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Abstract

Aspirin (acetylsalicylic acid) is one of the most widely used drugs worldwide. It acetylates cyclooxygenases thereby irreversibly blocking

the conversion of arachidonic acid to prostanoids. Biotransformation of aspirin yields salicylate, a compound that possesses similar anti-

inflammatory potency as aspirin but lacks aspirin’s inhibitory effect on the activity of isolated cyclooxygenase. This article is aimed at

providing an overview about the often conflicting results concerning the mechanisms of action of aspirin and sodium salicylate. At present,

there is no common agreement about the extent to which salicylate contributes to aspirin’s anti-inflammatory properties, as well as there is

still no final conclusion reached about the mechanisms of action of sodium salicylate. Several possible sites of action of salicylate have been

suggested: It has been shown that in intact cells—but not in purified enzyme preparations—, sodium salicylate inhibits prostanoid

biosynthesis. This effect seems to be prevented in the presence of high concentrations of arachidonic acid, which has been shown to interfere

with inhibition by salicylate of cyclooxygenase-2-mediated prostanoid formation in vitro. Other possible sites of action that are not directly

related to cyclooxygenase inhibition have been suggested based on observations made in vitro using high concentrations of aspirin and

sodium salicylate. These effects target intracellular signaling mechanisms such as kinases, including the mitogen activated protein-kinases

(MAPK) cascade. With the exception of reported salicylate-induced activation of p38 MAPK, observed effects are usually inhibitory. This

may be one reason for the observation that, downstream to kinases, inhibitory effects of salicylates have been observed on several nuclear

transcription factors, such as nuclear transcription factor kappa B (NF-kB) or activator protein 1 (AP-1). Several reports have also shown

interference by salicylates with the expression of cyclooxygenase-2, which, depending on experimental models, can be observed as inhibitory

but also stimulatory effects. Antioxidant properties of salicylates, adenosine release induced by sodium salicylate and aspirin-triggered

lipoxin formation are additional mechanisms that may contribute to anti-inflammatory properties of aspirin and/or sodium salicylate. An

additional focus of this review is the discussion of interactions between aspirin, sodium salicylate and other non-steroidal anti-inflammatory

drugs (NSAIDs), which are of particular relevance in the gastro-intestinal and cardiovascular systems. D 2002 Elsevier Science B.V. All

rights reserved.
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1. General pharmacological properties

Aspirin (acetylsalicylic acid) is one of the most widely

used drugs with an average yearly consumption of 30 g per

person in industrialized countries (Roth and Calverley,

1994); in the United States alone, 35,000 kg aspirin is

consumed daily (Jack, 1997). After oral administration of

an analgesic dose, about 50% is de-acetylated to salicylate

already during and immediately after absorption. Plasma

half-life of aspirin is about 15 min, that of salicylate is

between 2 and 30 h depending on concentration. More than

80% of circulating salicylate is bound to plasma proteins

(Needs and Brook, 1985). In anti-inflammatory therapy,

plasma concentrations of salicylate range between 150 and

300 Ag/ml; reversible tinnitus develops at 200–450 Ag/ml,

hyperventilation and acidosis at concentrations higher than

350 and 450 Ag/ml, respectively (Insel, 1996). Uncoupling

of oxidative phosphorylation by salicylate leads to increased

oxygen consumption and CO2 production, and is one reason

(in addition to central stimulation of respiration by salicy-

late) for hyperventilation (Insel, 1996). In addition, uncou-

pling of oxidative phosphorylation decreases intracellular

ATP formation and, consequently, induces the release of

adenosine into extracellular fluids (Cronstein et al., 1994),

an effect that has been suggested to contribute to the anti-
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inflammatory actions of salicylate (see Section 5.3). Metab-

olism of salicylic acid occurs through glucuronide formation

(to produce ester and ether glucuronides), or conjugation

with glycine (to produce salicyluric acid). In addition, a

small fraction is oxidized to 2,5-dihydroxybenzoic acid

(gentisic acid, which is conjugated with glycine to form

gentisuric acid), 2,3-dihydroxybenzoic acid, and 2,3,5-tri-

hydroxybenzoic acid (Insel, 1996).

