200-3200
Motrin®
Indomethacin  Indocin® 0.013 1.0 0.013 150-200 150-200
Ketoprofen Orudis® 0.047 2.9 0.016 200-300 200-300
Fluorbiprofen Fluorbiprofen® 0.075 5.5 0.013 200-300 200-300
Ansaid®
Naproxen Naprosyn® 9.3 28 0.33 500-1000 500-1000
Aleve®
Nimesulide Mesulid® 10 1.9 5.26 — 200
Meloxicam Mobic® 5.7 2.1 2.7 7.5-15 7.5-15
Paracetamol  Tylenol® > 100 49 >2.04 2600-4000 2600-4000
Celecoxib Celebrex® 6.7 0.87 7.7 200-400 200
Valdecoxib Bextra® 26 0.87 29.8 10 10
Rofecoxib Vioxx® 19 0.53 35.8 25 12.5-25
Etoricoxib Arcoxia® 116 1.1 105.4 90 60
Lumiracoxib  Prexige® 67 0.13 515 — 200-400
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Figure 6. Chemical structures of some COX inhibitors

6.2.0. Diarylheterocycles as selective COX-2
inhibitors

The majority of selective COX-2 inhibitors are
diarylheterocycles. The historical origins of
diarylheterocycles as pharmacophores can be traced
back to the anti-inflammatory agent phenylbutazone
9 (Figure 6) which stimulated medicinal chemists
worldwide to further explore diarylheterocycles. In
this regard, researchers at DuPont initiated an
extensive program in the 1970’s to evaluate novel
diarylheterocycles as anti-inflammatory agents
which led to the discovery of a very potent and
selective COX-2 inhibitor DuP-697 10 possessing a
central 5-membered thiophene ring (Figure 6). A
common structural feature of these tricyclic
molecules is the presence of 1,2-diaryl substitution
on a central 5-membered ring system. Structure-
activity relationship (SAR) studies have shown that
for optimum COX-2 selectivity and inhibitory
potency a -SO,Me, or a -SO,NH, substituent at the
para-position of a phenyl ring was essential, and
that the presence of a para-F-substituent on the
non-sulfonyl vicinal phenyl ring often improves in
vivo activity (89).

The 2,3-diphenylthiophene 10 (Figure 6)
exhibited excellent COX-2 inhibitory potency and
selectivity (COX-2 IC5p = 0.01 uM, COX-1 ICsy =
1 uM; SI = 100). However, this drug failed in the

clinic due to an unusually long plasma half life (89).
Replacement of the bromine atom on the central
thiophene provided compounds with better
pharmacokinetic profiles (91). Generally, for this
class of diarylheterocycles, the presence of a para-
SO,NH, moiety resulted in increased COX-2
inhibitory potency and improved oral absorption
(92, 93). In the design of selective COX-2 inhibitors
various types of tricyclic diarylcarbocycles have
been evaluated extensively. Examples include
diarylcarbocycles with a central 4-membered
cyclobutene or cyclobutenone, a 5-membered
cyclopentene or cyclopetenone, and a 6-membered
aromatic  ring such as  benzene (89).
Diphenylcyclopentenes and cyclopentenones were
among the first series of compounds to be evaluated
for COX-2 selectivity and potency (89). Searle
scientists reported that the diarylcyclopentene SC-
57666 11 (Figure 6) exhibited a very high degree
of in vitro COX-2 inhibitory potency and selectivity.
In vivo anti-inflammatory activity assays showed
11 was effective and no gastric complications were
observed (94). Replacement of the para-SO,Me
moiety present in 11 by a para-SO,NH, moiety as
in 12 improved oral bioavailability. This review
will focus on the tricyclic class of selective COX-2
inhibitors possessing either a 5- or 6-membered
heterocyclic central ring scaffold (template).
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6.2.1. Diarylheterocycles with a central 5-membered pyrazole ring
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Figure 7. Chemical structures of tricyclic selective COX-2 inhibitors possessing a central 5-membered pyrazole or

isoxazole ring.

