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Acetylation of serine-529 (Ser-529) of platelet prostaglandin H synthase-1 by low micromolar concentrations of aspirin permanently blocks the
cyclooxygenase (COX)-1 channel near the catalytic pocket. Inactivation of platelet COX-1 is cumulative upon repeated daily dosing, because of
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the irreversible nature of enzyme acetylation, ensuring virtually complete suppression of thromboxane (TX) A, biosynthesis at very low daily doses
and limited interindividual variability. In randomized, placebo-controlled clinical trials, suppression of TXA;-dependent platelet activation by low-
dose aspirin reduces risk of coronary atherothrombosis and its recurrence, increases risk of gastrointestinal bleeding from pre-existing mucosal
lesions, and decreases risk of sporadic colorectal (CR) adenoma recurrence. Arg-120, arginine-120; IDsq = 50% inhibitory dose; Ml, myocardial in-
farction; NNT, number needed to treat; RR, rate ratio; UGIC, upper gastrointestinal complication.

Abstract

During the past 30 years, several developments have occurred in the antiplatelet field, including the role of aspirin in primary prevention of athero-
sclerotic cardiovascular disease. There have been several attempts to develop antiplatelet drugs more effective and safer than aspirin and a shift in
emphasis from efficacy to safety, advocating aspirin-free antiplatelet regimens after percutaneous coronary intervention. Evidence supporting a che-
mopreventive effect of low-dose aspirin against colorectal (and other digestive tract) cancer has also strengthened. The aim of this article is to revisit
the role of aspirin in the prevention of atherothrombosis across the cardiovascular risk continuum, in view of developments in the antiplatelet field.
The review will offer a clinical perspective on aspirin’s mechanism of action, pharmacokinetics, and pharmacodynamics. This will be followed by a
detailed discussion of its clinical efficacy and safety.

Keywords Aspirin * P2Y4; inhibitors * Antiplatelet therapy ¢ Clopidogrel « Ticagrelor « Atherothrombosis * Atherosclerotic
cardiovascular disease * Bleeding * Colorectal cancer
IntrOdUCtion pharmacodynamics. This will be followed by a detailed discussion of

Thirty years ago, the Antiplatelet Trialists’ Collaboration published the
first individual participant data (IPD) overview of 145 randomized trials
of prolonged antiplatelet therapy for prevention of death, myocardial
infarction (M), and stroke (vascular events) in various categories of pa-
tients." The most widely tested antiplatelet regimen was ‘medium dose’
(75-325 mg/day) aspirin, and the Antiplatelet Trialists’ Collaboration
found no evidence that either a higher aspirin dose or any other anti-
platelet regimen was more effective than medium-dose aspirin in pre-
venting vascular events.! At about the same time, | published a
review article on aspirin as an antiplatelet drug that concluded ‘The pre-
sent recommendation of a single loading dose of 200 to 300 mg fol-
lowed by a daily dose of 75 to 100 mg is based on findings that this
dose is as clinically efficacious as higher doses and is safer than higher
doses’.2 Moreover, | added ‘the efficacy of a cheap drug such as aspirin
in preventing one fifth to one third of all important cardiovascular
events should not discourage the pharmaceutical industry from at-
tempting to develop more effective antithrombotic drugs, since a siz-
able proportion of these events continue to occur despite currently
available therapy’.>

During the past 30 years, we have witnessed several developments in
the antiplatelet field, including (i) a large number of trials exploring the
role of aspirin in primary prevention of atherosclerotic cardiovascular
disease;’ (ii) several attempts by the pharmaceutical industry to develop
antiplatelet drugs, more effective and safer than aspirin;* (iii) a shift in
emphasis from efficacy to safety leading to a strong opinion movement
favouring aspirin-free antiplatelet regimens after percutaneous coron-
ary intervention;® and (iv) an IPD meta-analysis comparing P2Y5 inhibi-
tor monotherapy with aspirin monotherapy for secondary prevention
of coronary events.® Moreover, evidence supporting a chemopreven-
tive effect of low-dose aspirin against colorectal (and other digestive
tract) cancer has strengthened, as recently reviewed.”

The aim of this article is to revisit the role of aspirin in the prevention
of atherothrombosis across the cardiovascular risk continuum, in view
of developments in the antiplatelet field. The review will offer a clinical
perspective on aspirin’s mechanism of action, pharmacokinetics, and

its clinical efficacy and safety (Graphical Abstract).

Mechanism of action

The best characterized molecular mechanism of action of low-dose (i.e.
75 to 100 mg once daily) aspirin in preventing atherothrombosis is re-
lated to permanent inactivation of a bifunctional enzyme, prostaglandin
(PG)G/H synthase-1, that catalyses the first committed step in prosta-
noid biosynthesis, i.e. the sequential conversion of arachidonic acid into
PGG; and PGH, through its cyclooxygenase (COX) and peroxidase ac-
tivities (Figure 1).2 Blockade of platelet COX-1 activity, through select-
ive acetylation of a critical serine residue (Ser-529) located just below
the catalytic pocket of the enzyme, deprives the next biosynthetic
step of the substrate PGHj for its further conversion to thromboxane
(TX) A,, a potent platelet agonist and vasoconstrictor.® Thromboxane
A, and its interaction with a specific prostanoid receptor, TP, on the
platelet membrane represents one of the three important and largely
independent pathways of platelet activation, which include the adeno-
sine diphosphate (ADP)-P2Y; and the thrombin—PAR-1 agonist—re-
ceptor interactions (Figure 2), susceptible to pharmacological
modulation by approved antiplatelet drugs.”

In particular, the TXA,—TP and ADP—P2Y, outside-in signalling pro-
vides platelet activation with two amplification loops, inasmuch as any
membrane perturbation triggers the immediate platelet synthesis of
TXA; and release of ADP, in turn inducing further platelet activation.”
Blockade of one or the other would be expected to yield similar pro-
tection against atherothrombosis as well as comparable impairment
of primary haemostasis, with less-than-additive effects when blocking
both, because of some redundancy of these amplification loops of
the platelet activation signal.” The results of randomized clinical trials
(RCTs) of low-dose aspirin and P2Y; inhibitors, given as monotherapy
or combined as dual antiplatelet therapy (DAPT), are largely consistent
with this mechanistic expectation.*®?

