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Abstract:

Aspirin exerts its analgesic, antipyretic and anti-inflammatory actions by inhibiting the enzyme cyclooxygenase and thus preventing

the formation and release of prostaglandins. The elucidation by John Vane of the mechanism of action of aspirin in 1971 was fol-

lowed twenty years later by the discovery of a second cyclooxygenase enzyme, COX-2 and the rapid development of selective in-

hibitors of this enzyme. The COX-2 inhibitors are potent anti-inflammatory drugs without the damaging side effects on the stomach

mucosa of the non-selective aspirin-like inhibitors. More recently, two enzymes have been identified inhibition of which may ex-

plain the mechanism of action of paracetamol. These are a putative cyclooxygenase-3 which is a variant of cyclooxygenase-1 and de-

rives from the same gene, and a COX-2 variant, induced with diclofenac, which may be involved in the resolution of inflammation.
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repressor inhibitor kappa B�, TGF� – transforming growth

factor �, TNF� – tumor necrosis factor �

Introduction

Although aspirin was synthesised in 1897 and mar-

keted as an anti-inflammatory drug, its mechanism of

action remained unknown for 74 years. However, in

1971, John Vane showed that aspirin and similar

drugs such as indomethacin and salicylate inhibited

the synthesis of prostaglandins by guinea pig lung ho-

mogenate in proportion to their anti-inflammatory po-

tency in humans [42]. Felix Hoffman synthesised as-

pirin (acetylsalicylic acid) at Bayer Research Labora-

tories and Bayer’s chief pharmacologist tested the

new substance in comprehensive animal studies. De-

tailed pharmacological and toxicological tests con-

firmed that the actions of this newly developed drug

were very satisfactory and Heinrich Dreser described

the excellent analgesic and antipyretic effects of ace-

tylsalicylic acid in a report printed in Pflüger’s Ar-

chives in 1899 [12]. The clinical applications of ace-
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tylsalicylic acid were also tested in a year long study

and the results demonstrated the improved pharma-

cological properties of the new compound compared

to those of the archetypal sodium salicylate.

However, in time, some important side actions of

aspirin became evident. Gastroscopic studies of the

effect of aspirin on the human stomach showed the

damaging effects of this drug on the gastric mucosa

[11]. Many other clinically useful anti-inflammatory

drugs, such as naproxen, indomethacin and phenylbu-

tazone also caused visible gastric mucosal damage

and erosion [22]. With the development of the platelet

aggregometer by Born [5] it was also possible to de-

tect the anti-platelet actions of aspirin both in vitro

and ex vivo [32, 45].

Discovery of the mechanism of action of

aspirin

In 1971 the mechanism of the analgesic, antipyretic

and anti-inflammatory actions of aspirin was under-

stood. In his seminal experiment, using homogenate

of guinea pig lung, John Vane concluded that the

pharmacological actions of aspirin were due to the de-

creased production of prostaglandins by inhibition of

the enzyme, cyclooxygenase (COX) [42]. Aliquots of

the supernatant of a broken cell homogenate from

guinea pig lung were incubated with arachidonic acid

and with different concentrations of aspirin, indometha-

cin or sodium salicylate (Fig. 1). After 30 minutes in-

cubation at 37�C, prostaglandin (PG)F2� generation

was estimated by bioassay on rat colon. There was

a dose-dependent inhibition of prostaglandin forma-

tion by all three drugs, indomethacin being the most

potent and sodium salicylate the least. Three control

drugs, morphine, hydrocortisone and mepyramine had

no effect on prostaglandin synthesis. Two other re-

ports in the same issue of Nature lent support to this

finding and extended it considerably. First, Smith and

Willis [39] were investigating the effects of aspirin on

platelet behavior. They obtained venous blood sam-

ples from three volunteers before and one hour after

taking 600 mg aspirin orally. Platelets were isolated,

washed and incubated with thrombin. Platelets from

aspirin-treated blood did not aggregate and released

lower levels of prostaglandins than those from volun-

teers not treated with aspirin. Thrombin added to

a suspension of platelets in vitro to which various

concentrations of aspirin had been added also released

lower levels of prostaglandins and caused less aggre-

gation. Second, Vane and his colleagues [14] demon-

strated that aspirin and indomethacin blocked the re-

lease of prostaglandins from a perfused, isolated dog

spleen subjected to sympathetic nerve stimulation.

