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Abstract. Nonsteroidal anti-inflammatory drugs (NSAIDs)
produce their therapeutic activities through inhibition of
cyclooxygenase (COX), the enzyme that makes prostaglan-
dins (PGs). They share, to a greater or lesser degree, the same
side effects, including gastric and renal toxicity. Recent
research has shown that there are at least two COX
isoenzymes. COX-1 is constitutive and makes PGs that
protect the stomach and kidney from damage. COX-2 is
induced by inflammatory stimuli, such as cytokines, and
produces PGs that contribute to the pain and swelling of
inflammation. Thus, selective COX-2 inhibitors should be
anti-inflammatory without side effects on the kidney and
stomach. Of course, selective COX-2 inhibitors may have
other side effects and perhaps other therapeutic potential. For
instance, COX-2 (and not COX-1) is thought to be involved
in ovulation and in labor. In addition, the well-known
protective action of aspirin on colon cancer may be through
an action on COX-2, which is expressed in this disease.
Moreover, NSAIDs delay the progress of Alzheimer’s
disease. Thus, selective COX-2 inhibitors may demonstrate
new important therapeutic benefits as anticancer agents, as
well as in preventing premature labor and perhaps even
retarding the progression of Alzheimer’s disease.
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Introduction

Early history

About 3,500 years ago in ancient Egypt, the Ebers papyrus
recommended the application of a decoction of the dried
leaves of myrtle to the abdomen and back to expel rheumatic
pains from the womb. A thousand years later, Hippocrates
recommended the juices of the poplar tree for treating eye
diseases, and those of willow bark to relieve the pain of
childbirth and to reduce fever. All of these medicinal
remedies contain salicylates.

In A.D. 30, Celsus described the 4 classic signs of
inflammation (rubor, calor, dolor, and tumor, or redness,
heat, pain, and swelling), and used extracts of willow leaves
to relieve them. Throughout the Roman times of Pliny the
Elder, Dioscorides, and Galen, the use of salicylate-contain-
ing plants was further developed, and willow bark was
recommended for mild to moderate pain. In China and other
parts of Asia also, salicylate-containing plants were being
applied therapeutically. The curative effects ofSalix and
Spireaspecies were even known to the early inhabitants of
North America and South Africa.

Through the Middle Ages, further uses for salicylates
were found, such as plasters to treat wounds and various
other external and internal applications, including the
treatment of menstrual pain and the discomfort of dysentery.
However, willows were needed for basket making, so the
women herbalists of those days turned to other related plants.
For instance, they grew meadowsweet (Spirea ulmaria) in
their herb gardens, and made decoctions from the flowers.

Willow bark

The first ‘clinical trial’ of willow bark to be published in
England was made by a country parson, the Reverend
Edward Stone of Chipping Norton in Oxfordshire [1]. On
June 2, 1763, Edward Stone read a report to the Royal
Society on the use of willow bark in fever. He had
accidentally tasted it, and was surprised by its extraordinary
bitterness, which reminded him of the taste of cinchona
bark (containing quinine), then being used to treat malaria.
He believed in the ‘doctrine of signatures’, which dictated
that the cures for diseases would be found in the same
locations where the malady occurs. Since the ‘willow
delights in a moist and wet soil, where agues chiefly
abound’, he gathered a pound of willow bark, dried it over
a baker’s oven for 3 months, then ground it to a powder.
His greatest success was with doses of 1 dram (1.8 g),
which he reported using in about 50 patients, with safety
and success.

He concluded his paper by saying, ‘I have no other
motives for publishing this valuable specific, than that it may
have a fair and full trial in all its variety of circumstances and
situations, and that the world may reap the benefits accruing
from it’. His wishes have certainly been realized. World
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production of aspirin has been estimated at 45 thousand
tons a year, with an average consumption of about 80
tablets per person per year. Without the discovery in recent
years of a great many replacements for aspirin and its
variants, consumption would have surely been very much
higher.

Synthetic salicylates

Salicylic acid was synthesized chemically in Germany in
1859, and its ready supply led to even more extended usage
as an external antiseptic, as an antipyretic, and in the
treatment of rheumatism. The father of Felix Hoffman, a young
chemist working for Bayer, urged his son to make a more
palatable form of salicylate to treat his severe rheumatism.
Felix made acetylsalicylate or aspirin, and asked his father to
try it. Bayer’s Research Director, Dr. Heinrich Dreser,
recognized that he had an important new drug on his hands
and introduced it in 1899, at the same time writing a paper,
suggesting that aspirin was a convenient way of supplying
the body with the active substance, salicylate [2]. This point
is still debated, but most of the evidence now shows that
aspirin works in its own right.

