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Abstract and Introduction

Abstract

Platelets play an important role in atherothrombotic disease. The currently available antiplatelet drugs target key steps of platelet activation including thromboxane A2 synthesis, ADP-mediated signaling, and glycoprotein IIb/IIIa-mediated platelet aggregation. The improvement of our understanding on the pharmacokinetic and pharmacodynamic characteristics of these drugs enables the tailoring of the most appropriate anti-thrombotic therapy to the individual patient and risk situation in the daily clinical practice. However, current antiplatelet therapies are associated with increased bleeding risk. Thus, further research on platelet functions may give rise to numerous new antiplatelet agents with high anti-thrombotic efficiency and low adverse hemorrhagic side effects.

Introduction

Platelet activation plays a dominant role in hemostasis, a physiologic process that prevents blood loss when the vascular endothelium is injured. However, platelets also play a critical role in the formation of pathogenic thrombi in patients with atherothrombotic disease. Indeed, the disruption of an atherosclerotic plaque promotes platelet adhesion to various subendothelial matrix proteins such as von Willebrand factor (vWF) and collagen via glycoprotein (GP) receptors on the platelet surface (GPIbα–GPIX–GPV for vWF, GPVI–FcRγ and integrin α2β1 for collagen).[1,2] Platelet adhesion results in platelet activation and secretion of various soluble agonists, including ADP, thromboxane A2 (TxA2) and thrombin. These agonists bind to distinct G-protein-coupled receptors on the platelet surface, and induce further platelet activation, secretion and platelet aggregation, which is the result of the fibrinogen binding to the activated platelet integrin receptor αIIbβ3 (GPIIb/IIIa).[3] The currently available antiplatelet agents target key steps leading to platelet activation, including TxA2 synthesis, ADP-mediated signaling and GPIIb/IIIa-mediated platelet aggregation. Furthermore, ongoing research concerns the development of specific antagonists targeting receptors of other platelet agonists such as thrombin and TxA2. The management of patients who are receiving antiplatelet drugs requires a clear understanding of the pharmacokinetics and pharmacodynamics of these drugs, as well as their possible interaction with other drugs that may influence their therapeutic efficacy. In the present review, we provide an overview of the pharmacodynamic properties of all antiplatelet drugs used in daily clinical practice and discuss future perspectives on new antiplatelet agents under development.

Cyclooxygenase-1 Inhibitors

One of the consequences of platelet activation is the liberation of arachidonic acid (AA) from the sn-2 position in membrane phospholipids by cytosolic phospholipase A2. AA is then converted to the unstable intermediates prostaglandin (PG) G2/H2. In platelets, both reactions are catalyzed by the enzyme PGH synthase-1, which exhibits cyclooxygenase (COX)-1 and hydroperoxidase activities. COX-1 activity converts AA to PGG2, which is then converted to PGH2 by the hydroperoxidase activity of PGH synthase-1 (Figure 1). PGH synthase-1 is colloquially termed as COX-1. In platelets PGH2 is subsequently metabolized to TxA2 by TxA2 synthase. In endothelial cells PGH2 is metabolized to prostaglandin I2 (PGI2) by PGI2 synthase and in other tissues to various prostanoids by tissue-specific isomerases (Figure 1). TxA2 is a potent platelet agonist.[4] Inhibition of COX-1 significantly inhibits TxA2-dependent platelet activation; however, it leaves other platelet-activation pathways largely unaffected. Aspirin is an irreversible inhibitor of COX-1 and has for many decades represented the cornerstone of antiplatelet therapy. An alternative to aspirin is triflusal (Figure 1).
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Figure 1.  Arachidonic acid metabolism and the effect of cyclooxygenase-1 inhibitors. Arachidonic acid (AA) is liberated from the sn-2 position of membrane phospholipids by cytosolic PLA2. AA is then converted to the unstable intermediates prostaglandin G2/H2. In platelets, both reactions are catalyzed by the enzyme PGH synthase-1, which exhibits COX-1 and HOX activities. COX-1 activity converts AA to PGG2, which is then converted to PGH2 by the HOX activity of PGH synthase-1. In platelets, PGH2 is subsequently metabolized to TxA2 by the TxA2 synthase. In endothelial cells, PGH2 is metabolized to PGI2 by the PGI2 synthase and in other tissues to various prostanoids by tissue-specific isomerases. Inhibition of COX-1 by aspirin and triflusal significantly inhibits TxA2 formation and TxA2-dependent platelet activation; however, it leaves other platelet activation pathways largely unaffected. COX-1: Cyclooxygenase-1; HOX: Hydroperoxidase; PGG2: Prostaglandin G2; PGH2: Prostaglandin H2; PGI2: Prostaglandin I2; PLA2: Phospholipase A2; TxA2: Thromboxane A2.

Aspirin

Aspirin (acetyl salicylic acid) has remained, for over 50 years, the cornerstone of antiplatelet therapy owing to its proven clinical benefit and very good cost–effectiveness profile. Aspirin selectively and irreversibly acetylates the hydroxyl group of a single serine residue at position 529 within the polypeptide chain of PGH synthase-1. Thus, aspirin inhibits COX-1 activity but it does not affect the hydroperoxidase activity of PGH synthase-1. By blocking COX-1, the production of TxA2 is reduced, leading to reduced platelet aggregation.[5] 

For the complete inhibition of platelet aggregation by aspirin, it is necessary to inhibit TxA2 production by >90%, which can be achieved by a dosage as high as 30 mg/day. When platelets are exposed to aspirin, COX-1 is deactivated and remains inactive for the remaining lifespan of the platelet, namely 7–10 days. This is owing to the fact that these cells are anucleate and thus unable to synthesize new, active COX-1. Thus the restoration of normal platelet function after aspirin administration occurs only with the production of new platelets. It should be noted that one seventh of the platelets in the circulation are renewed every 24 h; therefore, up to 30% of circulating platelets may show normal TxA2 production after aspirin discontinued for 48 h.[6] Consequently, aspirin administration on a daily basis should be preferred rather than administration every second day. It must be stressed that in low doses aspirin does not affect the action of endothelial cell COX-1 and therefore does not reduce the production of PGI2, which has many beneficial effects including potent antiplatelet effects.[6] 

Aspirin improves clinical outcome in all cardiovascular (CV) syndromes in primary and secondary prevention, including acute events. In high-risk patients, aspirin substantially reduces the risk of vascular death by approximately 15% and nonfatal vascular events by approximately 30%, as has been reported by a meta-analysis of over 100 large-scale randomized trials.[7] The efficacy of aspirin in the primary prevention of CV events is more modest and its recommendation in this setting is highly debated owing to the fact that ischemic benefit may be offset by bleeding complications. Despite the universal use of aspirin, its optimal dose for efficacy and safety remains debatable. In this regard, the CURRENT-OASIS 7 trial showed that a daily aspirin dose of 300 mg has similar outcomes for efficacy, without a difference in the risk of major bleeding complication when it is compared to a daily dose of 75 mg in patients with an acute coronary syndrome (ACS). In the absence of recurrent ischemia, low aspirin dose could be the treatment of choice for maintenance therapy in all patients following ACS, irrespective of whether an invasive or medical approach is undertaken.