The 1,5-diarylpyrazole class of compounds (Figure
7) proved to be a fertile source for highly potent and
selective COX-2 inhibitors. The first compound (13)
examined in this series exhibited excellent in vitro
COX-2 inhibitory potency and selectivity (COX-2
ICso = 0.24 uM, COX-1 ICso > 100 uM; SI > 417)
with potent anti-inflammatory activity in animal
models with no tendency to cause GI damage (89).
During the initial stage of the development of the
1,5-diarylpyrazole class of selective COX-2

inhibitors, SC-58125 (14) was one of the most
extensively  characterized compounds  (45).
Compound 14 possessed a very long in vivo half
life of > 200 hours in animal models making it
unacceptable for clinical use. Replacement of the
para-SO,Me group by a SO,NH, substituent
provided a significant improvement in the
pharmacological profile. Compounds of this type
exhibited superior pharmacological and oral
bioavailability than their methylsulfone (MeSO,)
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counterparts. Extensive studies within this class of
compounds led to the successful development of the
potent and selective COX-2 inhibitor SC-58635 (3)
(in vitro COX-2 ICsg = 0.04 uM; COX-1 ICso = 13
uM; SI = 325) with potent in vivo anti-
inflammatory activity. Compound 3 was selected
for clinical evaluation and subsequent introduction
to the market as celecoxib (Celebrex®), the first
diarylheterocyclic  selective COX-2 inhibitor
approved for clinical use (12).

In an elegant study, Knaus and coworkers
showed that the para-SO,NH, pharmacophore in
celecoxib and the para-SO,Me pharmacophore in
rofecoxib can be replaced by a linear azide (N3) or a
sulfonyl azido group. This was the first example
where a crucial binding site structural difference in
COX-1 and COX-2 was exploited (95, 96).
Replacement of His513 in COX-1 by Arg513 in
COX-2 has been reported to play a key role in the

hydrogen-bond network of the COX active site (97).

Molecular modeling studies indicated that azide and
sulfonyl azide groups were undergoing electrostatic
interactions with the polar Arg513 residue within
the COX-2 active site. The azido compound 15
(Figure 7) exhibited good COX-2 inhibitory
potency/selectivity (COX-2 ICso = 1.55 uM, COX-1
ICso > 100 uM; SI > 64.5) in conjunction with in
vivo activity. In contrast, the sulfonylazido
compound 16 did not inhibit the COX-2 isoform at
100 uM indicating the subtle requirements needed
for COX-2 binding.

Celecoxib is a highly lipophilic water
insoluble drug that is administered orally. A recent
investigation demonstrated that one can develop
parenteral (water soluble) formulations of selective
COX-2 inhibitors that possess a central pyrazole
ring (98). For example, the water soluble sodium
salt of the N-propionylsulfonamide compound 17 is
a weak COX-2 inhibitor that is a prodrug which is
converted to the respective sulfonamide compound
(18) in vivo. The sulfonamide compound 18
exhibits good COX-2 inhibitory potency and
selectivity (COX-2 ICso = 1.7 uM; COX-1 ICsy >
100; SI > 59). Selective COX-2 inhibitors
belonging to the 1,5-diarylpyrazole class are still
being pursued (99).

6.2.2. Diarylheterocycles possessing a central 5-
membered isoxazole ring

A large number of regioisomeric diarylisoxazoles
have been evaluated as selective COX-2 inhibitors.
Scientists at Searle reported that the isoxazole 19
(Figure 7) is a potent and selective COX-2 inhibitor
(COX-2 ICsp = 0.18 uM, COX-1 ICsy > 1000 pM;
SI > 5555) that shows an excellent in vivo activity
profile (89). Lead optimization with the
diarylisoxazole class of compounds culminated in
the development of a potent and selective COX-2
inhibitor which had a para-SO,NH, substituent
(Valdecoxib, 20, COX-2 ICsy = 0.005 uM, COX-1
ICsp = 140 uM; SI = 28000). The S5-methyl
substituent in  Valdecoxib (20) undergoes
bioconversion in an in vivo rodent model to the
active 5-hydroxymethyl (CH,OH) metabolite 19.
Low levels of the hydroxymethyl metabolite 19 has
also been detected in humans (100). The isoxazole
compound 20 (Figure 7) was marketed as
valdecoxib (Bextra®), a second generation selective
COX-2 inhibitor with analgesic and anti-
inflammatory properties (101). Valdecoxib, like
rofecoxib, was subsequently withdrawn from the
clinical market. The water soluble prodrug of
valdecoxib (Parecoxib sodium, Dynastat®) was
launched as an injectable COX-2 inhibitor
possessing  anti-inflammatory and  analgesic
activities (102).