By the early 1900s, the main therapeutic actions of
aspirin (and sodium salicylate itself) were recognized as its
antipyretic, anti-inflammatory, and analgesic effects. With
the passing of time, several other drugs were discovered that
shared some or all of these actions. These drugs include
antipyrine, phenacetin, acetaminophen (paracetamol), phe-
nylbutazone, and, more recently, the fenamates, indometha-
cin and naproxen. Because of the similarity of their
therapeutic actions, these drugs tended to be regarded as a
group, and were generally known as the aspirin-like drugs.
Because they were clearly distinct from the glucocorticoids
(the other major group of agents used in the treatment of
inflammation), these drugs were also called the ‘nonster-
oidal, anti-inflammatory drugs’ (NSAIDs) [3].

Despite the diversity of their chemical structures, these
drugs all share the same therapeutic properties. They
alleviate the swelling, redness, and pain of inflammation,
reduce a general fever, and cure a headache. More than that,
they also share, to a greater or lesser extent, a number of
similar side effects. Depending on dose, they can cause
gastric upset, in high doses, they can delay the birth process,
and in overdose, may damage the kidney. A particularly
interesting ‘side effect’, now known as a therapeutic action,
is the antithrombotic effect. When a chemically diverse
group of drugs all share not only the same therapeutic
qualities (which in themselves have not much connection
with one another), but also the same side effects, it is fairly
certain that the actions of those drugs are based on a single,
biochemical intervention. For many years, pharmacologists
and biochemists had searched for such a common mode of
action, without finding a generally acceptable scientific
explanation.

Salicylates and the prostaglandin system

In the late 1960s, Priscilla Piper, who had been working with
Harry Collier at the Parke Davis Laboratories in Hounslow,

Middlesex, came to Vane’s laboratory at the Royal College
of Surgeons as a graduate student. Piper and Vane employed
the technique of continuous bioassay, using the cascade
bioassay system [4], developed earlier by Vane for use with
blood or an artificial salt solution. The method involved
perfusing isolated guinea pig lungs with Krebs’ solution, and
using the effluent to successively superfuse strips of vascular
or gastrointestinal tissues, selected for their sensitivity to
different substances.

Piper and Vane found, as expected, the release of histamine
and slow-reacting substance of anaphylaxis (SRS-A) during
anaphylaxis. However, they also found some previously
unreported substances, namely, prostaglandins (mainly
prostaglandin E2, but also with some prostaglandin F2a)
[5], and another, very ephemeral, substance that, from the
assay tissue that picked it up, was called ‘rabbit aorta-
contracting substance’ (RCS). In the lung perfusate, RCS
had a half-life of about 2 minutes, and was identified in 1975
as thromboxane A2 by Samuelsson’s group [6].

It was RCS that provided the first clue to the relationship
between aspirin and the prostaglandins, when Piper and
Vane presented experimental evidence that the release of
RCS from the isolated guinea pig lungs during anaphylaxis
was blocked by aspirin [7]. Indeed, almost any type of
chemical or mechanical stimulus released prostaglandins,
in addition to RCS. The result of these experiments was to
move Vane’s attention from RCS to prostaglandins, and he
postulated that the various stimuli which released prosta-
glandins were in fact ‘turning on’ the synthesis of these
compounds. A logical corollary was that aspirin might well
be blocking their synthesis.

He tested this idea immediately, using the supernatant of
a broken cell homogenate from guinea pig lung as a source of
prostaglandin synthase. There was a dose-dependent inhibi-
tion of prostaglandin formation by aspirin, salicylate, and
indomethacin, but not by morphine [8] (Fig. 1). Two other
reports from the same laboratory, in the same issue of
Nature, lent support to, and extended his finding. Smith and
Willis found that aspirin prevented the release of prosta-
glandins from aggregating human platelets [9], and Vane,
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Fig. 1. Inhibition of prostaglandin biosynthesis by aspirin-like drugs in
crude enzyme from guinea pig lungs. Logarithms of the concentrations
of indomethacin, aspirin, and salicylate are plotted against the
percentage inhibition of prostaglandin synthesis, assayed as prosta-
glandin F2a on rat isolated colon. Lines are those calculated for best fit.
Numbers by points indicate number of experiments. When 3 or more
estimates were averaged, standard error of the mean is shown.
Reprinted with permission from: Vane JR. Inhibition of prostaglandin
synthesis as a mechanism of action for aspirin-like drugs. Nature New
Biol 1971;231:232–5,q 1998 Macmillan Magazines Ltd.
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Ferreira, and Moncada demonstrated that aspirin-like drugs
blocked prostaglandin release from the perfused, isolated
spleen of the dog [10]. The discovery that each and every
chemically diverse member of this large group of drugs all act
by inhibiting the enzyme that leads to the generation of
prostaglandins, which we now call ‘cyclooxygenase’ [8],
provided a unifying explanation of their therapeutic actions,
and firmly established certain prostaglandins as important
mediators of inflammatory disease (for reviews, see [11–13]).

