
Aspirin

Carlo Patrono

Abstract

The last 35 years of clinical research on aspirin have proven its value as a lifesaving drug

for the treatment and prevention of atherothrombosis. The place of low-dose aspirin in the

therapeutic armamentarium has not been substantially altered by the successful develop-

ment of new antiplatelet agents, including P2Y12 and PAR-1 receptor blockers. The

demonstration of additive beneficial effects resulting from effective blockade of the platelet

ADP and/or thrombin receptor combined with thromboxane suppression in high-risk

patients is consistent with the multifactorial nature of atherothrombosis. Besides becoming

an essential component of the antithrombotic strategy in high-risk settings, low-dose

aspirin has also provided a mechanistic insight into the participation of platelets in other

pathophysiologic processes, including colorectal cancer. The aim of this chapter is to

review the mechanism of action and clinical pharmacology of aspirin as an antiplatelet

agent, as well as the randomized trial evidence supporting its efficacy and safety. Moreover,

more recent findings on additional long-term benefits of aspirin therapy will be discussed

and new developments put into perspective.

Historical Perspective

Although synthesized in an industrial environment in 1897

and marketed in 1899, acetylsalicylic acid (aspirin) remains

a cornerstone of antiplatelet therapy for the treatment of

acute ischemic syndromes, both coronary and cerebrovascu-

lar, as well as for their secondary prevention (Amsterdam

et al. 2014; Lansberg et al. 2012; Parekh et al. 2013; Roffi

et al. 2016; Vandvik et al. 2012). In contrast, its role in the

primary prevention of atherothrombosis has been the subject

of debate during the past 10 years and remains highly con-

troversial (Patrono 2013). Historically, aspirin has evolved

from a prototypic nonsteroidal anti-inflammatory drug

(NSAID) to a highly targeted antiplatelet drug (Born and

Patrono 2006), largely as a consequence of fundamental

discoveries on its mechanism of action in the early seventies

(Vane 1971; Hamberg et al. 1975; Roth et al. 1975) (Fig. 1).

These include the discovery by J. Vane (1971) that aspirin

inhibits prostaglandin (PG) synthesis, the discovery by

M. Hamberg and B. Samuelsson (1975) of thromboxane

(TX) A2 as the major arachidonic acid (AA) metabolite in

human platelets responsible for the pro-aggregating effect of

AA, and the characterization by P. Majerus and his

colleagues (1975) of acetylation of platelet PG-synthase as

the molecular mechanism responsible for permanent inacti-

vation of its cyclooxygenase (COX) activity. These pivotal

studies provided the basis for the development of

mechanism-based biomarkers of TXA2 inhibition in man,

i.e., serum TXB2 (Patrono et al. 1980) and urinary TX

metabolite (TXM) excretion (Roberts et al. 1981). The avail-

ability of these biomarkers allowed characterizing the dose

and time dependence of the inhibitory effects of aspirin on

platelet TXA2 production in healthy subjects (Patrignani

et al. 1982; FitzGerald et al. 1983). The consistent demon-

stration of saturability of the platelet-inhibiting effect of
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aspirin at low doses given once daily and the characteriza-

tion of its biochemical selectivity in sparing prostacyclin

(PGI2) biosynthesis (Patrignani et al. 1982; FitzGerald

et al. 1983) provided the rationale for testing the clinical

efficacy and safety of a low-dose aspirin regimen in a variety

of high cardiovascular (CV) risk settings (Patrono 1994)

including acute myocardial infarction (MI) (ISIS-2-

Collaborative Group, 1988). The publication of the Interna-

tional Study of Infarct Survival (ISIS)-2 (1988),

demonstrating a remarkable protective effect of low-dose

aspirin against vascular mortality at 5 weeks after a

suspected acute MI (Fig. 2), represented the turning point

for the use of aspirin as an antithrombotic agent and

provided perhaps the most convincing evidence for an

important role of platelet TXA2 in the pathophysiology of

coronary atherothrombosis (Davı̀ and Patrono 2007).

Pharmacokinetics

Aspirin is rapidly absorbed in the stomach and upper small

intestine, primarily by passive diffusion of non-dissociated

acetylsalicylic acid across gastrointestinal (GI) membranes.

Drug plasma levels peak at 30–40 min after the ingestion of

uncoated aspirin (Pedersen and FitzGerald 1984). In con-

trast, it can take up to 4 or 5 h for plasma aspirin levels to

peak after the administration of enteric-coated formulations

(Patrignani et al. 2014). Orally administered aspirin

undergoes substantial presystemic hydrolysis to salicylic

acid in the gut content, the gut wall, and the liver (Pedersen

and FitzGerald 1984). The systemic bioavailability of regu-

lar aspirin tablets is approximately 45–50 % over a wide

range of doses (20–1300 mg) (Pedersen and FitzGerald

Fig. 1 Fundamental discoveries on the mechanism of action of aspirin.

