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ABSTRACT 

 

MOLECULAR PHYSIOLOGY OF THROMBOXANE A2 GENERATION IN 

PLATELETS 

Kamala Bhavaraju 
Doctor of Philosophy 
Temple University, August 2010 
Advisor: Satya P. Kunapuli, Ph.D 
 
 
Cardiovascular diseases are a major cause of mortality and morbidity in the developed countries. 

Anti-platelet therapy is a cornerstone treatment for patients with cardiovascular diseases. Patients 

are routinely managed with a combination therapy consisting of aspirin and clopidogrel. Aspirin 

inhibits cycloxygenase 1 (COX 1) a crucial intermediate enzyme involved in thromboxane 

biosynthesis. Clopidogrel on the other hand antagonizes ADP receptor P2Y12.  

ADP is a weak platelet agonist stored in platelet dense granules and is released upon platelet 

activation. ADP activates platelets through two purinergic receptors namely P2Y1 and P2Y12 

these receptors couple to Gq and Gi class of G-proteins, respectively. P2Y1 causes calcium 

mobilization through activation of PLC-β. P2Y12 inhibits adenylyl cyclase, causes activation of 

Rap1B and Akt. Signaling from both the receptors is required for complete integrin activation, 

thromboxane generation and Erk activation. Previous studies have shown that P2Y12 potentiates 

fibrinogen receptor activation, secretion, thrombi stabilization, thrombin generation, platelet 

leukocyte aggregation formation.  

ThromboxaneA2  (TXA2) is a potent platelet agonist generated through arachidonic acid 

metabolism in platelets. TXA2 thus, generated after platelet activation acts as a positive feedback 

mediator along with ADP.   Under physiological conditions, platelet activation leads to thrombin 
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generation through coagulation cascades. Generated thrombin activates PAR receptors and ADP 

is released from dense granules, which further potentiates thromboxane generation downstream 

of PARs. Current anti-platelet therapy regimens often include P2Y12 antagonists and aspirin in 

management of patients with acute coronary syndrome (ACS) and in those undergoing per-

cutaneous coronary intervention (PCI) with stent implantation. However, there still exists a need 

for improved treatment strategies as not all patients benefit from this dual combination therapy. 

Reasons include, poor responders either to P2Y12 antagonists or to aspirin, or if aspirin is 

contraindicated in these patient populations.  

In the current study we evaluated the role of P2Y12 in thromboxane generation under 

physiological conditions. We studied serum thromboxane generation in a model system wherein 

P2Y12 was antagonized or deficient. Using pharmacological approaches we show that dosing 

mice with 30mg/Kg/body weight clopidogrel or 3mg/Kg/body weight prasugrel decreased serum 

thromboxane levels when compared to the control mice. Pre-treatment of human blood ex vivo 

with active metabolites of clopidogrel (R361015) or prasugrel  (R138727) also led to reduction 

in thromboxane levels. We also evaluated serum thromboxane levels in P2Y receptor null mice, 

serum thromboxane levels in P2Y1 null mice were similar to those in wild type littermates, and 

were inhibited in P2Y12 null mice. Furthermore, serum thromboxane levels in P2Y12 deficient 

patients, previously described in France and Japan, were also evaluated and these patients had 

lower serum thromboxane levels compared to normal controls. In a pilot study, serum 

thromboxane levels were radically reduced in healthy human volunteers upon dosing with 

clopidogrel, compared to the levels before dosing. In conclusion, P2Y12 antagonism alone can 

decrease physiological thromboxane levels. Thus P2Y12 regulates physiological thromboxane 

levels. 
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Further it is known that ADP-induced thromboxane generation is integrin-dependent. However it 

is not clear if other potent platelet agonists like thrombin require outside-in signaling for 

thromboxane generation. Our results show that thrombin-induced thromboxane generation was 

independent of integrins i.e. when platelets were stimulated with PAR agonists in presence of 

fibrinogen receptor antagonist thromboxane generation was not affected.  Since PAR agonists, 

unlike ADP, activate G12/13 signaling pathways. Hence, we hypothesized that these pathways 

might play a role in TXA2 generation.  Our results show, that inhibition of ADP-induced 

thromboxane generation by fibrinogen receptor antagonist SC57101 was rescued by co-

stimulation of G12/13 pathways with YFLLRNP. This observation suggested an existence of a 

common signaling effector downstream of integrins and G12/13 pathways. Next, we evaluated role 

of three potential tyrosine kinases; c-Src, Syk and FAK (Focal Adhesion Kinase) that are known 

to be activated by integrins. Our results showed that c-Src and Syk kinase did not play a role in 

