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Abstract. Aspirin exerts anti-thrombotic action by
acetylating and inactivating cyclooxygenase-1, pre-
venting the production of thromboxane A, in plate-
lets. Through this inhibition of platelet function,
aspirin is considered as a preventative of ischemic
diseases such as coronary and cerebral infarction.
However, many studies have revealed that aspirin has

other beneficial actions in addition to its anti-platelet
activity. For example, aspirin may confer some benefit
against colorectal cancer. Here, we discuss the in-
volvement of inflammation in atherosclerosis and how
aspirin exerts its beneficial actions in atherosclerotic
diseases and cancer.
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Since the days of ancient history, willow bark extract
has been known to reduce pain and inflammation.
Hippocrates in ancient Greece used willow bark to
reduce fever and pain and used willow leaves to lessen
the pain of childbirth. In Asia, people separated the
fibers of willow stems and rubbed the interdentium
with them to reduce dental pain. In the 19th century,
salicylate was extracted and identified as the effective
component in willow. In 1897, an acetylated derivative
was synthesized in a pure and stable form that was not
as bitter as salicylate and had an anti-inflammatory
action [1]. The resulting acetyl salicylate has since
been widely used as an anti-inflammatory, analgesic,
or antipyretic drug, and even today we are still
identifying novel therapeutic actions.

Aspirin is known not only as an anti-inflammatory
agent but also as an anti-thrombotic drug. Ischemic
vascular disorders, including myocardial and cerebral
infarction, are less frequent in aspirin users [2-5].
Aspirin exerts this anti-platelet activity through the
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inhibition of cyclooxygenase (COX), which is in-
volved in the production of a platelet activator,
thromboxane A, (TXA,), and a platelet inhibitor,
prostaglandin I, (PGL,), also known as prostacyclin.
There are two COX isoforms, COX-1 and COX-2,
encoded by two separate genes. COX-1 is constitu-
tively expressed in many tissues and is relatively
unresponsive to stimuli, while COX-2 is expressed in
vascular endothelial cells and is induced by growth
factors and inflammatory cytokines such as interleu-
kin-18 (IL-18) and tumor necrosis factor a (TNFa)
[6-8]. Mature platelets possess only COX-1 [9], and
aspirin acetylates a serine residue at position 530 (Ser
530) of COX-1, preventing the substrate, arachidonic
acid, from contacting the enzyme’s active site, located
near Ser 530.

This acetylation step is irreversible, and COX-1 is
inactivated permanently. Because platelets lack nu-
clei, their enzymes are not replaced, and the inactiva-
tion of COX-1 lasts for the lifespan of the platelets,
usually more than a week. In platelets, TXA, is
abundantly synthesized from arachidonic acid by
thromboxane synthase; in endothelial cells, prostacy-
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clin synthase synthesizes PGI,. Fortunately, COX-1,
present in circulating platelets, is more sensitive to
aspirin inactivation than is COX-2, which can be
found in vascular endothelial cells [10, 11]. Conse-
quently, aspirin at low concentrations preferentially
inhibits synthesis of TXA,, a platelet-activating mol-
ecule, over PGI,, a platelet inhibitor.

The earliest stage of atherosclerotic development is
the perturbation of vascular endothelial function,
which can be evoked by many stimuli [12]. Endothe-
lial dysfunction is accompanied by impaired nitric
oxide (NO) production via the action of endothelial
NO synthase (eNOS). The decreased level of NO
promotes atherosclerosis through numerous path-
ways, such as increased reactive oxygen species,
vascular constriction, and lymphocyte adhesion [13,
14]. Vascular smooth muscle cells (VSMCs) also play
an important role in the development of atheroscle-
rosis [15], migrating, proliferating, and producing
extracellular matrix components in atherosclerotic
plaques. In addition to VSMCs and extracellular
matrix, inflammatory cells such as macrophages and
T lymphocytes occur in these plaques. T lymphocytes
are present at every stage of atherosclerotic develop-
ment and are fundamental components of the pathol-
ogy of both the early and late stages of atherosclerosis
[12, 16]. Adhesion molecules, such as intercellular
adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1), are implicated in
the adhesion of lymphocytes to VSMCs, and the
expression of these molecules is increased in coronary
atherosclerotic tissue [12, 17-19]. Inflammatory cy-
tokines such as IL-1f and TNFa are reported to
increase the expression of I[CAM-1, VCAM-1, and E-
selectin through the activation of NF-xB [20].
Aspirin inhibits phosphorylation of IkB, an NF-kB-
inhibitory protein, preventing the degradation of IkB
and maintaining NF-xkB in an inactive form in
endothelial cells [21, 22]. Through this silencing effect
on NF-«B, aspirin decreases the macrophage adhesion
to endothelial cells and VSMCs [21, 23]. Recently, we
reported that aspirin inhibits adhesion of T lympho-
blasts to VSMCs [24]. We found that aspirin decreased
the expression of the adhesion molecules ICAM-1 and
VCAM-1 in VSMCs by reducing NF-kB activity.
Neutralizing antibodies to ICAM-1 and VCAM-1
inhibited the adhesion of T lymphoblasts. The addi-
tion of aspirin with ICAM-1 and VCAM-1 antibodies
resulted in no further decrease of Jurkat T cell
adhesion, suggesting that aspirin prevents T cell
adhesion by reducing NF-«B activity and decreasing
ICAM-1 and VCAM-1 expression.