These experiments explained why all the aspirin-

like, or non-steroid anti-inflammatory drugs (NSAIDs)

as they became known, shared the same pharmacol-

ogical actions: anti-inflammatory, analgesic and anti-

pyretic and the same side effects of damage to the

stomach mucosa, toxicity to the kidney and inhibition

of platelet aggregation. There was already evidence

suggesting that PGE1 was a pyretic agent in several

species [29] and that PGE2 mimicked the inflamma-

tory response when injected intradermally [40]. Pros-

taglandins had also been detected in inflammatory exu-

dates [10], so there were grounds for speculating that

prostaglandins might be responsible, at least in part, for

the genesis of fever and inflammation and that aspirin-

like drugs might owe their therapeutic activity to their

ability to prevent prostaglandin biosynthesis.
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Fig. 1. Mechanism of action of aspirin. Aspirin,
indomethacin and salicylic acid inhibited in
a dose-related manner, production of prostanoids
by a homogenate of guinea pig lung stimulated
with arachidonic acid [42]



Aspirin inhibits cyclooxygenase

A homogeneous, enzymatically active COX or prosta-

glandin endoperoxide synthase (PGES) was isolated

in 1976 [18]. The enzyme was cloned and its structure

elucidated by three different groups in 1988 [9, 28,

47]. This membrane-bound hemo- and glycoprotein

with a molecular weight of 71 kDa is found in greatest

amounts in the endoplasmic reticulum of prostanoid-

forming cells [31]. It both cyclizes arachidonic acid

and adds the 15-hydroperoxy group to form prosta-

glandin G2 (PGG2). The hydroperoxy group of PGG2

is reduced to the hydroxy group of PGH2 by a peroxi-

dase (in the same enzyme protein) that utilizes a wide

variety of compounds to provide the requisite pair of

electrons (Fig. 2). The hydroperoxides also drive the

cyclooxygenase reaction by maintaining a ‘hydrope-

roxide tone’ [20]. The endoperoxides become con-

verted by tissue specific synthases to the stable pros-

taglandins, E2, F2� and D2, as well as to the unstable

prostanoids, prostacyclin (PGI2) and thromboxane

A2. PGI2 is degraded to the inactive, 6-oxo-PGF1�

and thromboxane A2 to the inactive thromboxane B2.

Aspirin prevents the biosynthesis of these prosta-

glandins by inhibiting COX.

Picot, Loll and Garavito [35] determined the three-

dimentional structure of COX. It is a homodimeric

enzyme which integrates into only a single leaflet of

the lipid bilayer of the cell membrane. This bifunc-

tional enzyme comprises three independent folding

units: an epidermal growth factor-like domain, a mem-

brane-binding motif and an enzymatic domain. The
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Fig. 2. The arachidonic acid cascade. The enzyme cyclooxygenase (COX) or prostaglandin endoperoxide synthase, converts arachidonic
acid into unstable endoperoxide intermediates, PGG

�
and PGH

�
. These undergo metabolism into the stable prostaglandins PGE
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as well as the unstable prostanoids, prostacyclin and thromboxane A
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Fig. 3. The catalytic sites of cyclooxygenase-1 (COX-1) and cyclo-
oxygenase-2 (COX-2). Both catalytic channels have tyrosine (Tyr)
385 at the apex of the active site. Aspirin acetylates serine (Ser) 530
and prevents access of arachidonic acid to Tyr 385. The carboxylic
acid groups of aspirin and salicylic acid bind weakly to arginine (Arg)
120 at the mouth of the channel. Substitution of isoleucine (Ile) 523 for
valine (Val) 523 and histidine (His) 513 for arginine (Arg) 513 opens
up a side pocket (SP) in COX-2. Substitution of Ile 434 by Val 434 cre-
ates an extra space (ES) at the apex of the active site. For simplicity,
the numbering of the amino acids has been kept the same in COX-2
as in COX-1. (Reproduced with permission from “Principles of
Immunopharmacology” second edition, Nijkamp F.P. and Parnham
M.J. eds. 2005. Birkhauser Verlag. Basel, Switzerland. Page 505)



sites for peroxidase and cyclooxygenase activity are ad-

jacent but spatially distinct. Three of the helices of the

structure form an entrance channel to the active site and

their insertion into the membrane allows arachidonic

acid to gain access from the interior of the bilayer.