Several studies in the last few years have suggested that a proportion of patients (5–65%) exhibit a hyporesponsiveness (resistance) to aspirin treatment that could be associated with recurrent ischemic events.[8,9] The aspirin resistance may also be due to high plasmatic activities of kallikrein that could result in enhanced thrombin generation in response to vascular injury.[10,11] However, measurements of the COX-1 activity in platelets of patients treated with aspirin show that biochemical aspirin resistance is observed in less than 1% of patients.[12] Consequently, aspirin resistance may result from several causes, such as low compliance, interference with NSAIDs and protein glycation occurring in Type 2 diabetes mellitus. Increased platelet turnover observed in various diseases such as ACS, peripheral arterial disease and diabetic angiopathy, associated with faster re-appearance of newly formed, nonaspirinated platelets, may also account for aspirin resistance.[13] The role of genetic factors in aspirin resistance is controversial. Several studies have focused on the COX-1-encoding gene PTGS1. However, inconsistent results have been reported on the associations between single-nucleotide polymorphisms within PTGS1 and biochemical resistance to aspirin. The COX-2 enzyme in inflammatory cells has been suggested to play a part in aspirin resistance. Preliminary pharmacogenomic analyses have shown associations between polymorphisms in PTGS2, the gene encoding COX-2, and aspirin's effectiveness in reducing the levels of the stable TxA2 metabolite TxB2.[14] 

Triflusal

Triflusal, or 2-(acetyloxy)-4-(trifluoromethyl) benzoic acid, is an antiplatet agent with a chemical structure similar to aspirin, but with a different pharmacokinetic and pharmacodynamic profile. The drug is administered orally and its bioavailability ranges from 83 to 100%.[15] It binds almost entirely (99%) to plasma proteins and readily crosses organic barriers. Triflusal is deacetylated in the liver, forming its main metabolite 2-hydroxy-4-trifluoromethyl benzoic acid (HTB). In contrast to the inactive aspirin metabolite salicylic acid, HTB exhibits antiplatelet activity and has a long plasma half-life of approximately 40 h.[16] Triflusal irreversibly inhibits COX-1 and reduces TxA2 production, but to a lesser extent compared with aspirin (Figures 1 & 2). It inhibits COX-1 and AA metabolism selectively in platelets, preserving PGI2 synthesis in vascular endothelial cells.[15] In addition to inhibiting the platelet COX-1 activity, triflusal and in particular HTB inhibit phosphodiesterase, the enzyme that degrades the cyclic nucleotides cAMP and cGMP, both of which inhibit platelet function.[17] 
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Figure 2.  Sites of action of antiplatelet agents used in clinical practice or under investigation. Aspirin and triflusal irreversibly inhibit COX-1 and reduce TxA2 production, leading to reduced platelet aggregation. P2Y12 receptor antagonists inhibit platelet function by blocking the effects of ADP at P2Y12 receptors. Thromboxane receptor antagonists target TP. GPIIb/IIIa antagonists block the binding of Fg to the activated platelet integrin-receptor αIIbβ3. Dipyridamole and cilostazol are inhibitors of PDE, an enzyme that catalyzes the hydrolysis of the cyclic nucleotides cAMP and cGMP. The PAR-1 antagonists vorapaxar and atopaxar bind to PAR-1 with high affinity and block thrombin-induced platelet aggregation. AA: Arachidonic acid; AC: Adenylate cyclase; COX-1: Cyclooxygenase-1; Fg: Fibrinogen; PAR: Protease-activated receptor; PDE: Phosphodiesterase; TP: Thromboxane and prostaglandin endoperoxide receptor; TxA2: Thromboxane A2.

Triflusal has similar efficacy to aspirin for the secondary prevention of vascular events in patients with acute myocardial infarction and stroke, while it reduces the incidence of intracranial and gastrointestinal hemorrhage compared with aspirin.[18] It should be noted that triflusal is well tolerated in patients with aspirin-induced asthma.[19] The efficacy of triflusal over clopidogrel for secondary prevention of stroke among patients with CYP2C19 polymorphisms will be determined in the ongoing MAESTRO trial.[201] 

P2Y12 Receptor Antagonists

ADP plays an important role in the genesis of physiological platelet-rich hemostatic plugs as well as in the formation of pathological arterial thrombi.[20] ADP released from platelet dense-granules as well as injured cells binds to two platelet G-protein-coupled receptors, the P2Y1 and P2Y12 receptors. P2Y1 is a Gq-coupled receptor that initiates ADP-induced platelet aggregation through the stimulation of phospholipase C and phosphatidylinositol-signaling pathway. P2Y12 is a Gi-coupled seven-transmembrane domain receptor, which mediates platelet activation by inhibiting the adenylate cyclase-mediated signaling pathway and decreasing intracellular cAMP levels. It also inhibits PI3K and induces Akt kinase activation (Figures 3 & 4).[21] The decrease in intracellular cAMP levels reduces the rate of phosphorylation of the vasodilator-stimulated phosphoprotein, thus inducing activation of the GPIIb/IIIa receptor and platelet aggregation.[22] P2Y12 plays a central role in amplification and stabilization of ADP-induced platelet aggregation. It is also involved in platelet secretion induced by strong agonists. The important role of the P2Y12 receptor in platelet activation and stable thrombus formation has made it an important target in the management and prevention of arterial thrombosis.
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Figure 3.  Chemical structures of P2Y12 antagonists.
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Figure 4.  Mechanism of action of the P2Y12 antagonists. P2Y1 and P2Y12 are G-coupled receptors, which utilize ADP as an agonist. P2Y1 is a Gq-coupled receptor, which initiates ADP-induced platelet aggregation through the stimulation of PLC and phosphatidylinositol-signaling pathway. P2Y12 is a Gi-coupled 7-transmembrane domain receptor, which mediates platelet activation by inhibiting an AC-mediated signaling pathway and decreasing the cAMP intracellular levels. It also inhibits PI3K and induces Akt kinase activation. The decrease in cAMP intracellular levels reduces the rate of phosphorylation of VASP, thus inducing activation of the GPIIb/IIIa receptor and platelet aggregation. AC: Adenyl cyclase; PLC: Phospholipase C; VASP: Vasodilator-stimulated phosphoprotein; VASP-P: Vasodilator-stimulated phosphoprotein phosphorylation.

Active metabolites of the thienopyridine prodrugs (ticlopidine, clopidogrel and prasugrel) covalently bind to the P2Y12 receptor and are irreversible, indirect platelet inhibitors. The newer, direct-acting P2Y12 inhibitors (ticagrelor, cangrelor and elinogrel) change the conformation of the P2Y12 receptor, resulting in reversible, concentration-dependent inhibition of the receptor. The pharmacology of all P2Y12 antagonists is summarized in Table 1.

[ CLOSE WINDOW ]

Table 1. Characteristics of P2Y12 antagonists.

	P2Y12 antagonist
	Type
	Administration
	Action
	Time to peak IPA
	Plasma half-life
	Loading dose/maintenance
	Drug interactions
	Resistance

	Clopidogrel
	Thienopyridine
	Oral
	Hepatic activation, irreversible inhibition
	6–12 h
	7–8 h
	300–600 mg/75 mg/day
	Yes
	Yes

	Prasugrel
	Thienopyridine
	Oral
	Hepatic activation, irreversible inhibition
	2 h
	7–8 h
	60 mg/10 mg/day
	Yes
	Yes/no† 

	Ticagrelor
	Cyclopentyl-triazolo-pyrimidine
	Oral
	Direct, noncompetitive, reversible inhibition
	2 h
	6–8 h
	180 mg/90 mg twice-daily
	Not reported
	No

	Cangrelor
	ATP analog
	iv.
	Direct competitive reversible inhibition
	Seconds
	3–9 min
	30 µg/kg bolus, 4 µg/kg/min, continuous infusion
	Not reported
	No

	Elinogrel
	N-[(5-chlorothioph n-2-yl)sulfonyl]N'-{4-[6-fluoro-7(methylamino)-2,4-dioxo-1,4-dihydroquinazolin-3(2H)-yl]phenyl}urea
	Oral/iv.
	Direct competitive reversible inhibition
	4–6 h
	12 h
	80–120 mg bolus infusion/50–150 mg oral twice-daily
	Not reported
	No


†There are controversial data concerning prasugrel resistance, and there is a need for larger studies to confirm prasugrel resistance. IPA: Inhibition of platelet aggregation; iv.: Intravenous.

