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Abstract
Cardiovascular disease is the leading cause of morbidity and mortality worldwide. In 2008
alone, 17.3 million deaths (representing 30% of all deaths) were attributable to the
complications of cardiovascular disease. Of these deaths, 7.3 million were due to coronary
artery disease while 6.2 million were attributable to stroke. Cardiovascular disease is
expected to remain the leading cause of death globally, with the number of deaths expected to
reach 23.6 million annually by 2030 (WHO statistics, 2012). Vascular disease arises through
the complications of atherosclerosis, a complex chronic inflammatory condition affecting the
arterial circulation. It leads to the development of vascular lesions or atherosclerotic plaques,
which manifest as asymmetrical thickenings of the intima of medium to large sized elastic
and muscular arteries. Arterial thrombosis on ruptured atherosclerotic plaques can lead to
acute events, such as myocardial infarction (MI) and ischemic stroke. Platelets are the key
cellular component of arterial thrombi with platelet adhesion under high shear conditions
being central to atherothrombosis. In addition, platelets play a role in the progression of
atherosclerosis. In this review, we will discuss the evidence for the role of platelets in
atherothrombosis, notably the efficacy of antiplatelet agents in the prevention of ischemic
events, and finally their role in the progression of atherosclerosis (atherogenesis).
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Platelets and Haemostasis
Platelets are small, anuclear blood cells derived from bone marrow megakaryocytes. They
circulate at levels of 150 - 400 x 109/l of blood, for 7-10 days. Their primary role is in
haemostasis, the maintenance of vascular integrity, but they are involved in a variety of
processes, including angiogenesis, inflammation, and metastasis

1,2

. Due to margination

induced by red blood cells, platelets circulate in close proximity to the vessel wall, placing
them in an ideal position to survey vascular integrity. Under physiological conditions,
platelets circulate in a quiescent state, largely due to the antiplatelet properties of the
endothelium (PGI2, nitric oxide, and CD39-ectoADPase pathways)3. Upon vascular damage,
platelets rapidly adhere to exposed extracellular matrix proteins, become activated, then
aggregate to form a haemostatic plug that prevents further blood loss. Our knowledge of this
process has advanced over the last decades but questions still remain. It is an extremely
complex, tightly regulated process involving a growing list of platelet receptors and
signalling molecules 4. Following vessel damage, collagen in the subendothelial extracellular
matrix (ECM) is exposed, allowing von Willebrand factor (vWF) to complex with collagen
fibrils 5,6. Under high shear, the initial tethering of platelets to the exposed ECM is via GPIbIX-V mediated adhesion to vWF. Following tethering, GPVI and integrin α2β1 interactions
with collagen allow stable platelet adhesion 7. These initial events trigger intracellular
signalling within platelets 8. The adhered platelets spread, release soluble agonists, and
integrin αIIbβ3 undergoes a conformational change to its active state.
ADP, stored in platelet dense granules, and thromboxane A2 (TxA2), synthesised from
arachidonic acid via prostaglandin biosynthesis, are released from activated platelets. Both
are platelet agonists that cause the activation and recruitment of more platelets to the growing
thrombus, thereby creating a positive feedback mechanism that promotes the haemostatic
response. Platelets express at least two receptors for ADP, purinergic receptors P2Y1 and
P2Y12 9,10. TxA2 acts through the TxA2 (TP) receptor, of which there are two splice variants,
TPα and TPβ 11. Activated, but not resting integrin αIIbβ3 can bind its ligands fibrinogen and
vWF in suspension. Fibrinogen-mediated bridging of adjacent platelets via activated αIIbβ3
facilities platelet aggregation 4. Thrombin is generated locally through the activation of the
coagulation cascade on the surface of activated platelets. Thrombin is an extremely potent
platelet agonist, acting through the proteolytic cleavage of Protease Activated Receptors
(PAR-1 & PAR-4)

12

. Thrombin is also important in the generation of fibrin. The platelet
3
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plug is eventually stabilised by close contacts formed between platelets, and a fibrin
meshwork 13.
Platelets and Atherothrombosis
Depending on the arterial bed affected, the progression of atherosclerosis underlies CAD,
cerebrovascular disease, and peripheral artery disease. Atherosclerosis is associated with well
defined risk factors such as hyperlipidemia, cigarette smoking, male gender, hypertension,
diabetes, homocysteinemia, and obesity. These risk factors are similar across the various
arterial beds affected. Hence, many patients have silent or clinically overt disease at two or
more sites

14

. The International Reduction of Atherothrombosis for Continued Health

(REACH) registry has shown that 25% of patients with coronary artery disease, 40% with
cerebrovascular disease, and 62% with peripheral artery disease
systemic disease

16

15

have clinically overt

. Atherosclerotic plaques develop predominantly at sites of disturbed

laminar flow within the arterial tree, notably branch points and bifurcations

17

. The coronary

artery, carotid bifurcation, infrarenal abdominal artery, and iliofemoral artery are particularly
susceptible, but plaque development can occur across the arterial tree. Atherosclerosis is an
insidious disease, manifesting as clinically silent lesions or ‘fatty streaks’ in the young, which
can disappear or progress to more complex lesions with acute complications in later life

18

.