The COX active site is a long hydrophobic channel

and Picot et al. [35] presented evidence that most of

the aspirin-like drugs such as flurbiprofen inhibit

COX by excluding arachidonate from the upper por-

tion of the channel. Tyrosine (Tyr) 385 and serine

(Ser) 530 are situated at the apex of the long active

site. Tyrosine 385 forms a tyrosyl radical, abstracts

hydrogen from the pro-S side of carbon 13 of arachi-

donic acid and creates an activated arachidonyl radical

that undergoes the cyclization/oxygenation reaction

which results in the formation of the unstable endoper-

oxides [37]. Aspirin inhibits COX by acetylation of the

hydroxyl group of Ser 530, thereby excluding access

for arachidonic acid to Tyr 385 by steric hindrance

[36]. This covalent bond results in an irreversible in-

hibition of COX unlike the reversible inhibitory ac-

tion of other NSAIDs. Loll and his colleagues [24]

also postulated that the salicylate moiety of aspirin or

salicylic acid binds with weak affinity to a second

binding site below Ser 530 (probably to the carboxy-

late binding site, arginine (Arg)120). They suggested

that the carboxylic acid of aspirin initially binds to

Arg120, which is situated near the opening of the

catalytic channel, followed by the covalent binding of

the acetyl group to Ser 530 (Fig. 3).

In addition, when aspirin acetylates COX in plate-

lets, this occurs in the pre-systemic circulation where

there is a high concentration of aspirin in the portal

vein before its metabolism by the liver. This inhibi-

tion of platelet function occurs with very low doses of

aspirin which have no systemic effects and provides

the basis for the use of daily 75 mg doses of aspirin in

the prevention of heart attacks and strokes. It is irre-

versible and platelets lose their ability to aggregate

until new platelets are formed, which is within 8 to 11

days in humans [43].

Discovery of cyclooxygenase-2

Thus it was established that low therapeutic doses of

aspirin produced analgesia, antipyresis, ulceration of

the stomach and inhibition of platelet aggregation,

while high therapeutic doses were required for anti-

inflammatory activity. In addition, the NSAIDs varied

in the relative potency of their therapeutic actions

compared to their activity in producing side effects.

The reason for this remained unknown until the publi-

cation in 1991 of the discovery of a second COX en-

coded by a different gene from the first COX [46].

Cyclooxyenase-2 (COX-2), as it was named, is an in-

ducible enzyme as opposed to the constitutive,

cyclooxygenase-1 (COX-1). It is expressed in re-

sponse to inflammatory stimuli released from bacteria

such as lipopolysaccharide, cytokines released from

macrophages, such as interleukin-1, and also mito-

gens and growth factors. The structure of COX-2 is

60% homologous with the amino acid structure of

COX-1 and both isoforms have a molecular weight of

71 kDa. The human COX-2 gene at 8.3 kb is a small

immediate early gene, whereas human COX-1 origi-

nates from a much larger 22 kb gene. The gene prod-

ucts also differ, with the mRNA for the inducible en-

zyme being approximately 4.5 kb and that of the con-

stitutive enzyme being 2.8 kb [19, 33]. The active

sites of the two enzymes are similar. However, the ac-

tive site of COX-2 is slightly larger than that of

COX-1 and provides access to a side pocket [21, 26].

It still retains serine at its active site, which is now in

position 516 due to the change in structure. Aspirin

acetylates serine 516 in COX-2, but due to the larger

size of the catalytic channel, arachidonic acid is able to

“squeeze past” the acetylated structure and form 15-

R-hydroxyeicosatetraenoic acid (15-R-HETE) [27].
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Fig. 4. Comparison of COX-3 and PCOX-1a with COX-1. COX-1 is
represented by d1: dimerization domain 1, d2: dimerization domain
2, m: membrane binding domain, c: catalytic domain. COX-3 retains
in addition, s: the signal peptide and i: a 30 amino acid sequence en-
coded by intron 1. PCOX-1a retains the intron 1 sequence but does
not have amino acids 119-337. It does not synthesize prostaglandins
[6]