In addition, Knaus and coworkers showed
that regioisomeric 3,4-diarylisoxazoles with a para-
SO,Me substituents exhibit excellent in vitro COX-
2 inhibitory activity and in vivo anti-inflammatory
activities (103). For example, the isoxazole
regioisomer 21 is a potent and highly selective
COX-2 inhibitor (COX-2 ICso < 0.005 uM, COX-1
ICso > 500 uM; SI > 100,000) that is marketed by
Cayman Chemicals as a research biochemical. In
contrast, the corresponding regioisomer 22 (Figure
7) was a less potent and selective COX-2 inhibitor
(COX-2 IC5p =0.23 uM, COX-1 ICsy = 256 uM; SI
=1113).
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Figure 8. Chemical structures of tricyclic selective COX-2 inhibitors possessing a central 5-membered furanone, a 6-
membered pyridine, or pyridazinone ring.

6.2.3. Diarylheterocycles with a central S5- 0.01 pM, COX-1 ICsy > 4.7 uM) whereas, the
membered furanone ring regioisomer 24 was inactive. It is interesting to note

that replacement of the para-SO,Me substituent
Extensive evaluation of the 3,4-diarylfuranone class present in 23 by a para-SO,NH, substituent (25)
of compounds indicated that compound 23 (Figure resulted in a decreased COX-2 selectivity (COX-2
8) was a selective COX-2 inhibitor (COX-2 ICs¢ = ICs0=0.8 uM, COX-1 ICs9p = 5.8 uM).
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Further lead optimization by Merck and Co,
led to the successful development and marketing of
the highly selective and potent COX-2 inhibitor
rofecoxib (4, Vioxx®). Rofecoxib exhibited
effective anti-inflammatory and analgesic activity
with reduced GI toxicity and is a selective COX-2
inhibitor (ICsp = 0.02 uM, COX-1 ICsy > 15 pM;
SI > 750, ref 13, 104). Other variations in the 3,4-
diarylfuranone class of compounds include the (S)-
enantiomer of the 3-isopropoxy-5-ethyl-5-methyl
derivative of rofecoxib (26, Figure 8) that possesses
optimum COX-2 inhibitory and metabolic profiles
(105). It was demonstrated that oral absorption of
compounds belonging to the 3,4-diarylfuranone
class can be increased by the introduction of a
hydroxyl substituent at C-5 of the central furanone
ring as observed for the 5-hydroxy compound 27
which retained its COX-2 selectivity (COX-2 ICso =
0.16 uM, COX-1 ICsp > 100 uM, ref 106).

Aspirin 1 (Figure 1) is a unique non-
selective COX inhibitor due to its ability to
acetylate the serine hydroxyl group in the COX
active sites of COX-1 and COX-2. Some of
aspirin's beneficial therapeutic effects can be
attributed to acetylation of COX-2, while its
antithrombotic and ulcerogenic effects are due to
acetylation of COX-1. Knaus and coworkers
designed and synthesized a group of isomeric
rofecoxib analogs possessing a 2-, 3- or 4-acetoxy
moiety on the C-3 phenyl substituent of rofecoxib
(28a—c, Figure 8), that exhibited highly potent and
selective, COX-2 inhibitory activity (COX-2 ICsy =
1.3 to 3.5 nM range; COX-1 IC5, > 100 uM, ref
107). Molecular modeling studies indicated that the
acetyl groups were suitably placed to effect
acetylation of Ser530 in the COX-2 binding site
(Figure 9).