The main components of atherosclerotic plaques are extracellular matrix proteins, lipids,
monocyte derived macrophages, T-lymphocytes, and smooth muscle cells

19,20

. Different

plaques vary in the concentrations of these components, creating a spectrum of lesions within
an individual. Using histological characteristics, the American Heart Association (AHA)
committee on vascular lesions has devised a standardised classification system for
atherosclerotic plaques

21

. Based on this system, the progression of atherosclerosis can be

subdivided into five phases. Phase I-III lesions are minimally stenotic, and often clinically
silent, while phase IV lesions are the substrate for acute events such as MI and ischemic
stroke. These phase IV plaques are characterised by a large lipid core (> 40% of total lesion
area), a thin fibrous cap (<65 μm), and a high level of inflammatory cell infiltration
They are often not severely obstructive. Hackett et al

25

22-24

.

investigated the severity of coronary

stenosis following thrombolytic therapy in 60 patients at the time of presentation of their first
acute MI. In many cases, infarct related arteries were characterised by <70% stenosis. In
addition, stress tests to identify sites of myocardial ischemia do not accurately predict infarct
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related arteries

26

. Phase V lesions are the highly occlusive plaques commonly associated

with angina pectoris 19,27.
Platelet-mediated thrombosis on atherosclerotic plaques causes the sudden transition from
clinically silent cardiovascular disease to symptomatic life threatening thrombotic events
such as MI. In 1912, James Herrick first attributed MI to coronary artery thrombosis

28

.

However, for the best part of the 20th century the debate continued about whether thrombosis
was the cause of acute vascular events or rather a consequence of infarction identified post
mortem. Until the advent of angiography, it was still widely thought that progressive luminal
narrowing due to the outgrowth of atherosclerotic lesions was the major cause of infarction
29

. In a seminal paper, DeWood et al

30

first demonstrated a causal role for intracoronary

thrombi in the pathogenesis of MI. They reported finding thrombi in infarct-related arteries of
90% of patients within the first few hours of the onset of MI. This increased awareness of the
importance of arterial thrombosis in acute MI led to the increased use of thrombolytic therapy
in coronary care units 31.
In 1985, Davies et al identified ruptured atherosclerotic plaques as the cause of coronary
thrombosis in 90% of sudden cardiac death cases 32. Plaque rupture is believed to be due to an
imbalance between inflammatory cells and normal vessel wall constituents, particularly
macrophages and smooth muscle cells

33-35

. Activated macrophages produce matrix

metalloproteinases that can degrade extracellular matrix proteins, weakening the fibrous cap,
leading to plaque rupture 36,37. Blood flow-induced shear stress forces may also be important
20,31

with plaque rupture often occurring at the proximal end of stenotic lesions where shear

stress forces are the highest

38

. Upon rupture, the content of atherosclerotic plaques is

exposed to the arterial circulation, where it promotes platelet adhesion and aggregation.
Advanced atherosclerotic lesions are rich sources of highly thrombogenic material including
fibrillar collagen and other ECM proteins, tissue factor, platelet activating lipids such as
lysophosphatidic acid, stromal derived factor-1, oxidised LDL, cholesterol sulphate, and
necrotic cell debris

39-42

. Fernandez-Ortiz et al (1994) reported that platelet thrombi formed

on atherosclerotic material can be up to 6 times larger than thrombi formed on exposed ECM
proteins alone. It is important to note that plaque ruptures can also occur in the absence of
acute events, can be subclinical and nonfatal, and resolved through a process similar to
haemostasis 43.
5
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Platelet Activation and Atherothrombosis
The best evidence for the role of platelets in the pathogenesis of atherothrombosis is the
numerous studies demonstrating platelet activation in acute vascular disease and the efficacy
of antiplatelet therapies in the treatment of vascular disease. Increased levels of activated
platelets or serological markers of platelet activation have been reported in patients with
vascular disease

44-49

. Furman et al

50

showed increased levels of circulating degranulated

platelets (P-selectin positive), increased platelet-monocyte aggregates, and platelet
hyperreactivity, compared to healthy controls. Plasma levels of platelet granule proteins PF4
and TGFbeta have been shown to be increased in stroke patients 51,52. As with coronary artery
and cerebrovascular disease, markers of platelet activation are also increased in patients with
PAD. Increased serum levels of platelet granule proteins 49,53 and increased platelet-leukocyte
aggregate levels 54,55 have been associated with peripheral artery disease.
Furthermore, transient increases in markers of platelet activation have been observed in the
acute phases of MI and stroke. Repeated, transient increases in thromboxane metabolites have
also been observed in coronary artery disease patients 45,56. This is consistent with the idea of
thrombus formation on ruptured or eroded plaques as a dynamic process, occurring
episodically but not always progressing to major vascular events