The figure illustrates the discovery by J. Vane (1971) that aspirin

inhibits prostaglandin (PG) synthesis; the discovery by

B. Samuelsson’s Group (1975) of thromboxane (TX) A2 as the major

arachidonic acid (AA) metabolite in human platelets responsible for the

pro-aggregating effect of AA; and the characterization by P. Majerus’
Group (1975) of acetylation of platelet PG-synthase as the molecular

mechanism responsible for permanent inactivation of its cyclooxygen-

ase (COX) activity

Fig. 2 Effects of streptokinase,

low-dose aspirin, both or neither

on 5-week vascular mortality in

17,187 patients with suspected

acute myocardial infarction.

Reproduced from ISIS-

2 Collaborative Group (1988)

with permission from The Lancet

1242 C. Patrono



1984). However, lower bioavailability of enteric-coated

preparations due to poor absorption from the higher pH

environment of the small intestine may result in inadequate

platelet inhibition (Cox et al. 2006; Grosser et al. 2013),

particularly in obese subjects (Cox et al. 2006). Aspirin

first comes into contact with platelets in the gut capillaries

during absorption, and, as a consequence, platelets are

exposed to higher drug levels than are present in the sys-

temic circulation (Pedersen and FitzGerald 1984). This may

explain, at least in part, the relative biochemical selectivity

of low-dose aspirin (75–100 mg once daily) in sparing vas-

cular PGI2 production (Pedersen and FitzGerald 1984).

Aspirin has a half-life of 15–20 min in the bloodstream

(Pedersen and FitzGerald 1984; Patrignani et al. 2014).

Despite the rapid clearance of aspirin from the circulation,

its antiplatelet effect lasts for the platelet life-span (8–10 days)

owing to the permanent inactivation of platelet PGH-synthase

(PGHS)-1, an effect that can be reversed only through the

generation of new platelets. Given the short half-life of aspirin

in the systemic circulation, the long-lasting duration of its

antiplatelet effect is ensured by acetylation of PGHS-1 in the

bone marrow megakaryocytes and limited new protein

synthesis in anucleate platelets. Thus, there is a complete

dissociation between the pharmacokinetics and pharmacody-

namics of aspirin, allowing the use of a once-a-day regimen

for antiplatelet therapy. However, reduced systemic bioavail-

ability of the drug or faster renewal of the drug target may

reduce the duration of its full antiplatelet effect and require a

different (e.g., twice daily) dosing regimen (Rocca et al. 2012;

Pascale et al. 2012) (see below).

Mechanism of Action

Aspirin inhibits platelet function through a molecularly

sophisticated mechanism of action that appears ideally

suited to target anucleate cell fragments, i.e., by rapidly

inducing an irreversible modification in a critical platelet

protein that cannot be repaired during the 24-h dosing inter-

val. The limited systemic bioavailability of the active moi-

ety, acetylsalicylic acid, and its short half-life contribute to

restraining the extent and duration of any extra-platelet

effects of the drug.

Aspirin exerts its unique antiplatelet effects by selectively

acetylating a single serine residue (Ser-529) of PGHS-1

(DeWitt et al. 1990). This causes permanent inactivation of

the COX activity of the enzyme, which catalyzes the con-

version of AA to PGG2, but does not appreciably affect its

peroxidase activity responsible for reducing PGG2 to PGH2.

Aspirin inhibits the COX activity of PGHS-1 by placing a

larger than normal side chain at position 529 thereby

interfering with arachidonate binding to the COX active

site (DeWitt et al. 1990). Acetylation of the PGHS-1 and

PGHS-2 by aspirin is regulated by the catalytic activity of

the peroxidase which yields a higher oxidative state of the

enzyme (Bala et al. 2008). In cells with high levels of

hydroperoxy-fatty acids, the efficacy of aspirin in

acetylating PGHS-2 is markedly decreased as compared to

cells with low levels of hydroperoxides (Bala et al. 2008).

This finding may explain, at least in part, the differential

dose requirements for the anti-inflammatory effects (largely

dependent on PGHS-2 inhibition, as with other NSAIDs) as

compared to the antiplatelet effects of aspirin (entirely

dependent on PGHS-1 inhibition), despite comparable

potency in inhibiting the two purified enzymes in vitro

(Bala et al. 2008). Presystemic acetylation of platelet

PGHS-1 (Pedersen and FitzGerald 1984), as noted above,

as well as the cumulative nature of inactivation of platelet

COX-1 activity upon repeated daily dosing (Patrignani et al.

1982) may also contribute to the relative biochemical selec-

tivity of low-dose aspirin in vivo (Patrignani et al. 1982;

FitzGerald et al. 1983).

