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Summory The discovery of at least 2 cyclo-oxygenase (COX) isoenzymes, referred to
as COX- I and COX-2, has updated our knowledge of nonsteroidal anti-inflam-
matory drugs (NSAIDs). This has lead investigators to reconsider what can be
awaited from this class of drugs. The 2 COX isoenzymes share structural and
enzymatic similarities, but are specifically regulated at the molecular level and
may be distinguished apart in their functions, although some physiological over-
lap between them does occur.

The major goal in developing selective COX inhibitors is to improve NSAID
tolerability. Classic NSAIDs pref'erentially inhibit COX- | in vitro, but it appears
hazardous to judge their gastrointestinal (GI) saf'ety profile fiom these data. New

compounds with a high selectivi ty for COX-2, especial ly those that are non-

acidic, may be better tolerated in the GI tract.
While these compounds also might have a potential use in various diseases

such as colorectal cancer and neurodegenerative diseases of the Alzheimer type,
the possible appearance of adverse eff-ects, perhaps renally-related, must be taken

into consideration. Finally, well-designed large clinical trials are required to ad-
equately estimate both the promising therapeutic advantages that may be offered
by highly selective NSAIDs, and the potential drawbacks that may be inherent

with prolonged COX-2 inhibit ion.
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In 1911, aspirin-l ike drugs were shown to inhi-

bit prostaglandin (PG) synthesis in cell-free homo-
genatestl l and PG release from plateletst2l and
spleen.t3l This discovery, which was made simul-
taneously in cells and tissues from various species
including humans, led to a comprehensive hypoth-
esis of the therapeutic actions of aspirin-like drugs
and also to the recognition that nonsteroidal anti-
inflammatory drugs (NSAIDs) were potent inhibi-
tors of PG synthesis.tal This hypothesis was unify-
ing in nature relative to the mechanism of action of
NSAIDs, and it has turned out to be largely correct
because over 40 NSAIDs in clinical use have been
found to inhibit PG synthetlt.tsl

Cyclo-oxygenase (COX), the enzyme that cata-
lyses the synthesis of cyclic endoperoxides from
arachidonic acid to form PGs, was considered to be
unique. Nevertheless, the inhibitory properties of
NSAIDs vary in different regions of the body,t6'zl
as exemplified by the capacity of paracetamol
(acetaminophen) to inhibit PG synthesis specific-
ally in the brain.t6ì Such 'tissue specificity' may
have been related to a variable partit ioning of
NSAIDs between organs but suggested also that
there might be several molecular forms of the PG
generating system,tsl either because there were
separate isoenzymes or because the same enzyme
had varying degrees of activity.tel The apparent dis-
crepancy between the clinical efficacy of non-
acetylated salicylateslt0ì and their poor inhibitory
potency on COXIll further questioned whether
there might be multiple COX enzymes or alterna-
tive mechanisms of action for NSAIDs.tltì as for
example in analges ia.lt2l

The 1990s has seen a new dawn in inflamma-
tory research, with biological studies demonstrat-
ing increased COX activity in a variety of cells
after exposure to endotoxin,[13'l4l pro-inflam-
matory cytokines,[15'l6l growth factors,i lTl hor-
mones,U8ì tumour promoterstl9ì and in v-src trans-
formed."11r.t20l This activity required new protein
synthesis and was inhibitable by corticosteroids,
giving rise to the concept that there might be a
'constitutive COX activitv'. further referred to as

O Adls Inîernotionol Limitod, All righîs reserved.

COX- l, and an 'inducible' one, further referred to
as cox-2. t2 l l

These 2 COX isoforms are encoded by different
genes, and COX- I was hypothesised to be a
'housekeeping gene' while COX-2 was thought to
be involved in inflammation, mitogenesis and/or
specialised signal transduction.l22l This hypothesis
gave a new impetus to the COX theory and led to
the idea that the anti-inflammatory, analgesic and
antipyretic effects of NSAIDs might be related to
tlreir capacity to inhibit COX-Z, while their anti-
thrombotic and perhaps most of their adverse
;ffects might be due to their capacity to inhibit
cox- 1.123'24)

Although the discovery of 2 COX isoenzymes
has not provided an indisputable explanation for

the mechanism of action of salicylates or paraceta-
mol,[5'zll it has given rise to a better understanding
of the inhibition of COX by classic NSAIDs and
offers the prospect of devising new and potentially
safer drugs.

The aim of the present article is to highlight
some key points relative to the relationships be-
tween NSAIDs and COX isoenzymes, to define the
COX selectivity of NSAIDs, to present new com-
pounds, and to discuss some clinical effects of se-
lective COX-Z inhibition, especially in the stom-
ach.

l. Cyclo-Oxygenqse (COX) lsoenzymes

ì.ì Physicochemicol Properties

COX isoforms are bifunctional haemoproteins
that catalyse both the bisoxygenation of arachid-
onic acid to form PGGz and the peroxidative reduc-
tion of PGGz to form PGHz (reviewed else-
whglel25'2ól). Both catalytic sites are separable and
COX activity can be destroyed without inhibiting
peroxidase activity. t27 I

These enzymes are the common primary step in
prostanoid synthesis and lead to various deriva-
tives depending on the type of pell or t issue. The
overall length of the 2 isoenzymes is almost iden-
tical, varying from 599 (human) to 602 (mice)

amino acids for COX- I and 603 (mice) to 604 (hu-
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man) amino acids for COX-2 (reviewed by Xie et
al . t28ì) .