The clinical implications of the irreversible nature of platelet COX-1
inactivation by aspirin are related to an eight-fold shift in potency due to
cumulative inactivation of the enzyme upon repeated daily dosing10 and
to COX isozyme—selective inhibition at low doses (Figure 3)."" The
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Figure 1 Mechanism of action of aspirin. Arachidonic acid, a 20-carbon fatty acid containing 4 double bonds, is liberated from the sn2 position of
membrane phospholipids by several forms of phospholipase A,, which are activated by diverse stimuli. Arachidonic acid is converted by cytosolic pros-
taglandin H synthases, which have both cyclooxygenase and hydroperoxidase activity, to the unstable intermediates PGG, and PGH,, respectively. The
synthases are colloquially termed cyclooxygenases and exist in two forms, COX-1 and COX-2. Low-dose aspirin selectively inhibits COX-1, whereas
high-dose aspirin inhibits both COX-1 and COX-2. PGH, is converted by tissue-specific isomerases to multiple prostanoids. These bioactive lipids
activate specific cell membrane receptors of the superfamily of G-protein—coupled receptors, such as the thromboxane A, receptor (TP), the
PGD, receptors (DPs), the PGE; receptors (EPs), the PGF,, receptors (FPs), and the prostacyclin (PGl,) receptor (IP). COX, cyclooxygenase;
HOX, hydroperoxidase. Reproduced from Patrono et al.® with permission from the Massachusetts Medical Society

former is reflected by the fact that the dose of aspirin required to inhibit
platelet COX-1 by 50% (i.e. its IDsg) is shifted from 26 mg after single
oral dosing to approximately 3 mg upon repeated daily dosing.'® The
latter implies that, when given once daily at low doses, aspirin complete-
ly blocks platelet COX-1 activity while largely sparing clinically relevant
sites of COX-2 activity (e.g. endothelial cells of the vasculature and renal
cells), not because of a differential affinity of the drug for the two COX
isozymes, but because of its short half-life (see below) and resynthesis of
any acetylated COX-2 in nucleated cells within a few hours.®

While P2Y 5 inhibitors permanently modify (clopidogrel and prasu-
grel) or reversibly inhibit (ticagrelor) the platelet ADP receptor and
consequently block ADP signalling, with no specific biochemical or

functional changes that can be detected in vivo (though measurable ex
vivo), aspirin inhibits the production of a platelet product, TXA,, that
can be measured both ex vivo and in vivo.* The assessment of TXA, bio-
synthesis in vivo, through the measurement of the urinary excretion of
its stable enzymatic metabolites (e.g. 11-dehydro-TXB,), provides a
non-invasive biomarker of platelet activation” and can help identify clin-
ical settings in which low-dose aspirin may be particularly effective.’

Pharmacokinetics

Aspirin has a relatively simple pharmacokinetics, with no requirement
for metabolic activation, ~50% oral bioavailability, and 15 to 20 min
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Figure 2 Agonists, receptors, and effector systems in platelet activation. The activation of platelets is induced by the interaction of several agonists
with receptors expressed on the platelet membrane. Panels A, B, and C depict outside-in signalling mediated by thromboxane A,, adenosine diphos-
phate, and thrombin, respectively. Thromboxane A; is synthesized by activated platelets from arachidonic acid through the cyclooxygenase pathway (A).
Once formed, thromboxane A, can diffuse across the membrane and activate other platelets. In platelets, there are two splice variants of the TXA,
receptor, TPa and TP, which differ in their cytoplasmic tail. TPa and TP couple to the proteins Gq and G12 or G13, all of which activate phospho-
lipase C. Adenosine diphosphate is released from platelets and red cells. Platelets express at least two adenosine diphosphate receptors, P2Y; and
P2Y 15, which couple to Gq and Gi, respectively (B). The activation of P2Yy; inhibits adenylate cyclase, causing a decrease in the cyclic adenosine mono-
phosphate level, and the activation of P2Y; causes an increase in the intracellular Ca*" level. The P2Y5 receptor is the major receptor able to amplify
and sustain platelet activation in response to adenosine diphosphate. Thrombin is rapidly generated at sites of vascular injury from circulating prothrom-
bin and, besides mediating fibrin generation, represents the most potent platelet activator (C). Platelet responses to thrombin are largely mediated
through G-protein—linked protease-activated receptors, which are activated after thrombin-mediated cleavage of their N-terminal exodomain.
Human platelets express PAR1 and PAR4. PAR1 couples to members of the G113, Go, and G; protein families. Panel D depicts inside-out signalling.
The effects of agonists mediated by the decrease in cAMP levels and increase in intracellular Ca®" levels lead to platelet aggregation through the change
in the ligand-binding properties of the glycoprotein lIb/llla (allbf3), which acquires the ability to bind soluble adhesive proteins such as fibrinogen and
von Willebrand factor. The release of adenosine diphosphate and thromboxane A; induces further platelet activation and aggregation. AA, arachidonic
acid; ADP, adenosine diphosphate; cAMP, cyclic adenosine monophosphate; COX, cyclooxygenase; PAR, protease-activated receptors; PGH,, pros-
taglandin H,; PLA,, phospholipase A,; PLC, phospholipase C; TXAS, thromboxane synthase; TXA,, thromboxane A,. Reproduced from Davi and
Patrono,” with permission from the Massachusetts Medical Society
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Figure 3 Aspirin antiplatelet pharmacodynamics in healthy subjects. (A) Tridimensional model of human PGG/H synthase-1. Acetylation of Ser-529 by
aspirin permanently blocks the COX-1 channel near the catalytic pocket. (B) Inhibition of platelet thromboxane A, production by oral aspirin in healthy
subjects. Thromboxane A; production during whole blood clotting was measured before and 24 h after a single aspirin ingestion. The results are ex-
pressed as per cent inhibition, each subject serving as his or her own control. Mean values + 1 SD are plotted. Numbers in parentheses indicate the
number of subjects for each dose of aspirin. Reproduced from Patrignani et al., | Clin Invest 1982, with permission from the American Society for Clinical
Investigation. (C) Long-term effects of low-dose (0.45 mg/kg per day) aspirin on platelet thromboxane A, and renal PGl, synthesis. Serum thromboxane
A, concentrations and urinary excretion of 6-keto-PGF, were measured in three healthy subjects before, during, and after aspirin therapy. Mean
values + SEM are plotted. Reproduced from Patrignani et al., | Clin Invest 1982, with permission from the American Society for Clinical Investigation.
(D) Dose dependence of the inhibition of platelet thromboxane B, production by aspirin. Serum thromboxane B, was measured before and after single
(A) or daily (@) dosing with aspirin in four healthy subjects. Individual data are expressed as per cent inhibition, with each subject serving as his or her
own control. Daily dosing values represent measurements obtained at steady-state inhibition. IDsq = 50% inhibitory dose. Reproduced from Patrono