PGHS-1 and PGHS-2 are homodimers composed of iden-

tical subunits, but it has been shown that only one subunit is

active at a time during catalysis; moreover, many NSAIDs

bind to a single subunit of a PGHS dimer to inhibit the COX

activity of the entire dimer (Shimokawa and Smith 1992).

However, 50 % acetylation of platelet PGHS-1 is not suffi-

cient to fully suppress the maximal capacity to synthesize

TXA2, and partial acetylation of the second subunit is

required in order to suppress platelet COX-1 activity

completely (Patrignani et al. 2014; Li et al. 2014).

Permanent inactivation of platelet COX-1 by low-dose

aspirin represents the best characterized mechanism of

action to explain its clinical efficacy as an antithrombotic

agent (Patrono 1994). The finding that the acetylation of

platelet PGHS-1 (Patrignani et al. 2014), the inhibition of

TXA2 production (Patrignani et al. 1982), and the clinical

efficacy of aspirin in reducing the risk of major vascular

events in high-risk patients (ATT Collaboration 2002) are

saturable at low doses (i.e., even much higher doses are not

more effective) allows establishing a cause-effect relation-

ship between this selective acetylation process and its clini-

cal readout (s) (Patrono 2015). Although aspirin can

acetylate a number of plasma proteins (e.g., fibrinogen or

prothrombin), enzymes, and DNA in vitro (Patrono 2015),

this usually requires millimolar concentrations that are

approximately 100–1000 times higher than those achievable

after oral dosing of low-dose aspirin (Patrignani et al. 2014).

Thus, the apparently heterogeneous therapeutic effects of

low-dose aspirin may well reflect the multifaceted

consequences of platelet COX-1 inhibition on pathophysio-

logical processes (e.g., response to injury and tissue repair)

that participate in such diverse diseases as coronary

atherothrombosis and colorectal cancer, rather than “pleio-

tropic” effects on different drug targets (Patrono 2015).

Aspirin 1243



Pharmacodynamics

The pharmacodynamics of aspirin as an antiplatelet agent

can be adequately described by serum TXB2 measurements

(Patrono et al. 1980, 1985; Patrignani et al. 1982). Platelet

TXA2 production during whole blood clotting, as reflected

by serum TXB2, represents a highly specific and sensitive

index of the maximal biosynthetic capacity of circulating

platelets in response to endogenously formed thrombin

(Patrono et al. 1980). This biomarker is ideally suited to

characterize the pharmacological inhibition of platelet

COX-1 activity, when the inhibitor is added in vitro or

administered in vivo (Patrono et al. 1980; Patrignani et al.

1982). After oral dosing of aspirin in healthy subjects, serum

TXB2 concentrations are reduced in a dose-dependent fashion

with a maximal inhibitory effect achieved after a single dose

of 100 mg (Patrono et al. 1980; Patrignani et al. 1982).

However, because of the cumulative nature of platelet

COX-1 inactivation upon repeated daily dosing (Patrignani

et al. 1982), the same ceiling effect of virtually 100 % sup-

pression of serum TXB2 can be obtained with daily doses as

low as 30 mg (Patrignani et al. 1982). Earlier studies using the

ability of ingested aspirin to inhibit subsequent in vitro acety-

lation of PGHS-1 in washed platelets by [3H-acetyl]-aspirin

(Burch et al. 1978) underestimated the potency of aspirin in

inhibiting COX-1 activity because full acetylation of the

enzyme is not required in order to inhibit completely TXA2

production (Patrignani et al. 2014; Li et al. 2014). Burch et al

(1978) reported that a daily dose of 325 mg was required to

inhibit by >95 % subsequent acetylation of the platelet

enzyme by [3H-acetyl]-aspirin but acknowledged that “the

degree to which cyclooxygenase must be inhibited to alter

thrombosis is unknown.” Similarly, in the study of FitzGerald

et al (1983), urinary TXM excretion was maximally inhibited

at doses of 325mg daily and above, most likely because extra-

platelet sources contribute appreciably to TXM excretion and

are less sensitive to the inhibitory effect of aspirin.

Upon discontinuing aspirin after a brief course of 325 mg

per day, no new enzyme appeared in circulating platelets for

approximately 2 days (Burch et al. 1978). The authors

interpreted the “lag” in the return of unacetylated enzyme

to the circulation as evidence that aspirin acetylates PGHS-1

in the bone marrow megakaryocyte (Burch et al. 1978). In

fact, human megakaryocytes express both PGHS-1 and

PGHS-2 (Rocca et al. 2002). Similarly, Patrignani et al

(1982) observed a 2-day lag in the recovery of serum

TXB2 following discontinuation of a 30-day regimen of

30 mg daily. Thereafter, both the unacetylated enzyme

(Burch et al. 1978) and serum TXB2 (Patrignani et al.