ADP-induced functional responses in platelets. We observed differential activation of FAK 

downstream of integrins and G12/13 pathways. ADP-induced activation of FAK was integrin-

dependent and SFK-independent. On the other hand selective activation of G12/13 pathway lead to 

FAK activation, in SFK and Rho dependent manner.  We also evaluated specificity of new FAK 

inhibitor TAE-226 to understand the role of FAK in TXA2 generation. Our results showed that 

TAE-226 exhibited non-specific effects at higher concentrations. Furthermore, in comparison to 

WT mice, FAK null mice did not show any difference in TXA2 generation. Therefore, we 

concluded that differential activation of FAK occurs downstream of Integrins and G12/13 

pathways.  However, the common effector molecule downstream of integrins and G12/ 13 

pathways contributing to TXA2 generation in platelets remains elusive. 
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CHAPTER 1 

 
INTRODUCTION 

 
 

Platelets in Hemostasis and Thrombosis 
 
 

Hemostasis is the process that maintains the integrity of a closed, high-pressure 

circulatory system after vascular damage. Circulating platelets are recruited to the site of 

injury, where they become a major component of the developing thrombus; blood 

coagulation, initiated by tissue factor, culminates in the generation of thrombin and fibrin. 

On the other hand, when pathologic processes overwhelm the regulatory mechanism of 

hemostasis, excessive quantities of thrombin form, initiating thrombosis. 

 

Platelet Activation 

Resting platelets circulate as discoid, anuclear cells originating from megakaryocytes in 

the bone marrow, and have a life span of approximately 8-10 days. Thrombopoietin is the 

major hormonal regulator of platelet production (Kaushansky 2008). Platelets contain a 

plasma membrane, internal membranes (open canalicular and dense tubular systems), a 

cytoskeleton (microtubules and microfilaments), mitochondria, glycogen granules, 

storage granules (α-granules and dense granules), lysosomes, and peroxisomes. The 

platelet is surrounded by a plasma membrane that extends through the multiple channels 

of the surface-connected canalicular system, greatly increasing surface area of the 

platelet. The plasma membrane contains phospholipids and platelet receptors. 

Upon platelet activation, platelets lose their discoid shape, become spherical, and extend 

long, spiky pseudopods. The organelles are contracted towards the platelet center and are 
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enclosed by the tight-fitting ring of reassembled microtubules and microfilaments 

(Daniel, Molish et al. 1981; Daniel, Molish et al. 1984; Paul, Kim et al. 2003). Platelets 

are activated by several physiological, (thrombin, collagen, ADP, epinephrine, 

vasopressin, serotonin) and, non-physiological (divalent cationophores, cyclic 

endoperoxide analogues) agonists. Platelet activation involves series of distinguishable 

responses (a) shape change; (b) secretion; (c) aggregation; (d) liberation of arachidonic 

acid, which is rapidly converted to thromboxane A2 (TXA2). 

Upon vascular injury-whether caused by spontaneous rupture of atherosclerotic plaque, 

plaque erosion, or other trauma-exposed adhesive proteins such as von willebrand factor 

(vWF), collagen and vitronectin among many others (Jackson, Nesbitt et al. 2003) initiate 

platelet activation. Platelets initially interact with GPIb-IX-V receptors, which mediate 

rolling and tethering of platelets on vWF  at the site of vascular injury. Next, platelet 

collagen receptors α2β1 and GPVI mediate a more firm adhesion and further cause 

platelet activation. These initial interactions with collagen cause the release of contents 

from the platelet dense granules, such as platelet agonist ADP, and fibrinogen, factor V, 

and P-selectin from α-granules (Brass 2001). These mediators, in turn stimulate GPCRs 

on platelet surface that are critical to initiation of various intracellular signaling 

pathways, including activation of phospholipase C (PLC), protein kinase C (PKC), and 

phosphoinositide (PI)-3 kinase. Both calcium and PKC contribute to activation of the 

small G protein, Rap1b which through interactions with Rap1-GTP interacting adaptor 

molecule (RIAM) and talin finally facilitate binding of fibrinogen and multimeric ligands 

to integrin αIIbβ3 and mediate platelet aggregation (Tadokoro, Shattil et al. 2003; Shattil 
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and Newman 2004; Lee, Lim et al. 2009). Recently kindlin family of focal adhesion 

proteins have also been identified as integrin activators (Moser, Nieswandt et al. 2008). 

Platelet activation is also associated with coagulation protease assembly, microparticle 

production, platelet secretion, fibronectin matrix assembly, leukocyte recruitment and 

clot retraction (Davi and Patrono 2007) .  