6.2.4. Diarylheterocycles with a central 6-
membered pyridine ring

Tricycles with either a 2,3-diarylpyridine or 3,4-
diarylpyridine ring system have been investigated
as selective COX-2 inhibitors wherein compounds
29 and 30 exhibited good in vitro COX-2 selectivity
profiles. However, compounds 29 and 30 exhibited
poor in vivo anti-inflammatory activities (89, 108).
From this novel class of compounds, Merck and Co
successfully developed the orally active potent and
selective COX-2 inhibitor etoricoxib (31, Arcoxia®)

which exhibited clinically acceptable anti-
inflammatory and analgesic activity with no reports
of gastric damage in animal studies and during
clinical trials. This second generation selective
COX-2 inhibitor showed an in vitro COX-2 ICs, =
0.08 uM and COX-1 ICso = 12 uM; SI = 150 (87,
108). Although etoricoxib is not an approved drug
in the US and Canada due to its cardiovascular
toxicity, it has been approved and is marketed in 63
other countries. A recent study assessed the
cardiovascular outcomes of etoricoxib in
comparison with diclofenac. These studies
suggested that both drugs carry similar
cardiovascular risks (109).

6.2.5. Diarylheterocycles with a central 6-
membered pyridazinone ring

Recent studies have shown that the pyridazinone
ring can serve as excellent core template for
designing selective COX-2 inhibitors (Figure 8).
Structure activity relationship studies (SAR)
employing pyridazinones have shown that N-
substitution is a requirement for COX-2 selectivity
as exemplified by 32 (in vitro COX-2 ICsy = 0.08
uM; COX-1 ICsy > 10 puM). In the N-benzyl series,
the isopropoxy compound 33 showed excellent in
vitro selective COX-2 inhibition (COX-2 ICsy =
0.02 uM; COX-1 ICsp > 10 uM; SI > 500) and in
vivo activity (110).

6.2.6. Diarylheterocycles with a central 6-
membered pyranone ring

The tricyclic class of compounds with a
central six-membered lactone (pyran-2-one) serve
as an excellent ring template for the design of
selective COX-2 inhibitors (Figure 10). For
example, Knaus and coworkers designed a group of
3,4-diphenylpyran-2-ones possessing a central six-
membered lactone ring (111). The lactone 34 was a
potent and selective COX-2 inhibitor (COX-2 ICsg
=3 nM; COX-1 ICso =386 uM; SI = 128666).

In spite of its high COX-2 inhibitory
potency and selectivity, 34 exhibited weak anti-
inflammatory activity in vivo. In contrast, the
related lactone 35, exhibited good in vitro as well as
in vivo activity (COX-2 ICsy = 0.10 uM; COX-1
ICsp = 288 uM; SI = 2880, 68% inhibition of
inflammation at a 1 mg/kg oral dose in a rat model).
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Figure 9. Docking of the rofecoxib analog (3-acetoxy regioisomer 28b, ball and stick) in the active site of murine COX-2.
The figure was generated according to a previously reported method (ref 112).

A molecular modeling study where the lactone 35
(Figure 11) was docked in the COX-2 binding site
showed that the COX-2 para-SO,Me
pharmacophore was oriented favorably within the
COX-2 active site where it interacted with amino
acids lining the COX-2 secondary pocket (His90,
GIn192, Arg513, Phe518, Val523 and Leu352). The
central pyran-2-one ring was oriented toward the
mouth of the channel (Tyr355 and Argl20).
Interestingly, the C-6 ethoxy substituent was
oriented toward a hydrophobic region comprised of
Val349, 11e345, Ser530, Leu531 and Met535. These
studies indicated that the orientation of the para-
SO,Me pharmacophore was dependent on the
electronic and steric effects of the substituent
present at the C-6 position of the central pyran-2-
one ring.