The two isoforms of COX

A homogeneous, enzymatically active cyclooxygenase
(COX), or prostaglandin endoperoxide synthase (PGHS)
was isolated in 1976 [14] and cloned in 1988 [15–17]. This
membrane-bound haemo- and glycoprotein has a molecular
weight of 71 kd, and is found in the greatest amounts in the
endoplasmic reticulum of prostanoid-forming cells [18]. It
exhibits cyclooxygenase activity, which both cyclizes
arachidonic acid, and adds the 15-hydroperoxy group to
form prostaglandin G2. The hydroperoxy group of prosta-
glandin G2 is reduced to the hydroxy group of prostaglandin
H2 by a peroxidase that uses a wide variety of compounds to
provide the requisite pair of electrons. Both cyclooxygenase
and hydroperoxidase activities are contained in the same
dimeric protein molecule.

We now know that cyclooxygenase exists in at least 2
isoforms, COX-1 and COX-2. Over the last 2 decades, several
new NSAIDs have reached the market, based on enzyme
screens that turned out to be against COX-1. Garavito and
his colleagues [19] have determined the 3-dimensional
structure of COX-1, providing a new understanding for the
actions of COX inhibitors. This bifunctional enzyme is
composed of 3 independent folding units, an epidermal
growth factor-like domain, a membrane-binding motive,
and an enzymatic domain. The sites for peroxidase and
cyclooxygenase activity are adjacent but spatially distinct.
The conformation of the membrane-binding motive strongly
suggests that the enzyme integrates into only a single leaflet of
the lipid bilayer, and is thus a monotopic membrane protein.
Three of the helices of the structure form the entrance to the
cyclooxygenase channel, and their insertion into the mem-
brane could allow arachidonic acid to gain access to the active
site from the interior of the bilayer.

The cyclooxygenase active site is a long, hydrophobic
channel, and Garavito and others [19] present arguments
that some of the aspirin-like drugs, such as flurbiprofen,
inhibit COX-1 by excluding arachidonate from the upper
portion of the channel. Tyrosine 385 and serine 530 are at the
apex of the long active site. Aspirin irreversibly inhibits COX-
1 by acetylation of the serine 530, thereby excluding access
for arachidonic acid [20]. TheS(-) stereoisomer of
flurbiprofen interacts, via its carboxylate, with arginine
120, thereby placing the second phenyl ring within Van der
Waal’s contact of tyrosine 385. There may be a number of
other subsites for drug binding in the narrow channel.

The roentgenogram crystal structure of COX-2 closely
resembles that of COX-1, and the binding sites for
arachidonic acid on these enzymes are also very similar
[21]. Selectivity for inhibitors may be conferred by
alternative conformations at the NSAID’s binding site in

the COX channel. The active site of COX-2 is slightly larger,
and can accommodate bigger structures than those which are
able to reach the active site of COX-1. A secondary, internal
pocket of COX-2 contributes significantly to the larger
volume of the active site in this enzyme, although the central
channel is also bigger by 17%. Selectivity for COX-2
inhibitors can be conferred by replacing the His513and Ile523

of COX-1 with Arg and Val, respectively. This replacement
removes the constriction at the mouth of the secondary side
channel, and allows access for the more bulky selective
COX-2 inhibitors [22].

Physiology of COX-1 and COX-2

The constitutive isoform of COX, COX-1, has clear
physiological functions. Its activation leads, for instance, to
the production of prostacyclin, which when released by the
endothelium, is antithrombogenic [23], and when released by
the gastric mucosa, is cytoprotective [24]. The inducible
isoform, COX-2, was discovered some 7 years ago, and is
induced in a number of cells by proinflammatory stimuli
[25]. Its existence was first suspected when Needleman and
his group found that bacterial lipopolysaccharide increased
the synthesis of prostaglandins in human monocytes in vitro
[26], and in mouse peritoneal macrophages in vivo [27]. This
increase was inhibited by dexamethasone, and associated
with de novo synthesis of new COX protein.