Clopidogrel

Clopidogrel is a second-generation thienopyridine (Figure 3) that has replaced ticlopidine owing to its equivalent efficacy, lower hematologic toxicity (neutropenia, thrombotic thrombocytopenic purpura) and for safety reasons.[23] Clopidogrel is an intestinally absorbed prodrug that is converted in vivo to its active metabolite. Intestinal absorption of clopidogrel is limited by P-glycoprotein, an efflux pump also known as multidrug resistance protein 1 (MDR1), which is encoded by the ABCB1 gene. The majority (85%) of the absorbed clopidogrel prodrug is metabolized into inactive metabolites by ubiquitous esterases (Figure 5). The remainder (15%) undergoes activation in the liver by the hepatic cytochrome P-450 (CYP) enzymatic pathway. Clopidogrel activation requires a two-step oxidative process conversion, firstly to an intermediate metabolite, 2-oxo-clopidogrel, which is still inactive, and then to its active thiol metabolite (R130964) (Figure 5). Both steps involve several hepatic CYP isoenzymes, including CYP2C19, CYP3A4/5, CYP2C9, CYPP1A2 and CYP2B6. More recently, it was demonstrated that the γ-thiobutyrolactone ring of 2-oxo-clopidogrel could be opened to the active thiol metabolite through hydrolytic cleavage catalyzed by the enzyme paraoxonase-1 (PON-1) and not by oxidation catalyzed by CYP2C19. Furthermore, it has been suggested that PON-1 is a key enzyme for clopidogrel-induced platelet inhibition,[24,25] and for the drug's clinical efficacy[25] although other studies did not support this suggestion.[20,26] The basis of this discrepancy still remains unclear.
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Figure 5.  Metabolism of ADP P2Y12 antagonists. The thienopyridines clopidogrel and prasugrel are prodrugs, requiring hepatic metabolism to form their active metabolites, which irreversibly bind to P2Y12. After intestinal absorption, clopidogrel prodrug is metabolized into inactive metabolites by ubiquitous esterases. The remainder (15%) undergoes activation in the liver by the hepatic CYP450 enzymatic pathway. Clopidogrel activation requires a two-step oxidative process conversion, first to 2-oxo-clopidogrel and then to its active thiol metabolite. Both steps involve several hepatic CYP isoenzymes. PON-1 may also participate in the formation of clopidogrel's active thiol metabolite. Prasugrel is a prodrug that first undergoes a rapid de-esterification to an intermediate thiolactone, which is then converted in the liver to the active metabolite by CYP isoenzymes in a single CYP-dependent process. Clopidogrel and prasugrel are irreversible antagonists of the P2Y12 receptor. Ticagrelor is a direct-acting, reversible, noncompetitive antagonist of the P2Y12 receptor, which does not need metabolic activation. Cangrelor and elinogrel cause reversible inhibition of the P2Y12 receptor as well. Both drugs directly and competitively antagonize ADP binding to the P2Y12 receptor without the need for any metabolic activation. CYP: Cytochrome P450; PON-1: Paraoxonase-1.

The clopidogrel-active thiol metabolite irreversibly inactivates P2Y12 by forming a disulfide bond with two cysteine residues (Cys17 and Cys270) present in the extracellular domain of the P2Y12 receptor.[21] P2Y12 receptor blockade by clopidogrel-active metabolite potently inhibits ADP-induced platelet aggregation and also reduces platelet dense granule secretion. This later action may be responsible for reduction of AA-, collagen- and thrombin-induced platelet activation, since dense granule secretion is associated with amplification of such pathways. Clopidogrel also exerts anti-inflammatory effects, including a reduction in serum C-reactive protein levels as well as a decrease in platelet leukocyte conjugates, P-selectin and CD40L membrane expression, and platelet microparticle formation.[27,28] The maximum inhibiton of P2Y12 by clopidogrel is observed 4–5 days after daily administration of 75 mg clopidogrel and this delay is due to its need for metabolic activation. A higher clopidogrel dose of 150 mg has been associated with greater platelet inhibition.[29] Clopidogrel loading facilitates a more intense and rapid platelet inhibition, thus a 300-mg loading dose was originally recommended. However, a 600-mg loading dose has a faster onset of action and greater platelet inhibition. It is also associated with reduced response variability when compared with 300 mg and correlates with clinical benefit.[22,29,30] 

A high interindividual variability in platelet inhibition by clopidogrel has been observed, and it has been mostly attributed to differences in the extent of clopidogrel prodrug metabolism. This variability is clinically important since many studies have demonstrated that patients exhibiting high on-treatment platelet reactivity (clopidogrel resistance or clopidogrel hyporesponsiveness) are not adequately protected from major adverse cardiac events (MACEs). It is estimated that approximately one-third of clopidogrel-treated patients exhibit a diminished ex vivo platelet response to clopidogrel.[20] Clinical, cellular and genetic factors have been associated with clopidogrel resistance. In this regard, the ABCB1 C3435T SNP significantly reduces clopidogrel absorption in both the homozygous and heterozygous form. Patients with the ABCB1 T3435T and C3435T genotypes have worse clinical outcomes than those with a C3435C genotype. Furthermore, the loss-of function CYP2C19 alleles (*2, *3, *4, *5, *6, *7 and *8), especially the CYP2C19*2 allele, can attenuate the pharmacodynamic effect and clinical efficacy of clopidogrel. In a genetic substudy of the TRITON-TIMI 38 trial, this allele was associated with an 53% increased risk of the composite ischemic end point and a threefold increase in stent thrombosis in patients receiving clopidogrel.[31] Through a collaborative meta-analysis, genomic data and clinical outcomes were extracted from nine clopidogrel trials involving nearly 10,000 patients who were treated predominantly with an invasive strategy. This retrospective analysis demonstrated a significantly increased risk of the composite end point of CV death, MI or stroke in both heterozygotes and homozygotes for reduced-function CYP2C19 alleles. Similarly, there was an increased risk of stent thrombosis in both groups with the 'hazard' alleles.[32] 

However, genetic polymorphisms in CYP2C19 and ABCB1, which are involved in clopidogrel metabolism and disposition, only partially explain the correlation with suboptimal clopidogrel response. Poor compliance to treatment has been suggested as an important cause of clopidogrel resistance.[33] Obese or diabetic patients have an increased incidence of clopidogrel hyporesponsiveness and a corresponding increased sensitivity to ADP-induced platelet adhesion and aggregation. Furthermore, intracellular P2Y12-dependent and -independent pathways may also be upregulated in clopidogrel poor responders.[34] 