et al,'® with permission from Wolters Kluwer Health, Inc. SD, standard deviation; IDsg, 50% inhibitory dose; TXB,, thromboxane B,

half-life.* The drug is rapidly absorbed in the stomach and upper intes-
tine without active transporters, by virtue of its weak acidic properties,
and undergoes first-pass metabolism in the liver resulting in partial dea-
cetylation of acetylsalicylic acid to salicylic acid. The portal blood repre-
sents an important pre-systemic compartment for antiplatelet
pharmacodynamics, as platelets are exposed early to approximately
two-fold higher aspirin concentrations than in the systemic circula-
tion."® Pharmacokinetic parameters, such as C.x and T, depend
on the aspirin formulation and influence the rate at which inhibition
of platelet TXA,; production becomes detectable, with enteric-coated
formulations requiring up to 4 to 5 h to reach a peak antiplatelet ef-
fect.” The irreversible mechanism of action and short half-life of aspirin
allow a ‘hit-and-run’ modality of antiplatelet action and limit any extra-
platelet effects, thereby reducing vascular and gastrointestinal (Gl) tox-
icity vis-a-vis traditional non-steroidal anti-inflammatory drugs
(tNSAIDs)."* A simple pharmacokinetics limits the potential for
drug—drug interactions. In fact, the only clinically relevant interaction
of low-dose aspirin is with some tNSAIDs, such as ibuprofen and na-
proxen, which when present in the patient’s blood stream may limit ac-
cess of aspirin to Ser-529, because of higher affinity for a common
docking site (arginine-120) within the COX-1 channel (Figure 3)."

The concomitant administration of ibuprofen, but not celecoxib, para-
cetamol, or diclofenac, prevents the irreversible platelet inhibition in-
duced by low-dose aspirin and may limit its cardioprotective
effects.”>"® Moreover, failure to suspect or detect this drug—drug inter-
action may have been responsible for numerous past reports of the so-
called aspirin ‘resistance’."”

The lack of requirement for conversion of acetylsalicylic acid to an
active metabolite and pharmacokinetics that is not influenced by genet-
ic polymorphisms of cytochrome P450 isozymes ensure highly
reproducible antiplatelet |:>harmacodynamics.4’17 However, lower bio-
availability of some enteric-coated preparations of low-dose aspirin
and poor absorption from the higher pH environment of the small in-
testine may result in inadequate platelet inhibition, particularly in heav-
ier subjects.'® Therefore, plain rather than enteric-coated aspirin
formulation should be preferred when used as monotherapy in patients
with body mass index >35 kg/m?* or body weight >120 kg."® In a post
hoc secondary analysis of the ADAPTABLE secondary prevention trial,
enteric-coated aspirin was not associated with a statistically significant
efficacy or safety advantage compared with uncoated aspirin, regardless
of dose,'” and it is unclear under which circumstances the former
should be preferred over the latter.
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Pharmacodynamics

Traditionally, dose-finding studies of antiplatelet drugs were guided by
measurement of platelet function based on the principle of optical ag-
gregometry.?® This technique led to the discovery of the first aggrega-
tion inhibitors, i.e. ATP and adenosine,20 but suffers from major
limitations primarily related to its recording a non-specific signal (light
transmission) in response to the addition of a specific platelet agonist
(e.g. ADP or arachidonic acid) to platelet-rich plasma.?® At variance
with optical aggregometry, measurement of TXA, production during
whole blood clotting in response to endogenously formed thrombin,
as reflected by serum TXB,, ' provides a mechanism-based,
specific biomarker of aspirin’s antiplatelet pharmacodynamics that
was used to investigate its time and dose dependence, in health'®"!
and disease.”” In a study of 48 healthy volunteers randomized to receive
aspirin 100 mg daily for 1 to 8 weeks, with weekly measurements of 6
functional and biochemical assays, serum TXB, had the highest
signal-to-noise ratio and the lowest interindividual and intraindividual
variabilities (Figure 4).%*

Based on measurements of serum TXB,, aspirin is a potent (i.e. acting
at very low doses) and highly effective (i.e. virtually inhibiting platelet
TXA, production by >99%) inhibitor of platelet COX-1 activity.
However, it is often erroneously described as a ‘weak’ antiplatelet agent
because of its limited effects on platelet aggregation induced by high
concentrations of ADP or collagen (Figure 4). This is largely explained
by the fact that these agonists, different from arachidonic acid, activate
platelets through both TXA;-dependent and TXA;-independent
pathways.’