For a given COX isoform there is approxi-
mately 90Vo (81 to 98%o) identity between species,
but there is only 59 to 627o homology between the
2 COXs at the nucleic acid and amino acid levels.
The major differences are that COX-l contains a
sequence of 17 amino acid in its amino terminus
that is not present in COX-2, while COX-? has an
additional insert of l8 amino acids in its carboxy
terminus. However, the amino acid residues
thought to be important for catalysis are con-
served,[22ì and the two isoenzymes have about the
same affinity (Kn-,) and capacity (V,nu*) to convert
arachidonic acid to PGHr.tzel COX-} is also able
to metabolise Cl8 and C20:3 fatty acids as sub-
strates, while COX-1 is mainly restricted to ara-
chidonic acid (C20:4), which suggests rhar rhe
COX-? site is probably larger.t30l

'1,2 
Regulotion

Unlike their high similarity in physicochemical
properties, the 2 COX isoenzymes are distinctly
regulated at both the transcriptional and post-
transcriptional level (reviewed elsewheret26'3 r'331t,.

The introns are much larger in the COX- 1 than in
the COX-2 gene accounting for lengths of 22 to
23kb and 8 to 9kb, respectively.t34'3sl The2 COX
genes differ in their promoters and in their tran-
scripts and these differences account for the strik-
ing difference in their regulation. The transcripts
of COX-l and COX-Z genes differ significanrly in
size and are, respectively, of 2.8 to 3.6kb and 4.0
to  4 .1L6. t28 ,3 t ,321

Very importantly, the 3'-untranslated region of
COX-2 contains several copies of Shaw-Kamed's
sequence which is found in many immediate-early
genes and has been shown to confer enhanced
mRNA degradation. Thus, the transcripts of the
COX-2 gene are prone to degrade quickly, and
their stabilisation by proinflammatory cytokines
participates in the enhancement of COX-2 lev-
els.[16'36'37] In contrast, corticosteroids may be
able to destabilise COX-2 mRNA and/or to inter-

ed. All rights reserved.

fere with translationl3u'3eì without affecting basal
COX-l expression.[40]

The promoter of the COX- I gene is consistent
with both the classification of COX-l as a 'house-

keeping'gene and its poor inducibil i ty.t3tl In con-
trast, the promoter of the COX-2 gene contains
many transcriptional factor consensus sequences
which have been shown to have functional rele-
vance, such as the nuclear factor of interleukin-6
(NF-IL6) sequence for the induction of rat COX-2[tsl
or the cyclic adenosine monophosphate (cAMP)
response element (CRE) for the induction of
mousef4rì and humanCOX-2.I42ì As most of these
transcription factors are known to be possibly up-
regulated as a result of cell stimulation by pro-
inflammatory cytokines or tumour promoters, it
appears logical that COX-2 is expressed during in-
flammation.

In addition, the CRE sequence allows PGs to
modulate their own synthesis by COX-2 through
changes in cellular cAMP levels secondary to their
membrane binding on receptors coupled to the ad-
enylate cyclase pathway.t43l As there is no gluco-
corticoid-negative responsive element within the
promoter of the COX-? gene,[34':s 'q4] the blocking
effect of dexamethasone is probably mediated by
an indirect mechanism.[4s'46] In view of these mo-
lecular phenomena, it is clear that COX- I is only
marginally regulated, whereas COX-2 is a highly
inducible system.

L3 Locolisotion

The tissue distribution of COX- I and COX-?

differs somewhat between specieslaT-ae) and csn m

hetero geneou s withi n the same t i s s u e. f 50'5f I F.gf'sf,i,,i:1

ample, COX-} is the major isofìrnn ln rnrtffillffiffit*

mousel49,52l brain, whereas sirnilar levCln:

isoforms have been detected in hum4p

discrepancy may be due to fho

mortem tissue Preparaticn:rin 'l
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131,['1e' '541 whereas COX-2 was found to be ex-
pressed to a similar extent as COX- I in human tis-
sue.[48lIn the rat stomach, COX-2 was found in the
surface mucous cells while COX-l was founcl in
mucous neck cel l " . t5 l l  Simi lar ly,  heterogeneous
distribution was observed in kidney,lae'ss's6ì *i15
COX-2 localised in the macula densa and possibly
contributing to the regulation of salt, volume and
blood pressure homeosta5i5.t56ì

These results and those obtained with other tis-
sues, such as the stomach, suggest that both COXs
play a physiological role.

In addition, COX isoenzymes also partition at
the cellular level since COX- I functions primarily
in the endoplasmic reticulum, whereas COX-2 ac-
tivity is located both in the endoplasmic reticulum
and in the nuclear envelope.tszl Furthermore,
COX-2 immunoreactivity was twice as concen-
trated in the nuclear envelope as in the gndoplasmic
reticulum. This compartmentalisation suggestS that
COX isoenzymes may represent two temporally
and spatially separated prostanoid biosynthetic
systems (recently reviewedlz6ì;, with COX-2 pro-
ducing prostanoids for intranuclear differentiative
or replicative eventq. [28'58''591

Finally, the hypothesis of a functional com-
partmentalisation of COX isoenzymes is further
supported by their abil ity to metabolise arachid-
onic acid from different pools (reviewed by
Herschmant3zJ;. For example, mast cells stimulated
with IgE show a biphasic production o1 p6p,,160,órl
possibly related to different eicosanoid synthetic
pathways:
o  an  ear ly  COX- l -med ia ted  pa thway,  us ing

arachidonate released by soluble phospholipase
Az (PLAz);

o a late COX-2 mediated pathway, using arachi-
donate released by cytosolic PLA2 and mimick-
ing cytokine stimulation.
Al though this hypothesis has not been con-

fìrmed in other cell types,162l it suggests the possi-
bility that there is a transcellular pathway of pG
biosynthesis involving circulating soluble pLA2 as
an arachidonate-generating system for cellular
cox- l .