An extension of this study showed that
COX binding site was also able to accommodate C-
6 phenyl substituents resulting in the design of
regioisomeric 3,4,6-triphenylpyrones as selective
COX-2 inhibitors (112). Thus, the lactone 36 with a
C-6 4-methoxyphenyl moiety (Figure 10) exhibited
excellent COX-2 inhibitory potency and selectivity
(COX-2 ICso = 0.02 uM; COX-1 ICso > 100 uM;

SI > 5000). Compound 36 was 3.5- and 25-fold
more potent than celecoxib (COX-2 I1Cso= 0.07 uM;
SI = 474) and rofecoxib (COX-2 ICso= 0.50 uM;
SI > 200), respectively. Although the corresponding
regioisomer 37 exhibited good COX-2 inhibitory
potency (COX-2 ICsy = 0.45 uM; SI = 70), it was
less potent and selective than regioisomer 36.
Among this group of compounds 38 having a C-6
4-ethoxyphenyl substituent exhibited good in vitro
(COX-2 ICsp = 0.05 uM; COX-1 ICso > 100 pM)
and in vivo anti-inflammatory activity (61%
inhibition of inflammation at a 5 mg/kg oral dose in
a rat model).

Joo and coworkers reported structurally
related 2,3-diarylbenzopyran-4-ones (Figure 10)
that exhibit potent in vitro COX-2 inhibitory
potency and selectivity (113). Replacement of the
para-SO,Me substituent in 39 by a para-SO,NH,
moiety provided compound 40 that showed
increased in vitro COX-2 inhibitory potency and
selectivity (COX-2 ICsp = 0.06 uM; COX-1 ICsp =
67 uM). The introduction of a nitrogen containing
aromatic ring, such as pyridine ring in 41, resulted
in a better in vivo activity profile.
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Figure 10. Chemical structures of selective COX-2 inhibitors possessing a central 6-membered pyranone ring.

7.0 ALTERNATIVE THERAPIES TO TREAT
INFLAMMATORY CONDITIONS

The adverse cardiovascular side effects associated
with selective COX-2 inhibitors have highlighted
the need to develop anti-inflammatory and
analgesic agents that exhibit decreased GI side
effects that are also devoid of adverse
cardiovascular effects. Recent work by FitzGerald
and coworkers suggest that microsomal PGE
synthase-1 (mPGES-1) is an attractive target and
that inhibitors of this enzyme may exhibit efficient
anti-inflammatory  activity with no adverse

cardiovascular events (60). The major GI toxicity
associated with NSAID therapy is well documented.
In recent years many strategies have been
developed to overcome the GI toxicities associated
with NSAIDs. Nitric oxide ('NO) is a biological
molecule known to play a major role in a wide
variety of physiological and pathological conditions
(114). Some of its functions include vasodilation of
blood vessels, GI mucosal healing and defense.
Therefore NSAIDs containing NO-donor groups
have been developed to obtain effective treatment
of inflammation with reduced GI side effects (115).
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Figure 11. Docking compound 35 (ball and stick) in the binding site of murine COX-2. The figure was generated according

to a previously reported method (ref 112).

The market withdrawal of some selective COX-2
inhibitors due to adverse cardiovascular events
provides strong credence for the development of
NO-NSAIDs as alternatives to traditional NSAIDs
since NO-NSAIDs could be expected to exhibit
reduced GI as well as cardiovascular side effects
(116). The lipoxygenase (LOX) catalyzed
biotransformation of arachidonic acid produces
proinflammatory leukotrienes (LTs) via the LOX
pathway (Figure 2). Accordingly, development of
dual inhibitors of COX and LOX enzymes may
provide superior anti-inflammatory agents with
reduced GI and cardiovascular side effects (117). In
addition, investigations have been undertaken to
develop inhibitors of matrix metalloproteinases
(MMP) and small molecule or protein based
injectables that target tumor necrosis factor-a
(TNF- a) as effective anti-inflammatory agents (118,
119). While the MMP approach has given mixed
indication, anti-TNF-a therapy has been highly
successful in treating inflammatory conditions such
as RA. The following sections will describe briefly
some of the recent advances toward developing
effective anti-inflammatory agents such as NO-
NSAIDs, dual COX/LOX inhibitors and anti-TNF
therapy.