1982) returned toward pre-aspirin levels with a linear time

course consistent with platelet turnover (life-span 8.2�2

days). Therefore, bone marrow megakaryocytes represent

an important drug target contributing to the long-lasting

antiplatelet effect of aspirin, inasmuch as the new platelets

released during 24–48 h after dosing most likely carry

PGHS-1 that has been acetylated in their progenitors. How-

ever, substantial interindividual variability in the rate of

recovery of platelet COX-1 activity has been described in

aspirin-treated patients with vascular disease (Rocca et al.

2012). Accelerated platelet turnover, as seen in association

with type 2 diabetes mellitus (T2DM) and following coro-

nary artery bypass graft (CABG) surgery, as well as reduced

systemic bioavailability of enteric-coated aspirin in obese

subjects, may shorten the duration of the full inhibitory

effect on platelet TXA2 production to less than 24 h and

require more frequent dosing (Rocca et al. 2012; Pascale

et al. 2012; Patrono et al. 2013; Paikin et al. 2015) (Fig. 3).

Variable duration of the antiplatelet effect of aspirin, non-

compliance, or a pharmacodynamic interaction with other

NSAIDs (see below) may all be responsible for less than

complete inhibition of serum TXB2 and TXA2-dependent

platelet function measured 24 h after dosing. However, these

phenomena should not be erroneously labeled as aspirin

“resistance,” because they all have a plausible explanation

and can be easily diagnosed and corrected (Patrono and

Rocca 2007; Grosser et al. 2013). If “resistance” is defined

in classical pharmacological terms, i.e., as the failure of

actual aspirin intake to fully inactivate platelet COX-1

(Patrono and Rocca 2007), then aspirin resistance is either

a very rare phenomenon (Santilli et al. 2009; Grosser et al.

2013) or does not exist. A relatively large study of

400 healthy volunteers failed to identify a single case of

true drug resistance (Grosser et al. 2013).

Because of its unique pharmacokinetic and pharmacody-

namic features, aspirin has a lesser inhibitory effect on PGI2
than on TXA2 biosynthesis at all doses, reaching a ceiling

effect on the former at 650–1300 mg daily (FitzGerald et al.

1983). Substantial sparing of in vivo PGI2 production, as

reflected by PGI2 metabolite (PGIM) excretion, has been

reported during administration of aspirin 100 mg daily both

in health (Capone et al. 2004) and disease (Cavalca et al.

2014). It is likely that substantial inhibition of PGI2 biosyn-

thesis at higher aspirin doses reflects dose-dependent acetyla-

tion of vascular (both endothelial and smooth muscle cell)

PGHS-2 (McAdam et al. 1999; Yu et al. 2012). The clinical

significance of a PGI2-sparing regimen of aspirin administra-

tion remained largely hypothetical for about 25 years after the

original proposal of endothelium-derived PGI2 representing

an important mediator of vessel-wall thromboresistance

(Moncada and Vane 1979). The clinical development of the

coxibs as selective inhibitors of COX-2 (FitzGerald and

Patrono 2001) and their placebo-controlled, long-term trials

have provided convincing evidence that inhibition of vascular

PGI2 biosynthesis unaccompanied by adequate inhibition of

platelet TXA2 production is associated with a doubling of the

risk of major coronary events (Kearney et al. 2006; CNT
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Collaboration 2013). Meta-analyses of the coxib trials have

also provided evidence that some traditional COX-2

inhibitors (e.g., diclofenac and ibuprofen), which only incom-

pletely and transiently inhibit platelet COX-1 activity because

of their reversible mechanism of action and short half-life,

may increase the risk of major vascular events to a similar

extent as the coxibs (Kearney et al. 2006; CNT Collaboration

2013), thereby reinforcing the importance of virtually com-

plete and persistent blockade of platelet COX-1 activity

throughout the dosing interval in order to exert

cardioprotective effects. In fact, the relationship between

inhibition of serum TXB2 and suppression of TXA2-depen-

dent platelet activation in vivo is strikingly nonlinear (Reilly

and FitzGerald 1987; Santilli et al. 2009), with >97 % inhi-

bition of the former being required for full suppression of the

latter (Santilli et al. 2009) (Fig. 4).

Drug–Drug Interactions

Aspirin has been reported to interfere with the antihyperten-

sive effect of blood pressure-lowering drugs, particularly

angiotensin-converting enzyme (ACE) inhibitors (Patrono

et al. 2008).

This represents a mechanism-based pharmacodynamic

interaction that is shared by all NSAIDs and is largely

attributed to COX-2 inhibition in the renal cortex and medulla,

resulting in increased vascular resistance and sodium reten-

tion, respectively (Patrono et al. 2008). This pro-hypertensive

effect was not apparent with once daily administration of

low-dose (75 mg) aspirin in intensively treated hypertensive

patients, in whom this antiplatelet regimen did not impair

blood pressure control or the need for antihypertensive therapy

as compared to placebo (Hansson et al. 1998).