2. A remarkable history

In plants, salicylic acid is synthesized from trans-cin-

namic acid by decarboxylation to benzoic acid and further

2-hydroxylation of benzoic acid (Leon et al., 1995). The

widespread occurrence of salicylates in plants not only

provided convenient sources for extraction (therapeutic

effects of extracts of willow bark containing salicin have

been known for almost 2000 years) but apparently also

serves the well being of plants, where salicylic acid plays a

central role in the activation of defense responses after

pathogen attack (e.g. Chen and Klessig, 1991; Chen et al.,

1995; Klessig et al., 2002). Therapeutic administration of

sodium salicylate in rheumatic disease was common already

120 years ago (Stricker, 1876); aspirin, devoid of the

unpleasant sweet taste of salicylate, was registered 1899.

It took 72 years, until Vane (1971) could demonstrate

‘‘inhibition of prostaglandin synthesis as a mechanism of

action for aspirin-like drugs’’.

3. Cyclooxygenase-1 and cyclooxygenase-2

Inhibition of prostaglandin formation by aspirin-like

drugs is achieved by inhibition of cyclooxygenase (also

referred to as prostaglandin H synthase) that converts

arachidonic acid to prostaglandin H2, which, in turn, is

metabolized by specific synthases or non-enzymatically to

individual prostanoids. The cyclooxygenase enzyme is

bifunctional, the (i) cyclooxygenase site catalyzing the

oxygenation of arachidonic acid to prostaglandin G2, which

then is reduced to prostaglandin H2 by the (ii) peroxidase

activity of the same enzyme. After the demonstration of an

inducible form of cyclooxygenase (Fu et al., 1990; Xie et

al., 1991), it has become clear that there are at least two

isoforms of this enzyme: cyclooxygenase-1, considered to

be the constitutive isoform (Smith and DeWitt, 1996), and

cyclooxygenase-2, which can be induced by a variety of

stimuli and is the major isoform responsible for prostaglan-

din biosynthesis in inflamed tissue (Herschman, 1996;

Smith and DeWitt, 1996). This concept is, however, com-

plicated by the demonstration of constitutive expression of

cyclooxygenase-2 in several tissues including CNS, kidney

and possibly even arterial endothelial cells subjected to

shear stress (Harris et al., 1994; Topper et al., 1996;

Yamagata et al., 1993).

4. Cyclooxygenase inhibition by aspirin and salicylate

Aspirin causes irreversible inhibition of cyclooxygenase

activity by acetylation of an essential serine at the active site

of the enzyme (Roth et al., 1975; DeWitt et al., 1990), which

interferes with binding of arachidonic acid at the cyclo-

oxygenase active site. In intact cells, the inhibitory potency

(IC50) of aspirin is usually reported to be between 2 and

20 AM, independent of substrate (arachidonic acid) concen-

tration. Aspirin can be regarded as non-selective cyclooxyge-

nase inhibitor, although it seems to possess a somewhat

higher potency in cyclooxygenase-1 models. Since aspirin

is rapidly deacetylated to salicylate, it has been assumed that

anti-inflammatory effects of aspirin are largely mediated by

salicylate (Higgs et al., 1987). This assumption receives

support by experimental evidence that in vivo, salicylate and

aspirin exhibit similar anti-inflammatory potencies (Preston

et al., 1989; Smith et al., 1975; White et al., 1985; Whittle

et al., 1980). Therefore, the question as to the mode of

action of salicylate becomes central for the understanding of

aspirin pharmacology.