While initial evaluation of aspirin as an antiplatelet agent was based
on functional assays predicting the requirement of relatively high doses
(975-1300 mg) and repeated daily dosing (e.g. tid. or g.id.) regi-
mens,”*?* further development of low-dose aspirin was largely guided
by biochemical assays reflecting its mechanism of action.'"*¢*” The lat-
ter successfully predicted two important features of the drug, that is, an
optimal once-daily regimen and saturability of the antithrombotic effect
at low doses.! %%’

The antiplatelet pharmacodynamics of low-dose aspirin is largely in-
dependent of systemic bioavailability, because of pre-systemic (i.e. oc-
curring in the portal blood) acetylation of platelet COX-1.%2®
Inactivation of platelet COX-1 is cumulative upon repeated daily dos-
ing,"" because of the irreversible nature of enzyme acetylation,? ensur-
ing virtually complete suppression of TXA; production and limited
interindividual variability.” Systemically available aspirin also acetylates
megakaryocyte COX-1, ensuring long-lasting (i.e. >24 h) suppression
of platelet TXA, production.?*?

The rate of platelet turnover is a major determinant of the dur-
ation of the antiplatelet effect of aspirin, as suggested by the study of
myeloproliferative neoplasms?® and modelled in silico.’® While
physiological megakaryopoiesis and platelet production ensure at
least 24—48 h of complete suppression of platelet TXA, production,
under conditions of enhanced platelet turnover, the duration of the
antiplatelet effect of aspirin is shortened because of the accelerated
renewal of the drug target (Figure 5).*° This may occur transiently,
as observed following on-pump cardiac surgery,31 or persistently,
as reported in patients with thrombocythemia.>
Shortening the dosing interval from 24 to 12 h, but not doubling
the once-daily dose of aspirin, rescues the impaired antiplatelet ef-
fect of low-dose aspirin (Figure 5) and prevents platelet activation
associated with acute inflammation®' and enhanced platelet
turnover.>"2

essential

Similar considerations may apply to thienopyridines (ticlopidine,
clopidogrel, and prasugrel),®® which, like aspirin, are characterized
by a short-lived active moiety (the active metabolite) permanently
inactivating its platelet drug target (ie. P2Y45),* with a long-lasting
antiplatelet effect related to the variable platelet turnover.®

Clinical efficacy
Versus placebo

The clinical efficacy of aspirin as an antithrombotic agent has been eval-
uated in placebo-controlled RCTs addressing the whole spectrum of
atherosclerosis, from apparently healthy, middle-aged, low-risk indivi-
duals to patients presenting with acute Ml or acute ischaemic stroke.
Moreover, aspirin trials have used variable follow-up, from as short as
a few weeks to as long as 10 years.®**

In the Second International Study of Infarct Survival, once-daily dos-
ing with low-dose aspirin (162.5 mg) started within 24 h of the onset of
symptoms of a suspected Ml produced highly significant reductions in
5 week vascular mortality (the primary endpoint) by 23%, non-fatal re-
infarction by 49%, and non-fatal stroke by 46% in over 17000 pa-
tients.?®> Three smaller but longer-term (12 weeks to 2 years)
placebo-controlled RCTs in ~2600 patients with unstable coronary ar-
tery disease consistently showed that aspirin therapy (75 to 1300 mg
daily) halved the probability of death or MI, independent of the aspirin
dose.**® Two RCTs with a similar protocol, the International Stroke
Trial®® and the Chinese Acute Stroke Trial,*® randomized approximate-
ly 40 000 patients within 48 h of the onset of symptoms of an acute is-
chaemic stroke to 2 to 4 weeks of daily aspirin therapy (300 and
160 mg, respectively) or placebo and showed more modest reductions
in death or non-fatal stroke than reported in acute Ml (Figure 6).

Based on a large number of placebo-controlled RCTs, long-term (2
to 3 year) aspirin therapy confers conclusive net benefit on the risk of
subsequent M, stroke, or vascular death among subjects at high risk of
vascular complications (Figure 6).23* The proportional effects of long-
term aspirin therapy on vascular events in these different clinical set-
tings are rather homogeneous, ranging between 20% and 25% odds re-
duction based on an overview of all RCTs.3* The absolute benefits of
antiplatelet prophylaxis in different categories of patients are detailed
in Figure 6.8

The lowest effective daily dose of aspirin for long-term antiplatelet
prophylaxis ranges between 50 and 100 mg, with no evidence that high-
er doses are more effective, consistent with saturability of platelet
COX-1 inactivation at low doses.® This evidence is based on indirect
comparisons of RCTs employing different aspirin dosing regimens,**
as well as on a limited number of head-to-head randomized compari-
sons of a lower vs. a higher dose, both in acute coronary syndromes*'
and stable patients with atherosclerotic cardiovascular disease.*?

There is also no convincing evidence that the dose requirement for
the antithrombotic effect of aspirin varies in different clinical settings or
as a function of body weight.® 842 Similarly, there is no evidence that
the effect of aspirin on major vascular events is influenced by gender,
age, concomitant treatments, or primary vs. secondary prevention. In
the ASPREE trial involving 19 114 healthy elderly persons (median
age, 74years) who did not have known cardiovascular disease
(CVD), the use of low-dose aspirin did not result in a significantly lower
risk of CVD than placebo [hazard ratio (HR) 0.95; 95% confidence
interval (Cl) 0.83-1.08]."> However, the widely cited message from
ASPREE that low-dose aspirin is ineffective in old age is potentially mis-
leading, for the following reasons: (i) CVD was not the primary
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Figure 5 Model of altered aspirin pharmacodynamics in essential
thrombocythemia. Upper panel: under conditions of normal
megakaryopoiesis (healthy subjects), low-dose aspirin acetylates
cyclooxygenase isozymes in both circulating platelets and bone
marrow megakaryocytes, and negligible amounts of unacetylated en-
zymes are resynthesized within the 24 h dosing interval. This pharma-
codynamic pattern is associated with virtually complete suppression
of platelet thromboxane A,/B, production in clotted peripheral blood
throughout the dosing interval. Under conditions of abnormal mega-
karyopoiesis such as in essential thrombocythemia, an accelerated rate
of cyclooxygenase isozyme resynthesis occurs in bone marrow mega-
karyocytes and platelet precursors, accompanied by faster peripheral
release of immature platelets with unacetylated enzyme(s) during the
aspirin dosing interval and in particular between 12 and 24 h after dos-
ing. This pharmacodynamic pattern is associated with incomplete sup-
pression of platelet thromboxane A, production in peripheral blood
and time-dependent recovery of thromboxane A,—dependent plate-
let function during the 24 h dosing interval. Lower panel: when low-
dose aspirin is administered more frequently (i.e. twice daily), the daily
platelet thromboxane A, production in the peripheral blood of essen-
tial thrombocythemia patients is steadily inhibited. ET, essential
thrombocythemia; TXB,, thromboxane B,