The standard 75 mg daily maintenance dose of clopidogrel has proven to be clinically efficacious in reducing CV events in patients with an ACS and in those undergoing percutaneous coronary intervention (PCI).[35,36] We recently demonstrated that this clopidogrel dose differentially affects the platelet aggregation and platelet-derived prothrombotic and proinflammatory mediators in ACS patients undergoing PCI within the first month of the treatment, a phenomenon that is highly influenced by the drug response variability. Moreover, the platelet hyporesponsiveness to clopidogrel in these patients could be overcome within 1 month of treatment.[27,37] Other studies have addressed whether doubling the clopidogrel maintenance dose of 75 mg/day could be associated with a lower rate of hyporesponsiveness and increased clinical benefit.[29] The results of the randomized CURRENT OASIS 7 trial in ACS patients showed a nonsignificant benefit of 150 mg/day over 75 mg/day clopidogrel in the whole population. However, subgroup analysis suggested a benefit of increased maintenance dose of clopidogrel in ACS patients treated with PCI.[20] In a recent study involving patients with stable CV disease, it was demonstrated that tripling the maintenance dose of clopidogrel from 75 to 225 mg/day in CYP2C19*2 heterozygotes achieved levels of platelet reactivity similar to that seen in noncarriers receiving the standard 75 mg/day dose. By contrast, in CYP2C19*2 homozygotes clopidogrel doses as high as 300 mg/day did not result in comparable degrees of platelet inhibition.[38] 

Based on the above results, recent studies have attempted to investigate whether tailored treatment of patients with clopidogrel based on the results of platelet function tests could help to overcome clopidogrel resistance. A previous study performed in ACS patients scheduled for PCI who were resistant to 600 mg loading clopidogrel dose (evaluated with the VASP phosphorylation [VASP-P] test), additional loading doses of 600 mg clopidogrel reduced the rate of MACEs[39] or stent thrombosis at 30 days.[20] However, the GRAVITAS study showed that although doubling the clopidogrel maintenance dose in poor responders may improve the measured response, it does not necessarily improve outcome.[40] Therefore, the utility of tailored treatment with clopidogrel in the daily clinical practice based on platelet function test results will have to be confirmed in larger clinical trials such as the ongoing ARCTIC trial.[41] In fact, genetic testing before starting clopidogrel therapy in high-risk patients, and platelet function testing in those who suffer adverse events, may facilitate the monitoring of clopidogrel treatment.

Several drugs that are metabolized by the CYP pathway can competitively inhibit CYP activation of clopidogrel, resulting in attenuated antiplatelet activity. Proton pump inhibitors (PPIs) are protective against gastrointestinal complications; however, several pharmacodynamic studies suggest that they may attenuate clopidogrel responsiveness when used concomitantly.[42] Observational clinical studies, evaluating the possible impact of PPIs on clopidogrel's antiplatelet efficacy, have produced controversial results.[43] The COGENT study, the only randomized trial investigating the interaction between clopidogrel and omeprazole,[44] has not shown increased CV risk with drug coadministration in patients with ACS undergoing PCI, whereas a significant reduction in gastrointestinal complications with PPIs use was observed. Since this study was terminated prematurely, it is underpowered to conclude definitive findings. Therefore, concurrent clopidogrel and PPI use appears safe, but coprescription is recommended only for patients at risk for gastrointestinal complications.[45] 

Early studies suggested an interaction between lipophilic statins and clopidogrel on CYP isoforms[46] and a possible negative effect on clopidogrel's efficacy from the use of these statins,[47] possibly due to the CYP3A4 enzymatic pathway shared between statins and clopidogrel. However, we have demonstrated that clopidogrel's antiplatelet effectiveness is not influenced by atorvastatin[48] and it was subsequently supported by other studies using point-of-care methods, which indicated a lack of adverse effects during clopidogrel coadministration with lipophylic statins[46,49,50] and clinical data.[51] 

All pharmacodynamic studies and clinical trials that confirmed the safety, efficacy and clinical benefit of clopidogrel (alone or in combination with aspirin) were carried out with clopidogrel bisulfate salt (hydrogen sulfate [CHS]). Last year's lower cost generic clopidogrel formulations have been introduced onto the market in an effort to increase patient compliance. One of these formulations is clopidogrel besylate (CB). Studies in healthy volunteers have demonstrated that CB has similar pharmacokinetic and pharmacodynamic properties compared with CHS.[52,53] Recently, we compared the pharmacodynamic properties of CB compared with CHS in CV disease patients. We showed that the platelet response variability, the platelet aggregation and the platelet-mediated inflammatory response in patients with a history of an ACS receiving long-term therapy with CB is similar to that of patients treated with CHS.[54] Similarly, we showed that there is no overall significant difference between CB and CHS in their antiplatelet effects in patients with ACS undergoing PCI, at 5 and 30 days post-clopidogrel loading.[55] 

Prasugrel

Prasugrel is a new thienopyridine (Figure 3), which exhibits a more rapid antiplatelet effect ex vivo compared with clopidogrel owing to its faster metabolic activation. Like clopidogrel, prasugrel is a prodrug that first undergoes a rapid de-esterification to an intermediate thiolactone, which is then converted in the liver to the active metabolite in a single CYP-dependent step involving CYP3A, CYP2B6, CYP2C9 and CYP2C19 (Figure 5).[21] Prasugrel's active metabolite appears in the circulation within 15 min after a 60-mg loading dose and reaches maximal plasma concentration at 30 min. In fact, among patients undergoing cardiac catheterization with planned PCI, loading with 60 mg prasugrel resulted in greater platelet inhibition than a 600-mg clopidogrel loading dose. Furthermore, a maintenance prasugrel dose of 10 mg/day results in a more potent and consistent inhibition of platelet activation than the standard clopidogrel maintenance doses of 75 or 150 mg/day.[56] 

The TRITON-TIMI 38 trial showed that in patients with ACS with scheduled PCI, prasugrel (60 mg loading dose followed by a 10 mg/day maintenance dose) compared with clopidogrel (300 mg loading dose and a 75 mg/day maintenance dose) significantly reduced rates of ischemic events, including stent thrombosis, but with an increased risk of major bleeding, including fatal bleeding.[20] The SWAP study evaluated the pharmacodynamic response of switching patients on maintenance clopidogrel therapy after an ACS to prasugrel. This study assessed the pharmacodynamics and tolerability of a prasugrel 10-mg/day maintenance dose administered immediately after clopidogrel 75 mg/day with or without prasugrel loading in patients treated with clopidogrel after an ACS event. Authors concluded that switching from 75 mg/day clopidogrel to 10 mg/day prasugrel did not influence the existing platelet inhibition in the first 24 h, but it significantly increased platelet inhibition 1 week later, as was determined by multiple assays including light transmission aggregometry, the VASP-P test and VerifyNow-P2Y12. Furthermore, when prasugrel was administered as a 60-mg loading dose, a rapid and marked decrease in platelet aggregation was observed within 2 h. Importantly, switching from clopidogrel to prasugrel was well tolerated without major safety events.[49] The prasugrel-induced inhibition of platelet activation is not characterized by the interindividual variability observed for clopidogrel. Recent pharmacogenetic analyses in the TRITON-TIMI 38 trial showed that individuals with the ABCB1 T3435T genotype exhibited reduced platelet inhibition and are at increased risk of recurrent ischemic events during clopidogrel treatment. By contrast, in patients treated with prasugrel, the ABCB1 C3435T polymorphisms were not significantly associated with CV outcomes. Likewise, in healthy participants no associations between the C3435T variant and pharmacokinetic and pharmacodynamic outcomes were seen with prasugrel.[57] These results suggest that although the intestinal P-glycoprotein efflux pump is involved in prasugrel absorption, the rapid metabolic activation of prasugrel may mitigate the genetic effect of ABCB1 C3435T polymorphisms. Other studies have demonstrated that the CYP2C19 polymorphism does not influence the pharmacodynamic or clinical efficacy of prasugrel.[19] A recent study determined the antiplatelet effects of prasugrel versus high-dose clopidogrel in patients with high on-treatment platelet reactivity to clopidogrel after PCI as well as their relation to CYP2C19*2 carriage. The results showed that in patients with high on-treatment platelet reactivity after PCI, prasugrel is more effective compared with high-dose clopidogrel in reducing platelet reactivity, particularly in CYP2C19*2 carriers.[58] These findings are in concert with the minor role of CYP2C19 in prasugrel metabolic activation. Indeed the main contributors to the conversion of prasugrel to its active metabolite are CYP3A4 and CYP2B6. The CYP3A4 gene is not very polymorphic, whereas no clear association has been shown with CYP2B6 variants and prasugrel function.[21] 