 

Thrombus Formation 

Formation of platelet plug at the site of vascular damage requires highly coordinated 

events with tight spatial and temporal regulation. Platelet plug formation can be divided 

broadly into three phases namely; 

a) Initiation: Platelets form a monolayer onto exposed sub-endothelium, b) Propagation: 

additional recruitment and activation of platelets through local release of positive feed 

back mediators like ADP, thromboxane A2 and finally c) Perpetuation: stabilization of 

platelet plug preventing premature disaggregation until wound healing occurs (Rivera, 

Lozano et al. 2009).  

At arterial shear rates, the thrombotic process is initiated by the tethering of platelets via 

glycoprotein (GP) Ib-IX-V to VWF, bound to collagen. Collagen receptors GP VI and 

α2β1  help platelets to form a monolayer on collagen and further trigger series of 

activation events, which include integrin αIIbβ3 activation, calcium mobilization and 

secretion (Nieswandt and Watson 2003; Lecut, Schoolmeester et al. 2004). In 

propagation phase ADP released from dense granules, and TXA2 generated from 

phospholipids pursue further recruitment and activation of additional platelets in a 

paracrine way. The Gq coupled P2Y1 and TPα receptors cause calcium mobilization and 
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PKC activation. Gi-coupled P2Y12 (Andre, Delaney et al. 2003)   and  PI3K isoforms β 

and γ  (Cosemans, Munnix et al. 2006) activated downstream of P2Y12 are known to  play 

a central role in thrombus stability. The last phase in the formation of an effective 

thrombus named as perpetuation of stabilization refers to late wave of signaling events 

promoted by close contact between aggregated platelets. The best known, contact-

dependent signaling events during perpetuation are termed as outside-in signaling. 

Outside-in signaling causes clot retraction and knock –in mice with mutations in Y747 

and Y759 residues on β3 cytoplasmic tail of integrins have defective outside-in signaling, 

hence defective clot retraction (Phillips, Nannizzi-Alaimo et al. 2001). Other important 

signaling effectors which were found to play a role in perpetuation phase are Junctional 

adhesion molecule-A (JAM-A), signaling lymphocyte activation molecule (SLAM) and 

(CD 150), Sema 4D (Andre, Prasad et al. 2002; Brass, Zhu et al. 2008). There exists a 

delicate balance of positive and negative regulatory pathways, which operate to prevent 

uncontrolled thrombosis and restrict thrombus size. Some of the well established negative 

regulators of platelet activation are endothelial NO and PGI2 . Other examples include 

PECAM-1, member of Ig superfamily (Wee and Jackson 2005), endothelial cell specific 

adhesion molecule (ESAM) a molecule on platelet surface which seems to have a 

restraining role on thrombus growth and stability (Brass, Zhu et al. 2008). 

 

Platelets and Cardiovascular diseases 

Role of platelets in cardiovascular disease is often understudied. There is increasing 

evidence that platelets play multiple roles in processes other than thrombosis and 

hemostasis. Platelet aggregates formed after platelet activation are associated with 
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cardiovascular ischemic events (Schrader and Berk 1990). Furthermore, there is an 

evidence demonstrating a platelet hyperaggregable state in subjects who have various risk 

factors that are associated with atherosclerosis/coronary artery disease, including diabetes 

mellitus, hypercholesterolaemia, hypertension and smoking (Willoughby, Holmes et al. 

2002). Platelets have been implicated in both pathogenesis and progression of 

atherosclerotic lesions. Activated platelets by releasing their granules provide a 

microenvironment, rich with growth factors, such as PDGF (Platelet Derived Growth 

Factor), Pro-inflammatory molecules such as CD40L, which contribute to the migration 

and proliferation of smooth muscle cells and macrophages(Ross, Masuda et al. 1990; 

Badimon, Meyer et al. 1997) and this further facilitate occlusion of blood vessel. 

 

G-Protein Coupled Receptors 

 

G-Protein coupled receptors (GPCRs) are also known as Seven Transmembrane receptors 

(7TMRS).  GPCRs are composed of a single polypeptide chain with 7 transmembrane 

domains, an extracellular N-terminus, and an intracellular C-terminus. Binding sites for 

agonists can involve the N-terminus, the extracellular loops, or a pocket formed by the 

transmembrane domains (Hamm 2001). The G proteins, that act as mediators for these 

receptors are, heterotrimeric composed of α, β and γ subunits. The α subunit contains a 

guanine nucleotide binding site that is usually occupied by guanosine diphosphate (GDP). 

Receptor activation causes the exchange of GDP for GTP, altering the conformation of 

the α  subunit and exposing the sites on both Gα and Gβγ for interactions with 

downstream effectors (Lambright, Sondek et al. 1996; Ford, Skiba et al. 1998).  
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Hydrolysis of GTP by intrinsic GTPAse activity of the α subunit restores the resting 

conformation of the heterotrimer, preparing it to undergo another round of activation and 

signaling (Gilman 1987).   