43

. Repeated, transient

increases in urinary thromboxane metabolites have also been demonstrated in the acute
phases of ischemic stroke

57,58

. However, these increases are less frequent and of a shorter

duration compared to coronary artery disease patients 45,56. This may reflect the heterogeneity
of mechanisms associated with ischemic stroke with atherothrombosis accounting for only
40-57% of ischemic strokes 43.
Mechanism of Platelet Mediated Atherothrombosis
Reninger et al59 have studied ex-vivo platelet thrombus formation on human atheromatous
plaque material under arterial shear conditions. Thrombus formation occurs in two distinct
phases mediated by platelet GPVI and tissue factor. In the first phase, platelet GPVI and
α2β1-mediated interactions with fibrillar collagen initiate rapid platelet adhesion and
aggregation (< 1min). In the second phase (≤ 3min), plaque-derived tissue factor promotes
the generation of thrombin and fibrin, via activation of the coagulation cascade. In the study,
the authors demonstrate that inhibition of GPVI but not tissue factor suppresses plaque
induced arterial thrombosis, indicating the greater importance of platelets in this process.
6
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Antiplatelet therapy for the prevention of atherothrombosis
Single antiplatelet therapy – Aspirin
Aspirin is the key antiplatelet agent used in the prevention of atherothrombosis. Over 100
trials comprising thousands of patients have demonstrated the efficacy of aspirin in
prevention of atherothrombosis. Aspirin (Acetylsalicylic acid) elicits its anti-platelet effect by
inhibiting prostaglandin biosynthesis, including the synthesis of the platelet agonist TxA2.
TxA2 is synthesised by platelets in response to activation, and induces irreversible platelet
aggregation via its G-protein coupled receptor, the TxA2 receptor

60,61

. TxA2 is also a potent

vasoconstrictor, induces vascular smooth muscle cell proliferation, and has been found to
promote atherosclerosis 62.
Aspirin inhibits prostaglandin biosynthesis through the non-reversible inactivation of
Prostaglandin H (PGH) synthase 1 and synthase 2, more commonly referred to as COX-1 and
COX-2. These enzymes catalyse the first step of prostaglandin biosynthesis, the conversion
of free arachidonic acid into Prostaglandin H2 (PGH2)

63

. Aspirin-induced acetylation of

serine 529 in human COX-1 and serine 516 in human COX-2 blocks arachidonic acid from
entering the COX catalytic site of these enzymes 64. Of note, higher concentrations of aspirin
are required to inhibit COX-2 compared to COX-1

15

. The PGH2 generated by the

cyclooxygenation of arachidonic acid then serves as a substrate for downstream isomerases,
leading to the production of at least five prostaglandins, including the platelet agonist
thromboxane A2 (TxA2). The biosynthesis of TxA2 is more dependent on COX-1, rather than
COX-2, hence it is sensitive to even low doses of aspirin

65-67

. Thus, daily doses of 30mg of

aspirin have been shown to result in almost complete inhibition of platelet TxA2 production
and TxA2-mediated platelet aggregation after one week 68.
Aspirin is usually administered orally with bioavailability after absorption at 40-50% over a
wide range of doses 69. It is detectable in plasma 20 minutes after ingestion, with peak levels
reached within 40 minutes, and measurable inhibition of platelet aggregation within 1 hour 70.
The plasma half life of aspirin is approximately 20 minutes, but its effective half life is much
greater given the inability of anuclear platelets to recover COX-1 activity. However, upon
drug withdrawal, platelet COX-1 activity recovers with the production of new platelets

63

.

Enteric coating of aspirin causes delayed absorption and therefore delayed inhibition of
7
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platelet aggregation. However, chewing coated aspirins produces a similar level of inhibition
compared to uncoated aspirin

71,72

. During prolonged use of aspirin, the administration of

coated or uncoated aspirin appears to be similarly effective at inhibiting TxA2 synthesis 73. A
wide range of aspirin concentrations have been used in studies, from low (30 mg daily) to
high dose aspirin (1300 mg daily). It is currently unknown whether different concentrations
of aspirin have different biological effects.
The Second International Study of Infarct Survival (ISIS-2) was the first trial to assess the
effect of aspirin in the setting of acute myocardial infarction

74

. In the ISIS-2 trial, 17,187

patients presenting within the first 24 hours of a suspected myocardial infarction were
randomised to receive thrombolytic therapy (streptokinase, 1.5 MU), aspirin (162.5 mg daily
for 1 month), both, or neither. Aspirin decreased the 5 week mortality rate by 23 % (9.4 % vs.
11.8%, p < 0.0001). Aspirin also decreased the rate of nonfatal reinfarction by 49% and the
rate of nonfatal stroke by 46%, and was not associated with a significant increase in major
bleeding. This is consistent with the idea of recurrent platelet activation on sites of disrupted
thrombogenic plaques as the cause of cardiac related death