Finally, a recent study suggested that although prasugrel significantly reduces thrombotic events in patients with ACS undergoing PCI because of its superior antiplatelet potency compared with clopidogrel, a significant number of patients exhibited high on-treatment platelet reactivity assessed with the VASP-P method. These patients have a higher risk for MACE during the 1-month follow-up period after PCI.[59] Larger trials are necessary to confirm the existence of platelet resistance to prasugrel and to describe the possible underlining mechanisms.

Ticagrelor

Ticagrelor (AZD 6140) (Figure 3) is a nonthienopyridine, direct-acting selective antagonist of the ADP P2Y12 receptor. It is a cyclopentyl-triazolo-pyrimidine, which is administered orally in its active form and does not need the metabolic activation required with thienopyridines (Figure 5).[60] Ticagrelor targets the P2Y12 receptor via a mechanism that is noncompetitive with ADP, suggesting the existence of a binding site on P2Y12 independent to that of ADP. Thus, ticagrelor may act through an allosteric mechanism preventing G-protein-mediated signal transduction following ADP binding to P2Y12.[61] Ticagrelor is administered orally twice a day, acts more rapidly and is a more potent platelet inhibitor than clopidogrel. It is rapidly absorbed in the small intestine and its plasma half-life is approximately 6–8 h following loading or maintenance dosing. Ticagrelor is eliminated in the feces, with less than 1% found in the urine, suggesting that renal dose adjustment is not necessary.[61] Ticagrelor is metabolized in the liver primarily through CYP3A4/5 isoenzymes. Some of the ticagrelor metabolites exhibit antiplatelet activity. One of them, AR-C 124910XX, is present at approximately one-third of the plasma concentration of ticagrelor and has a half-life of approximately 8–12 h. The plasma half-life of ticagrelor may be prolonged by coadministration of CYP3A4 inhibitors, such as ketoconazole (coadministration is contraindicated) or diltiazem, as well as with CYP3A4 substrates such as simvastatin (coadministration with 40 mg simvastatin is not recommended). Ticagrelor therapy overcomes nonresponsiveness to clopidogrel, and its antiplatelet effect is the same in responders and nonresponders. In addition to it being a more rapid and more potent platelet inhibitor than clopidogrel, after drug discontinuation the offset of platelet inhibition is faster for ticagrelor than for clopidogrel. Thus, in the absence of CYP3A4 inhibitors, the antiplatelet effects of ticagrelor decline rapidly over 72 h following cessation and near-normal platelet reactivity is achieved after approximately 5 days.[62] 

The clinical efficacy and safety of ticagrelor was evaluated in the PLATO trial, a multicenter, double-blind randomized trial comparing ticagrelor (180-mg loading dose and 90 mg twice daily thereafter) and clopidogrel (300–600-mg loading dose and 75-mg/day maintenance dose) for the prevention of CV events in 18,624 ACS patients with or without ST-segment elevation. The PLATO trial demonstrated improved CV outcomes, including a reduction in MI and vascular events in patients receiving ticagrelor compared with those treated with clopidogrel.[63] In a genetic substudy of the PLATO trial, 10,285 genotyped patients were randomized to ticagrelor or clopidogrel treatment. No interaction of ticagrelor treatment and any loss-of-function CYP2C19 allele, gain-of-function CYP2C19*17 allele or ABCB1 C3435T genotype with regard to the primary efficacy end point (the composite of CV death, MI or stroke) during 12 months of treatment was observed, nor was any type of major bleeding was observed.[64] 

Cangrelor

Cangrelor (AR-C69931MX) belongs to a family of ATP analogs (Figure 3) that are relatively resistant to breakdown by ectonucleotidases. It is a potent antagonist of the P2Y12 receptor with a rapid onset (in a matter of seconds if a bolus is administered) and rapid offset of antiplatelet effect. The inhibitory effect of cangrelor on receptor activation by ADP is predominantly competitive and irreversible (Figure 5). With a plasma half-life of 3–9 min, cangrelor after intravenous administration achieves a high level of platelet inhibition within 5 min and reaches steady state concentration within 15–30 min of administration. Cangrelor is not a prodrug, it is administered in an active form and it is metabolized in the plasma by dephosphorylation to its nucleoside, which is inactive. In contrast to clopidogrel and prasugrel, cangrelor is rapidly reversible.[65] The combination of the very short half-life and reversible binding underlie the rapid recovery of platelet function in 1–2 h following termination of intravenous infusion of cangrelor. The onset of action of both clopidogrel and prasugrel is delayed when coadministrated with cangrelor, suggesting that cangrelor preferentially binds to the P2Y12 receptor and prevents irreversible inhibition of prasugrel's or clopidogrel's metabolite.[66] 

Cangrelor showed no significant increase in major bleeding compared with clopidogrel in Phase II studies. Cangrelor subsequently underwent two Phase III trials, CHAMPION-PCI[67] and CHAMPION-PLATFORM.[68] Both trials were terminated early for lack of efficacy. The BRIDGE study assessing cangrelor usage in patients undergoing bypass surgery is ongoing.[61] 

Elinogrel

Elinogrel (PRT060128 or PRT128) (Figure 3) is a direct-acting, reversible P2Y12 antagonist (Figure 5) that can be administered both intravenously and orally. This unique dual formulation provides the potential benefit for smooth transition from short-term intravenous to long-term oral antiplatelet therapy. It has a plasma half-life of approximately 12 h, is cleared by both renal and hepatic routes, and undergoes limited CYP metabolism, resulting in low potential drug–drug interactions. When given as an intravenous bolus, immediate and full platelet inhibition of ADP-induced platelet aggregation was observed.