A subgroup analysis of the PLATO trial, a randomized

comparison of ticagrelor vs. clopidogrel in aspirin-treated

patients with acute coronary syndromes (ACS) (Wallentin

et al. 2009), revealed a potential interaction between aspirin

and ticagrelor (Mahaffey et al. 2011). Thus, the higher the

daily dose of aspirin (allowed range, 75–325 mg), the lower

the benefit of ticagrelor vs. clopidogrel. Although the mech-

anism of this apparent interaction remains elusive, the FDA

has approved ticagrelor for aspirin-treated ACS patients with

a warning to maintain the daily aspirin dose at/or lower than

100 mg.

Some NSAIDs, i.e., ibuprofen (Catella-Lawson et al.

2001; Renda et al. 2006) and naproxen (Capone et al.

2005; Li et al. 2014), interfere with the antiplatelet effect

Fig. 3 Model of altered aspirin pharmacodynamics in type 2 diabetes

mellitus. Under conditions of normal megakaryopoiesis, low-dose

aspirin acetylates COX isozymes in both circulating platelets and

bone marrow megakaryocytes, and only negligible amounts of

unacetylated enzymes are resynthesized within the 24-h dosing inter-

val. This pharmacodynamic pattern is associated with virtually com-

plete suppression of platelet TXA2 production in peripheral blood, as

reflected by serum TXB2, throughout the dosing interval. Under

conditions of abnormal megakaryopoiesis, an accelerated rate of

COX-isozyme resynthesis is biologically plausible in bone marrow

megakaryocytes, accompanied by faster release of immature platelets

with unacetylated enzyme(s) during the aspirin dosing interval, and in

particular between 12 and 24 h after dosing. This pharmacodynamic

pattern is associated with incomplete suppression of platelet TXA2

production in peripheral blood and time-dependent recovery of

TXA2-dependent platelet function during the 24-h dosing interval.

Twice daily administration of low-dose aspirin can reverse this abnor-

mal biochemical phenotype. Immunohistochemistry panels depict

megakaryocytes stained for COX-1 and COX-2, and peripheral

washed platelets stained for COX-1
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of low-dose aspirin by competing for a common docking site

(Arginine-120) within the COX-channel of PGHS-1, to

which aspirin binds reversibly with low affinity prior to

acetylating Ser-529. Analgesic drugs which have been

reported not to share this pharmacodynamic interaction

with low-dose aspirin include paracetamol (Catella-Lawson

et al. 2001), diclofenac (Catella-Lawson et al. 2001), and

celecoxib (Renda et al. 2006), i.e., COX-2 inhibitors with

some degree of COX-2 selectivity (FitzGerald and Patrono

2001). The use of these NSAIDs in high-risk patients treated

with low-dose aspirin should be restricted to the lowest

effective dose for the shortest duration necessary for arthritic

symptom control, or else aspirin should be replaced with

clopidogrel if the patient is not on dual antiplatelet therapy

(Patrono and Baigent 2014).

Clinical Efficacy and Safety

The efficacy and safety of aspirin have been evaluated in

several populations, ranging from patients presenting with

an acute MI or an acute ischemic stroke to apparently healthy

persons at low risk of CV events (Patrono et al. 2005). The

highly variable benefit/risk profile of the same antiplatelet

strategy in different clinical settings reflects the variable inci-

dence of ischemic vs. hemorrhagic complications in the

treated population, as well as the relative importance of

TXA2-dependent platelet activation in coronary

vs. cerebrovascular atherothrombosis and in primary hemo-

stasis of the GI tract vs. the brain (Davı̀ and Patrono 2007).

In patients with acute MI, low-dose aspirin (162.5 mg

daily) started within 24 h after the onset of symptoms

reduced vascular mortality (primary endpoint) by 23 %, as

well as recurrent MI or stroke by 50 % (ISIS-2 Collaborative

Group 1988). Treatment of 1000 such patients for about

5 weeks resulted in 40 fewer major vascular events with no

statistically significant increase in major bleeding

complications. In patients with acute ischemic stroke, aspi-

rin (160–300 mg daily) started within 48 h after the onset of

symptoms reduced overall mortality by approximately 10 %

and improved functional outcome at 30 days (Lansberg et al.

2012). Treatment of 1000 such patients for about 3 weeks

resulted in 9 fewer deaths and 7 more patients with a good

functional outcome at the expense of 4 more major (nonfa-

tal) extracranial bleeds (Lansberg et al. 2012). Despite the

development of newer antiplatelet agents, low-dose aspirin

is still recommended with the highest grade and level of

evidence (1A) as initial treatment and long-term therapy of

patients with ACS (Roffi et al. 2016) or acute ischemic

stroke (Lansberg et al. 2012).