Platelets express 10 forms of Gαs best described forms of which are  Gsα, Giα, and Gqα and 

G12α families. Human platelets express atleast one Gsα family member, four Giα members, 

three Gqα family members, and two G12α  family members. The GPCRs that respond to 

platelet agonists differ in their potency and their preferences for intracellular effector 

pathways. TXA2  (TP), ADP (P2Y1) Thrombin (PAR1 and PAR4) cause phosphoinositide 

hydrolysis and raise cytosolic Ca2+ concentration by activating Gq (Offermanns, Toombs 

et al. 1997).  Other receptors such as P2Y12 for ADP, α2A-adrenergic receptor for 

epinephrine are coupled to Gi2 and Gz, respectively for inhibiting adenylyl cyclase and for 

activating PI3-K and Rap 1B (Yang, Wu et al. 2000; Jantzen, Milstone et al. 2001; 

Woulfe, Jiang et al. 2002). The ability of the four Gi family members that are expressed 

in platelets to inhibit adenylyl cyclase is most relevant when PGI2 is secreted by 

endothelial cells has inhibited platelet activation by raising cAMP levels. Thrombin and 

TXA2 receptors can also cause rearrangement of the actin cytoskeleton that underlies 

platelet shape change by coupling to guanine nucleotide exchange factors for Rho by G12 

and G13 (Offermanns, Hu et al. 1996).  
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Fig 1.1.  An overview of some important G-protein coupled receptors in platelets 
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ADP Receptors 

 

ADP, the first known low-molecular weight platelet aggregating agent, is a weak platelet 

agonist. ADP is stored at high concentrations in dense granules of platelets and is 

released upon platelet activation. Released, ADP strongly activates platelets in an 

autocrine and paracrine fashion (Offermanns 2006). It can also be released from damaged 

cells at places of vascular injury. Platelet activation by ADP is mediated by two GPCRs, 

P2Y1 and P2Y12. Whereas, P2Y1 couples to Gq  (Offermanns, Toombs et al. 1997) and 

P2Y12 to Gi. Studies using receptor antagonists suggested that activation of both receptors 

is required for a full response of platelets to ADP (Daniel, Dangelmaier et al. 1998; Jin, 

Daniel et al. 1998; Kunapuli and Daniel 1998; Daniel, Dangelmaier et al. 1999). Platelets 

isolated from P2Y12 knockout mice exhibited normal shape change in response to ADP, 

they were defective in aggregation and failed to inhibit adenylyl cyclase (Foster, Prosser 

et al. 2001). Platelets isolated from P2Y1 knockout mice, in contrast, did not change 

shape upon stimulation with ADP and failed to mobilize calcium. Platelet responses to 

thrombin and TXA2 at low and intermediate concentrations are reduced in the absence of 

ADP receptors, underlining the importance of role of ADP as a positive-feedback 

mediator required for sustained platelet activation. 

 

P2Y12 and its central role in platelet activation  

 

In 2001, the P2Y12 receptor was cloned from human and rat platelet cDNA libraries using 

an expression cloning strategy in Xenopus oocytes designed to detect Gi-linked receptors 
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(Hollopeter, Jantzen et al. 2001) and by screening an orphan receptor library as well 

(Zhang, Luo et al. 2001). The P2Y12 maps to chromosome 3q21-q25 (Takasaki, 

Kamohara et al. 2001). The P2Y12 contains 342 amino acid residues and has more 

selective tissue distribution restricted to platelets and subregions of brain (Hollopeter, 

Jantzen et al. 2001). P2Y12 has four Cys residues at positions 17,97,175 and 270. Studies 

by site-directed mutagenesis indicated the essential role of a disulfide bridge between 

Cys97 and Cys175 for receptor expression and suggested Cys 17 and Cys 270 are targets 

of thiol reagents, including pCMBS and the active metabolites of thienopryidines (Savi, 

Pereillo et al. 2000; Ding, Kim et al. 2003).  