endpoint of ASPREE; (ii) CVD, a pre-specified secondary endpoint, was
a composite of platelet-dependent as well as platelet-independent
events, i.e. fatal coronary heart disease, non-fatal Ml, fatal or non-fatal
stroke, or hospitalization for heart failure; and (i) when the analysis
was restricted to a traditional composite of fatal coronary heart dis-
ease, non-fatal MI, or fatal or non-fatal ischaemic stroke, the rate of
this endpoint was 7.8 events per 1000 person-years in the aspirin group
and 8.8 events per 1000 person-years in the placebo group (HR 0.89;
95% ClI 0.77-1.03).* Such a moderate treatment effect is identical to
that reported for younger subjects (<65 years) in a setting of primary
prevention,* an effect that ASPREE failed to detect as statistically

significant in a population at low cardiovascular risk (<1.0% per year)
because it was largely underpowered. Despite serious limitations, these
results were published as a separate, stand-alone paper in the New
England Journal of Medicine® and named as one of the 12 ‘game chan-
gers’ of 2018.

The apparent numerical difference in relative risk reductions ob-
served in primary (typically, 10% to 12% reduction) and secondary (typ-
ically, 20% to 25% reduction) prevention trials is most likely explained
by the much longer duration of the former (6.9 years) than the latter
(2.5 years)** and time-dependent loss of compliance with trial
medication.

Strengths of the evidence for the antithrombotic efficacy of low-dose
aspirin are related to the number, sample size, and duration of placebo-
controlled RCTs across the whole spectrum of atherosclerotic cardio-
vascular disease risk. Potential limitations are represented by the time
frame over which this evidence accumulated, prior to the development
of coronary revascularization and other pharmacological preventive
strategies (e.g. statins). Such improvements in treatment and preven-
tion would be expected to reduce the baseline risk of serious vascular
events and therefore the absolute benefits of aspirin addition.
However, revascularization and statin therapy are unlikely to modify
the relative risk reduction associated with aspirin use, if its benefits
are additive to those of other strategies, as would be expected by their
different mechanisms of action.

Versus other antiplatelet drugs

Additional evidence for the efficacy (and safety) of aspirin can be de-
rived from a number of head-to-head RCTs in over 80 000 high-risk pa-
tients, which were designed to test the superiority of novel antiplatelet
drugs developed during the past 30 years to replace aspirin as the main-
stay of antithrombotic therapy (Table 1).**=° These include oral inhibi-
tors of the platelet ADP receptor, P2Y; of the fibrinogen receptor,
glycoprotein lIb/llla; and of the TXA, receptor, TP. None of the
Phase 3 pivotal trials or post-marketing studies of these agents provided
unequivocal evidence for superiority vs. low-dose aspirin, and none of
these drugs was approved by regulatory authorities with a superiority
claim.

However, because of the number of marketed P2Y, inhibitors (ti-
clopidine, clopidogrel, prasugrel, and ticagrelor) and head-to-head
RCTs against aspirin, two recent meta-analyses with a different design
have addressed the superiority issue. In the tabular data meta-analysis
of Chiarito et al.>" 9 RCTs were included with 42 108 patients random-
ly allocated to a P2Y4, inhibitor (ticlopidine, clopidogrel, or ticagrelor)
or aspirin. Patients who received a P2Y, inhibitor had a borderline re-
duction in the risk of Ml compared with those who received aspirin
(odds ratio 0.81; 95% Cl 0.66—0.99). Risks of stroke, all-cause death,
and vascular death did not differ between patients who received a
P2Y, inhibitor and those who received aspirin.51 Based on these re-
sults, the authors concluded that the potential advantage of P2Y}, in-
hibitor monotherapy over aspirin is of debatable clinical relevance, in
view of the high number needed to treat (NNT =244) to prevent
one Ml and the absence of any effect on all-cause and vascular
mortality.”

In the IPD meta-analysis of the PANTHER Collabora‘cion,6 7 RCTs
were included with 24 325 participants with established CAD, and ti-
clopidine trials were excluded. In both meta-analyses, a single trial pub-
lished 30 years ago, i.e. CAPRIE (Table 1),* accounted for ~60% of the
total weight. However, the PANTHER meta-analysis included a sub-
group of the CAPRIE trial [8446 patients with previous MI, including
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Figure 6 Absolute effects of antiplatelet therapy with aspirin on the risk of vascular events (non-fatal myocardial infarction, non-fatal stroke, or death
from vascular causes) in five groups of high-risk patients. The figure is based on an analysis of data from the Antithrombotic Trialists’ Collaboration.>*
Reproduced from Patrono et al.® with permission from the Massachusetts Medical Society