O Adis lnternotionol Limited, Al l  r ights reserved,

The compartmentalisation of COX isoenzymes
is an attempt to explain their respective role at the
cellular level when gene disruption techniques may
allow an understanding of their biological rele-
vance. In one study, mice homozygous for COX-l
deficiency ('knock-out') survived well, had no gas-
tric pathology, and showed either less indometha-
cin-induced gastric ulceration and/or a smaller ul-
cerated area of the stomach surface than mice with
wi ld type COX-1.t0: ì  1n the ear oeclema model,
COX-l null mice also had reduced platelet aggre-
gation and decreased inflammatory response to
arachidonic acid, but not to phorbol ester stimula-
tion.

By comparison, COX-2 null mice had a reduced
lifespan and had no innate gastrointestinal (GI)
pathology, but had kidney abnormalit ies that
caused a progressive deterioration as the animals
aged.tó4'ó51 COX-2 null mice had a normal inflam-
matory response to arachidonic acid and phorbol
ester stimulation, but some other phenotypic
changes were distinctly observed between the 2
sludlss. t64,6-51

Although different phenotypes may be observed
for disrupting identical genes in alternate genetic
backgrounds, these results suggest the importance
of COX-2 activity in the development of diverse
organ systems and question the role of PG synthe-
sis inhibition in gastric injury.

2. The Fundomentol Bosis of
COX-NSAID Relotionships

2,1 Structurol Anolysis

The x-ray crystal structure established by Picot
and colleaguest66l suggests that COX- I is a i l imeric
enzyme in a monotopic arrangement with respect
to the cell membrane, each monomer comprising 3
independent folding domains. The overall space ar-
rangement defines a long hydrophobic channel
which allows arachidonic acid to gain access di-
rectly from the membrane,l6Tl and where several
amino acids appear to play a crit ical role: Argl20
and Glu52a, which form a salt bridge together;
Tyr3'5-s, which makes a narrow constriction with

Drugs ì997 Apr; 53 (4)
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Argtztt in the middle portion of the channel;Ser530,
which is known to be acetylated by aspirin't681 and
Tyr,tt, which is thought to support the oxygenase
activity as peroxide-generated tyrosyl radicalc.t6el

In a stereochemically reasonable model, ara_
chidonic acid would be in a bent confbrmation.
with its carboxylate interacting with the guanidin_
ium group of  Argl20 and i rs Cl3 in the v ic in i ty of
Tyr3a-s. Flurbiprofen docks in a similar fashion,
suggesting that NSAIDs can inhibit COX-l activ_
ity by excluding arachidonate from the upper por_
tion of the channel.166l

A crystallographic study of COX- I inactivated
by a potent aspirin analoguel70] further demon_
strated that:
.  an inhibi tory ef fect  was obtained by ster ic

blockage of the active site channel;,,
o aspirin was bound init ially at Argl20 and al-

lowed subsequent transacetylation o1 5.r.530.
o an acetyl-serine side-chain existed in 2 rotame_

ric states, with a minor conformer allowing the
enzyme to accommodate a fatty acid substrate,
albeit in an abnormal conformation.
Such crystallographic studies did not support

any significant conformational change of the
COX-1 proteintTll when complexed with an indo-
methacin derivative.tT2l Site-directed mutagenesis
studieslT3'7al confirmed that Argl2il was important
for biotransformation of arachidonic acid and re-
quired for inhibitory acriviry of NSAIDs conrain_
ing a carboxylic acid, whereas Tyr3.55 was involved
in stereospecificity of COX- l towards 2-phenyl_
propionic derivatives. New NSAIDs, such as Dup_
697, which have shown a pref'erential inhibit ion of
COX-2 over COX- I (see below in section s 2.2 and
4), inhibited wild rype and Argl2o--utared COX_ I
in the same range, lT3l  suggest ing interact ion wi th
amino acids other than Argl20, whose spatial ar-
rangement is not affècted by the mutation. The data
cannot be extrapolated to NSAIDs lacking a car_
boxylate f roup, lTsì  such as pyrazolones and oxi-
cams.

The x-ray crystal structure of human COX_2,
which has been resolved very recently, shows a
straight homology to ovine COX- I and a highly

o Adis Internotionol Limifed. Al l  r ights reserved,

conserved amino acid sequence within the active
ci1g.t76ì This striking similarity is consistent with
the close enzymatic properties of both enzymes to-
wards arachidonsls[2eì but fails to provide a defin-
itive explanation for their differential inhibition by
NSAlDs,t30'77'7t l l  a l though COX-2 may exist  in
multiple confbrmations and/or may be flexible to
some extent. lT6l

A plausible explanation has been proposed
on the basis of the differential effect of aspirin,
which completely inhibits ovine COX- I activity
by acetylatingtotll Sers3o whereas it modifies COX-
2 actl ity by acetylating Ser5l6 such that it pro-
duces 15-R-hydroxy-eicosatetraenoic acid (15-R-
HETE) instead of PGG,.tTe'801 11 is suggested that
the minor acetylated conformer of COX- 1t701
should represent the major one in COX-2, and
could lead to an abnormal biotransformation of
arachidonate into 15-R-HETE.t8tJ

Another plausible explanation is that differ-
ences between the 2 COX isoenzymes may have
quite a subtle physical gn5ls.t82'831 Thus, a single
amino acid which is differenr between the 2 COX
hydrophobic channels seems crit ical for the abil ity
of a new compound, SC-58125 (see below in sec-
tion 4), to inhibit COX-} selectively over COX-1.t841

Finally, it can be argued that either the active
site may be in a less constrained conformation in
COX-2 than in COX- I or rhar rhere may be differ-
ent subsites for drug binding within the 2 active
si tes.