 

P2Y12 has been identified to have a potentiating role in dense granule secretion 

(Dangelmaier, Jin et al. 2001), fibrinogen-receptor activation (Jin and Kunapuli 1998; 

Kauffenstein, Bergmeier et al. 2001; Dorsam, Kim et al. 2002; Quinton, Kim et al. 2002), 

and in thrombus formation (Andre, Delaney et al. 2003). This receptor is also important 

for the irreversible platelet aggregation induced not only by ADP, but also by TXA2 and   

the PAR1-selective peptide agonist SFLLRN (Kunapuli, Dorsam et al. 2003). The P2Y12 

also causes inhibition of stimulated adenylyl cyclase but does not play a role in ADP-

induced shape change and intracellular calcium mobilization. Furthermore, Gi signaling 

mediated by P2Y12 can lead to platelet aggregation when either simulated with Gq and 

G12/13 pathways simultaneously (Dorsam, Kim et al. 2002).  α-granule release is also 

regulated by P2Y12.  Interestingly, all the functions of P2Y12 can be mimicked by 

epinephrine. Gi signaling leads to activation of PI3K, Akt, Rap1B, ERK, tyrosine kinases 

and potassium channels (Dorsam and Kunapuli 2004). Furthermore P2Y12 is also 
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involved in thrombin generation (Dorsam, Tuluc et al. 2004) and microparticle formation 

(Kahner, Dorsam et al. 2008).  We identified a new role for P2Y12 in regulation of serum 

thromboxane generation, which is described in Chapter 2.  

 

Some of the patients described for inherited abnormalities of the P2Y12 are as follows: 

Severe P2Y12   deficiency: The patients P2Y12 gene displayed a homozygous 2-bp 

deletion in the open reading frame, located at a base pair 294 from the start methionine, 

thus shifting the reading frame for 33 residues before stop codon, causing a premature 

truncation of the protein (Gachet and Hechler 2005).  Other patients had P2Y12 transcripts  

derived from a mutant allele, which led to the lack of functional Gi coupled ADP receptor 

(Hollopeter, Jantzen et al. 2001) and a homozygous for a mutation in the translation 

initiation codon (ATG to AGG) in the P2Y12 gene (Shiraga, Miyata et al. 2005). A 

patient with heterozygous P2Y12 defect (Cattaneo, Lecchi et al. 2000) exhibited normal 

first wave of aggregation but did not secrete normal amounts of ATP after stimulation 

with various agonists. One patient with congenital dysfunction of P2Y12  displayed 

normal numbers of dysfunctional P2Y12 receptors, platelets from this patient had normal 

shape change, but reduced and reversible aggregation in response to sub-optimal doses of 

ADP (Cattaneo, Zighetti et al. 2003). 
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Fig 1.2. Schematic representation of ADP-induced signaling in platelets 

 

 

 



 12 

Clopidogrel and its limitations 

 

Plavix (Clopidogrel bisulphate) is a thienopyridine class of inhibitor of platelet aggregation. 

Clopidogrel interferes with the platelet reactivity by targeting the ADP- P2Y12 receptor 

(Dorsam and Kunapuli 2004). It is a pro-drug which has to be metabolized in the liver to 

yield active (thiol) and inactive (carboxylic) metabolites (Clarke and Waskell 2003). This 

conversion is brought about by cytochrome 450 (CYP) group of enzymes, mainly 

CYP3A4. After this two step conversion of the pro-drug the Clopidogrel active metabolite 

binds to the cys17 and cys 270 residues on the extracellular domain of the P2Y12 receptor 

and irreversibly inhibits the ADP-induced platelet aggregation (Ding, Kim et al. 2003) .  

Clopidogrel is currently given as a loading dose of 300mg and a maintenance dose of 75 

mg (Gurbel and Tantry 2007). However recently the loading dose has been increased to 

600mg and 900 mg studies like ARMYDA-2 (The Antiplatelet Therapy for Reduction of 

Myocardial Damage during Angioplasty) showed a potential benefit for 600mg loading 

dose over the 300 mg loading dose of Clopidogrel (Patti, Colonna et al. 2005). ISAR-

CHOICE (The Intracoronary Stenting and Antithrombotic Regimen) studied 60 patients 

with coronary artery disease and compared the antiplatelet effects and pharmacokinetics of 

different clopidogrel loading doses. The most important observation was that increasing the 

loading dose from 600 mg to 900 mg did not result in any further suppression of platelet 

aggregation (von Beckerath, Taubert et al. 2005) and also studies by Muller et al (patients 

undergoing stenting) agreed that only high risk populations should be given a loading dose 

of 600 mg,  again no increased benefit was observed with 900mg of the loading dose of 

Clopidogrel (De Miguel, Ibanez et al. 2008). 
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  Off late a new trend has emerged namely the Clopidogrel resistance; however there is a 

large agreement in the field that instead of resistance the term Clopidogrel variability 

should be used. The definition for Clopidogrel variability has been defined as follows 

The Clopidogrel variable response has been defined as patients with an absolute difference 

in aggregation < 10% are classified as “Non-responders”, those with 10-20% difference 

were deemed as “Semi-responders” and those with greater difference than 30% are deemed  

“Responders” 