A year or so later, an inducible COX was identified as a
distinct isoform of cyclooxygenase, encoded by a different
gene from COX-1 [28–31]. The amino acid sequence of its
cDNA shows a 60% homology with the sequence of the
noninducible enzyme, with the size of the mRNA for the
inducible enzyme approximating 4.5 kb, and that of the
constitutive enzyme being 2.8 kb. Both enzymes have a
molecular weight of 71 kd, and slightly different active sites
for the natural substrate and for blockade by NSAIDs. The
inhibition by the glucocorticoids of the expression of COX-2
is an additional aspect of the anti-inflammatory action of the
corticosteroids. The levels of COX-2, normally very low in
cells, are tightly controlled by a number of factors, including
cytokines, intracellular messengers, and by the availability
of substrate. Since COX-2 is induced by inflammatory
stimuli and by cytokines in migratory and other cells, it is
attractive to suggest that the anti-inflammatory actions of
NSAIDs are due to the inhibition of COX-2, whereas the
unwanted side effects, such as irritation of the stomach lining
and toxic actions on the kidney, are due to inhibition of the
constitutive enzyme, COX-1.

Over the years, the theory that inhibition of prostaglandin
formation accounts for the therapeutic activity and the side
effects of the aspirin-like drugs has been challenged, notably
by Weissmann [32]. His arguments were partly based on
comparing the actions of salicylate and aspirin, which are
said to be equally effective against arthritis in the clinic [33],
whereas in the original observations on COX [8], aspirin was
10 times stronger than salicylate as an inhibitor. As
Weissmann’s comparisons were based on COX-1, this
apparent contradiction may now be explained by the
existence of the 2 isoforms of COX, for salicylate and
aspirin are both almost similarly weak inhibitors of COX-2,
although the mechanism of action of salicylate may
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be compounded by a suppression of the induction of COX
[34].

Paracetamol also posed a problem for the original theory,
for in therapeutic doses, it has analgesic and antipyretic
actions, but little or no anti-inflammatory activity [35]. In
1972, Flower and Vane showed that COX preparations from
the brain were more sensitive to paracetamol than those from
the spleen, and suggested that there may be different
isoforms of COX [36]. Perhaps in the light of recent
discoveries, there is also a COX-3, on which paracetamol has
a preferential action.

Functions of COX-1 and COX-2

Gastrointestinal tract

The so-called ‘cytoprotective’ action of prostaglandins in
preventing gastric erosions and ulceration is mainly brought
about by endogenously produced prostacyclin and PGE2,
which reduce gastric acid secretion, and exert a direct
vasodilator action on the vessels of the gastric mucosa. In
addition to these major actions, prostanoids stimulate the
secretion of viscous mucus, which forms a protective barrier,
as well as gastric fluid and duodenal bicarbonate [37]. In
most species, including humans, the bulk of the protective
prostaglandins are synthesized by COX-1, although small
quantities of COX-2 have been found in the rat stomach [38].
This COX-2 may be expressed as a result of subliminal
bacterial infections of the gastric mucosa.

Kidney

Maintenance of kidney function, both in animal models of
disease states and in patients with congestive heart failure,
liver cirrhosis, or renal insufficiency, is dependent on
vasodilator prostaglandins. These patients are therefore at
risk of renal ischemia when prostaglandin synthesis is
reduced by NSAIDs. Synthesis of PGE2 and prostacyclin is
mainly by COX-1, although low levels of mRNA for COX-2
have also been reported [39]. Up-regulation of COX-2
expression has been observed in the macula densa after salt
deprivation [39].

Central nervous system

COX-1 is found in neurones throughout the brain, but it is
most abundant in the forebrain, where prostaglandins may be
involved in complex, integrative functions, such as control of
the autonomic nervous system and in sensory processing
[40, 41]. COX-2 mRNA is induced in brain tissue and in
cultured glial cells by pyrogenic substances, such as
lipopolysaccharide (LPS) and interleukin (IL)-1 [42, 43].
However, low levels of COX-2 protein and COX-2 mRNA
have been detected in neurones of the forebrain, without
previous stimulation by proinflammatory substances
[40, 41, 44]. These ‘basal’ levels of COX-2 are particularly
high in neonates, and are probably induced by physiological
nervous activity. Intense nerve stimulation, leading to
seizures, induces COX-2 mRNA in discrete neurones of
the hippocampus [45], whereas acute stress raises levels in

the cerebral cortex [40]. COX-2 mRNA is also constitutively
expressed in the spinal cord of normal rats, and is likely to be
involved with processing of nociceptive stimuli [46].
Endogenous, fever-producing PGE2 is thought to originate
from COX-2, induced by LPS or IL-1 in endothelial cells
lining the blood vessels of the hypothalamus [43]. The
selective inhibitor of COX-2, NS-398, is a potent antipyretic
agent in rats [47].