The formation of the side pocket in the active site

of COX-2 is due to the amino acid substitutions in the

enzyme structure (Fig. 3). Thus, where COX-1 has

isoleucine 523, this is replaced by the smaller valine

523 in COX-2 and allows access to the side pocket. In

addition, isoleucine 434 near the apex of the active

site is replaced by the smaller valine 434 thus increas-

ing the size of the catalytic site [21, 26]. The impor-

tant binding to Tyr 385 and Arg 120 remains the same

in both enzymes. Binding to Arg 120 is essential for

the activity of the carboxylic acid-containing inhibi-

tors but not for non-carboxylic acid inhibitors. Based

on these differences, it became possible to synthesize

drugs which were selective inhibitors of COX-2 (such

as celecoxib and rofecoxib), so that they possessed

therapeutic anti-inflammatory actions but were with-

out gastric side effects or anti-platelet activity [44].

A COX-1 variant enzyme that retains

intron-1

The discovery and characterization of COX-2 ex-

plained many anomalies connected with the actions of

NSAIDs, but it failed to clarify the mechanism of ac-

tion of paracetamol which had already been investi-

gated by Flower and Vane in 1972 [15]. They con-

cluded that brain COX was more sensitive to inhibition

by paracetamol than COX in spleen, and suggested the

possibility of tissue specific cyclooxygenases. Paraceta-

mol has analgesic and antipyretic properties but no

anti-inflammatory action. Its activity in cultured cell

and human whole blood assays is that of a weak in-

hibitor of both COX-1 and COX-2. This led to specu-

lation that variants of the currently established en-

zymes may exist with a different sensitivity to the

NSAIDs. By serendipity, a COX-1 variant, named

COX-3, present in high concentrations in dog brain

was identified in 2002 [6]. COX-3 is a splice-variant

of COX-1 that retains the intron-1 gene sequence at

the mRNA level which encodes a 30 amino acid se-

quence inserted into the N-terminal hydrophobic sig-

nal peptide of the enzyme protein (Fig. 4). The variant

was expressed in insect cells and its sensitivity to in-

hibition by paracetamol and other NSAIDs was meas-

ured. The variant enzyme was more sensitive to inhi-

bition with paracetamol than either COX-1 or COX-2

and it was also more sensitive to the inhibitory action

of non-selective NSAIDs including aspirin (Tab. 1).

In the dog, COX-3 mRNA intron-1 is within frame,

but in humans and rodents there is a frameshift muta-

tion in intron-1 of the COX-3 transcript. However,

COX-3 enzyme protein has been identified by West-

ern blotting in human tissues [6] and in mouse brain

(Fig. 6) [4], although the mechanism for conversion

of COX-3 mRNA to active enzyme is not clear as yet.

522 �����������	��� 
������ ����� ��� �������

Fig. 5. Western blotting of COX-2 induced with NSAIDs. Induction
with bacterial lipopolysaccharide (LPS) and vehicle (Veh) is recorded
for comparison. Flubiprofen (Flur) and indomethacin (Ind) produced
strong expression of enzyme protein. Aspirin caused moderate ex-
pression of COX-2, but acetaminophen (Acet) did not induce the pro-
tein. Diclofenac (Dic) (0.5 mM) induced strongly while lower doses
(0.25 mM, 0.125 mM) stimulated expression in a dose related manner
[38]

Tab. 1. Selectivity of analgesic antipyretic drugs and NSAIDs for cy-
clooxygenase (COX) enzymes. Control drugs, caffeine and thalido-
mide did not inhibit the COX enzymes [6]

Drug IC50 (µM)

COX-1 COX-2 COX-3

Acetaminophen > 1000 > 1000 460

Aminopyrine* > 1000 > 1000 688

Antipyrine > 1000 > 1000 863

Dipyrone 350 > 1000 52

Phenacetin > 1000 > 1000 102

Aspirin 10 > 1000 3.1

Diclofenac 0.035 0.041 0.008

Ibuprofen 2.4 5.7 0.24

Indomethacin 0.010 0.66 0.016

Caffeine > 1000 > 1000 >1000

Thalidomide > 1000 > 1000 >1000

All assays were carried out in the presence of 30 µM arachidonic
acid. *4-dimethylaminoantipyrine



However, this variant may be involved in the hypo-

thermic and analgesic action of paracetamol in mice

[2, 4], since paracetamol penetrates easily into the

central nervous system [7].