43

. In the ISIS-2 trial,

streptokinase alone was also associated with a 25% reduction in 5 week mortality rates (9.2
% vs. 12.0 %, p < 0.0001), but was associated with an excess of recurrent infarctions. The
combined regimen of aspirin and streptokinase had an additive effect on 5 week mortality
rates, resulting in a 42 % reduction (8.0 % vs. 13.2 %, p < 0.0001). The benefit of aspirin and
streptokinase treatment was also significant after a 15 month follow up. Furthermore, in the
Antiplatelet Trialists Collaboration

75

metaanalysis of trials in which patients (> 19,000)

received aspirin for the treatment of acute MI, aspirin use was associated with a significant
decrease in the risk of acute vascular events (10.4 % vs. 14.2 %, p < 0.001).
Both the Chinese Acute Stroke Trial (CAST)

76

and the International Stroke Trial (IST)

77

have studied the efficacy of early aspirin use in acute ischemic stroke. Collectively, these two
studies randomised approximately 40,000 patients within 48 hours of the onset of symptoms
of stroke to either 2 to 4 weeks of aspirin (160 or 300 mg daily) or a placebo. The combined
analysis of these studies 78 showed a highly significant reduction in recurrent ischemic stroke
associated with aspirin use (1.6% vs. 2.3%, p < 0.000001), a less significant decrease in death
without further stroke (5.0 vs. 5.4%, p = 0.05), and a non significant increase in haemorrhagic
stroke (1.0% vs. 0.8%, p = 0.07). The benefit of aspirin in ischemic stroke is smaller than the
8
PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2586v1 | CC BY 4.0 Open Access | rec: 11 Nov 2016, publ:

benefit in the acute treatment of myocardial infarction, likely reflecting the heterogeneity of
mechanisms underlying ischemic stroke 43.
Aspirin is also beneficial for the secondary prevention of atherothrombosis. Long term
aspirin therapy is associated with a decrease in risk of subsequent myocardial infarction,
ischemic stroke, or vascular death in high risk patient groups. These include chronic stable
angina, prior myocardial infarction, unstable angina, and history of transient ischemic attack
or minor stroke. The reduction in risk among these patient cohorts ranges from 20-25%

70

.

Furthermore, aspirin use appears to have a modest benefit in the primary prevention of
atherothrombosis in low risk patients. The Antiplatelet Trialists Collaboration performed a
metaanalysis of 6 aspirin primary prevention trails including 95,456 patients

79

. Aspirin use

was associated with a 12 % reduction in major vascular events (0.51 % vs. 0.57 %, p =
0.0001), due predominantly to a significant decrease in rates of non fatal MI (0.18 % vs. 0.23
%, p < 0.0001). Aspirin use was not associated with a significant decrease in the rates of all
strokes (0.2 % vs. 0.21, p = 04), but was associated with a significant decrease in non
haemorrhagic stroke (0.16 % vs. 0.18 %, p = 0.08). However, there was no apparent
reduction in vascular mortality (0.19 % vs. 0.19 %, p = 0.7), and a significant increase in the
risk of major gastrointestinal and extracranial bleeds (0.1 % vs. 0.07 %, p < 0.0001).
Dual Antiplatelet Therapy – Aspirin plus Clopidogrel
Dual antiplatelet therapy with aspirin and a P2Y12 - ADP receptor antagonist clopidogrel is
now a well-established treatment for the prevention of atherothrombosis. ADP is a relatively
weak but important platelet agonist, stored in and secreted from platelet dense granules upon
activation. It serves to amplify platelet aggregation in response to other agonist stimuli

80-82

.

The importance of ADP in vivo is highlighted by the bleeding diathesis associated with
abnormalities in ADP granules stores, or defects in the ADP platelet receptors, the G-protein
coupled P2Y1 and P2Y12 receptors. In platelets, P2Y1 elicits shape change, Ca2+
mobilisation, and rapid reversible platelet aggregation, while P2Y12 elicits slowly
progressive platelet aggregation without shape change. Simultaneous activation of both
receptors by ADP is required for normal platelet aggregation

83

. Due to its limited tissue

distribution compared to P2Y1, the P2Y12 receptor is an excellent target for antiplatelet
therapy. The addition of a P2Y12 antagonist to aspirin produces a synergistic inhibitory effect
on platelet activation and aggregation. Hence, the concept of dual antiplatelet therapy using
9
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aspirin and a P2Y12 receptor antagonist emerged. Clinically, it provides a modest clinical
benefit over aspirin in the prevention of atherothrombosis.
Clopidogrel is a P2Y12 receptor antagonist of the thienopyridine family. Thienopyridines are
pro-drugs (inactive in vitro), metabolised to short-lived active metabolites by hepatic
cytochrome P450. The active metabolites selectively and irreversibly bind to P2Y12 and
subsequently inhibit ADP-induced platelet aggregation