Early studies showing only weak inhibition of cyclo-

oxygenase by salicylate have raised doubts whether inhib-

ition of prostaglandin biosynthesis can fully explain the

anti-inflammatory activity of salicylate (Smith, 1975; Smith

et al., 1975; Vargaftig, 1978a). In vivo studies that deter-

mined effects of salicylate on prostaglandin concentrations

in inflammatory exudates (Higgs et al., 1987; Chiabrando et

al., 1989) produced no conclusive results. Moreover, inter-

pretation of studies using prostaglandin measurements in

inflammatory exudates was complicated by the inherent

problem to separate cause and effect: Attenuation of the

inflammatory response may lead to reduced prostaglandin

levels, as well as inhibition of prostaglandin biosynthesis

will attenuate the acute inflammatory response.

In purified preparations of cyclooxygenase-1 or cyclo-

oxygenase-2, sodium salicylate is inactive up to 6.25 mM

(Mitchell et al., 1994). In intact cells, most investigators find

salicylate to be a weak inhibitor (IC50 usually > 1.5 mM) of

cyclooxygenase-1 (e.g. Patrignani et al., 1997; Giuliano and

Warner, 1999; Warner et al., 1999). Salicylate’s potency as

cyclooxygenase-2 inhibitor seems to depend largely on

experimental conditions, most reported IC50 values range

between 30 AM (Mitchell et al., 1997) and 1.5 mM

(Patrignani et al., 1997). Intriguingly, reports suggesting

moderate cyclooxygenase-1 selectivity of salicylate (Mitch-

ell et al., 1994) contrast with other studies suggesting

preferential cyclooxygenase-2 inhibition (e.g. Warner

et al., 1999).

Taken as a whole, inhibition by sodium salicylate of

prostaglandin biosynthesis requires intact cells, and its

potency is very much dependent on experimental parame-

ters. As a possible explanation for salicylate’s ineffective-

ness in inhibiting purified cyclooxygenase activity, it has

been suggested that cooperative elements (e.g. proteins)

present in intact cells are required to facilitate the binding
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of salicylate and/or arachidonic acid to cyclooxygenase

(Mitchell et al., 1997). However, it seems prudent to

consider alternative possibilities for observed inhibition of

prostaglandin biosynthesis by salicylate in intact cells [e.g.

indirect effects of salicylate, or activity of biotransformation

products of salicylate (Whitehouse and Graham, 1996; Hinz

et al., 2000)].

To find explanations for the observed variation in appa-

rent potencies of salicylate to inhibit prostaglandin biosyn-

thesis, recent studies (Mitchell et al., 1997; Giuliano et al.,

2001) investigated the effects of arachidonic acid on sali-

cylate effects. The results of these studies showed that the

potency of salicylate to inhibit cyclooxygenase-2-dependent

prostaglandin formation is critically dependent on the con-

centration of exogenously added arachidonic acid. In cyclo-

oxygenase-2-induced human pulmonary epithelial cells,

salicylate effectively inhibited prostaglandin biosynthesis

in the presence of arachidonic acid V 10 AM with an IC50

of 31 AM, which was increased to >625 AM in the presence

of 30 AM arachidonic acid (Mitchell et al., 1997). Based on

these experimental observations, it seems possible that the

potency of salicylate is also influenced by the amount of

endogenous arachidonic acid available under different

experimental conditions.

The impact of endogenous arachidonic acid liberated by

inflammatory stimuli could provide an explanation for

reported low potency of salicylate in cyclooxygenase-2

assays conducted in the absence of exogenous arachidonic

acid, for example, in A23187-stimulated cyclooxygenase-2

expressing cell lines (Warner et al., 1999: salicylate IC50 482

AM;Giuliano andWarner, 1999: salicylate inactive < 1mM),

or endotoxin-stimulated whole blood (Patrignani et al., 1997:

salicylate IC50 1481 AM), or endotoxin-stimulated mononu-

clear cells (Amann et al., 2001: salicylate IC50>3 mM). It

seems reasonable to assume that the calcium ionophore

A23187 released large amounts of endogenous arachidonic

acid. Although a similar argument can be made for endotoxin

stimulation, the general question arises whether a cycloox-

ygenase-inhibitor that is subject to marked competitive

inhibition by endogenous arachidonic acid can exhibit anti-

inflammatory activity in inflamed tissue with high phospho-

lipase A2 activity, or in other words, whether weak compet-

itive cyclooxygenase-2 inhibition by salicylate can fully

explain its anti-inflammatory effects in vivo.