7.1. NO-NSAIDs

The first reports describing NO-NSAIDs began to
appear in the literature during the 1990’s. NO-
NSAIDs were investigated with the objective of
abolishing the GI toxicity associated with
traditional NSAID therapy since NO was known to
protect the GI mucosa. These studies showed that
hybrid NO-NSAIDs exhibited efficient anti-
inflammatory activities without causing GI side
effects (115, 120-125). The recent adverse
cardiovascular events associated with selective
COX-2 inhibitor therapy has provided a strong
stimulus for the development of NO-NSAIDs since
NO exhibits beneficial cardiovascular effects such
as vasodilation, and inhibition of platelet
aggregation. The release of NO from a NO-NSAID
donor prodrug that releases NO and the NSAID in
vivo provides a method to counteract the adverse
cardiovascular risks associated with selective COX-
2 inhibitors. In this regard, NitroMed Inc.
developed a novel class of pyrazole analogs as
selective COX-2 inhibitors containing nitrate
groups as hybrid-NO donors (126).
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Figure 12. Examples of hybrid NO-NSAIDs.

Compound 42 (see Figure 12) exhibited potent
COX-2 inhibition and selectivity (10 and 100%
inhibition of COX-1 and COX-2 isoforms
respectively at a concentration of 10 pM) in
conjunction with good GI tolerance (safety). Knaus
and coworkers described an alternate approach
approach wherein the central furanone ring system
of rofecoxib was replaced by a furoxan ring. This
concept was based on the observation that a furoxan
ring system can act as a NO-donor (127). Therefore,
3,4-diphenylfuroxans were designed for evaluation
as hybrid COX-inhibitor/NO donors. Within this

class of compound, the furoxan 43 exhibited
selective COX-2 inhibition (COX-2 ICso = 11.6 uM,
COX-1 ICsp = 0.12 pM; SI = 97) in conjunction
with NO-donor properties.

NO-NSAIDs such as aspirin, naproxen, and
diclofenac have been investigated the most. In the
majority of these studies, organic nitrates or
nitrosothiols have been employed as the NO-donor
group (115, 123-125). However, long term
treatment with organic nitrates can cause “nitrate
tolerance” leading to lack of GI and cardiovascular
benefits (128).
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Figure 13. Examples of dual COX/LOX inhibitors.

To counter this problem Knaus and
coworkers developed NO-NSAIDs containing novel
diazonium-diolate groups that have the potential to
theoretically release two molecules of NO with
half-lives  that correlate well with their
pharmacological durations of action (129). The
aspirin 44 and ibuprofen 45 hybrid NO-donors
exhibited effective anti-inflammatory activity with
reduced or no GI toxicities (Figure 12). Other
aspirin analogs with NO-donor properties that
exhibit platelet aggregation properties and no GI
side effects have been disclosed (130).

Gasco and coworkers recently developed
Cimicoxib® analogs containing organic nitrate NO-
donor moieties as selective COX-2 inhibitors with
vasodilator properties (Figure 12). Compounds 46
and 47 exhibited COX-2 selectivity as well as
vasodilator properties (131).

7.2. Dual
inhibitors

COX and lipoxygenase (LOX)

It is well known that arachidonic acid (AA)
primarily undergoes biotransformation to

proinflammatory and anti-inflammatory PGs via
COX mediated isoform catalysis. Lipoxygenases
(LOXs), which belong to a class of non-heme iron-
containing enzymes, catalyze dioxygen
incorporation into AA, to form hydroperoxide
products (Figure 2). For example, AA metabolism
catalyzed by 5-LOX affords proinflammatory
leukotrienes (LTs) that may play a role in
cardiovascular diseases since they are potent
vasoconstrictors (132). In addition, other LOX
mediated metabolites such as cysteinyl-LTs are
known to cause GI mucosal damage (133).
ML-3000 (licofelone, 48) exhibits dual
COX and 5-LOX inhibitory activities. Licofelone
exhibited effective anti-inflammatory activities with
reduced GI toxicities in animal models (134, 135).
Preliminary data in humans have shown that
licofelone could be an alternative to NSAIDs in
treating OA (136, 137). In addition, hybrid NSAIDs
that exhibit dual COX/5-LOX inhibition have been
explored (117). In an elegant study Henichart and
coworkers prepared hybrid dual COX/5-LOX
inhibitors by combining COX-2 and 5-LOX
pharmacophores (138). In this regard, compound 49
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possesses the pyrazole ring system present in the
selective COX-2 inhibitor celecoxib in conjunction
with the 5-LOX pharmacophore present in the
marketed drug ZD-2138.