84

. Due to this need for metabolism,

coupled with the poor efficiency of this process, the onset of action of clopidogrel is
significantly delayed. In healthy volunteers given 75mg clopidogrel, maximal inhibition of
ADP-induced aggregation is seen after 5 days85. This delayed effect can be decreased to 2 to
5 hours with the use of a 300-600mg loading dose

86-89

. As a result, most studies have used

the dosing regimen of 300 mg loading dose followed by 75 mg daily maintenance dose.
The CURE (Clopidogrel in Unstable Angina to Prevent Recurrent Events) trial first assessed
the use of dual antiplatelet therapy in the setting of acute myocardial infarction. In this study,
patients with unstable angina on aspirin (75-325 mg daily), presenting within 24 hours of the
onset of the symptoms of a non-ST elevation myocardial infarction were randomised to either
clopidogrel treatment (300 mg loading dose followed by 75 mg daily) or placebo. After a 9
month follow up, there was a significant decrease in the primary outcome, a composite end
point of cardiovascular death, nonfatal myocardial infarction, or stroke (9.3 % vs. 11.4 %, p <
0.01), but also a significant increase in major bleeding (3.7 % vs. 2.7 %, p = 0.001)
further analysis of the results of the CURE trial, Budaj et al

91

90

. In a

demonstrated that the benefit

of dual antiplatelet therapy was consistent across low, intermediate, and high risk patients
with vascular disease, stratified based on TIMI (Thrombolysis in Myocardial Infarction)
scores. The clinical benefit of dual antiplatelet therapy over aspirin alone is also seen in
patient presenting with ST segment elevation MI within 12 or 24 hours of onset (Clopidogrel
and Metoprolol Myocardial Infarction Trial [COMMIT] and Clopidogrel as Adjunctive
Reperfusion Therapy [CLARITY], and those undergoing percutaneous intervention
(Clopidogrel for the Reduction of Events During Observation [CREDO]) 92-94.
While short term dual antiplatelet therapy shows a clinical benefit in patients with acute
coronary syndromes and is currently being assessed in the setting of cerebrovascular disease,
long term dual antiplatelet therapy does not reduce the risk of atherothrombosis in high risk
groups70. In the CHARISMA (Clopidogrel for High Atherothrombotic Risk and Ischemic
10
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Stabilisation) trial, the effect of the addition of clopidogrel (75 mg daily) to low dose aspirin
therapy (75 to 162 mg daily) was examined in patients with clinically evident cardiovascular
disease (previous MI, previous stroke, or PAD) or multiple risk factors

95

. In the trial, the

results suggested a benefit associated with clopidogrel in patients with clinically evident
vascular disease but an increased risk of a cardiovascular event or death in the patients with
multiple risk factors. In this case, it is important to consider that the additional benefit of dual
antiplatelet therapy over aspirin in ACS is only a fraction of the benefit observed with aspirin
over placebo70.
Beyond dual antiplatelet therapy
Dual antiplatelet therapy with aspirin and clopidogrel is now a well established standard of
care for patients with acute coronary syndromes, while its benefit in the treatment of
cerebrovascular disease is less conclusive. Other antiplatelet agents have also been developed
that also show benefit in the prevention of atherothrombosis. The risk of recurrent ischemic
complications despite dual antiplatelet therapy has been the driving force behind their
development, with many investigators suggesting that improvements can be made in the
treatment of atherothrombosis with more potent antiplatelet agents 96,97. With the use of more
potent antiplatelet agents, the improved benefit in the prevention of atherothrombosis is often
offset by a significant increase in bleeding among patients. Newer antiplatelet agents that
have been investigated in combination with, or in lieu of dual aspirin and clopidogrel therapy
include next generation P2Y12 antagonists and PAR-1 antagonists.

Inter-individual Variability in Response to Aspirin and Clopidogrel
Before discussing newer antiplatelet agents, it is important first to consider interindividual
variability in responses to aspirin and clopidogrel that may underlie less than expected drug
efficacy in the prevention of atherothrombosis. The development of multiple platelet function
tests to monitor therapy has led to the identification of patients that are non-responsive to
aspirin and/or clopidogrel. This non responsiveness to antiplatelet therapy has been linked to
an increased risk of major vascular events