5. Salicylate effects on intracellular signaling pathways

and other non-cyclooxygenase effects

Before reviewing evidence for effects of aspirin and

sodium salicylate that are not directly related to prostaglan-

din biosynthesis inhibition, the topic of ‘‘relevant’’ concen-

trations of these compounds in experimental conditions

needs to be addressed. Anti-inflammatory therapy with

high-dose aspirin results in plasma salicylate concentrations

of 0.95–1.9 mM. Taking into account a plasma protein

binding of 80%–90%, the concentration of free salicylate

can be expected to be in the range of 250 AM. It is,

therefore, justified to discuss results obtained with milli-

molar concentrations of salicylate in experimental systems

that are devoid of the full drug binding properties of plasma

(most studies using incubation media containing 10–20%

serum). The major problem in resolving this question lies in

the very limited data concerning bio-distribution (at the

tissue and cellular level) of salicylate, that is, about the

actual concentration of salicylate at the sites of action. There

are reports suggesting accumulation of acidic non-steroidal

anti-inflammatory drugs (NSAIDs) such as salicylate in

acidic compartments within the body (Graf et al., 1975;

Brune et al., 1980); salicylate, for example, has been shown

to accumulate specifically in inflamed tissue (Brune, 1977;

Rainsford et al., 1980). In addition, intracellular accumu-

lation of salicylate in tissue and immune cells (Brune, 1977;

Raghoebar et al., 1987) may affect its local concentration.

Therefore, it seems questionable whether plasma salicylate

concentrations found in patients are reliable definitions of

‘‘relevant’’ in an in vitro situation. In particular, for discus-

sing possible mechanisms of action of salicylate, it seems

reasonable to take into account also results obtained in in

vitro studies with concentrations of salicylate exceeding

those normally found in plasma of patients. Important

information about clinical pharmacological actions of sali-

cylate may be neglected by using a narrow definition of

‘‘relevant’’ concentrations.

There are a considerable number of studies showing

interference by salicylates with intracellular signaling

pathways; effects that typically become apparent in con-

centrations in the low millimolar range. Within the scope

of this review, a brief overview of the main intracellular

targets of salicylates will be given. For more detailed

information, the reader is referred to the review by

Tegeder et al. (2001).

5.1. Kinases and transcription factors

High concentrations of salicylates have been shown to

interfere with kinases, including the mitogen activated

protein-kinases (MAPK) cascade. With the exception of

reported salicylate-induced activation of p38 MAPK

(Schwenger et al., 1997, 1998), observed effects are usually

inhibitory. This may be one reason for the observation that,

downstream to kinases, inhibitory effects of salicylates have

been observed on several nuclear transcription factors.

Among transcription factors, the focus of research has been

the interaction between salicylates and nuclear transcription

factor kappa B (NF-nB).
NF-nB has been regarded as a key element in the

response of cells to inflammatory stimuli. NF-nB belongs

to a group of homodimers and heterodimers of Rel/NF-nB
proteins that bind to DNA target sites, where they directly

regulate gene transcription. In most cells, NF-nB is present

in the cytoplasm as an inactive complex bound to inhibitory
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proteins (InB). Stimulus-induced activation of an inhibitor

n-B kinase (IKK) complex results in proteolysis of InB, and
consecutive activation of NF-nB. NF-nB then translocates

from the cytoplasm to the nucleus, where it binds to the nB-
sites in the promoter region of target genes and regulates

their transcription. Targets include pro-inflammatory

enzymes, cytokines, chemokines, and cell adhesion mole-

cules. Inhibition of the NF-nB pathway by aspirin and

salicylate has been shown by Kopp and Ghosh (1994) and

several subsequent studies (Bayon et al., 1999; Grilli et al.,

1996; Pierce et al., 1996; Yin et al., 1998). In apparent

contrast to the hypothesis of NF-nB-mediated anti-inflam-

matory action of salicylate are studies suggesting that

pharmacological actions of aspirin and salicylates are medi-

ated by inhibiting CCAAT/enhancer–binding protein bind-

ing and transactivation rather than by interference with NF-

nB (Saunders et al., 2001).