the original category of recent Ml patients (n = 6302) plus patients with
recent stroke or symptomatic atherosclerotic peripheral arterial dis-
ease with a previous Ml at any time (n=2144)] and a sub-group of
the GLOBAL LEADERS trial (Table 1),* published as GLASSY,*? repre-
sented by 7585 patients (out of 15 968) from the 20 top-enrolling par-
ticipating sites.® The primary outcome (a composite of cardiovascular
death, MI, and stroke) occurred less frequently with P2Y, inhibitor
monotherapy compared with aspirin over 2 years (HR 0.88; 95% ClI
0.79-0.97; P=.012), mainly due to less MI (HR 0.77; 95% CI
0.66—-0.90; P < .001), with identical rates of cardiovascular and all-cause
death.® This difference was largely driven by the HOST-EXAM trial
(Table 1),°° the only one among the seven studies included in the
PANTHER meta-analysis whose 95% Cl did not cross the identity
line for the comparison vs. aspirin.® In fact, the substantially lower point
estimate of HOST-EXAM (HR 0.63; 95% Cl 0.46-0.87), a trial
exclusively conducted in South Korea, as compared with the other
trials in non-Asian countries (HR 0.91; 95% CI 0.82-1.02) resulted in
a treatment-by-sub-group interaction with geographical regions
(Pinteraction = -034), suggesting that the difference between P2Y ¢, inhibi-
tor and aspirin monotherapy was confined to an Asian population.® The
absolute difference in the calculated annual rate of the primary out-
come (3.58% vs. 4.07%) would correspond to an NNT value of 204 pa-
tients to prevent 1 vascular event. Based on these results, the authors
concluded that P2Y4; inhibitor monotherapy might be preferred over
aspirin monotherapy for long-term secondary prevention in patients
with established CAD,6 an interpretation of the available evidence
not shared by the writing groups of the most recent ESC and AHA/
ACC guidelines for the management of patients with acute coronary
syndrome>? and those with chronic coronary disease.>*

Safety

Traditional NSAIDs, including aspirin at analgesic—antipyretic doses
(325 to 1000 mg every 4 to 6 h), cause Gl lesions, such as mucosal ero-
sions and ulcers, which are endoscopically detectable in 30% to 50% of

tNSAID users (Figure 7).>> These lesions develop rapidly, are often
asymptomatic, and tend to heal spontaneously.>® The Gl toxicity of
tNSAIDs is mostly attributed to inhibition of COX-1 and COX-2 in
the Gl mucosa, which impairs the physiological role of prostanoids
(PGE, in particular) in mucosal cytoprotection and tissue repair.>
Local irritation of the Gl mucosa by the acidic nature of these drugs
does not appear to play a clinically relevant role in ulcer complications,
as enteric-coated formulations are not safer than plain formulations
of tNSAIDs.>> Serious complications (bleeding, perforation, and
obstruction) occur in 1% to 2% of tNSAID users (Figure 7).>> The major
risk factors for upper Gl bleeding are older age and a previous history of
Gl disorders (Figure 7).2

Low-dose aspirin appears to spare COX-1 and COX-2 activity in the
Gl mucosa, by virtue of its short half-life and rapid resynthesis of the
acetylated COX isozymes in nucleated epithelial cells. This is reflected
by a 12 week cumulative ulcer incidence of 7% associated with low-dose
(81 mg daily) aspirin, which was not significantly higher than the 6% pla-
cebo incidence in a large endoscopic RCT of elderly osteoarthritic pa-
tients (Figure 7).°® Because of the important role of platelet activation
in tissue repair,>’ pre-existing mucosal lesions throughout the Gl tract
will heal more slowly and bleed more easily in subjects on antiplatelet
therapy. This is reflected by increased risk of upper and lower Gl bleeding
associated with low-dose aspirin and other antiplatelet drugs.*®

In RCTs, the relative risk of a serious Gl bleed in low-dose aspirin-
treated subjects as compared with controls is ~1.5, while in population-
based observational studies, the corresponding value is ~2.08 As
shown in Figure 7, the annual rate of upper Gl complications in the gen-
eral population increases linearly with age and exponentially with the
severity of prior history of Gl disturbances within each decade, ranging
from as low as 0.6 per 1000 to as high as 60 per 1000. A doubling of
these rates due to chronic use of low-dose aspirin will yield an absolute
excess of such complications ranging from as low as 6 per 10 000 (num-
ber needed to harm [NNH], 1667) in a young person with no prior Gl
history to as high as 600 per 10 000 (NNH, 17) in a very old person with
a prior complicated ulcer (Figure 7).8
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Table 1 Superiority trials of other antiplatelet drugs vs. aspirin

Trial (year) Randomized Clinical setting Sample size Primary endpoint Main resuit
comparison
CAPRIE* (1996) Clopidogrel (75 mg o.d.) ASCVD 19185 Ischaemic stroke, M, or RR 0.91
vs. aspirin (325 mg o.d.) vascular death (P=.043)
SYMPHONY* (2000) Sibrafiban (3.0, 4.5, or ACS 9233 Death, non-fatal Ml, or OR 1.03, 95%
6.0 mg) vs. aspirin recurrent ischaemia Cl10.87-1.21
(80 mg b.i.d.)
PERFORM* (2011) Terutroban (30 mg o.d.) Stroke or TIA 19110 Ischaemic stroke, Ml, or HR 1.02, 95%
vs. aspirin (100 mg o.d.) vascular death Cl 0.94-1.12
SOCRATES™ (2016) Ticagrelor (90 mgb.id.) vs.  Acute stroke or TIA 13199 Stroke, MI, or death HR 0.89, 95%
aspirin (100 mg o.d.) Cl 0.78-1.01
GLOBAL LEADERS*? (2018)  Ticagrelor-based (90 mg PClI for stable 15968 All-cause death or new RR 0.87, 95%
b.i.d.) vs. aspirin-based CAD or ACS Q-wave Ml Cl 0.75-1.01
(75-100 mg o.d.)
strategy
HOST-EXAM®® (2021) Clopidogrel (75 mg o.d.) After PCI 5530 All-cause death, MI, stroke, ~ HR 0.73, 95%
vs. aspirin (100 mg o.d.) readmission due to Cl 0.59-0.90
ACS, and BARC
bleeding >3