98

. In the past, this inability of aspirin and

clopidogrel to fully inhibit TxA2 and ADP mediated platelet activation has been misleadingly
termed ‘aspirin resistance’ and ‘clopidogrel resistance’, but should rather be called high on
treatment platelet reactivity, and is representative of interindividual variability in responses.
11
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Lower than expected responses (biochemical, functional, clinical) to standard antiplatelet
drug regimes in certain patients are not unexpected. In a population, interindividual
variability in pharmacokinetic handling and pharmacodynamics may contribute to varying
responses to any drug treatment. High on treatment platelet reactivity with aspirin
(incomplete inhibition of TxA2 synthesis), as measured by ex vivo platelet function tests
(arachidonic acid induced platelet aggregation, serum Thromboxane B2 levels, Verify Now
aspirin cartridge), has previously been estimated at between 5 - 25 % in cardiovascular
disease cohorts

99,100

. However, once aspirin non compliance has been eliminated through

measurement of serum TxB2 levels, incomplete inhibition of TxA2 synthesis and TxA2
dependent aggregation appears to be a rare occurrence 101,102. In these cases, pharmacological
interference by other non-steroidal anti inflammatories, as well as accelerated COX-1
recovery due to increased platelet production, should be considered63.
It has been estimated that up to 20 - 30% of patients on standard clopidogrel therapy
(75mg/day, 300mg loading dose) have persistent high on treatment platelet reactivity

103-105

.

This is often based on the results of ADP induced aggregation tests or the Verify Now-P2Y12
cartridge. Genetic polymorphisms affecting the metabolism of clopidogrel have been shown
to contribute to this interindividual variation. Clopidogrel (85-90%) is hydrolysed via
intestinal esterases to a terminally inactive metabolite. Unhydrolysed clopidogrel is then
metabolised in a 2 steps by hepatic cytochrome P450s (including CYP2C19)106,107. A reduced
function allele of CYP2C19 is the most commonly expressed variant, found in 30% of
Europeans, 40% of Africans, and more than 50% of Asians106,107. In a genetic sub study of
the TRITON-TIMI-38 (Trial to Assess the Improvement in Therapeutic Outcomes by
Optimizing Platelet Inhibition with Prasugrel-Thrombolysis in Myocardial Infarction) study,
this reduced function allele was found to be associated with reduced exposure to the active
metabolite of clopidogrel, and an increased risk of death and acute events compared to non
carriers (12.1 vs. 8%; P = 0.01)98. In fact, the FDA has issued a boxed warning on the drug
label highlighting the reduced efficacy of clopidogrel therapy in individuals with the reduced
function allele of CYP2C19, the availability of CYP2C19 genotype testing, and the
recommendation to consider alternative dosing regimens or other antiplatelet agents in
individuals with reduced metabolism of clopidogrel 107.

12
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Next generation P2Y12 antagonists
Prasugrel is a third generation thienopyridine, with a more efficient metabolism than
clopidogrel. Hence, it is a more potent P2Y12 antagonist with a more rapid onset of action.
Firstly, prasugrel is hydrolysed to an intermediate compound by esterases, then oxidised by
cytochrome P450 to its active metabolite (R-138727). CYP2B6 and CYP3A4 are the main
contributors to the metabolism of prasugrel, and owing to the smaller contribution of
CYP2C19, the metabolism of prasugrel is not affected by reduced function CYP2C19 alleles
108,109

. A 60 mg loading dose of prasugrel results in greater and more rapid inhibition of ADP

induced platelet aggregation (5 and 20μM) than a 300mg loading dose of clopidogrel. This
decreased inhibition is due to the less efficient metabolism of clopidogrel compared to
prasugrel, which results in a lower concentration of its active metabolite of clopidogrel in
vivo 110. In the TRITON-TIMI-38 study, clopidogrel (300 mg loading dose, 75 mg daily) was
compared to prasugrel (60 mg loading dose, 10 mg daily) in 13,608 patients already on
aspirin with ACS undergoing PCI. The primary composite end point was death from
cardiovascular causes, non fatal myocardial infarction, or nonfatal stroke. Prasugrel was
associated with a significant decrease in the primary end point (12.1 % vs. 9.9%, p <
0.0001,), but was also associated with a significant increase in major bleeding (1.8 % vs. 2.4
%, p = 0.03), including life threatening bleeding (0.9% vs. 1.4 %, p = 0.01)