However, to date the exact mechanisms or the factors governing Clopidogrel variability 

have not been identified. Some of the major players that could influence the Clopidogrel 

variability could be as follows: 

Poor patient compliance, Inappropriate dosing, Differences in intestinal absorption, 

Ineffective metabolite clearance, Increased reactivity of resting platelets, The varied 

cytochrome 3A4 (CYP 3A4) enzyme activity, Drug-drug interactions involving CYP 3A4, 

Platelet P2Y12 receptor polymorphisms, Increase in P2Y12 receptors, Increase in local 

concentrations of ADP, Increased sensitivity to ADP, Compensatory up-regulation of other 

platelet receptor pathways (thrombin, collagen, thromboxane A2) (Gurbel and Tantry 

2006).  

Since, clopidogrel has three main drawbacks; (a) delayed onset of action; (b) large 

interindividual variability and (c) irreversibility of inhibitory effect. The two-step activation 

process, involving cytochrome P-450 (CYP) is susceptible to genetic polymorphisms and 

drug-drug interactions. Furthermore, poor responders to clopidogrel are at an increased risk 

for coronary thrombosis, which entails the discovery of better P2Y12 antagonists with 

superior pharmacological profile. 
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  Prasugrel-Promises and Challenges 

 

Prasugrel (Effient®) is an orally active third-generation thienopyridine (Niitsu, 

Jakubowski et al. 2005). It is a pro-drug, which is first hydrolyzed by intestinal 

carboxylesterases and subsequently oxidized by hepatic cytochrome p450 enzymes 

(CYP3A, CYP2B6, CYP2C9, CYP2C19) (Mega, Close et al. 2009) to its active 

metabolite, which binds and irreversibly inhibits ADP receptor P2Y12  (Sugidachi, Asai et 

al. 2000; Sugidachi, Asai et al. 2001). The FDA granted approval for its clinical use on 

July 10, 2009 ( 2010). 

Despite its greater efficacy compared to clopidogrel in inhibiting platelets and preventing 

thrombotic events, prasugrel still remains far from being the optimal anti-platelet drug. 

The most important issue being the increased bleeding associated with its use (Wiviott, 

Braunwald et al. 2007; Antman, Wiviott et al. 2008; Murphy, Antman et al. 2008). A 

post-hoc analysis of the TRITON trial revealed that three groups of patients are 

particularly susceptible, (a) Patients with a history of prior TIA or stroke;  (b) who are 75 

years of age or above; and (c) who weigh less than 65 kg (Wiviott, Braunwald et al. 

2007). Additionally, as with any other anti-platelet drugs, there is an increased risk of 

bleeding in patients undergoing coronary artery bypass graft (CABG) or any other 

surgical procedures. However, it should be noted that in patients, 75 years of age or older, 

who have risk factors such as diabetes or a history of prior MI, the net clinical benefit still 

outweighs the bleeding risk (www.effient.com). Therefore, a careful selection of patient 

population could negate/mitigate some or most of this unwanted side effect of increased 
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bleeding. Lowering the dose of prasugrel in underweight patients (less than 65 kg) may 

also be helpful but evidence is lacking in this regard. Another major concern is the 

increase in the incidence of colorectal cancer with the use of prasugrel (Serebruany 

2009). A direct causal relationship between prasugrel usage and a rise in cancer incidence 

has not been proven. A plausible explanation could be that pre-existing tumor colonies 

might break away and disseminate due to a weakened platelet-tumor cell interaction 

because of a strong and chronic platelet inhibition by prasugrel, resulting in an increase in 

the rate of metastasis and its detection thereof (Serebruany 2009).  

 

Clinical trials with Ticagrelor and Elinogrel 

AZD6140 (Ticagrelor):  AZD6140 is the first member in a new class of oral ADP 

receptor antagonists called cyclopentyltriazoloprymidines (Springthorpe, Bailey et al. 

2007). It is a reversible P2Y12 antagonist which binds at a distinct non-competitive site 

(JJ, Nilsson et al. 2009).  Also AZD6140 is not a pro-drug but an ATP analogue and 

requires no metabolic conversion to exercise its anti-platelet effects. Active metabolite of 

AZD6140 is known as AR-C124910XX, the concentration of this metabolite is a third of 

the parent drug and exhibits equal potency as the parent drug in inhibiting P2Y12 (Husted, 

Emanuelsson et al. 2006).  