After intravenous infusion, elinogrel exhibits a much more rapid onset of action compared with clopidogrel and greater mean inhibition of platelet aggregation induced by 5 µM ADP either following the loading course or during maintenance therapy. Its rates of onset and offset of action have not yet been well studied in patients with coronary artery disease; results from further testing in outcome-driven clinical trials are awaited. High on-treatment platelet reactivity to ADP in patients receiving clopidogrel therapy can be reversibly overcome by elinogrel. Since elinogrel binds reversibly and competitively to the P2Y12 receptor, it could be displaced by higher concentrations of ADP.[61] This is clinically important at sites of bleeding, which are characterized by low blood flow, low shear stress and high ADP concentrations. Thus, elinogrel may provide a more favorable safety profile compared with the irreversibly acting thienopyridines. In distinction to ticagrelor and owing to the fact that elinogrel is a competitive antagonist of P2Y12 receptor, it is more effective at inhibiting platelet activation by lower, rather than higher, concentrations of ADP. By contrast, ticagrelor, as a noncompetitive P2Y12 antagonist, equally inhibits platelet activation induced with low and high ADP concentrations to the same extent.[61] 

In the ERASE-MI study, patients with STEMI were randomized to several doses of intravenous elinogrel (n = 34) or placebo (n = 36) before PCI. No major bleeding events and five minor bleeding events occurred with elinogrel. All doses were well-tolerated.[69] In the randomized INNOVATE-PCI trial, 652 patients undergoing elective PCI randomized to clopidogrel (300/600 mg, followed by 75 mg) or elinogrel (80 mg intravenous followed by an oral dose of 50, 100 or 150 mg twice daily) pre-PCI. The safety end points (TIMI major and clinically relevant minor bleeding) were evaluated 24 h and 120 days after PCI.[70] Although treatment with elinogrel was associated with a more rapid and more potent inhibition of ADP-induced platelet activation ex vivo, there were no significant differences in the rates of ischemic events between the clopidogrel and elinogrel treatment arms at 24 h or 120 days. Treatment with elinogrel was associated with higher rates of bleeding requiring medical attention (defined according to the TIMI criteria), mostly occurring at the vascular access site during the periprocedural period, as well as higher rates of serious adverse events, dyspnea and a threefold elevation in liver enzymes.

According to a recent study, a single 60-mg oral dose of elinogrel overcomes high on-treatment platelet reactivity in the majority of patients on clopidogrel and aspirin therapy within 4 h of dosing and its effect is fully reversible within 24 h. Moreover, it has been observed that there is an association between the CYP 2C19*2 allele and high on-treatment platelet reactivity, whereas food may have an impact on plasma drug concentrations. Therefore, elinogrel should be preferably administrated to the patient while fasting.[71] 

The clinical efficacy and safety of elinogrel will be further evaluated in an ongoing Phase III double-blind trial against placebo (ECLIPSE) involving patients with a history of MI.[70] 

GPIIb/IIIa Antagonists

The platelet integrin receptor αIIbβ3 (GPIIb/IIIa) plays a critical role in thrombosis and hemostasis by mediating interactions between platelets and several ligands, primarily fibrinogen.[72] This receptor is the most abundant integrin found on the surface of platelets and is composed of two separate subunits, αIIb (GPIIb) and β3 (GPIIIa).[73] On unstimulated platelets, GPIIb/IIIa is present in a closed conformation that prevents ligand binding. Upon platelet activation, the receptor undergoes conformational changes and several binding sites for fibrinogen and other ligands are exposed.[74] Fibrinogen binding to the activated GPIIb/IIIa mediates platelet aggregation by crosslinking adjacent platelets. The ligand binding to GPIIb/IIIa is mediated through Arg–Gly–Asp (RGD) sequences in these ligands,[74] as well as through the 12-peptide HHLGGAKQAGDV sequence located at the c-terminus of the γ-chain of fibrinogen.[75] Since fibrinogen binding to the activated receptor GPIIb/IIIa constitutes the final common pathway of platelet aggregation, GPIIb/IIIa antagonists inhibit platelet aggregation independently of the type of platelet agonist. Currently, three GPIIb/IIIa antagonists are available: abciximab, eptifibatide and tirofiban.

Abciximab is a noncompetitive irreversible inhibitor of GPIIb/IIIa. It is the humanized chimeric Fab fragment of the monoclonal mouse antibody 7E3.[76] Eptifibatide and tirofiban are low-molecular-weight competitive and reversible GPIIb/IIIa antagonists that act specifically on the αIIb-subunit of GPIIb/IIIa. Eptifibatide is a cyclic heptapeptide whereas tirofiban is a nonpeptide (peptidomimetic) antagonist. Tirofiban contains the RGD sequence, whereas in eptifibatide the arginine residue of RGD is replaced by lysine.

Unlike abciximab, which crossreacts with other integrins on the surface of various cell types, eptifibatide and tirofiban specifically act on GPIIb/IIIa receptors. Furthermore, eptifibatide and tirofiban, unlike abciximab, cannot induce immune response given their small molecular weights and low affinities to GPIIb/IIIa receptors. Their effect on platelet aggregation is closely linked to plasma concentrations. Owing to their short plasma half-lives, continuous infusion is needed for sustained platelet inhibition.

Abciximab, eptifibatide and tirofiban are all intravenously injected. Large-scale clinical trials have demonstrated the clear clinical effects and safety of these drugs in decreasing the ischemic events in ACS. Their uses in adjunctive therapy during PCI have also been revealed.[77] However, the available data suggest that the most common adverse events are episodes of bleeding, mostly minor and essentially at the vascular access site, without an excess of intracranial hemorrhage.[78] 

Phosphodiesterase Inhibitors

Platelet activation can be inhibited either by specific antagonists of membrane receptors coupled with intracellular signaling pathways or by selective inhibitors of enzymes that are involved in critical steps of the intracellular signaling pathways. Such enzymes are COX-1 (discussed above) and PDEs. PDEs catalyze hydrolysis of the cyclic nucleotides cAMP and cGMP, which are important intracellular second messengers for platelet function (Figure 2).[79,80] These nucleotides are formed through the action of the membrane-bound enzyme adenylcyclase and the increase in their intracellular levels is associated with inhibition of platelet activation. Thus, PDEs limit the intracellular levels of cAMP and cGMP, inducing platelet activation. Therefore, inhibition of PDEs may confer a strong inhibitory effect on platelets.[81] Two PDE inhibitors are currently in use in clinical practice, namely dipyridamole and cilostazol.

Dipyridamole

Dipyridamole is a pyrimidopyrimidine with vasodilator and antiplatelet properties. Several mechanisms of action have been proposed for dipyridamole.[82] It has been suggested that it inhibits types 3 and 5 PDEs, leading to the intraplatelet accumulation of cAMP. Dipyridamole is also an inhibitor of platelet adenosine uptake. Direct stimulation of PGI2 synthesis and protection against its degradation have been reported, although the dipyridamole concentrations required to produce these effects far exceed the low micromolar plasma levels achieved after oral administration of conventional doses (100–400 mg/day). Dipyridamole also differentially inhibits the expression of critical inflammatory genes in platelet–leukocyte conjugates.[83] 

The absorption of dipyridamole from conventional formulations is quite variable and may result in low systemic drug bioavailability. A modified release formulation of dipyridamole with improved bioavailability has been developed in association with low aspirin dose.[84] Dipyridamole is eliminated primarily by biliary excretion as a glucuronide conjugate and is subject to enterohepatic recirculation. It has a half-life of 10 h, consistent with the twice-daily regimen used in recent clinical studies.[85,86] 

The combination of dipyridamole with aspirin has greater efficacy than aspirin monotherapy for the secondary prevention of stroke.[87] By contrast, this combination does not provide any further benefit compared with clopidogrel for the secondary prevention of stroke.[88] 

Cilostazol

Cilostazol, a 2-oxo-quinoline, is a potent, reversible type 3 phosphodiesterase inhibitor, targeting both platelets and vascular smooth muscle cells. Cilostazol also reduces cellular adenosine uptake.[89] It is metabolized in the liver through the CYP isoenzymes. Thus, its plasma levels and antiplatelet efficacy may be influenced by other CYP-metabolized drugs, such as erythromycin and omeprazole. Cilostazol is excreted by the kidney. The plasma half-life of cilostazol is approximately 10 h, resulting in approximately twofold accumulation of the drug during repeated administration.[90] Adding to a standard aspirin–clopidogrel combination, cilostazol (100 mg twice daily) potentiates inhibition of ADP-induced platelet aggregation.[91] The ACCEL-RESISTANCE study showed that adding cilostazol to clopidogrel monotherapy increases platelet inhibition, even compared with a high maintenance clopidogrel dose of 150 mg/day.[92] Thus, cilostazol may be a helpful tool in overcoming clopidogrel resistance.