111,112

). The

excess of bleeding seen with prasugrel can be explained by its more rapid onset of action and
higher potency. Prasugrel is contraindicated in patients with active bleeding, a history of
stroke, a body weight < 60kg or age ≥ 75 years 70,113.
Ticagrelor is an orally administered cyco-pentyl-triazalo-pyrimidine. In the PLATO (Platelet
Inhibition and Patient Outcomes) study of 18,624 ACS patients, ticagrelor was associated
with a significant decrease in the rate of cardiovascular death, MI, and stroke at 30 days
compared to clopidogrel (4.8% vs. 5.4 %, p = 0.045) and 1 year (9.8 % vs. 11.7%, p < 0.001).
Ticagrelor was not associated with an increase in bleeding overall, but was associated with an
increase in major bleeding (4.5% vs. 3.8 %, p = 0.03) 114. Ticagrelor was also associated with
a significant reduction in all cause mortality at one year (4.5 % vs. 5.9 %, p < 0.001). A subanalysis of PLATO found a region interaction with ticagrelor associated with lower efficacy
in North America, specifically the United States. Higher maintenance doses of aspirin were
common in the United States and statistical analysis showed that higher aspirin maintenance
doses were associated with a lower ticagrelor efficacy115. Based on this, ticagrelor is
13
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contraindicated in patients receiving more than 100mg aspirin daily but this is a contentious
issue116.
Cangrelor is an intravenously administered ATP analog that is highly resistant to
endonucleotidases. Two short term phase III trials (CHAMPION PCI and PLATFORM) of
cangrelor were discontinued due to less than expected efficacy for the primary composite end
point117,118. However, cangrelor was associated with a reduction in predefined secondary end
points, including the rate of stent thrombosis, with no increase in bleeding119. The
CHAMPION PHOENIX was designed to determine the efficacy of cangrelor in patients
undergoing PCI, and compared to a loading dose of clopidogrel (300 - 600mg). Cangrelor
was associated with a reduction in the primary composite end point of death, myocardial
infarction, ischemia-driven revascularization, or stent thrombosis at 48 hours (4.7 vs. 5.9 %,
P=0.005) 120
PAR-1 antagonists
The trend towards more potent antiplatelet agents has led to the development of PAR-1
antagonists. Thrombin, generated by the coagulation cascade, is the most potent activator of
platelet in vivo. It acts through two G-coupled protease activated receptors (PAR-1 and PAR4) on the surface of platelets. PAR-1 antagonists inhibit thrombin induced platelet activation,
but do not interfere with thrombin induced cleavage of fibrinogen, which is the final step in
coagulation

121

. Vorapaxar is a new PAR-1 antagonist based on himbacine, an alkaoloid

derived from the bark of Galbulimima baccata, a species of Magnolia. Oral administration of
Vorapaxar inhibits TRAP (thrombin receptor activating peptide) induced platelet aggregation
in a dose dependent manner. The optimal dosing regimen was calculated as a 40 mg loading
dose, followed by a 2.5 mg maintenance daily dose. This achieves > 80 % inhibition 121. The
TRACER (Thrombin Receptor Antagonist for Clinical Reduction in Acute Coronary
Syndrome) trial assessed the effect of the addition of vorapaxar to standard aspirin and
clopidogrel therapy in patients with ACS without ST segment elevation. The primary
composite end point was death from cardiovascular causes, MI, stroke, recurrent ischemia
with rehospitalisation, or urgent coronary revascularization. After a median follow up of 502
days, vorapaxar was associated with a non significant decrease in rates of the primary
composite end point (18.5 % vs. 19.9%, p = 0.07), but a significant increase in the rates of
moderate to severe bleeding (7.2 vs. 5.2 %, p < 0.001) and intracranial haemorrhage (1.1 %
14
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vs. 0.2%, p<0.001)

97

. The TRA 2P-TIMI 50 (Thrombin Receptor Antagonist for the

Secondary Prevention of Atherothrombotic Ischemic Events - Thrombolysis in Myocardial
Infarction 50) trial assessed the efficacy of vorapaxar in the secondary prevention of
atherothrombosis

122

. In the trial, patients (26,449) with stable vascular disease (history of

MI, history of stroke, or PAD) were randomised to receive vorapaxar (2.5 mg daily) or
placebo. The primary composite end point was death from cardiovascular causes, MI, or
stroke. Vorapaxar was associated with a significant decrease in the rate of the primary end
point (11.2 % vs. 12.4 %, p < 0.001). However, similar to the TRACER trial, vorapaxar was
associated with a significant increase in moderate to severe bleeding (4.2 % vs. 2.5 %, p <
0.001) and intracranial haemorrhage (1.0 vs. 0.5 %, p < 0.001) but no significant increase in
fatal bleeding (0.3 vs. 0.2 %, p = 0.19). Vorapaxar (ZontivityTM) is now FDA approved for
the prevention of atherothrombosis in patients with a history of myocardial infarction or
periperhal artery disease but is contraindicated for patients with a history of stroke, TIA, or
intracranial haemorrhage.
Platelets and the Progression of Atherosclerosis
A growing body of research indicates that platelets are critically important in inflammation
and hence the progression of atherosclerosis

123-125

. Early studies provided an indirect link

between platelets and atherosclerosis. Platelet-specific antigens where identified in
histopathological samples of atherosclerotic lesions

126

, infusion of platelet rich thrombi

induced lipid accumulation and the formation of foam cells within the arterial intima in a pig
model of atherosclerosis 127, while thrombocytopenia and a vWF deficiency were found to be
associated with reduced atherosclerosis in a rabbit model