Analgesia with paracetamol was produced in the

writhing test in mice using intraperitoneal acetic acid

as the nociceptive agent. Mice with the COX-1 gene

deleted did not respond to paracetamol analgesia,

whereas COX-2 gene deleted mice responded robus-

tly to the analgesic action of paracetamol [4]. Thus,

the analgesic action of paracetamol depends on a func-

tioning COX-1 gene and involves inhibition of a COX-3

enzyme. The hypothermic action of paracetamol in

mice was also partly dependent on the integrity of the

COX-1 gene. The hypothermia was less marked in

COX-1 gene deleted mice than in heterozygous ani-

mals [2].

A COX-2 variant enzyme induced with

high doses of diclofenac

In 1995, Dan Simmons discovered a COX-2 variant

enzyme in chicken embryo fibroblasts, that was in-

duced with high concentrations of NSAIDs, which at

the same time produced apoptosis of these cells [25].

The most effective NSAID was 0.5 mM diclofenac,

which induced high levels of a COX-2-like protein in

cultured J774.2 mouse macrophages (Fig. 5). The

diclofenac-induced COX-2 was sensitive to inhibition

with paracetamol while COX-2 induced with lipopoly-

saccharide in the cultured J774.2 cells could not be in-

hibited [38]. Moreover, the non-selective NSAIDs,

such as flurbiprofen and tolfenamic acid were less po-

tent in inhibiting the diclofenac-induced enzyme than

the lipopolysaccharide-induced COX-2. Aspirin in-

duced the NSAID-inducible COX-2 to a measurable

degree but did not inhibit it in doses up to 2 mM. To

induce this COX-2 variant, diclofenac stimulates

a PPAR-� receptor [23], the endogenous ligand for

which is 15-deoxy�12-14PGJ2 [8].

The COX-2 variant induced with 0.5 mM diclofe-

nac differs from COX-2 induced with bacterial lipo-

polysaccharide (LPS) in a number of ways summa-

rized in Table 2. For example, induction of COX-2

with LPS results in the release of inflammatory cyto-

kines such as TNF� and IL-6, while induction of

diclofenac-induced COX-2 releases cytokines such as

TGF� and IL-10 which are anti-inflammatory and in-

volved in the resolution of inflammation [3]. Thus, an

important function performed by the diclofenac-

induced COX-2 may be in the resolution of inflamma-

tion. Furthermore, it would be tempting to speculate

that the diclofenac-induced COX-2 is similar to the

COX-2 enzyme involved in the resolution of rat ex-

perimental pleurisy described by Gilroy et al. [16,

17].
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Fig. 6. Western blotting of COX en-
zymes in different regions of mouse
brains. COX-1, COX-2 and COX-3 are
distributed throughout the brains of
mice, with the greatest concentration
of COX-3 in the cerebral cortex [4]

Tab. 2. LPS-induced COX-2 is different from diclofenac-induced
COX-2. LPS induces COX-2 by activating NF�B� and diclofenac in-
duces COX-2 by stimulating PPAR�. Induction is blocked by different
inhibitors and antagonists. LPS releases inflammatory cytokines
TNF� and IL-6. Diclofenac releases anti-inflammatory cytokines
TGF� and IL-10 [3]



Conclusions

Thus, the discovery made by John Vane that aspirin

inhibits COX and prevents synthesis of prosta-

glandins has led to the later discovery of COX-2 and

the development of the selective COX-2 inhibitors.

These useful drugs retain the anti-inflammatory prop-

erties of NSAIDs but without the damaging effects on

the gastric mucosa of the non-selective inhibitors of

COX-1 and COX-2. Further studies uncovered a COX-1

variant enzyme, named COX-3, the inhibition of which

may explain the mechanism of action of paracetamol.

Interestingly, a COX-2 variant enzyme induced by

stimulation of PPAR� may be instrumental in the

resolution of the inflammatory response.

John Vane’s legacy has also given us aspirin as an

anti-thrombotic drug for the prevention of heart at-

tacks and strokes [1] while it remains a popular over-

the-counter remedy for headache, fever and inflam-

mation. The anti-thrombotic properties of low doses

of aspirin have also been applied to the treatment of

recurrent fetal growth retardation, where blood clots

form in the umbilical vessels resulting in habitual

abortion [13]. Epidemiological studies have demon-

strated a beneficial effect of aspirin in protecting

against several forms of cancer, especially that of the

colon [41]. Its reputation as a universal remedy for

many common diseases still remains strong.
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