, cL.llSSt trt teZrcl,t€ tJgzr r D;
. l. ', l j-, l i{ ..rr, ; . , -, . i f -o C_OX

2.2 Mechonistic-Bosed Enzymotic Studies

NSAIDs can be classified into 3 groups based
on their modes of inhibit ion of coxc'18'5-tlel
.  c lass I :  s imple,  compet i t ive inhibi tors,  includ-

in[ ìnóst  NSAIDs;
o c lass I I :  compet i t ive,  t ime-dependent,  revers-

ibG; also referred to as 's low-t ight  b inding' in-
hibitors, and includes flurbiprofen, indometha-
cin, meclofenamate, diclofenac and some new
compounds such as  DuP-697,  NS-398 and
nimesulide.[78,85,87,e0] This mode of inhibit ion is
consistent with a 2-step process, involving an

Drugs ì997 Apr; 53 (4)
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Table l. Biglogical systems proposed for assessing the selectivity of nonsteroidal anti-inflammatory drugs (NSAlDs) towards cyclo-oxygenase
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"rl,LpJ""intake [300m9, 48h before sampling (.)] or by the addition of aspirin to the culture median [10 pmot/L for 5h (t) or 300 prmol/L tor f n 1+;1 
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;F Enzymes

Purified animal enzymes
Ram seminal vesicle Sheep placenta

Homogenates of animal enzymes
BAEC J744.2a (+LpS 12h)b

Recombinant murine enzymes
Purified
rmCOX-1 rmCOX-2

Microsomes
10 10 PGEz 49

10 0 02 consumption 30COS1 mammalian cells COS1 mammalian cells 0

Recombinant human enzvmes
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rhCOX-1
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2  100
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COX-1: 30 30
COX-2:30 30

PGEz 92
[14c]PGs 77
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rhCOX-2
rhCOX-2
rhCOX-2

Homogenates
Sf2l insect cells

f"' Whole cellsystems

Animalcells
BAEC
GP macrophages

Human cell lines
u937

Mixed cellular systems
Human platelets

Transfected COSI cells
rhCOX-.1

Human blood cells
Total blood clotting time (1h)

Totalblood
(+A-23187c 30 min)

Human platelets

2 40 (20'C) PGEz 94
30 0.6 PGFzo 95
10 0 02 consumption 78

10 10 PGEz 96Sf21 insect cells 10

J744.2(+LPS 12h)b 30
GP macrophages (+LpS 6h)b 30

Osteosarcoma 143 15

Rat mesangial cells
(+lL-1 24h)b

rhCOX-2

Total blood (+LPS 24h)b

(+LPS 4h orZ4h)b

Monocyres (+LpS a/24h)b

Totalblood (+LPS 5h)b

Monocytes (+LpS 4h)b

COST mammalian cells COST mammalian cells 5
Sf9 insect cells Sf9 insect cells_ - 30
COSI mammalian cells COS1 mammúian cells 0

3 0  1 5
33 20

30

0
0
0
0
n

0
0
0
0
0

1 0
1

77
97

1 0 1

102.
1 03.
1  n a *

95

rc4r

105f

6-keto-PGFr,,
PGEz

10 10 PGEz 98

99

100

' t5

30

COX-1 :  0
COX-2:  15
COX-1 :  0
COX-2 :0
C O X - 1 : 0
COX-2 :0
COX-1 :  4 .5h
COX'2:  15
COX- ' l : 4 .5h
COX-2:0
C O X - 1 : 6 0
C O X - 2 : 0

30

OU

24h
OU
4h or24h
60
4h or24h
30
5h
30
5h
1 0
1 0

TxBe
6-keto-PGFr,,

PGEz

TxBe
PGEz
TxBz
PGEz
TxBz
TxBz
TxBe
TxBz
TxBz
TxBz
TxBz
TxBz

a Murine macrophage.
b Stimulation with bacteriat endotoxin (LpS) or interleukin-1 (lL-1) for indicated time
c A calcium ionophore.
Abbreviations and symbols; AA = arachidonic acid; BAEC = endothelial cells from bovine aorta; Gp = guinea-pig; lL-1 = interleukin-1;
PG = prostaglandin; rh = recombinant human; rrrì = r€corTìbinant murine; TMPD = tetramethyl-pphenylenediamine; TxBz - thromboxane Bz;
V937 = human myeloid leukaemia cells.
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yclo-oxygenase
r by oral aspirin
- fo r  th  ( r ) l

T?6ffis-

init ial rapid and reversible equil ibrium binding

of enzyme and inhibitor, followed by the forma-

tion of a tightly bound enzyme-inhibitor com-

plex which dissociates slowly as a result of a

structural tran sit ion' I tÌ7-8eì

o c lass I I I :  compet i t ive,  t i rne-dependent,  i r re-

vúsiblè inhibitors, including salicylate deriva-

tives such as aspirin, which produce a covalent

moclif ication of the enzyme.[7e'80'el I

For a given inhibitor, the type of inhibition may

differ in the 2 COX isoenzymes - for example,

class I inhibit ion for COX- I and class II inhibitpn

for COX-2. This would partially account for the

selectivity of nimesu1i6.,te{)ì DuP-697 and NS-

398t87,8t ì l  for  COX-2 over COX- 1.