ACS, acute coronary syndrome; ASCVD, atherosclerotic cardiovascular disease; BARC, Bleeding Academic Research Consortium; CAD, coronary artery disease; Cl, confidence interval;
HR, hazard ratio; MI, myocardial infarction; PCl, percutaneous coronary intervention; RR, rate ratio; TIA, transient ischaemic attack.
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Figure 7 Inducing new gastroduodenal lesions versus enhancing bleeding from pre-existing lesions. (A) Gastroduodenal erosions and ulcers induced
by non-steroidal anti-inflammatory drugs. (B) Twelve-week cumulative incidences of gastroduodenal ulcers in osteoarthritis patients treated with low-
dose aspirin, placebo, or ibuprofen. The figure was drawn with data from Laine et al., Gastroenterology 2004. (C) Gastrointestinal complications induced
by non-steroidal anti-inflammatory drugs. (D) Estimated rates of upper gastrointestinal complications in men, according to age and the presence or
absence of a history of such complications and regular treatment with low-dose aspirin. The vertical lines connecting each pair of black and red symbols
depict the absolute excess of complications related to aspirin therapy. Reproduced from Patrono et al.,® with permission from the Massachusetts
Medical Society
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The Gl toxicity of aspirin is dose-related, but differences in relatively
rare Gl bleeding complications among doses may require a very large
sample size and a randomized comparison to be reliably demonstrated.
In the CURRENT—OASIS 7 trial of 25 086 patients with acute coronary
syndrome randomly assigned to either higher-dose (300 to 325 mg dai-
ly) or lower-dose (75 to 100 mg daily) aspirin for 30 days, there was a
significant increase in the incidence of major Gl bleeding among patients
who received higher-dose aspirin, as compared with those who re-
ceived lower-dose aspirin [47 patients (0.4%) vs. 29 patients (0.2%);
P=.04], with no detectable difference in less frequent intracranial
bIeeding.41 The absolute excess of any intracranial haemorrhage due
to aspirin is in the order of 1 to 2 per 10 000 treated per year.>*

In the meta-analysis of Chiarito et al.,”" the risk of any bleeding and
major bleeding was similar in patients who received a P2Y}, inhibitor
and those who received aspirin. However, the risk for Gl bleeding
was 40% lower in patients who received a P2Y4, inhibitor than those
who received aspirin, a difference largely driven by the CAPRIE trial.*®
It should be emphasized that CAPRIE compared a standard dose of clo-
pidogrel with aspirin 325 mg daily and reported rates of severe Gl
haemorrhage of 0.5% and 0.7%, respectively (P <.05),* i.e. the same
absolute excess of 2 per 1000 that was found in the CURRENT-
OASIS 7 trial when comparing a higher with a lower dose of aspirin.*'
In the PANTHER meta-analysis, the risk of major bleeding was similar in
patients treated with a P2Y4 inhibitor or aspirin.6

Given the rather convincing evidence for comparable bleeding risk as-
sociated with the use of P2Y}, inhibitors and low-dose aspirin, it is sur-
prising and scientifically unjustified that a number of relatively small RCTs,
aimed at improving haemostatic safety shortly after percutaneous coron-
ary intervention, recently tested the largely expected safety advantage of
stopping aspirin vs. continuing DAPT,” with inadequate statistical power
to detect any plausible loss in cardioprotection. The overall risk of bleed-
ing was reduced by ~50% in these trials,” a figure quite similar to the 40%
reduction associated with earlier discontinuation of clopidogrel in older
trials.>* However, these studies did not address the clinically more rele-
vant question of the benefit and potential hazard of stopping the P2Y1,
inhibitor vs. stopping aspirin as compared with continuing DAPT.

Further evidence supporting the concept that Gl bleeding caused by
low-dose aspirin is largely due to its antiplatelet effect is provided by the
results of the PERFORM trial,47 a head-to-head randomized compari-
son of terutroban, a TP receptor antagonist, vs. low-dose aspirin
(Table 7). Terutroban does not inhibit COX-1 or COX-2 and therefore
does not impair the cytoprotective function of Gl prostanoids.
Antagonism of the platelet TXA; receptor by terutroban yielded no sig-
nificant difference in major or life-threatening bleedings vs. inactivation
of platelet COX-1 by aspirin 100 mg daily. Intracranial haemorrhage oc-
curred in <2% of the 19 100 patients with cerebral ischaemic events,
with no statistically significant difference between groups (terutroban
1.54% vs. aspirin 1.28%; HR 1.20; 95% Cl 0.94-1.53). Most importantly,
no difference in the occurrence of Gl bleedings was reported, based on
621 events during a 28 month follow-up (3.2% vs. 3.3%; HR 0.97; 95%
Cl 0.83-1.13).

Although gastroprotectant agents, in particular proton-pump inhibi-
tors, reduce the risk of peptic ulcer disease and its complications in a
wide range of clinical circumstances,® their use in patients taking anti-
platelet drugs in recent trials is still quite limited. More recently, the
HEAT trial showed that Helicobacter pylori eradication protects against
aspirin-associated peptic ulcer bleeding, but this might not be sustained
in the long term.>’

The absolute excess of major bleeds caused by low-dose aspirin in
one of the most recent placebo-controlled RCTs for primary

Table 2 Benefit/risk ratio in contemporary
randomized controlled trials of antithrombotic therapy
for primary and secondary prevention

Trial NNT NNH NNH/NNT
ASCEND® o Mmoo 12
COMPASS®? 77 83 1.1
PEGASUS-TIMI 54°3 79 81 1.0
THEMIS®* 138 93 07

NNT, number needed to treat; NNH, number needed to harm.

prevention, ASCEND, is of the same order of magnitude as the abso-
lute reduction in major vascular events,®° confirming a substantially un-
certain balance of benefits and risks,®" as previously reported by an IPD
meta-analysis of the six earliest primary prevention trials.** However,
when making a similar comparison of NNH and NNT values in contem-
porary RCTs assessing other antithrombotic strategies added on top of
low-dose aspir‘in,ézf“ a NNH/NNT ratio of ~1 is not uncommon
(Table 2).