Since AZD6140 is the first reversible P2Y12 antagonist it could be useful in treating 

patients who need coronary artery bypass graft (CABG) where rapid recovery of platelet 

function is required unlike 5 days with irreversible platelet inhibition after administration 

of thienopyridine (Siddique, Shantsila et al. 2009). 
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Phase II: DISPERSE (Dose Confirmation Study Assessing Anti-Platelet Effects of 

AZD6140 Versus Clopidogrel in NSTEMI): A double blind, parallel-group study in 200 

randomly assigned patients with atherosclerotic disease.  The aim of this study was to 

assess the pharmacodynamic, pharmacokinetics and safety of this drug in patients in 

comparison with clopidogrel with aspirin. The dosing was as follows AZD6140 (50 mg 

n=41, 100 mg n=39, or 200 mg twice daily (bid n=37) or 400 mg daily (qd) n=46 or 

clopidogrel 75 mg (qd) n=37 for 28 days. All groups received aspirin 75-100 mg (qd). 50 

mg AZD6140 was as effective as 75 mg clopidogrel and caused similar platelet inhibition 

(~60%). Doses 100-400 mg of AZD6140 achieved rapid and superior (~90-95%) platelet 

inhibition. The concentration of both the parent compound and the active metabolite 

increased dose-proportionally and were stable at steady state till day14. The major side 

effects included increased incidence of minor or moderate bleeding with one major 

gastrointestinal bleeding with a drop in hemoglobin, reported in the 400 mg group. The 

incidence of bleeding was not dose dependent.  Other adverse effects observed in atleast 

10% of patients in treatment group were dyspnoea, dizziness, headache and red blood 

cells in urine. The increase in dyspnoea was dose-dependent, although none of the 

reported episodes were considered serious (Husted, Emanuelsson et al. 2006). 

 

Phase II: DISPERSE II (dose confirmation study assessing Safety, Tolerability and Initial 

Efficacy of AZD6140 Compared with Clopidogrel, in Patients With Non-ST Segment 

Elevation Acute Coronary Syndrome): 990 patients with NSTE-ACS on aspirin were 

randomized in a 1:1:1double-blind fashion. The dosing regimen was AZD6140 90 mg –

twice daily, 180 mg-twice daily or clopidogrel 300 mg (LD) plus 75 mg (MD) –once 
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daily for up to 12 weeks.  The 50% patients in the AZD6140 group were further sub-

randomized to receive or not receive a loading dose of 270 mg AZD6140. AZD6140 

caused increased inhibition of platelet aggregation at all doses compared to clopidogrel 

(Storey, Husted et al. 2007). Although AZD6140 exhibited higher anti-platelet effect it 

did not translate into increased bleeding since, there was no statistically significant 

differences in bleeding tendencies in all the three study groups; 8.1% in clopidogrel 

group, 9.8 % in the 90 mg-AZD6140 group and 8.0% in 180 mg AZD6140 group. Lower 

incidence of bleeding was seen among patients undergoing CABG surgery 

(36%AZD6140 compared with 64% with clopidogrel), 1-5 days after treatment was 

stopped. AZD6140 180 mg was more efficacious in reducing MI (2.4 % compared with 

4.6 % with clopidogrel and 3.6 % with 90 mg AZD6140) thus suggesting decrease in MI 

with superior platelet inhibition. However dyspnea was more common in AZD6140 

group compared with clopidogrel group (11% with 90 mg AZD6140, 16% with 180 mg 

AZD6140 Vs.6 % with clopidogrel). 

In an another sub-study of 45 patients who were not taking any clopidogrel prior to 

enrollment, AZD6140 treatment (90, 180 or 270 mg) caused more rapid, superior and 

consistent ex vivo inhibition of ADP-induced platelet activation than 300 mg loading dose 

of clopidogrel (Storey 2006). 

 

Phase III: PLATO trial- a study comparing AZD6140 with clopidogrel in patients with 

acute coronary syndromes to understand baseline characteristics of PLATelet inhibition 

and patient Outcomes; a randomized, double blind parallel-group, multinational, clinical 

study, 18 624 patients were enrolled in this study.  All the enrolled patients had ST-
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elevation ACS with scheduled primary PCI or for non ST-elevation ACS. The dosing was 

180 mg AZD6140 (LD) or 300 mg clopidogrel (LD). After loading dose patients received 

90 mg AZD6140 twice daily or clopidogrel 75 mg once daily for 6-12 months. The 

primary efficacy end-points were MI, stroke or death from vascular causes, which were 

9.8 % with patients on AZD6140 as compared with 11/7% of those receiving clopidogrel 

(Wallentin, Becker et al. 2009).  Also no significant differences in bleeding were 

observed between AZD6140 (11.6%) and clopidogrel (11.2%) groups. However new 

adverse reactions were observed with AZD6140, which included dyspnea, 

bradyarrhythmia and increased serum levels of uric acid and creatinine (Schomig 2009).  