128,129

. More recently, it has been

demonstrated that platelets adhere to lesion prone sites in ApoE-/- dyslipademic mice even in
the absence of visible atherosclerotic lesions. In this model, inhibition of platelet integrin
αIIbβ3 and GPIb decreases leukocyte infiltration into the arterial intima and reduces
atherosclerotic plaque development in the carotid artery bifurcation, aortic sinus, and
coronary arteries, suggesting critical roles for both platelet receptors in this process 130.
In ApoE-/- mice (a model of dyslipidemia), the infusion of activated platelets causes a Pselectin dependent increase in platelet-monocyte aggregate levels, resulting in increased
platelet-monocyte aggregate arrest on atherosclerotic lesions and increased lesion size

131

. In

resting platelets, P-selectin is stored on the membrane of alpha granules. Upon platelet
15
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activation and degranulation, it is translocated to the surface of the platelet and hence serves
as a marker of platelet activation. P-selectin serves to mediate platelet adhesion to leukocytes
via its major ligand PSGL-1 (P-selectin glycoprotein ligand 1). Under physiological
conditions, following vessel damage, it facilitates leukocyte recruitment to growing thrombi
132,133

. P-selectin deficiency is protective in a diet and injury induced model of atherosclerosis

131,134

. Activated platelets can modulate the chemotactic and adhesive properties of

endothelial cells in vitro, by inducing the release of MCP-1 (monocyte chemoattractant
protein 1), and the increased surface expression of ICAM-1 (intercellular cell adhesion
molecule 1) in an NF-κB (nuclear factor κB)-dependent mechanism

135

. MCP-1 is a potent

chemotactic of monocytes but not neutrophils, while ICAM-1 can mediate monocyte
adhesion to the endothelium. Upon activation, platelets express CD40 ligand (CD40L) in
vitro and in vivo. CD40L is an important platelet-derived molecule that induces endothelial
cell activation

136

. CD40L can also induce MCP-1 release and the increased expression of

adhesion receptors, as well as increase the proteolytic activity of endothelial cells that may
adversely affect plaque stability 137. Disruption of the CD40-CD40L signalling pathway also
attenuates atherosclerotic plaque development and lipid deposition in ApoE-/- mice 138.
Platelets are a rich source of pro-inflammatory and pro-atherogenic cytokines and
chemokines, stored in their alpha granules and released during platelet activation

2,139

.

Platelet-released chemokines such RANTES and Platelet Factor 4 (PF4) are potent
chemokines, inducing the recruitment of inflammatory cells. Depletion of PF4 from platelets
protects against atherosclerosis in ApoE-/- mice

140

, and inhibition of interactions between

platelet-derived RANTES and PF4 reduces atherosclerosis in hyperlipidemic mice

141

.

Platelets can induce the differentiation of endothelial progenitor cells, monocytes, and
smooth muscle cells into foam cells (Daub et al, 2006). Activated platelets can induce proatherogenic modifications in LDL and HDL (high density lipoprotein) through a
phospholipase A2 (PLA2) dependent mechanism. These modifications enhance cholesterol
ester biosynthesis in macrophages and reduce the anti-atherogenic properties of HDL 142.
Numerous studies have examined the effect of antiplatelet therapies on the progression of
atherosclerosis. Aspirin

143

, indomethacin

144

, and TxA2 receptor antagonist

145

treatment

have been associated with reduced atherosclerosis in animal models. Conflicting data exists
regarding the beneficial effect of aspirin. Cyrus et al

143

reported reduced atherosclerotic
16
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burden in low dose aspirin treated ApoE-/- mice fed a high fat diet. Vascular lesions of
aspirin treated mice were characterised by reduced foam cell accumulation, and increased
smooth muscle cell and collagen levels, indicating increased plaque stability. However,
Cayette et al 145 failed to show a beneficial effect of aspirin on atherogenesis in ApoE-/- mice
fed a normal diet. Consistent with both findings, Tous et al

146

showed aspirin treatment

attenuated the onset but not progression of atherosclerosis, only in mice fed a high fat diet.
The P2Y12 receptor antagonists have also been shown to have anti-atherogenic properties.
Clopidogrel treatment in ApoE-/- mice results in decreased atherosclerotic burden and
increased plaque stability in the aortic sinus

147

. Collectively, evidence from animal models

suggests a critical role for platelets in atherogenesis.
Evidence for the role of platelets in atherogenesis in humans is largely indirect. Plateletderived growth factors and chemokines have been identified in human atherosclerotic
plaques. As discussed earlier, coronary artery, cerebrovascular, and peripheral artery disease
are all associated with increased levels of activated platelets and serological markers of
platelet activation. Known risk factors for atherosclerosis, such as hyperlipidemia

148

,

hypertension 149, diabetes mellitus 150, and cigarette smoking 151 are associated with increased
levels of activated platelets. Platelet activation as measured by P-selectin expression is
associated with increased wall thickness of the carotid artery

152

and the progressive

thickening of the carotid artery in patients with type II diabetes 153.
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