In stable patients with atherothrombotic vascular disease,

both individual studies (Patrono et al. 2008) and meta-

analyses of randomized trials of antiplatelet therapy (ATT

Collaboration 2002) indicate that low-dose aspirin reduces

the risk of recurrence of a serious vascular event by approx-

imately 25 %. Indirect comparisons of the results of these

high-risk trials provide no evidence of a dose-dependent

effect within a wide range of aspirin daily doses

(30–1500 mg) (ATT Collaboration 2002). Moreover, a lim-

ited number of direct, randomized comparisons of higher

vs. lower doses of aspirin in patients with cerebrovascular

disease or ACS showed no evidence of superiority of higher

vs. lower doses, consistent with saturability of the

antiplatelet effect at low doses (Patrono 2015) (Fig. 5).

Among a wide range of high-risk patients, in whom the

annual rate of a serious vascular event ranges between 4 and

6 %, low-dose aspirin may prevent approximately 10–15 fatal

and nonfatal ischemic events for every 1000 patients treated

for 1 year (number needed to treat [NNT]: 67–100) (Patrono

et al. 2005). This substantial benefit is obtained at the expense

of causing 1–2 major extracranial (mostly GI) bleeding

complications per 1000 patients (number needed to harm

[NNH]: 500–1000) and 1–2 hemorrhagic strokes per 10,000

patients (NNH: 5000–10,000) (Patrono et al. 2005). Therefore,

for most patients with a prior vascular event (at average bleed-

ing risk) taking low-dose aspirin, the number in whom the

recurrence of a serious vascular event would be avoided clearly

outweighs the number in whom aspirin would cause a major

bleeding complication (Patrono et al. 2005; Patrono 2015).

In contrast, among asymptomatic subjects without a prior

vascular event, the balance of benefits and risks of long-term

therapy with low-dose aspirin is substantially uncertain

because the risks without aspirin, and hence the absolute

benefits of antiplatelet prophylaxis, are about an order of

magnitude lower than in secondary prevention (Patrono

2013). Moreover, in contrast to secondary prevention trials,

in which a clear benefit of antiplatelet prophylaxis was

demonstrated for both fatal and nonfatal coronary and cere-

brovascular events, the benefit of aspirin in primary

Fig. 4 Nonlinear relationship between inhibition of platelet COX-1

activity, as reflected by serum TXB2, and inhibition of TXA2 biosyn-

thesis in vivo, as reflected by urinary 11-dehydro-TXB2 excretion.

Reproduced from Santilli et al. (2009) with permission from the Amer-

ican College of Cardiology
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prevention trials was limited to reducing the risk of nonfatal

MI (ATT Collaboration 2009) (Fig. 6). On the basis of a

meta-analysis of individual participant data from the six

largest primary prevention trials of aspirin in approximately

90,000 subjects at relatively low vascular risk (0.6 % per

year), the ATT Collaboration (2009) has shown that,

irrespective of age or sex, the absolute reduction in serious

vascular events would be only about twice as large as the

Fig. 5 Acetylation of platelet PGHS-1, inhibition of TXA2 production,

and reduction of vascular events by aspirin. The left panel illustrates the
saturability of the acetylation process measured in vitro and ex vivo

following oral dosing with 100 mg daily in healthy subjects (Patrignani

et al. 2014); themiddle panel depicts saturability of the inhibitory effect

on platelet COX-1 activity, as reflected by serum TXB2 measurements

after single oral doses of aspirin in healthy subjects (Patrignani et al.

1982); the right panel illustrates saturability of the clinical effect of

aspirin in reducing risk of serious vascular events in high-risk patients

(ATT Collaboration 2002)

Fig. 6 Serious vascular events in primary prevention trials and pro-

portional effects of aspirin allocation. Actual numbers for aspirin-

allocated trial participants, and adjusted numbers for control-allocated

trial participants, are presented, together with the corresponding mean

yearly event rate (in parentheses). Rate ratios (RRs) for all trials are

indicated by squares and their 99 % CIs by horizontal lines. Subtotals
and their 95 % CIs are represented by diamonds. Squares or diamonds

to the left of the solid line indicate benefit. MI myocardial infarction,

CHD coronary heart disease. (asterisk) Myocardial infarction, stroke,

or vascular death. Vascular death is coronary heart disease death, stroke

death, or other vascular death (which includes sudden death, death from

pulmonary embolism, and death from any hemorrhage but in the

primary prevention trials excludes death from an unknown cause).