Other transcription factors, which have been reported to

be affected by salicylates (cf. Tegeder et al., 2001), include

activator protein 1 (AP-1), a protein complex consisting of

products of the jun and fos oncogene families. AP-1 is

activated by several pro-inflammatory stimuli such as

TNF-a, and regulates the expression of genes involved in

the immune and inflammatory responses, overlapping in

several instances with the target genes of NF-nB.
However, it remains doubtful to which extent these

effects contribute to the anti-inflammatory activity of sali-

cylates. In fact, experiments conducted in mice deficient in

p105 (the precursor of the p50 component of NF-nB),
aspirin and sodium salicylate retained their anti-inflamma-

tory efficacy (Cronstein et al., 1999), while the effect of

dexamethasone, which is known to inhibit the activation of

NF-nB, was abolished. In addition, Mitchell et al. (1997)

showed inhibition of prostaglandin biosynthesis by salicy-

late to be clearly independent of inhibition of NF-nB
activation.

5.2. Effects on expression of cyclooxygenase-2

With regard to salicylate’s possible interference with the

induction of cyclooxygenase-2, there are conflicting results.

Several studies have shown that salicylate can inhibit cyclo-

oxygenase expression in isolated cells (e.g. Wu et al., 1991;

Xu et al., 1999; Saunders et al., 2001). However, the

majority of studies find no such inhibitory effects of

salicylate on the expression of cyclooxygenase isoenzymes

(O’Sullivan et al., 1993; Barrios-Rodiles et al., 1996;

Fernandez de Arriba et al., 1999; Hinz et al., 2000).

In a recent study, we have observed that sodium salicy-

late, used in concentrations similar to those shown to

interfere with nuclear translocation of the transcription

factor NF-nB (Grilli et al., 1996; Kopp and Ghosh, 1994;

Yin et al., 1998), can enhance the expression of cyclo-

oxygenase-2 protein in endotoxin-treated human peripheral

blood mononuclear cells. Similar results could be obtained

with aspirin, but not other NSAIDs (Amann et al., 2001).

Stimulation of cyclooxygenase-2 by NSAIDs has been

reported previously (Meade et al., 1999; Paik et al., 2000).

These effects were mediated through activation of perox-

isome proliferator-activated receptors (PPARs), a mecha-

nism that cannot account for the cyclooxygenase-2 increase

in our experiments, since salicylates do not activate PPARs

(Lehmann et al., 1997).

A possible explanation for a paradoxical stimulation of

cyclooxygenase-2 by salicylates could be provided by the

observation that salicylate can activate p38 MAPK (see

Section 5.1), which, in turn, is required for transcription

and stabilization of cyclooxygenase-2 mRNA (Guan et al.,

1998; Dean et al., 1999). Other possible implications of the

activation of p38 MAPK by salicylate have been discussed

recently: Based on observations that p38 MAPK is essential

for cytokine induction of inducible nitric oxide synthase

(Faure et al., 1999; Guan et al., 1999; Clark et al., 2001)

have discussed a possible causal relationship between sal-

icylate’s ability to enhance cytokine-induced expression of

inducible nitric oxide synthase (Nishio and Watanabe, 1998;

Durak et al., 1999; Shimpo et al., 2000), and the occurrence

of paradoxical pro-inflammatory effects of salicylate in

infectious disease of children.