Lungs

Airway hyper-reactivity, a feature of allergic asthma, is
associated with inflammation of the airways. Increased
expression of COX-2 mRNA and of enzyme protein, with no
change in COX-1 levels, has been detected in pulmonary
epithelial cells, airway smooth muscle cells, pulmonary
endothelial cells, and alveolar macrophages, treated with
lipopolysaccharide or proinflammatory cytokines. In the
carrageenin-induced pleurisy model of inflammation, levels
of COX-2 protein increased maximally at 2 hours in the cell
pellets of pleural exudate [48]. This could be accounted for
by the induction of COX-2 found in mast cells, mononuclear
leukocytes, and neutrophils present in the exudate [49].
However, lung tissue can also express COX-2 constitutively.
Human lungs obtained from accident victims [50], and
human pulmonary epithelial cells in culture, expressed more
constitutive COX-2 than constitutive COX-1 [51, 52].
Exposure to environmental pollutants from car exhausts
increases the expression of COX-2 protein and the formation
of PGE2 and PGF2a in these cells in culture [53].

Reproductive system

Expression of COX-1 is much greater than that of COX-2 in
fetal hearts, kidneys, lungs, and brains, as well as in the
decidual lining of the uterus [54, 55]. Constitutive COX-1 in
the amnion could also contribute prostaglandins for the
maintenance of a healthy pregnancy [56]. In human amnion
cells, chorionic gonadotrophin increases the mRNA for
COX-1 [57], whereas glucocorticoids, epidermal growth
factor (EGF), IL-1b, and IL-4 all stimulate COX-2 expres-
sion [58, 59]. Both COX-1 and COX-2 are expressed in the
uterine epithelium at different times in early pregnancy, and
may be important for implantation of the ovum and for the
angiogenesis necessary to establish the placenta [60].

Gene knockout animals

Several papers on COX-1 and COX-2 gene-deficient mice
have now been published [61–63]. At first sight, some of the
results are surprising, until it is remembered that both in
physiology and pathology, the body uses several parallel
pathways to reinforce a common result. For instance, it
might have been expected that without the ability to generate
prostacyclin, the gastric mucosa of COX-1 knockout mice
would show the kind of erosions produced by NSAIDs.
However, COX-1 (-/-) mice have normal gastric mucosa,
albeit with a decreased sensitivity to the damaging effects of
indomethacin [61]. The normality of the mucosa in these
mice could well be brought about by the continued release of
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nitric oxide and calcitonin gene-related peptide (CGRP),
both also known to contribute to the maintenance of a
healthy mucosa [64]. Possibly, in the COX-1 (-/-) mice, these
mechanisms have been accentuated to compensate for the
lack of prostacyclin.

It is more difficult to explain the reduced ulcerogenic
actions of indomethacin in these knockout mice, except that
it is well known that, in higher concentrations than those
needed to inhibit cyclooxygenase, indomethacin inhibits
many other enzyme systems. Furthermore, several aspirin-
like drugs, including indomethacin, have a local irritant
effect on the mucosa, as well as inhibiting COX through a
systemic action [65]. Such a local irritation might explain the
erosions in the COX-1 (-/-) mice, in which case, treatment
with subcutaneous indomethacin would not cause this
mucosal irritation.

In both COX-1 [61] and COX-2 knockout mice [62, 63],
local application of arachidonic acid still produces some ear
inflammation. Here, it should be noted that arachidonic acid
leads not only to COX products, but also to leukotrienes via
the 5-lipoxygenase pathway. Indeed, the fact that the second
pathway contributes to this inflammatory response is shown
by 5-lipoxygenase knockout mice, in which inflammation of
the ear, produced by arachidonic acid, is substantially reduced
[66]. When stronger and more general inflammatory stimuli,
such asphorbol esters, are used, manyadditional mediators will
be called into play, such as 5-hydroxytryptamine, bradykinin,
nitric oxide, and histamine. Thus, it is not surprising to a
pharmacologist that cancelling out a single enzyme, such as
COX-1 [61], COX-2 [62, 63], or 5-lipoxygenase [66], has
little or no effect on the gross inflammation induced by
painting the ears with such a strong irritant as a phorbol ester.
Thus, the apparent paradox presented by studies in knockout
mice may be logically explained. However, there are many
relevant measurements still to be made in these gene-deficient
strains of mice.