3. Determinotion of NSAID Selectivity
for COX lsoenzymes

Biological systems (most of which are sum-

marised in table I) have been extensively devel-

oped to study the selectivity of NSAIDs for COX

isoenzymes. The many systems have given rise to

a multitude of ICso (concentration at which 50o/o of

activity is inhibited) values (mainly compiled in

Battistini et al. l24l) and to sometimes confusing

compari s on s. I I 06 ] Ijl fu.J, tE t ndtggs of-sg! sggv ily,

u-syaUJ. gplTlgq-al the I4!,i-o-e of !Q56 C-o{" ! :

As a consequence, many and sometimes contro-

verlial COX inhibitory potencies have been pub-

lished for NSAIDs, such as those for fenam-

àtes.te:'1041 Given these considerations, it can be

concluded that IC5s data are useful in drug devel-

opÀ"nt and classification, but that fgr dlsggllilg
COX selectivity of NSAIDs, it is essentia.l to 9-b-
úin*an-ov éiàtl --p, r ólù fb 

- 
g$jn g, v àiuè s fiom sgv eral.

sÍGmiiiolilffiei--

Thus, cellular measurement of potency and se-

lectivity, which considers the abil ity of drug to

concentrate within cell membranes and sometimes

its biotransformation,[102'103'l l0ì are required to

confirm the results of isolated enzyme assays,

which are not physiologically relevant. Moreover'

as the pharmacokinetics of the drug can influence

i ts concentrat ion wi th in special ised t issues, i t

seems important to compare in virro data with

whole animal measurements,f10e] such as the ratio

of inhibitory potency within inflammatory sites

(thought to be mainly COX-2 dependent) to inhib-

itory potency within the stomach (thought to be

mainly COX- 1 dependent).t I I I '  I r2l

Finally, it must be remembered that the relative

inhibi t ion of  COX- I  and COX-2 is not known

within tissues, as it is for example in blood, when

NSAIDs are administered therapeutically in hu-

mans.t l l3, l l4 l  In such cl in ical  s i tuat ions,  COX iso-

enzymes may be exposed to drug concentrations

exceeding largely the ICso determined in vitro, so

that the use of selectivity indices as an indicator of

the l ikelihood of adverse effects is somewhat ques-

tionable.

4. COX-2 SelectiviV of NSAIDS

For the first t ime, classic NSAIDs have been

tested in various systems ancl have been found

generally to be more active against COX- I than

COX-},1241 with some exception possibly attribut-

able to changes in experimental conditions' Very

interestingly, some newer NSAIDs such as nabu-

metone (speci f ical ly i ts act ive metabol i te 6-

methoxy-2-naphthylacet ic acic l  t6-MNAI) and
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ln table I, the biological systems may

differ in:
o the source of enzymes;
o the purity of the enzymatic activity;
o the partit ion of NSAID within the system;

o the time needed for drug binding equil ibrium

(pre-incubation);
o the source of arachidonate as substrate and, if

arachidonate is added, its concentration;

the incubation time;

the nature of the metabolite to be studied in sim-

i lar  systems;
the drug protein binding in the medium;

the biotransformation of the drug in the system.
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etodolac were found to have a well balanced inhib-
itory capacity for both isoenzymes.[78'e3,e'5'1021

In this initial phase of the search for selective
COX-2 inhibitors, the structures that turned out to
be the most selective were in the two least numer-
ous classes of NSAIDs which have been known for
20 years or morel l l5 ' l l6 l '  the sulphonamides, in-
cluding NS-398 t I I 7l and flosulide (CGP -2823 8 ;,t t t ttl

which are close analogues of the parent drug
nimesulide'I l le] and the nonacidic tricyclics, in-
cluding DuP-697,t120J *6i.h is closely related to
the older anti-inflammatory drugs indoxole and
bimetropyrol. At the same time, other structures
such as di-ter-butylphenols, including the dual 5-
l ipoxygenase/COX inhibi tor  BF-389 tr2r l  and the
oxicam derivative meloxicam,leTl have shown
some selectivity for inhibition of COX-Z.t0',too,t22l

Since then, extensive research into structure-
activity relations has been carried out to develop
highly selective compounds, both in the arylsul-
phonamide group,llz3l leading to several patented
products such as 7-614ítz+l andL-745337,te81 and
in the 1,Z-diarylheterocycle group,tt2sl leading
to many more patented products, such as SC-
57666,tt261 SC-58125t+01 and celecoxib (SC-

58635).1127ì Among these compounds, T-614 was
also found to inhibit COX-2 induction in cultured
f ibroblasts, [2al  whereas SC-58125 displayed a
simi lar  ef fect  in adiuvant- induced arthr i t is  in
1n1s. I I 291

Inhibitory properties of these molecules to-
wards COX isoenzymes are summarised in table
II, by using indomethacin as a reference (unfortu-
nately COX-l selective) drug. As can be seen, all
the molecules inhibit COX-2 pref-erentially, al-
though the following points need to be underlined:
(i) the selectivity fbr COX-Z over COX- I is sup-
ported by a poor inhibitory effect on COX- I and
not by an improved inhibitory eff'ect on COX-2;
(i i) the order of potency for COX selectivity gen-
erally decreases from in vitro assays to in vivo as-
says.