5.3. Release of adenosine

The abovementioned work in p105 deficient mice

(Cronstein et al., 1999) has provided results compatible

with the view that a significant portion of the anti-

inflammatory effect of salicylates is mediated through an

adenosine-dependent mechanism. It has been suggested

that uncoupling of oxidative phosphorylation by salicylates

decreases intracellular ATP formation (Cronstein et al.,

1994) and, consequently, induces the release of adenosine

into extracellular fluids in sufficient quantities to exert

anti-inflammatory effects.

5.4. Antioxidant properties

Sodium salicylate, serving as a chemical trap for

hydroxyl radicals, the most damaging reactive oxygen

species, has been shown to ameliorate hypoxia/reoxygena-

tion injury in several tissues (van Jaarsveld et al., 1994;

Colantoni et al., 1998). However, it remains at least doubt-

ful, whether or not the low potencies of sodium salicylate or

aspirin as radical scavengers (Ahnfelt-Ronne and Nielsen,

1987) have a bearing on their anti-inflammatory effects.

5.5. Aspirin-triggered lipoxins

Aspirin-triggered lipoxins are endogenous 15R-enan-

tiomers of lipoxin A4 and lipoxin B4 with similar biological

properties as native lipoxins (Gewirtz et al., 1998). Aspirin-

induced acetylation of cyclooxygenase-2 prevents the

formation of prostanoids, but, at the same time, allows

cyclooxygenase-2-mediated formation of 15(R)-HETE
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[ = 15(R)-hydroxyeicosatetraenoic acid]. In cells expressing

5-lipoxygenase, 15(R)-HETE serves as substrate for the

formation of 15-epi-lipoxin A4, a compound that can exhibit

anti-inflammatory properties primarily by down-regulating

granulocyte activity (Serhan, 1997; Chiang et al., 2000). It

seems important to note that, in contrast to aspirin, sodium

salicylate does not promote the formation of lipoxins (Claria

and Serhan, 1995).

This mechanism of aspirin-triggered lipoxin generation

may be important particularly in inflamed tissue, where, in

the presence of aspirin, cyclooxygenase-2 expressing endo-

thelial cells can release 15(R)-HETE, which by a transcellular

pathway is converted to 15-epi lipoxin A4 in adherent

5-lipoxygenase expressing polymorphonuclear leukocytes

(cf. McMahon et al., 2001). Since non-selective cyclooxyge-

nase inhibitors as well as inhibitors of cyclooxygenase-2 will

prevent the formation of 15(R)-HETE by acetylated cyclo-

oxygenase-2 (Mancini et al., 1997), interference by these

drugs with such aspirin action may be envisaged.

6. Interactions of aspirin, salicylate and other NSAIDs

There is a large body of literature concerning interactions

between NSAIDs and aspirin and/or salicylate, of particular

relevance being those reported in gastro-intestinal and

cardiovascular systems.

6.1. Gastro-intestinal ulcerogenicity and gastroprotection

In experimental animals, sodium salicylate not only lacks

ulcerogenicity (Glenn et al., 1979; Whittle et al., 1980), but

can even prevent gastric mucosal damage induced by

various stimuli such as indomethacin, aspirin, or ethanol

(Ezer et al., 1976, 1984; Robert, 1981). There are, however,

other noxious stimuli such as L-nitroarginine methylester

(L-NAME) against which sodium salicylate is not protective

demonstrating some specificity of the effect (Peskar et al.,

2002a). Although sodium salicylate might act as a mild

irritant on the gastric mucosa (Robert, 1981), this effect

apparently is not causally related to gastroprotection: Inhib-

ition of prostaglandin biosynthesis by indomethacin does

not attenuate gastroprotection conferred by high doses of

salicylate (Robert, 1981; Gretzer et al., 1998), while it

effectively prevents gastroprotection induced by other mild

irritants such as 20% ethanol.