Mice that lack the gene for production of COX-1 appear
to be perfectly healthy, and do not show significant signs of
pathological changes in the kidney. This is in accord with the
finding that inhibition of COX-1 by NSAIDs does not alter
renal function under normal physiological conditions.
However, in COX-2 (-/-) null mice, the kidneys failed to
develop fully after birth, with the result that the animals died
before they were 8 weeks old [62].

Prostaglandins synthesized by COX-1 are apparently
essential for the survival of fetuses during parturition, since
the majority of offspring born to homozygous COX-1
knockout mice do not survive [61]. This high mortality of
the pups may be due to premature closure of the ductus
arteriosus. Female COX-2 knockout mice are mostly
infertile, producing very few offspring, due to a reduction
in ovulation [63].

Selective inhibitors of COX-2

The importance of the discovery of the inducible COX-2 is
highlighted by the differences in pharmacology of the two
enzymes [67]. Aspirin, indomethacin, and ibuprofen are
much less active against COX-2 than against COX-1 [68].
Indeed, the strongest inhibitors of COX-1, such as aspirin,
indomethacin, and piroxicam, are the NSAIDs that cause the

most damage to the stomach [69]. The spectrum of activities
of some 10 standard NSAIDs against the 2 enzymes ranges
from a high selectivity towards COX-1 (166-fold for
aspirin), through to equal activity on both [70].

The range of activities of NSAIDs against COX-1, as
compared with COX-2, nicely explains the variations in
the side effects of NSAIDs at their anti-inflammatory doses.
Drugs that have the highest potency on COX-2 and a
better COX-2/COX-1 activity ratio will have potent
anti-inflammatory activity, with fewer side effects on the
stomach and kidney. Garcia Rodriguez and Jick [71] have
published a comparison of epidemiologic data on the side
effects of NSAIDs. Piroxicam and indomethacin in anti-
inflammatory doses were found to produce high gastro-
intestinal toxicity. These drugs have a much higher potency
against COX-1 than against COX-2 [72]. Thus, when
epidemiological results are compared with COX-2/COX-1
ratios, a parallel relationship is seen between gastrointestinal
side effects and COX-2/COX-1 ratios.

Inhibitors in therapeutic use

Meloxicam, nimesulide, and etodolac (Fig. 2) were not
designed specifically as COX-2 inhibitors, but were identified
from pharmacological tests as potent anti-inflammatory
drugs, with low ulcerogenic activity in the rat stomach. In
some instances, this was shown to parallel low activity
against prostaglandin synthesis in the rat stomach. After the
discovery of COX-2, these 3 drugs were each found
preferentially to inhibit COX-2, rather than COX-1, with a
variation in their COX-2/COX-1 ratios of between 0.1 and
0.01.

Meloxicam, which has a selectivity towards COX-2 of up
to 100-fold over COX-1 (depending on the test system), is
marketed around the world for use in rheumatoid arthritis
and osteoarthritis [73]. In double-blind trials in more than
5000 patients with osteoarthritis and rheumatoid arthritis,
meloxicam, in doses of 7.5 mg or 15 mg once daily,
compared in efficacy with standard NSAIDs, such as
naproxen 750-1000 mg, piroxicam 20 mg, and diclofenac
100 mg. Both doses of meloxicam produced significantly
fewer gastrointestinal adverse effects than the standard
NSAIDs (p< 0.05). Discontinuation of treatment due to
gastrointestinal side effects was also significantly less
frequent with meloxicam. Perforations, ulcerations, and
bleedings occurred in fewer meloxicam-treated patients than
in patients treated with piroxicam, diclofenac, or naproxen.
The frequency of adverse events with meloxicam was
significantly less (p< 0.05), when compared to piroxicam
and naproxen [74, 75].