For a given drug, the therapeutic index in the
rat, also referred to as the 'safety index', is based

ad All rights reserved

on its ulcerogenicity relative to its effect in an ex-
perimental model.t l lT'1331 Clearly, the saf-ety index
varies depending on the inflammatory model used
(acute versus chronic) and/or whether it refers to
analgesia or fever,l l  l7l so that drugs cannot be com-
pared directly. However, for a given drug, the com-
parison of the safety index with the in vitro COX-}
inhibitory potency highlights that the COX-selec-
tivity is strongly influenced by the pharmacokinet-
ics of the drug - for example, its biotransforma-
1i6n, l l35ì  cel lu lar  concentral ionl  136ì or part icular
tissue distribution.

These preferenti al COX-2 inhibitors displayed
anti-infl ammatory, analgesic, and antipyretic prop-
erties in classic experimental models in the rat (see

table i l l), confinning that COX-2 plays a patholog-
ical role in inflammation, pain and fever.[4e'l l2]

In humans, several compounds, such as L-
745337,T-614 and celecoxib, are in preclinical de-
velopment or in early clinical trials,[ l0e'r2'7,t3el
while others, such as NS-398 and flosulide, have
been discontinued.tl0e'l3e'1401 Consequently, data
on the therapeutic efficacy of this class of com-
pound in human diseases are available mainly for
the 2 products marketed to date: nimesulide and
meloxicam. Both drugs have been studied in well

controlled clinical trials and have been found to be
at least as effective as the classic NSAIDs, both in
painful diseases and chronic inflammatory joint

diseases.t I 3-5'l4l I Nevertheless, classic nonselective
NSAIDs are also ef'fective,tl42l so that the main ap-
peal of these new NSAIDs lies in an improved
safety profi le.t I l3' I l '+l

5. Clinicol Relevonce of Selective
COX-2 Inhibition in fhe Stomoch

5, I  NSAID-lnduced Goslropothy

It is now well established that there is a relation-

ship between NSAID intake and gastroduodenal

injury, in both healthy volunteers and patients with

various arthrit ic diseases.tt43-1451 Around l5 to

207o of patients taking NSAIDs develop peptic ul-

cer and about 37o of this group go on to experience

haemorrhage or perforation.[143] As there are 70 to
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100 mill ion prescriprions for NSAIDs per year in
the US and an estimated 7-fold higher consumption
of over-the-counter drugs,l l4sl gastropathy from
NSAIDs is recognised as the most frequent serious
complication from medication therapy.l t46l
' The basis of gastrotoxic effects is multifacto-
rialtr4'5iand may include both the NSAlD-mediated
topical damage and the deleterious effect of pG
inhibition.lt4l-t48]' In addition, several factors are
associated with an increased risk for developing
NSAID gastropatfuyUas'lae'lsOl including aging,
history of previous GI tract disease or concurrent
use of anticoagulants, suggesting that haemostasis
and regenerative repair capacity may be also impli-
cated.

Most of the local delererious effects of NSAIDs
are attributable to their acidic character which par_
ticipates in (i) decreasing surface hydrophobicity
of the mucus gel layer with subsequent loss of bar-
rier propenigs,U-51'l ' i2l (i i) uncoupling of oxidative
phosphorylation with a subsequent increase in mu-
cosal permeabil ity,t l-s: 't- l+1 and'back-diffusion' of
acidic juice, and (i i i) ion trapping into the mucosal
epithelium.U4T't4ttl The systemic injury caused by
NSAIDs is thoughr ro be mainly pG-depend_
ent,U 44,1 47' I -55, l 5ól althou gh underlying mechani sms
between decreased PG levels and mucosal injury
are unclear, as are cellular sources of pGs in terms
of COX-generating systems. The reduction of
blood flow within mucosa may play a pivotal role,
since transient hypoxia is associated with oxyradi-
cal production,U-5sl increased adherence of leuco-
cytes to endothelium,il-57'1581 and possibly tumour
necrosis factor-cr (TNF-cx) release.[ | 5e,l60J

In addition, nitric oxide (NO) is complementary
to PGs in maintaining mucosal  b lood f- lowt l6 l - ló31
and when considering that pro-inflammatory
cytokines are effective inducers of both COX-2 and
inducible NO synthacs,U6'1,16.5J whereas NO is a po-
tent inducer of  COX-2 in some cel l  types,t l66, l67l  1g
can be supposed that an NSAID-induced pG de-
crease disturbs complex regulatory loops.

Furthermore, inhibition of COX could theoreti_
cally enhance the conversion of arachidonate
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through the 5-lipoxygenase pathway,l l5-5'ls6J thus
potentiating the production of mediators such as
peptidoleukotrienes or oxyradicals, that could
worsen the ischaemic state accompanying the
NSAID-induced fall in PGs within mucosa.il-551

The role of leukotrienes in the pathogenesis of
NSAID-induced mucosal injury has been ques-
t ioned,t l6t ì ' l6el  a l though inhibi t ion of  the 5-
lipoxygenase pathway has shown some experi-
mental preventive effes1.tl70'l7ll Thus, it would be
interesting to compare dual COX/5-lipoxygenase
inhibitorslt72,tT3l and selective COX inhibitors in
terms of gastrointestinal tolerability.