Recently, however, it was found that threshold protective

doses of sodium salicylate (15 mg/kg) were not only

inhibited by the potassium channel blocker glibenclamide

but also by indomethacin (Peskar et al., 2002b). These

results suggest, that the protective effect of low concen-

trations of salicylate depends on the presence of endogenous

prostaglandin, which in turn activates ATP-sensitive potas-

sium channels. In contrast to salicylate, pretreatment with

aspirin in doses up to 25 mg/kg did not inhibit ethanol-

induced gastric mucosal damage (Peskar et al., 1988). Only

higher doses of aspirin (100–400 mg/kg) reduced the

damaging effect of ethanol. This effect may be due to

significant formation of salicylate from aspirin under these

conditions (Peskar et al., 1988).

Interestingly, sodium salicylate exhibited extremely high

potency in two experimental models of gastric mucosal

damage (Peskar et al., 2002a), which seem to depend largely

on cyclooxygenase-2 activity, that is, prevention of adaptive

gastroprotection (Gretzer et al., 1998), and of ischaemia–

reperfusion injury (Maricic et al., 1999). Selective inhibitors

of cyclooxygenase-2 potently abolish adaptive gastroprotec-

tion and significantly aggravate ischaemia– reperfusion

injury (Gretzer et al., 1998; Maricic et al., 1999). In these

models, sodium salicylate antagonized the effects of the

selective cyclooxygenase-2 inhibitors at doses that were

about three orders of magnitude lower than those preventing

ethanol-induced gastric injury. So far it is not clear whether

these salicylate effects result from a specific interaction with

cyclooxygenase-2 inhibitors at the level of arachidonate

metabolism or from functional antagonism (Peskar et al.,

2002a). It has been observed previously (Trautmann et al.,

1991) that direct gastroprotective effects of various non-

steroidal anti-inflammatory drugs including several salicy-

lates are not correlated with specific effects on gastric cyclo-

oxygenase, 5-lipoxygenase or 15-lipoxygenase activity.

Although both adaptive gastroprotection (Gretzer et al.,

1998) and ischaemia–reperfusion injury (Maricic et al.,

1999) are sensitive to selective cyclooxygenase-2 inhibitors,

only the latter experimental situation is characterized by

induction and upregulation of cyclooxygenase-2 (Kishimoto

et al., 1998). This effect can explain, why an inhibitor of

cyclooxygenase-2 induction such as dexamethasone aggra-

vates gastric ischaemia–reperfusion injury just as a selective

cyclooxygenase-2 inhibitor, but does not affect adaptive

gastroprotection (Peskar et al., 2002a). Since sodium salicy-

late in very low doses antagonizes the dexamethasone effect

in ischaemia–reperfusion injury (Peskar et al., 2002a), it

seems possible that salicylate interferes with dexamethasone

at the transcriptional level for cyclooxygenase-2 induction.

On the other hand, effects of salicylate unrelated to arach-

idonic acid metabolism cannot be completely excluded.

Further investigations are necessary to clarify the pharmaco-

logical antagonism between dexamethasone and salicylate in

ischaemia–reperfusion injury and possibly other pathologi-

cal situations.

6.2. Cardiovascular system

While neither aspirin nor sodium salicylate in therapeutic

doses have direct cardiovascular actions, larger doses depress

the circulation both directly and by a central effect (Insel,

1996). It is well accepted that beneficial effects of aspirin in

secondary prevention of myocardial infarction are primarily

caused by irreversible inhibition of platelet cyclooxygenase-1

and the resulting inhibition of thromboxane A2 formation.

Therefore, particular attention has been focused at possible
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interference with aspirin by other drugs that target cyclo-

oxygenase.

Aspirin inhibits cyclooxygenase in platelets as well as in

the vascular wall (Moncada and Vane, 1979). In contrast,

sodium salicylate does not prevent thromboxane A2 forma-

tion in platelet-rich plasma (Vargaftig, 1978a) and is a only

weak inhibitor of thromboxane B2 generation in clotting

whole blood (Patrignani et al., 1997). Furthermore, sodium

salicylate does not inhibit vessel wall cyclooxygenase (Whit-

tle et al., 1980; Dejana et al., 1981). Therefore, it seems

remarkable that sodium salicylate, being almost inactive as a

direct inhibitor of cyclooxygenase-1, inhibits the effects of

indomethacin and aspirin on thromboxane B2 formation by

platelets (Cerletti et al., 1981; Dahl et al., 1983).