Cilostazol exhibits greater efficacy than aspirin in the secondary prevention of stroke.[93] A meta-analysis showed that adding cilostazol to traditional dual-antiplatelet therapy reduces angiographic restenosis but it does not affect ST in patients undergoing PCI.[94] However, a recent randomized trial assessing the efficacy of cilostazol in patients undergoing PCI with drug-eluting stents did not demonstrate any significant reduction in composite adverse CV events, despite a greater reduction in platelet reactivity.[95] Consequently, further clinical studies are necessary to validate the potential benefits of cilostazol in patients with CV disease.

Thrombin Receptor Antagonists

Thrombin is a protease that plays an important role in coagulation. Thrombin mediates fibrin generation through hydrolytic cleavage of fibrinogen and also represents the most potent platelet agonist.[96,97] Platelet responses to thrombin are primarily mediated through G-protein-coupled protease-activated receptors (PARs). PARs are activated after thrombin-mediated proteolytic cleavage of their N-terminal exodomain.[98] Platelet activation by thrombin is mediated via two PARs: PAR-1 and PAR-4.[99] PAR-1 is the major human platelet receptor, exhibiting 10–100-times higher affinity for thrombin when compared with PAR-4.[99] Two selective PAR-1 antagonists are under clinical evaluation: Vorapaxar (SCH530348) and Atopaxar (E5555) (Figure 2).

Vorapaxar

Vorapaxar is a synthetic tricyclic 3-phenylpyridine analog of himbacine, a natural product that has been modified as a crystalline salt for drug development and clinical use.[100] Vorapaxar is an orally active, high-affinity, potent and competitive antagonist of PAR-1, blocking thrombin-mediated platelet activation without interfering with fibrinogen cleavage.[100] Thus, vorapaxar does not affect the coagulation cascade or bleeding time.[101] Furthermore, vorapaxar does not inhibit platelet activation induced by other agonists, such as ADP or collagen or by a PAR-4 agonist peptide, indicating specificity for PAR-1 inhibition.[101] 

Vorapaxar is rapidly absorbed, with high bioavailability (>90%) after oral administration. It dissociates from the PAR-1 receptor slowly, which may contribute to the prolonged pharmacodynamic effect. It presents a slow elimination with a long terminal half-life of 159–311 h.[102] Vorapaxar is slowly but extensively metabolized, undergoing oxidation by CYP3A4. Therefore, coadministration of drugs that modify the metabolic activity of CYP3A4 such as rifampin and ketoconazole could potentially modulate vorapaxar exposure to platelets for about the half of the theorical value. The coadministration of food does not affect the overall drug efficacy.[101,103] Vorapaxar is mainly eliminated by feces and secondarily (less than 5%) by renal clearance.[104] 

Vorapaxar inhibits thrombin receptor-activating peptide (TRAP)-induced platelet aggregation in a dose-dependent manner. Of note, a 20-mg loading dose was able to achieve >80% inhibition of TRAP-induced platelet aggregation at 2 h in approximately 50% of patients. After a loading dose of 40 mg, nearly 70% of patients had >80% inhibition after 1 h and 96% after 2 h. Both 1-mg and 2.5-mg maintenance doses of vorapaxar sustained ≥80% inhibition at 30 and 60 days of treatment.[102] Recovery of platelet function to 50% of baseline after a single dose is slow and dose dependent (1, 2 and 3 weeks after 10-, 20- and 40-mg doses, respectively). In patients dosed with 2.5 mg daily for 28 days, recovery of platelet function was observed 2–3 weeks after the last dose.[102,105] 

Vorapaxar has demonstrated safety and efficacy in Phase II trials.[102,106,107] Thus, it was further evaluated in two Phase III trials. The TRA-CER trial evaluated the safety and efficacy of voarapaxar in ACS patients.[108] According to the results of this trial, there was no clinical benefit with regard to the primary end point of the study, while an increase in the risk of major bleeding, including intracranial hemorrhage, especially in patients with prior stroke, resulted in the termination of the study.[109] The secondary prevention study, TRA-2P-TIMI 50, has been discontinued in patients enrolled with ischemic stroke and those who experienced stroke during the trial owing to an increase in intracranial bleeding observed in these patients. Thus the study continued by enroling only patients with a history of MI or symptomatic peripheral artery disease.[103] The results of this trial have been very recently published (please see more details in the section 'Expert commentary and five-year view').

Atopaxar

Atopaxar is an orally active and potent PAR-1 antagonist exhibiting a slower onset of action (3.5 h) and lower half-life (23 h) compared with vorapaxar. Like vorapaxar, atopaxar is mainly metabolized by CYP3A4, and its major route of elimination is via the feces.[104] Atopaxar has a faster recovery of platelet function after its withdrawal than vorapaxar.[110] Preclinical studies showed anti-thrombotic effects in animal models (guinea pigs).[111] Furthermore, atopaxar inhibits thrombin- and TRAP- induced secretion of platelet-associated inflammatory mediators, such as soluble CD40 ligand, IL-6 and P-selectin.[111,112] 

Data from the Phase II studies LANCELOT-ACS and CAD[113,114] demonstrated rapid antiplatelet activity with reduced rates of ischemia and no increase in major bleeding events in the ACS group, and a trend towards decreased ischemic events in patients with CAD. However, atopaxar induced a dose-dependent increase in liver function abnormalities and QTc prolongation.[114,115] Thus, the clinical development of atopaxar has been suspended.

Overall, the PAR-1 antagonists are potent antiplatelet agents with predictable metabolic and pharmacodynamic profiles; however, their clinical efficacy and safety has raised several concerns. Thus, further studies are necessary before a conclusion is made as to whether the PAR-1 antagonists will be useful tools in the management of atherothrombosis.

Thromboxane & Prostaglandin Endoperoxide Receptor Antagonists

TxA2 secreted from activated platelets binds to specific G-coupled receptors, the TP receptors (thromboxane and prostaglandin endoperoxide PGG2–PGH2 receptors), and serves as an agonist of these receptors. TP receptors are present in platelets, macrophages, monocytes, vascular endothelial cells and smooth muscle cells, and are abundantly expressed in atherosclerotic plaques.[116] Antagonism of TP receptors may inhibit platelet function and thrombosis, and also atherogenesis, by reducing vessel wall inflammation and proliferation induced by TP agonists TxA2, PG endoperoxides, and isoprostanes secreted by activated platelets, circulating monocytes and macrophages resident in the plaques.[117] Consequently, TP is an attractive target for the development of both anti-thrombotic and antiatherogenic agents.