The dual inhibitor 49 exhibited excellent
COX-2 inhibitory potency and selectivity (COX-2
ICso = 0.05 uM, COX-1 ICso> 10 uM; SI > 200)
along with potent 5-LOX inhibition (5-LOX ICsy =
0.03 uM). Other LOX isoforms such as 12-LOX
and 15-LOX are known to modify low and high
density lipoproteins that are implicated in
atherosclerosis (139). In a recent investigation
Knaus and coworkers described a novel class of
diarylpropynones that exhibit dual COX and 5/15-
LOX inhibitory actions. Within this group of
compounds, the propynone 50 exhibited selective
COX-2 inhibition (COX-2 ICs5y = 0.32 pM, COX-1
IC5p = 9.2 uM; SI = 28) and 5/15-LOX (5-LOX
ICs50 = 0.32 uM, LOX-15 ICso = 0.36 pM) inhibition
along with in vivo anti-inflammatory activity in
animal models. In another study, the Knaus group
investigated hybrid molecules where a COX-2
pharmacophore (acyclic triaryl olefin) was coupled
to a redox or anti-oxidant pharmacophore (3,5-di-
tert-butyl-4-hydroxyphenyl, DTBHP). Compound
51 evaluated in this study exhibited dual COX/LOX
inhibition (COX-2 ICs5y = 0.36 uM, COX-1 ICs =
3.0 uM; SI = 8.3 and 5/15-LOX (5-LOX ICsy =
0.30 uM, LOX-15 ICsp = 0.80 uM) inhibition (140,
141). Related studies targeted to the design of novel
COX/LOX inhibitors as effective anti-inflammatory
agents with reduced side effects have been reported
(142-144).

7.3. Anti-TNF-a therapy

RA is a disorder of the immune system
characterized by the presence of proinflammatory
cytokines in the synovium and plasma. TNF-a is the
primary proinflammatory cytokine present in
patients with RA and is known to activate other
proinflammatory cytokines such as interlukin-1 (IL-
1) and chemokines. In the 1990’s treatment of RA
was revolutionized by the development of protein
based therapeutics. The successful launch of protein
based injectables such as etanercept (Enbrel®),
infliximab  (Remicade®) and  adalimumab
(Humira®) has added an additional dimension to
anti-inflammatory therapy (119, 145). These anti-
TNF monoclonal antibodies exert their beneficial
effect by scavenging the proinflammatory cytokine

TNF-a. However, recent studies have indicated that
anti-TNF therapy might have adverse side effects
such as latent tuberculosis, cardiovascular side
effects as well as increased risk of cancer (119).
This is a concern for long term therapy. Other
drawbacks with anti-TNF therapy include high cost
and patient compliance. Accordingly, there is
interest in the design of small molecule anti-TNF
agents that are orally active and may provide cost
effective therapy (119).

8. CONCLUSIONS

NSAIDs represent an important class of compounds.
The rapid discovery of selective COX-2 inhibitors
can be attributed to the rational drug design
approach. However, the cardiovascular side effects
associated with selective COX-2 inhibitors
highlights the pitfalls that may be encountered in
the drug discovery paradigm. NO-NSAIDs, dual
COX/LOX inhibitors and anti-TNF therapy
represent novel approaches directed toward the
development of effective anti-inflammatory therapy.
In spite of the unprecedented advances in drug
discovery, developing a safe, effective and
economical therapy for treating inflammatory
conditions still presents a major challenge.
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