Aspirin could cause cognitive impairment through an increased risk
of intracranial haemorrhage and cerebral micro-bleeds.®’ However,
in the ASCEND trial, allocation to low-dose aspirin for a mean of
7.4 years was not associated with any statistically significant differences
vs. placebo in the risk of dementia (rate ratio 0.91; 95% CI 0.81-1.02;
P=.11)." A tabular data meta-analysis of three primary prevention
trials, which included ASCEND®® and ASPREE ® yielded a combined
rate ratio of 0.92 (95% Cl 0.84-1.01; P=.09).%°

Traditional NSAIDs and coxibs share COX-2-dependent renal ef-
fects, which may acutely reduce renal function and impair blood pres-
sure control.®” Moreover, an IPD meta-analysis of tNSAID and coxib
RCTs showed that all COX-2 inhibitors roughly doubled the risk
of hospitalization due to heart failure."* Low-dose aspirin, by virtue
of its relative COX-1 selectivity, does not impair renal function or
blood pressure control®® and does not increase the risk of heart

) 43,60
failure.™

Aspirin and cancer

Multiple lines of evidence support a chemopreventive effect of aspirin
against cancer, particularly tumours of the Gl tract.”*° These include
(i) ~70 observational studies suggesting a consistent association be-
tween regular aspirin use and reduced risk of oesophageal, gastric,
and colorectal cancer; (i) meta-analyses of post hoc, long-term follow-
up of aspirin RCTs for primary and secondary prevention of CVD, sug-
gesting a comparable protection against the development of Gl cancers
as reported from observational studies; (iii) prospective, long-term
follow-up of the largest aspirin RCT for primary prevention in which
colorectal cancer was a pre-specified, secondary endpoint displaying
similar time-dependent protection; and (iv) a limited number of
RCTs in which colorectal adenoma recurrence (in individuals with a his-
tory of these lesions) and cancer development (in patients with Lynch
syndrome) were the primary endpoints, significantly reduced by aspirin
treatment (Figure 8).”°” While it was originally assumed that this was
due to the anti-inflammatory effect of aspirin,”®”’
dence points to platelet inhibition as the most likely mechanism explain-
ing its chemopreventive effect.”>’> The sequential involvement of

more recent evi-
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Figure 8 Stages of colorectal carcinogenesis and aspirin chemopreventive effects. The figure depicts the three clinical settings in which aspirin and
other cyclooxygenase inhibitors have been or are being evaluated by randomized clinical trials. CR, colorectal; CRC, colorectal cancer; Lynch S., Lynch
syndrome; RCT, randomized controlled trial. Reproduced from Patrono,” with permission from the American Society for Pharmacology and
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Figure 9 Role of platelet activation in vascular tissue repair and atherothrombosis. The intensity and duration of the haemostatic response to cor-
onary plague erosion or rupture is controlled by a local balance between stimuli to platelet activation and counter-regulatory thromboresistance me-
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with impaired endothelial thromboresistance mechanisms (e.g. because of non-steroidal anti-inflammatory drug use), may favour uncontrolled progres-

sion towards vascular occlusion over physiological tissue repair and plaque healing

abnormal TXA,-dependent platelet activation at sites of intestinal mu-
cosal injury, in turn triggering a local COX-2-driven inflammatory milieu
in the early stages of colorectal carcinogenesis,”*”* has been suggested
to explain these clinical benefits of aspirin that appear largely

independent of the daily dose.”® Moreover, a review of this evidence
suggested that even a 10% reduction in overall cancer incidence begin-
ning during the first 10 years of treatment could tip the balance of ben-
efits and risks in favour of using aspirin in average-risk populations.”’
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A number of ongoing RCTs are testing the potential efficacy and
safety of aspirin in the prevention of cancer recurrence and metastasi-
zation, when used in the early stages of several solid cancers.”

Conclusions and perspective

Basic and clinical research during the last 30 years has provided
considerable insight in the role of TXA,-dependent platelet activation
in primary haemostasis, tissue repair,”’ atherothrombosis,” intestinal
inflammation,”? and colorectal cancer,’ through manipulation of the
COX-1 gene,”*”® measurement of TXA, biosynthesis in murine’>’
and human models,”*”® and use of low-dose aspirin.>*® Appreciation
of the role of platelet activation in vascular tissue repair and plaque heal-
ing’®”” warrants a reconsideration of the intensity and duration of anti-
platelet therapy, given that the vast majority of episodes of coronary
plague erosion or fissure evolve towards lesion repair and healing
(Figure 9).7%"7

The role of aspirin in the current therapeutic armamentarium is un-
likely to be replaced by currently available P2Y}, inhibitors, because of
unconvincing demonstration of their superiority vs. low-dose aspirin, as
reflected by the lack of a regulatory superiority claim and by recom-
mendations of current cardiovascular treatment guidelines.5354 The
available evidence for comparable antithrombotic efficacy and bleeding
liability of P2Y 45 inhibitors and low-dose aspirin has far-reaching impli-
cations, when switching from DAPT to single antiplatelet therapy, inas-
much as no single trial has directly compared stopping one vs. the other
in non-Asian populations.”®

Given the very large body of evidence for the efficacy and safety of
low-dose aspirin as an antithrombotic agent, there is still largely insuf-
ficient use of aspirin for secondary prevention, particularly in low-
income countries.”’ Efforts to address this unmet therapeutic need
would have a much larger impact on global CVD prevention than sub-
stituting one antiplatelet agent for the other. Similarly, inadequate com-
pliance or withdrawal of aspirin treatment is associated with increased
risk of cardiovascular events in subjects with or at moderate-to-high
CVD risk,so'81 and patients with a guideline-based indication should
be encouraged to stay on antiplatelet treatment as long as the esti-
mated benefit/risk profile remains favourable.>*>*

Novel druggable therapeutic targets and compounds for antiplate-
let therapy are currently in pre-clinical development, and some ap-
pear to have a more favourable safety profile than currently
approved drugs with regard to bleeding risk.®? Further development
of non-invasive biomarkers of platelet activation, and research on dis-
utility and decision analysis,%*%* may improve the uncertain balance of
benefits and risks of antiplatelet therapy in a primary prevention
setting.3

Finally, the results of ongoing adjuvant trials of aspirin for cancer
treatment and prevention’ may lead to further understanding of the
role of platelet activation in cancer development and progression and
widen the scope of long-term antiplatelet therapy.
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