Reproduced from ATT Collaboration (2009) with permission from

The Lancet
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absolute increase in nonfatal GI bleeding. Moreover, the

predicted 5-year absolute effects of allocation to aspirin in

subjects at low to high coronary risk (5-year risk from <5 %

to >10 %) would yield a relatively constant ratio between

the calculated NNH (from 1000 to 100, respectively) and

NNT values (from 500 to 50, respectively) (ATT Collabora-

tion 2009). This is not surprising, as the main risk factors for

coronary events (with the exception of hypercholesterol-

emia) were also associated with bleeding complications

(ATT Collaboration 2009). The current uncertainty on the

benefit/risk profile is reflected by conflicting guidelines on

the use of aspirin in primary prevention, as well as by its

heterogeneous regulatory status in different countries

(Patrono 2015).

Based on the available results of primary and secondary

prevention trials, one can identify three areas of CV risk

(Fig. 7): (1) one with an annual risk up to 1.5 %, where

evidence from five randomized trials allows a reliable calcu-

lation of both NNT and NNH values to guide a personalized

approach to antiplatelet prophylaxis; (2) an intermediate

zone between 1.5 and 3 % annual CV risk, where evidence

from a single trial is insufficient to reliably assess benefit and

harm and new trials are needed (see below) to address this

knowledge gap; and (3) an area of annual risk>3 %, starting

with patients with chronic stable angina, where the evidence

from many trials shows that the benefit of aspirin treatment

clearly outweighs any potential harm resulting from bleed-

ing complications (Patrono 2015).

Several lines of evidence support a chemopreventive

effect of aspirin against cancer of the GI tract, particularly

colorectal cancer (Thun et al. 2012), through a mechanism of

action possibly related to platelet inhibition (Patrignani and

Patrono 2016) (Fig. 8). It has been argued that even a 10 %

reduction by low-dose aspirin in overall cancer incidence

over 5 years would yield an absolute benefit comparable to

the absolute reduction in serious vascular events; these com-

bined benefits would outweigh the absolute excess of major

bleeding complications by three- to fivefold, depending on

age and gender (Thun et al. 2012). The US Preventive

Services Task Force (Bibbins-Domingo et al 2016) has

recently published a recommendation statement addressing

the possibility that the same antiplatelet regimen of low-dose

aspirin may be recommended for the primary prevention of

both CV disease and colorectal cancer in adults ages 50–59

years who have a 10 % or greater 10-year CVD risk, are not

at increased risk for bleeding, and have a life expectancy of

at least 10 years.

Low-dose aspirin has been reported to produce additional

benefits in the prevention of venous thromboembolism

(Patrono 2015) and preeclampsia (Mol et al. 2015) that

may well reflect the participation of TXA2-dependent plate-

let activation in their pathophysiology (Fig. 8).

Ongoing Trials

Several ongoing, placebo-controlled trials may help assess

the benefit/risk profile of low-dose aspirin in preventing CV

complications and other outcomes (including dementia and

cancer) in approximately 50,000 participants at higher CV

Fig. 7 The numbers of vascular events avoided and episodes of major

bleeding caused per 1000 patients treated with aspirin per year are

plotted from the results of individual placebo-controlled trials of aspirin

in different patient populations characterized by various degrees of

cardiovascular risk, as noted on the abscissa. Number needed to treat

(NNT) and number needed to harm (NNH) values are given for subjects

in three categories of risk on the basis of the presence or absence of

randomized controlled trials. ACCEPT-D Aspirin and Simvastatin

Combination for Cardiovascular Events Prevention Trials in Diabetes,

ASCEND A Study of Cardiovascular Events in Diabetes, ARRIVE
Aspirin to Reduce Risk of Initial Vascular Events, ASPREE ASPirin

in Reducing Events in the Elderly, BDT British Doctors Trial, HOT
Hypertension Optimal Treatment Study, PHS Physicians’ Health

Study, PPP Primary Prevention Project, SAPAT Swedish Angina

Pectoris Aspirin Trial, TPT Thrombosis Prevention Trial, WHS
Women’s Health Study. Reproduced from Patrono (2015) with permis-

sion from the American College of Cardiology
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risk than in the earlier trials because of diabetes mellitus

(ASCEND [A Study of Cardiovascular Events in Diabetes],

British Heart Foundation 2015; and ACCEPT-D [Aspirin

and Simvastatin Combination for Cardiovascular Events

Prevention Trials in Diabetes], De Berardis et al. 2007),

advanced age (ASPREE [ASPirin in Reducing Events in

the Elderly], ASPREE Investigator Group 2013), or a cluster

of CV risk factors (not including diabetes) expected to

confer a 10-year risk >15 % (ARRIVE [Aspirin to Reduce

Risk of Initial Vascular Events], Bayer HealthCare 2015).