These data demonstrate affinity of salicylate to the cyclo-

oxygenase enzyme; drug interaction has been suggested to

occur by binding of salicylate to a hypothetical supplemen-

tary binding side on platelet cyclooxygenase rather than

directly on the substrate active side (Cerletti et al., 1981). In

such a way, inhibition of generation of thromboxane B2 and

malondialdehyde by aspirin and indomethacin can be dose-

dependently antagonized by sodium salicylate in vitro and

in vivo (Vargaftig, 1978b; Ali and McDonald, 1979; Dejana

et al., 1981; Merino et al., 1980; Cerletti et al., 1981; Dahl et

al., 1983; Bucchi et al., 1986). A similar interaction between

aspirin and sodium salicylate has been found on the cyclo-

oxygenase of the vessel wall as determined by its major

arachidonic acid-derived products, prostaglandin I2 and

6-keto-prostaglandin F1a, respectively (Dejana et al., 1981).

More detailed information is available about possible

interference by NSAIDs with aspirin-induced inhibition of

cyclooxygenase activity. For cyclooxygenase-1, it is known

that aspirin blocks the access of arachidonic acid to the

catalytic site by irreversibly acetylating a serine residue near

the catalytic site. Prior occupancy of the catalytic site by

competitive cyclooxygenase inhibitors therefore can prevent

aspirin from gaining access to its binding site (Livio et al.,

1982; Rao et al., 1983). A recent study has shown that such

interaction is clinically important in patients receiving low-

dose aspirin together with ibuprofen, which prevented

aspirin-induced inhibition of serum thromboxane B2 forma-

tion and platelet aggregation. A similar interference with

cyclooxygenase-1 inhibition by aspirin was not observed

with acetaminophen, diclofenac, or the cyclooxygenase-2

selective inhibitor rofecoxib (Catella-Lawson et al., 2001).

7. Summary and outlook

Aspirin, which has been in routine use for nearly a century,

has unique properties as anti-inflammatory drug. It acetylates

cyclooxygenase thereby irreversibly blocking the conversion

of arachidonic acid to prostanoids. Biotransformation of

aspirin yields salicylate, a compound that possesses similar

anti-inflammatory potency as aspirin. There is hardly a

substance in clinical use that has produced so divergent

experimental results as salicylate; there is still no common

agreement about its mechanisms of action. Interest in the

pharmacology of aspirin has received a boost by the devel-

oping awareness that the therapeutic potential of aspirin-like

compounds seems much greater than envisaged only a few

years ago.

Intense research efforts about the role of cyclooxygenase

in tumor growth (cf. Gupta and Dubois, 2001; cf. Thun et al.,

2002) or in CNS degenerative diseases (cf. O’Banion, 1999;

cf. Hurley et al., 2002) are examples of emerging fields that

may prove novel targets for aspirin-related compounds. In

addition, pathophysiological concepts of atherosclerotic dis-

ease are shifting to the viewpoint that it constitutes basically a

chronic inflammatory disease (Ross, 1999), a development

that may also lead to re-evaluation of the role of aspirin in

cardioprotection. Based on the observations of aspirin-resist-

ant patients, it has been suggested that single nucleotide

polymorphisms of cyclooxygenase-1 exist that could explain

individual differences in aspirin sensitivity (Eikelboom et al.,

2002). It has been reported that a search of publicly available

records of single nucleotide polymorphisms within the

human genome shows well over 100 single nucleotide poly-

morphisms within the loci of genes in the thromboxane A2

synthesis pathway (Halushka and Halushka, 2002). It seems

probable, therefore, that pharmacogenomics will provide

intriguing results helping to understand individual variation

of the response to aspirin and other NSAIDs and possibly also

help to resolve open questions about their mode of action.
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