Previous attempts to develop TP antagonists failed owing to poor pharmacodynamic properties, since persistent and complete platelet inhibition, as is afforded by aspirin, was not achieved with these compounds. Studies in animal models revealed that directly targeting the TP receptor may provide beneficial CV effects that are superior to those obtained by inhibiting COX-1.[118] In this regard, an orally available TP antagonist, terutroban (S-18886), inhibits TxA2-induced platelet aggregation and vasoconstriction, improves endothelial function and has an antiatherogenic effect. The potential therapeutic applications of terutroban in the prevention of atherothrombosis, particularly in stroke and coronary artery disease, are based on a number of experimental animal and clinical studies.[119,120] A pharmacokinetic/pharmacodynamic study was conducted in 30 patients with peripheral artery disease who were randomized to receive five different oral doses of terutroban (1, 2.5, 5, 10 or 30 mg) for 12 weeks. The pharmacokinetics of terutroban was linear, with peak plasma levels being reached between 30 min and 2 h with a half-life of 5.8–10 h. No significant accumulation of terutroban in plasma was observed after repeated dosing and there was a predictable relationship between the plasma drug concentration and the degree of platelet inhibition. Maximal inhibition of platelet aggregation was achieved within 1 h with all oral doses of terutroban, and this effect was maintained for at least 12 h. No major adverse events were observed after terutroban administration.[121] Despite the above promising data, the clinical development of terutroban was recently discontinued after an analysis in a Phase III PERFORM trial revealed that terutroban (30 mg/day) is unlikely to exhibit superiority versus low aspirin dose (100 mg/day) on reducing cerebrovascular and CV events in over than 19,000 patients with a recent history of cerebrovascular ischemia.[122] Other TP antagonists (GR 32191, ifetroban and sulotroban) had also disappointing results in Phase II and III clinical trials.[4] Consequently, despite the promising pathophysiological and pharmacodynamic data obtained using the TP antagonists, the clinical efficacy and safety of these agents still remains an issue for further investigation.

Novel Antiplatelet Agents

vWF plays a key role in platelet adhesion and aggregation, especially under high shear conditions. vWF binds to GPIbα of the GPIbα–GPIX–GPV receptor complex of the platelet surface.[123] Collagen is also a potent platelet agonist inducing platelet adhesion and aggregation. GPVI is a major receptor of collagen on the platelet surface that mediates the initial platelet contacting with collagen, thus leading to platelet adhesion, aggregation and thrombosis.[124] Consequently, the interaction of platelets with vWF and collagen may represent an attractive prospective target for developing novel antiplatelet agents.

Promising data have been obtained with the use of antibodies targeting vWF itself or its binding receptor GPIbα on platelets. These vWF antagonists can effectively inhibit thrombosis, specifically in the setting of ACS, and result in fewer systemic hemorrhages.

AJW200 is an IgG4 humanized monoclonal antibody that specifically inhibits high shear stress-induced platelet aggregation, while it does not affect platelet aggregation under low shear stress conditions.[125] 82D6A3, a monoclonal antibody of the collagen-binding A-3 domain of vWF, inhibits vWF binding to collagen.[126] ALX-0081 and ALX-0681 are bivalent humanized nanobodies targeting the GPIbα binding domain of vWF that also inhibit platelet adhesion to vWF.[127,128] Aptamers are oligonucleotides with drug-like properties and similar characteristics to monoclonal antibodies. ARC1779 is a second-generation nuclease-resistant aptamer that binds to the activated vWF A1 domain. ARC1779 inhibits vWF-dependent platelet aggregation by preventing the formation of the vWF–GPIbα complex.[129,130] It also reduces platelet adhesion to collagen-coated matrices and platelet thrombus formation.[131] ARC15105 is a chemically advanced aptamer with an assumed higher affinity to vWF. ARC15105 is a more potent but less specific inhibitor of vWF-dependent platelet aggregation than ARC1779.[131] 

Antibodies targeting GPIba include h6B4-Fab, GPG-290 and SZ2. h6B4-Fab, a murine monoclonal antibody targeting GPIbα, inhibits platelet adhesion by competing with vWF for binding to GPIba under high shear conditions.[132] GPG-290 is a novel recombinant chimeric protein containing the N-terminal 290 amino acids of GPIbα linked to human IgG1 Fc, which inhibits vWF–GPIbα interaction.[133] SZ2 is a monoclonal antibody against GPIba that prevents platelet adhesion to vWF under high shear stress.[134] 

Monoclonal antibodies that inhibit collagen–GPVI interactions have been also developed. They potently inhibit platelet adhesion and aggregation.[135] Furthermore, GPVI has been the target for new antiplatelet agents.[136–138] Anti-GPVI antibodies, such as the monoclonal antibody JAQ1, can significantly prevent thrombosis with a little prolonged bleeding time.[139] Further studies in vitro as well in animal models in vivo are necessary to completely elucidate the pharmacokinetic and pharmacodynamic profile of the above agents before their clinical evaluation.

Expert Commentary & Five-year View

Improvement in our understanding of the mechanisms leading to platelet activation and their involvement in cardiovascular thrombosis has led to the development of potent antiplatelet drugs with well documented efficacy in the prevention and treatment of atherothrombotic disease. Currently, physicians have a panel of various platelet inhibitors, which enable them to tailor the most appropriate anti-thrombotic therapy to the individual patient and risk situation.

The P2Y12 receptor antagonists that are currently being used in clinical practice are the thienopyridines clopidogrel and prasugrel. Recently, there has been great interest in the novel ADP P2Y12 receptor antagonists prasugrel and ticagrelor that are used in clinical practice. Although these antagonists may show greater efficacy compared to clopidogrel, there may be issues with safety, and bleeding in particular. Therefore, clinical experience progressively obtained by physicians using these drugs in the daily clinical practice will finally prove the usefulness of these new agents compared with clopidogrel. Furthermore, the clinical usefulness of the novel P2Y12 antagonists elinogrel and cagrelor is awaiting to be proved.

Two PAR-1 antagonists have been studied in Phase III clinical trials. Very recently, the results of the TRA-2P-TIMI 50 study for vorapaxar have been published.[140] These results showed that the addition of vorapaxar to standard antiplatelet therapy reduced the risk of adverse cardiovascular events; however, it increased the risk of moderate or severe bleeding, including intracranial hemorrhage, with the latter occurring most frequently in patients with a history of stroke.[140] Therefore, further studies with vorapaxar or even with newer PAR-1 antagonists need to be undertaken before final conclusions are drawn on the clinical usefulness of these drugs.

Overall, the improved prevention and treatment of platelet-dependent thrombosis with new antiplatelet agents is associated with an increased bleeding risk. Thus the ultimate goal of drug discovery in the field of antiplatelet therapy should be the discovery of agents with high anti-thrombotic efficiency and low adverse hemorrhagic side effects. In this regard, novel agents that target other platelet receptors such as the vWF or the collagen receptors are currently under investigation in preclinical studies. Promising data have been obtained with these agents; however, their usefulness in the clinical setting needs to be proved in large-scale clinical trials.

Sidebar

Key Issues

· The combined use of antiplatelet drugs acting through different mechanisms is important in antithrombotic treatment of patients with cardiovascular disease.

· The improvement of our knowledge on the pharmacodynamics of antiplatelet drugs enables the tailoring of the most appropriate antithrombotic therapy to the individual patient and risk situation in daily clinical practice.

· It is questionable whether individualized antiplatelet therapy should be based on genetic testing, platelet function testing or both. The results of ongoing large-scale outcome studies, which are evaluating the safety and efficacy of individualizing antiplatelet treatment strategies, are needed before their routine application into clinical practice.

· The new P2Y12antagonists, prasugrel and ticagrelor, are characterized by more potent antiplatelet effects and reduce recurrent ischemic event rates compared with clopidogrel among acute coronary syndrome patients. However, the potential benefits associated in terms of reduction of ischemic events need to be kept in perspective with known bleeding complications.

· Novel potent and selective platelet inhibitors exhibit high antithrombotic efficiencies but their clinical efficacy in preventing major adverse cardiovascular events remains to be established.

[ CLOSE WINDOW ]
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