In addition to studies identifying the silencing effect of
aspirin on NF-kB activity [25], many studies have
investigated how aspirin exerts its anti-inflammatory
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action, including the inhibition of heat shock protein
activation [26] and reduction of COX-2 expression
[27]. Among these many findings, one of the most
exciting reports is that the endogenous anti-inflam-
matory lipids, aspirin-triggered lipoxins (ATLs), are
produced as mediators of the anti-inflammatory
action of aspirin [28]. As mentioned above, aspirin
acetylates the Ser 530 residue of COX-1, inactivating
this enzyme irreversibly. Aspirin also irreversibly
acetylates COX-2, another member of the COX
family, at Ser 516 of the protein, but the enzyme
remains active. From arachidonic acid, acetylated
COX-2 produces a precursor for ATL, namely 15R-
hydroxytetraenoic acid (15R-HETE); nonacetylated
COX-2 generates PGH,, an intermediate for PGI, in
endothelial cells. 15R-HETE is rapidly converted in
adjacent neutrophils to 15-epimeric-LXA, (15-epi-
LXA,) or 15-epimeric-LXB, (15-epi-LXB,), namely
ATL. 15-epi-LXA, and 15-epi-LXB, have similar
activities, although distinct actions are also reported
in some biologic systems [29].

ATL interacts with a cell surface receptor, ALX, a
member of the G-protein-coupled receptor family,
and exerts anti-inflammatory actions [30, 31]. In
addition, ATL binds to the LTD, receptor, cysteinyl
leukotriene-1 (CysLT);), and is a damper of local
inflammation [32, 33]. ATL is also implicated in the
NO-mediated anti-inflammatory system. A thera-
peutically relevant dose of aspirin induces NO release
from vascular endothelial cells possibly through the
direct acetylation of eNOS [34], although the exact
mechanism of NO release induction remains to be
elucidated. Furthermore, it has been suggested that
15-epi-LXA, mediates the eNOS- and inducible NO
synthase (iNOS)-dependent production of NO, which
inhibits the interaction of leukocytes with endothelial
cells and reduces inflammation in microvascular
systems [35].

Given the large volume of endothelial cells and the
possibility of constitutive expression of COX-2 in
endothelial cells under shear stress [36], the vascular
system is a major source of ATL. In fact, aspirin
increases plasma ATL levels in an inverse dose-
response manner: administration of aspirin once a day
for 8 weeks significantly increased plasma ATL levels
at a dose of 81 mg, exerted a borderline increase at
325 mg, and caused no apparent significant change at
650 mg [37]. This plateauing of ATL synthesis at a
high dose of aspirin may be consistent with reports
suggesting that reductions in vascular events in
patients treated with high-dose aspirin (500—
1500 mg/day) do not exceed that with lower doses
(75-150 mg/day).

The production of oxidative stress is implicated in the
development of atherosclerosis. Oxidized low-density
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lipoprotein is incorporated into macrophages in the
vascular walls and transformed into foam cells, which
produce inflammatory cytokines, such as TNFa and
IL-1p. Aspirin protects endothelial cells from the
deleterious effects of hydrogen peroxide. This protec-
tive action of aspirin is likely mediated through an
NO-cGMP signaling system [38]. Heme oxygenase-1
may also explain this anti-oxidative action of aspirin:
aspirin increases the expression and enzymatic activ-
ity of this anti-oxidant defense protein, presumably
via an NO-dependent and COX-independent mech-
anism [39]. ATL seems also to be involved in this
endothelial cell-protective action by aspirin. The
aspirin-triggered lipoxin A4 analog (ATL-1) inhibits
the activation of NAD(P)H oxidase, a major source of
endothelial oxidative stress, by preventing phosphor-
ylation of p47phox, a subunit of NAD(P)H, and
subsequent translocation of the protein from the
cytoplasm to the cell membrane [40].