Judging from molecularl4tì '4e] and immunohis-
tochemical t -51'1741 studies.  the cel lu lar  source of
PGs within the digestive tract may not be restricted
to one COX isoenzyme. Nevertheless, the expres-
sion of COX-2 within mucous epithelial qgllstsl'l7aì
and/or submucosal and muscular layerstlTal needs
to be confirmed by using antibodies from different
sources, the more so that analysis of stomach sam-
ples by RNAse protectionlael or reverse trans-
criptase-polymerase chain reactiontattl may not dis-
tinguish between resident and infiltrating cells. As
COX-l is thought to be the most intensively ex-
pressed isoenzyme in gastric mucosa,l54l a pref'er-
ential inhibition of COX-2 would therefore pro-
voke a less dramatic decrease in PG levels than
would nonselective inhibit ion. However, in view
of the recent study in mice showing that COX- l
gene disruption is neither associated with sponta-
neous gastric pathology nor increased susceptibil-
i ty  to NSAID,Ió3|  i t  remains unclear as to why
NSAIDs cause ulcers.

5,2 Comporison of NSAID Gostrotoxicitv

All NSAIDs can init iate serious adverse gastro-
intestinal events, but their rank order of toxicity
may depend on the methodology used to design the
clinical study since, for example, NSAIDs produc-
ing l itt le or no injury in healthy volunteers cannot
be relied upon to be innocuous in elderly patients
or those with other risk factors.i l43l

- .d .  A l l  r ioh is  reserver l

Randomised comparat ive c l in ical  studies of
NSAIDs have concluded with comments on rela-
tive toxicit ies, but most of these studies have been
too small to derive meaningful informali6n.tlT-51
Consequently, most data about the relative risks for
upper GI toxicity with various NSAIDs are derived
from case-contrgl t  176- l l l l  I  or  cohort  stu6iest ls2-1841
and from national registries.t I u' iì

Recent case-control studies based upon UK
populations and comparing the relative gas-
trotoxic i ty of  NSAID.U80' l8 l l  showed a broadly
similar rank order which was in general agreement
with that shown in the yellow card data previously
presented by the Committee on Safety of Medi-
cines.l ltìól Vanetl0Tl claimed that when the rank or-
der of gastrotoxicity was compared with the over-
all rank order of COX-2 selectivity obtained in
several in vitro systems, a good relationship be-
tween the 2 rankings was found, suggesting that
COX-Z selectivity may account for an improved
profile of GI adverse effects.

In broader comparisons of published case-con-
trol studies,l176-17e1 ibuprofen appears to be the
least toxic, while the high ratios of ICsg COX-Z :
ICso COX- I of drugs such as piroxicam and indo-
methacin relate to a poor safety profìle.i l0t3l How-
ever, when such results are interpreted, the follow-
ing should be borne in mind.

First, a major l imitation of most epidemiologi-
cal studies is the assumed dose equivalency be-
tween NSAIDs. whereas f 'ew studies have shown
an increased r isk for  h igh NSAID dosage.t l t ' t0 ' l8r l
This suggests that the favourable rank of ibuprofen
is partly attributable to the low doses used both in
the clinic and as an over-the-counter drug.l ltì71 qec-

ondly, apart fiom ibuprofèn, piroxicam, indometh-
acin and ketoprofen, NSAIDs showed a great vari-
abil ity in their rank order of gastrotoxicity since
studies applied different endpoints as their criteria
for considering a GI incident as a case.I It l t l  Thirdly,
the rating of drugs into various risk categories is

weakened by the extensive overlap of confidence
intervals. Fourthly, none of the drugs l istecl in thcse

epidemiological studies has demonstrirteci a l ' irnr
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COX-2 selectivity in various experimental sys-
tems, so that their comparison refers only to their
relative inhibitory potency on COX- l. Finally,
when studied,t l80' lu l '1851 azapropazone was the
least well tolerated NSAID whereas it is only a
weak inhibitor of coX activity.f rt lel

Consequent ly,  these epidemiological  studies
give l itt le weight to the hypothesis that selective
inhibition of COX-2 may have a sparing effect on
the GI tract.

The newer NSAIDs nabumetone and etodolac
have shown an improved GI safety profile in com-
parison with classic NSAIDs, both in short term
endoscopicUe0-le2i and in large postmarketing stud-
iss.[le3-le6] However, it is not known whether this
effect relies upon selective inhibit ion of PG synthe-
sis, since neither drug (in the case of nabumetone,
the active metabolite 6-MNA) showed reproduci-
ble selectivity for COX-2 in different sys-
tgrns. [30'78,e5' I 02, 104, I I 0] Furthermore, the nonacidic
character of the prodrug nabumetone is thought to
account in part for its reduced ulcerogenic ef-
fect,[ le7] aq does the inabil ity of 6-MNA to recircu-
late in 1fie fi le.ltusì

Nimesulide and meloxicam, the 2 marketed
NSAIDs having shown selectivity for COX-2 over
COX-l in several in vitro systems (see section 4),
have displayed a slightly to significanrly improved
GI tolerabil ity in healthy volunteerellee,200l and pa-
tients with joint disorders.[20r-206i A possible dose-
dependence effect in the GI tolerance of meloxi-
cam was suggested in relat ion to endoscopic
findings.tz00l por meloxicam, the favourable safety
profile was proposed to be likely due to its prefer-
ential inhibit ion of COX isoenzymes.ltot.2o'7-20e)
Nevertheless, both drugs have been reported in as-
sociation with perfbrations, ulcerations, and bleed-
ing in long term use,ll3s.2o1'20e1 although at very
low frequencies. The later data suggest again that
safety, which depends on the drug concentration
achieved in gastric mucosa when effective concen-
trations are obtained within inflammatory sites,[2101
is greatly influenced by the acidity of the drug, irs
bioavailabil ity, and possible enterohepatic recircu-

O Adis lnternotionol Limited. Al l  r iqhts reserved.

lation, and is incompletely estimated by systems
used for assessing COX-2 selectivity.