The inclusion of colorectal cancer as a prespecified second-

ary endpoint in these trials will allow collecting a large

amount of prospective data on the chemopreventive effect

of low-dose aspirin during a 5- to 7.5-year follow-up

(Patrono 2015). In addition, a number of adjuvant trials in

cancer patients (e.g., ADD-Aspirin trial) are currently ongo-

ing or planned in which participants undergone primary

treatment with curative intent for an early-stage common

solid tumor (e.g., colorectal, gastroesophageal, breast, or

prostate) are randomized to receive aspirin (one or two

daily doses in the range 100–300 mg) or placebo for 1–8

years and will be assessed for disease-free survival or overall

survival (Patrono 2015) (Fig. 9).

Gaps in Knowledge and Future Directions
for Research

The last 35 years of clinical research on aspirin have proven

its value as a lifesaving drug for the treatment and prevention

of atherothrombosis (Patrono et al. 2005). The place of

low-dose aspirin in the therapeutic armamentarium has not

been substantially altered by the successful development of

at least ten new antiplatelet agents, including P2Y12 and

PAR-1 receptor blockers (Patrono and Rocca 2010). The

demonstration of additive beneficial effects resulting from

effective blockade of the platelet ADP and/or thrombin

receptor on top of TXA2 suppression in high-risk patients

Fig. 8 A wide repertoire of lipid and protein mediators, which may

contribute to several clinical syndromes possibly responsive to

low-dose aspirin therapy, are released upon platelet activation and

aggregation. The figure illustrates inhibition of platelet prostanoid

production by aspirin and its functional and clinical consequences.

The lines of evidence supporting the protective effects of aspirin are

summarized below each panel. AA arachidonic acid, ASPREE ASPirin

in Reducing Events in the Elderly, RCT randomized controlled trial(s),

PGE2 prostaglandin E2, PGH2 prostaglandin H2, TXA2 thromboxane

A2. Reproduced from Patrono (2015) with permission from the Ameri-

can College of Cardiology
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is consistent with the multifactorial nature of

atherothrombosis and the nonredundant nature of these dif-

ferent pathways of platelet activation (Davı̀ and Patrono

2007). However, the size of the residual CV risk in patients

with ACS (about 10 % experiencing a major vascular event

at 1 year) despite optimal pharmacological treatment, includ-

ing low-dose aspirin, effective P2Y12 inhibitors and statins,

calls for reappraisal of the pathophysiology of these adverse

outcomes and innovative preventive strategies (Roffi et al.

2016). Furthermore, several randomized trials are underway

to determine whether aspirin can be dropped from combined

antiplatelet regimens for the long-term management of

patients who are treated with one of the new antiplatelet

drugs (Vranckx et al. 2015).

Besides becoming an essential component of the

antithrombotic strategy in high-risk settings, low-dose aspi-

rin has also provided a mechanistic insight into the partici-

pation of platelets in other pathophysiologic processes. The

hypothesis that platelet activation during the repair process

of intestinal mucosal lesions may trigger an early event in

colorectal carcinogenesis, i.e., COX-2 induction in adjacent

nucleated cells and increased PGE2 production, was

formulated on the basis of the lack of a dose effect in the

apparent protection against cancer development and death

associated with aspirin use in observational studies (Patrono

et al. 2001), a finding supported by post hoc analyses of CV

prevention trials of aspirin showing saturability of the appar-

ent chemopreventive effect at low doses (Thun et al. 2012).

This hypothesis is being tested prospectively in the ongoing

primary prevention and adjuvant trials mentioned above

(Patrono 2015).

Similarly, the potential role of platelet-derived inflamma-

tory mediators in neurodegeneration and cognitive decline is

currently being explored by the ASPREE Investigator Group

(2013) in a placebo-controlled aspirin trial of 19,000 elderly

subjects with no diabetes or CVD who are being followed

for 5 years with death, dementia, or significant disability as

the primary endpoint. Measurement of noninvasive

biomarkers of platelet activation in substudies of the ongo-

ing trials may allow further characterization of the role of

Fig. 9 Design of the ADD-Aspirin trial, four parallel phase-3 trials in patients with colorectal, breast, gastroesophageal, or prostate cancer.

Courtesy of Prof. Ruth Langley, University College London, UK
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platelet activation and inhibition in atherothrombotic and

other important disorders sharing common mechanisms of

disease.

Take-Home Messages

• Low-dose aspirin remains the cornerstone of

antiplatelet therapy in the treatment of acute ische-

mic syndromes and in the secondary prevention of

atherothrombosis.

• The place of aspirin in primary prevention remains

controversial because of the uncertain balance of

benefits vs risks, requiring a personalized approach

to therapy that takes into consideration current

knowledge as well as patient’s values and

preferences.

• Additional research is needed to characterize the

mechanism of action and optimal dose of aspirin in

the chemoprevention of colorectal cancer, a poten-

tial additional benefit of long-term antiplatelet

therapy.
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