The beneficial effect of aspirin on the secondary
prevention of ischemic diseases such as myocardial
and cerebral infarction has been established [41].
However, aspirin administration does not protect all
patients at high risk for ischemic diseases from
ischemic events. A meta-analysis revealed that aspirin
decreased the rate of ischemic events, including
myocardial and cerebral infarction and lethal arterial
diseases, by 19% in high-risk patients compared to
control participants [41]. This means that 81% of
high-risk patients were not protected by aspirin
administration. Findings such as this led to the concept
of ‘aspirin resistance.” ‘Aspirin resistance’ may arise
from individual differences in the effects of aspirin,
including inhibition of platelet function, or by incom-
plete effects of aspirin that fluctuate over time. A
recent analysis shows that the reported prevalence of
aspirin resistance varies because of differences in
aspirin dosage and the definition of aspirin resistance,
and, on average, about a quarter of patients may
exhibit aspirin resistance [42].

The mechanism of aspirin resistance has not been
clarified. However, a genetic polymorphism in the
COX-1 gene, the main target of aspirin in the
inhibition of platelet aggregation, may explain the
variation in the anti-thrombotic action of aspirin.
Among the single nucleotide polymorphisms in the
COX-1 gene, A-842G and C50T are in complete
linkage disequilibrium; in addition, platelets from
people heterozygous for the A-842G/C50T haplotype
show significantly greater inhibition of PGH, forma-
tion from arachidonic acid by aspirin compared with
those from common allele homozygotes [43]. On the
other hand, there is a dubious aspect to the existence
of aspirin resistance. The term ‘drug resistance’ is
defined and usually used when a drug, such as
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antibiotics or anti-cancer drugs, cannot act at its target
and prevent infection or disease. Therefore, it is
suggested that the phenomenon of ‘aspirin resistance’
should instead be termed ‘treatment failure,” and the
term ‘aspirin resistance’ should be limited to cases in
which aspirin cannot inhibit COX-1 action [44].
Prostaglandin E, (PGE,) is increased and is the most
abundant prostaglandin in colorectal cancers. PGE, is
generated, like other prostaglandins, by COX-1 and
COX-2. While COX-1 is constitutively expressed in
colon, COX-2 is an inducible COX and is increased in
adenomatous polyps and many types of colon cancer
[45]. Therefore, the use of nonsteroidal anti-inflam-
matory drugs or COX-2 inhibitors to prevent the onset
or progression of colon cancers has been suggested.
This notion is also supported by the observation that
mice lacking PGE, or the PGE, receptor are resistant
to intestinal tumorigenesis, and that oral PGE, treat-
ment is associated with increased development of
intestinal tumors in mice [46, 47]. Indeed, clinical
trials report that the risk of colorectal cancer is
reduced in aspirin users compared to nonusers [48,
49]. Recently, it was reported that aspirin use reduced
the risk of colorectal cancer associated with COX-2
overexpression, although aspirin did not elicit this
significant reduction in the absence of COX-2 or when
COX-2 expression was weak [50]. These findings
suggest benefits from the therapeutic use of aspirin
and other NSAIDs for colorectal cancer; however, the
optimal use, dosage, and type of disease to target are
under investigation.

Investigators have demonstrated that inflammatory
processes participate in every stage of atherosclerotic
development from the initial stage of vascular endo-
thelial cell perturbations to the thrombotic complica-
tions of atherosclerosis. Indeed, the plasma concen-
tration of C-reactive protein (CRP), a marker for
systemic inflammation, predicts the risk of myocardial
infarction and stroke, and the reduced risk of my-
ocardial infarction associated with aspirin adminis-
tration appears to be related to CRP levels [51].
Aspirin is the most commonly administered anti-
inflammatory drug, which exerts anti-atherosclerotic
activity through its various anti-inflammatory actions.
Furthermore, it has been suggested that aspirin has
anti-cancer activity. Although aspirin has an extensive
history as a widely used generalist drug, there remains
much to be learned about the effects and pathways of
its anti-inflammatory action.
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