At present, nimesulide and meloxicam may rep-
resent an advance in the quest for safer NSAIDs,
but other drugs under clinical development may be
more promising in the future, since they possess a
higher selectivity for COX-2 togerher with addi-
tional qualities, such as lack of acidity and an in-
ability to act as proton translocators,il06l that are
effective in preventing local gastric damage. Very
few clinical data are yet available, and the GI safety
of these highly selective inhibitors needs to be
demonstrated in long term comparative studies. It
can be supposed that these clinical studies will pro-
vide a crucial test for the hypothesis that selectiye
COX-Z inhibition has a Gl-sparing effect.

ó. Conclusion ond Perspecfives

The discovery of at least 2 COX isoenzymes,
although probably with some physiological over-
lap, !,aq given a new impetus to the search for anti-
inflammatory drugs. t I 221

The development of selective COX-2 inhibitors
seems promising and the clinical insights they
might provide can occur as a result of a dual bene-
fit: ( i) an improved safety profi le of NSAIDs,
which relies upon a COX-I sparing effect, as in
stomach (see above in section 5,1); and (i i) a po-
tential use in clinical situations in which COX-2 is
overexpressed. For example, in patients with colo-
rectal cancer, selective COX-2 inhibitors might
have preventive and/or therapeutic effects because
COX-2 overexpressiont2l l -213Ì may be associated
with resistance to apoptosist2l4l and generation of
PGs and related compounds that support carcino-
genesis. [2 ls '2161 15" ef f icacy of  c lassic NSAIDs in
decreasing both the risk of death from colon can-
ssl2t1,2t8land the incidence of colon cancerlzte-22|)
and in inducing apoptosis in colon cel ls l22z'2231
does not exclude any effect on COX-2.12ts,224)

Another promising area for selective COX-2 in-
hibitors might be neurodegenerative diseases, be-
cause COX-2, which is constitutively expressed in
discrete populations of neurones,[50'52'2251 is over-
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expressed by synaptic activitylso'2261 as in isch-

aemia-reperfusion,l22s'2271 and may be l inked to

apoptosis-induced cell death .1228'22e1 Such experi-

mental data suggest that selective inhibitors which

pass through the blood-brain barrier could have

therapeutic potency in stroke.

In Alzheimer's disease (AD), there is evidence

for inflammatory cascades involving local produc-

tion of pro-inflammatory cytokines,[23(:] '231I which

are potent inducers of COX-2. It is therefore con-

ceivable that COX-2 might contribute to the main-

tenance of inflammation and that its inhibition may

account partially for the beneficial effects of

NSAIDs therapy in Alzheimer's diseace.[230-232]

Finally, some of the selective COX-2 inhibitors

that have in common the ability to inhibit both the

induction and the activity of COX-2[l2tt ' l2eì may

have cytokine-inhibit ing properties,l lOel suggest-

ing that their mechanism of action will not be re-

stricted to the inhibit ion of PG synthesis.

The development of selective COX-2 inhibitors

also deserves to take care of the appearance of new

adverse effects since the respective role of both

isoenzymes is not f irmly established in normal

physiological  processes, such as ovulat ion and

pregnancy or the control of vascular tone.t I l3l This

is best exemplified by the theoretical renal toxicity

of these inhibitors.l l40ì p6" are well known to sup-

port renal blood flow in patients with either de-

creased perfusion pressure or ineffective plasma

volume,[233ì and their inhibit ion accounts for the

NSAID-induced disturbance of  renal  haemody-

namics, leading to acute renal failure in susceptible

Patients. t234'23s 1

In addi t ion,  PCs favour natr iuresis and tnodu-

late antidiuretic hormone release,[233ì and their in-

hibit ion by NSAIDs may account for salt retention,

oedema, reduction of the antihypertensive effect clf

diuretics and water conservation.l234'2-351 Such ad-

verse effects can be observed virtually with all

NSAIDsIlT5l and, as these are PG-dependent, the

question has arisen as whether they are related to

the inhibi t ion of  COX-1, COX-2 or both.

(o Adis Internotionol Limiled. Al l  r ights reserved

Immunohistochemical studies have shown that

COX-l is localised mainly to arteries and arteri-

oles, glomeruli and collecting ducts,155'2:61 sug-

gesting a major role in the control of the vascular

tone. However, several l ines of evidence suggest

that COX -2 may also play a role in the kidney: 1i)
i t  has been detected in the papi l la where i t  can

participate to the production of medullary PGs;lsr' l
( i i) i t is the sole COX isoenzyme which has been

detected in the macula densa and its expression

is triggered by salt restriction;tsÓl (i i i) i t may

have a developmental role since COX-2 'knock-

out' mice develop a progressive nephropathy

when aging;t6a'6sl and (iv) it becomes expressed in

mesangial  cel ls af ter  st imulat ion wi th 56,[1661

interleuki n- 1t237 ) or endoth"lin. I 23fl I

As a result, as yet it is not possible to ascertain

whether COX-2 selective inhibitors will be totally

safe for the kidney, although DuP-697 did not alter

renal blood flow in volume-depleted rats'l l20l The

full effect of COX-2 inhibition will probably be

better appreciated from accurate postmarketing

survei l lance studies. l  I  l3 l
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