Nimesulide is currently sold in several European
countries and in South America for the relief of pain
associated with inflammatory conditions. It is a preferential
inhibitor of COX-2, with a 10- to 50-fold greater potency
against this enzyme than against COX-1 (Table 1) [76]. In
limited clinical trials for its use in acute and chronic
inflammation in patients, it was more effective than a
placebo, or had comparable anti-inflammatory activity to
established NSAIDs [81–83]. Epidemiologic data suggests
that, in long-term therapeutic use at anti-inflammatory
doses (100 mg twice daily), it causes no more serious
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gastrointestinal symptoms than did a placebo [84]. More-
over, nimesulide seems safe to use in aspirin-sensitive
asthmatics. Several recent studies in NSAID-intolerant
patients with asthma demonstrated that therapeutic doses
of nimesulide did not induce asthmatic attacks, while high
doses of 400 mg only precipitated mild asthma in 10% of
patients [85]. A disadvantage of nimesulide may be the need
for dosing more than once a day, because of its relatively
short half-life.

Etodolac is marketed in Europe and North America for
the treatment of osteoarthritis and rheumatoid arthritis. It has
a COX-2/COX-1 ratio of 0.09, when tested on recombinant
human enzymes, and a ratio of 0.1 in the human whole blood
assay (Table 1) [86]. In healthy human volunteers, etodolac
twice daily did not suppress gastric mucosal prostaglandin
production, and caused less gastric damage than did
naproxen [87]. Patients with osteoarthritis or rheumatoid

arthritis obtained relief from symptoms with etodolac, equal
to other commonly used NSAIDs, but with a lower incidence
of serious gastrointestinal toxicity [88].

Inhibitors in clinical development

The discovery of COX-2 stimulated several laboratories to
develop highly selective inhibitors of this enzyme. Needleman
and his group at Monsanto/Searle have made inhibitors that
are some 1000-fold more potent against COX-2 than against
COX-1 [89]. One of these, SC-58635 (celecoxib, Fig. 2), is
an effective analgesic for moderate-to-severe pain after tooth
extraction [90]. Celecoxib, given for 7 days to human
volunteers, provided no evidence of gastric damage [91]. It is
currently in phase III clinical trials in patients with arthritis
[89].
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Fig. 2. Chemical structures of some selective COX-2 inhibitors.
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A similar, highly selective COX-2 inhibitor from Merck-
Frosst, MK-966, which resembles an earlier Merck com-
pound L-745337 (Fig. 2), is currently undergoing phase III
clinical trials [92]. In phase I studies, a single dose of 250 mg
daily for 7 days (which is 10 times the anti-inflammatory
dose) produced no adverse effects on the stomach mucosa, as
evidenced by gastroscopy [93]. After a single dose of 1 g,
there was no evidence of COX-1 inhibition in platelets,
but the activity of COX-2 in lipopolysaccharide-stimulated
monocytes ex vivo was reduced. For postoperative dental
pain, MK-966, at 25 mg per dose, had equal analgesic
activity to ibuprofen, and provided relief from symptoms in a
6-week study of osteoarthritis [94].

New uses for selective COX-2 inhibitors

Premature labor

Prostaglandins are important for inducing uterine contrac-
tions during labor. NSAIDs such as indomethacin will delay
premature labor by inhibiting the production of prostaglan-
dins, but will at the same time cause early closure of the
ductus arteriosus, and reduce urine production by the foetal
kidneys [95]. The delay in the birth process is most likely
due to inhibition of COX-2, since the mRNA for COX-2
increases substantially in the amnion and placenta immedi-
ately before and after the start of labor [96], whereas the side
effects on the fetus are due to inhibition of COX-1. One
cause of preterm labor could be an intrauterine infection,
resulting in the release of endogenous factors that increase
PG production by up-regulating COX-2 [59]. Nimesulide
reduces prostaglandin synthesis in isolated foetal mem-
branes, and was used successfully for a prolonged period to
delay premature labor, without manifesting the side effects
of indomethacin on the fetus [95].

Colon cancer

Epidemiological studies have established a strong link
between the ingestion of aspirin and a reduced risk of

developing colon cancer [97, 98]. It has also been reported
that sulindac caused reduction of prostaglandin synthesis and
regression of adenomatous polyps in 11 of 15 patients with
familial adenomatous polyposis (FAP), a condition in which
many colorectal polyps develop spontaneously, with eventual
progression to tumors [99–101]. This indication that COX
activity is involved in the process leading to colon cancer is
supported by the demonstration that COX-2, and not COX-1, is
highly expressed in human and animal colon cancer cells, as
well as in human colorectal adenocarcinomas [102, 103].
Further support for the close connection between COX-2 and
colon cancer has come from studies in the mutantApcmouse,
which is a model of FAP in humans. The spontaneous
development of intestinal polyposis in these mice was strongly
reduced, either by deletion of the COX-2 gene, or by treatment
with a selective COX-2 inhibitor [104–106]. Thus, it is highly
likely that COX-2 inhibitors could be used prophylactically to
prevent colon cancer in genetically susceptible individuals,
without causing gastrointestinal damage themselves.

Alzheimer’s disease

The connection between COX and Alzheimer’s disease has
been based entirely on epidemiological studies, largely due
to the lack of an animal model of the disease. A number of
studies have shown a significantly reduced odds ratio for
Alzheimer’s disease in those taking NSAIDs as anti-
inflammatory therapy [107–109]. The Baltimore Longi-
tudinal Study of Aging, with 1686 participants, reported in
1997 that the risk of developing Alzheimer’s disease is
reduced among users of NSAIDs, especially those who have
taken the medications for 2 years or more [110]. No
decreased risk was evident with acetaminophen or aspirin
use. However, aspirin was probably taken in a dose too low
to have an anti-inflammatory effect. The protective effect of
NSAIDs is consistent with evidence of inflammatory activity
in the pathophysiology of Alzheimer’s disease [111, 112].
However, the content of COX-2 in the brain tissue of patients
with Alzheimer’s disease was lower than normal [113],
which may reflect the large loss of neuronal tissue in the late
stages of the disease. Chronic treatment with selective COX-
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Table 1. COX-2/COX-1 ratios of NSAIDs in
the human whole blood assay. Drug Year of study

1996 [77] 1995 [78] 1996 [79] 1997a

1997 [80]

Ketoprofen 1.7 – 50.0 2.0
Flurbiprofen 1.0 1.2 14.3 100.0
Indomethacin 0.5 2.5 3.3 33.0
Piroxicam 0.3 0.2 12.5 2.0
Naproxen 1.7 0.5 10.0 100.0
Ibuprofen 2.0 5.0 5.0 10.0
Diclofenac – 0.3 0.5 0.33
Etodolac – 0.12 0.20 0.19
Nimesulide 0.06 – – 0.15
Meloxicam 0.09 – 0.33 0.20
Celecoxib – – – 0.10
NS-398 0.006 0.006 0.10 0.24
SC58125 0.007 <0.01 <<0.08 0.004
L-745,337 0.004 p0.09 p0.33 <0.1

a Unpublished observations (Warner T., Vojnovic I., 1997).
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2 inhibitors may therefore slow the progress of Alzheimer’s
disease, without damaging the stomach mucosa [110].

Conclusions

All the results so far published, and many yet to be published
from the drug industry, support the hypothesis that the
unwanted side effects of NSAIDs are due to their ability to
inhibit COX-1, whilst their anti-inflammatory (therapeutic)
effects are due to inhibition of COX-2. Other roles for COX-2
will surely be found in the next few years, for prostaglandin
formation is under strong control in organs such as the
uterus. It is likely that the hormonal induction of COX-2
leads to, for example, the prostaglandin production asso-
ciated with parturition. The identification of selective
inhibitors of COX-1 and COX-2 will not only provide an
opportunity to test the new hypothesis, but also lead to
advances in the therapy of inflammation. New uses will also
be found for selective COX-2 inhibitors.
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Post-Presentation Discussion

Questioner: Carlson, Abbott Laboratories, United States.
I’ve been unhappy about clinical trials of the so-called early
COX-2 selective drugs, such as meloxicam and nimesulide.
Most of these compounds, when I have looked at them, have
the equivalent doses, say, in my animal experiments, but
what they’ve used in man are analgesic doses, and not anti-
inflammatory, and so with these early ones, if you go high
enough, you’re going to get GI irritation, especially for anti-
inflammatory doses, and I think we need to know that most
of these compounds that have been given in the clinic,
meloxicam, nabumetone, all these, etodolac... I came from
Wyeth-Ayerst, I can tell you. That’s an analgesic dose. So I
just want your comment on that.

Sir John: I haven’t got all of the results of the meloxicam
clinical trial on slides here today, but its quite clear to me that
in every adverse event on the GI tract, I’ve only used
the serious ones to illustrate, but in every other adverse event,
including irritation and all of the minor events, there are less
adverse events with meloxicam than with either diclofenac or
piroxicam. And I recently looked at etodolac fairly rigorously,
and there were less adverse events for that, also.
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