Some groups believe that an explanation for respiratory symptoms could be that 

AZD6140 causes substantial damage to platelets due to its reversible nature and due to its 

similarity with adenosine triphosphate compound, which acts as bronchial irritant and 

cause  bronchoconstriction, inflammation and cough (Doggrell 2009). Apart for this, 

impaired purine catabolism due to increased adenosine levels may cause elevated serum 

creatinine and uric acid (Amorini, Petzold et al. 2009). 

 

Another study called ONSET/OFFSET which was multicenter, randomized, double-blind 

study which enrolled 123 patients with acute coronary artery disease who were receiving 

aspirin (75-100 mg/d) received AZD6140 (180-mg load, 90-mg maintenance dose), 

clopidogrel (600-mg load and 75-mg/g maintenance dose) or placebo for 6 weeks. 

Ticagrelor achieved more rapid, increased and sustained platelet inhibition than 

clopidogrel high loading dose. Ticagrelor also had faster offset after discontinuation of 

drug administration (Gurbel, Bliden et al. 2009). 
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In an indirect comparison of TRITON and PLATO trial data, ticagrelor appears superior 

to prasugrel for chronic preventive use because of absolute reduction in mortality, greater 

reduction/decrease in MI, fewer hemorrhagic fatalities and lesser CABG-related bleeding 

events (Serebruany 2009). However, the other safety concerns expressed regarding 

Ticagrelor need to be taken into account. Therefore additional studies will be required to 

understand the risk/benefit ratio of this drug.  

 

Elinogrel (PRT060128): Elinogrel is a direct acting, non-prodrug, and competitive 

inhibitor of the P2Y12.  It is available in both oral and parenteral formulations which 

allows an efficient platelet inhibition since IV formulation can be effective in acute 

settings and oral formulation can be recommended in chronic settings (Michelson 2009).  

Studies in P2Y12 null mice showed that prasugrel and clopidogrel had off target effects 

but not elinogrel (Andre 2009) and elinogrel was found to have superior pharmacological 

profile than clopidogrel (Andre 2007).  Its terminal half-life is approximately 12h. The 

major metabolic route was demethylation to form PRT060301, which was the only 

prominent circulating metabolite in plasma. The clearance routes for this metabolite were 

renal and hepatic (Hutchaleelaha A 2008). 

 

Phase II: INNOVATE-PCI: a randomized trial to evaluate the effect of adjuvant 

antiplatelet therapy with intravenous PRT060128, a selective P2Y12 inhibitor, before 

primary percutaneous intervention in patients with STEMI: This currently ongoing study 

will enroll 800 patients, this trial is a multicenter, randomized, double-blind, triple 
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dummy, clopidogrel controlled trial of IV and oral formulations of elinogrel compared 

with clopidogrel in patients undergoing non-urgent PCI and the patients will be 

randomized to clopidogrel to one of three doses levels of elinogrel (Siller-Matula, 

Krumphuber et al. 2009). 

 

Phase IIa -ERASE-MI: (The Early Rapid ReversAL of Platelet ThromboSis with 

Intravenous Elinogrel before PCI to optimize REperfusion in acute Myocardial 

Infarction: This pilot trial was randomized, double blind, placebo –controlled, dose 

escalation study. The goal of the study was to evaluate safety and efficacy of adjunctive 

antiplatelet therapy prior to primary PCI in patients with STEMI. Patients and placebo 

group was assigned in a 1:1 ratio randomly. All the patients received 600-mg clopidogrel 

loading dose, followed by another loading dose of 300 mg clopidogrel four hours after 

PCI. The end points assessed were: a) Thrombolysis in Myocardial Infarction (TIMI) 

major and minor bleeding through hospital discharge. b) Global strategies to Open 

Occluded Coronary Arteries (GUSTO) sever and moderate bleeding through hospital 

discharge and c) Intracranial hemorrhage through 30 days. 

Only a small group of patients were enrolled so trial had insufficient power to 

assess the safety of elinogrel. Trial also required a second loading dose of 300 mg 

clopidogrel and this dosing strategy has not been tested before and degree of platelet 

inhibition in STEMI  patients on elinogrel was not evaluated (Berger, Roe et al. 2009). 
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Table 1.1 P2Y12 receptor Antagonists 
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Role of G12/13 pathways in signaling 

 

G12/13  family of G-proteins are the most understudied family of proteins. The reason 

being lack of knowledge of downstream effectors and tools to specifically interfere with 

G12/13 – mediated signaling. 

G12/13  pathways play a crucial role in development since ablation of G 12/13 i.e. double-

deficient mice die at embryonic day 8.5, G12 deficient mice that carry only one intact G13 

allele also die in utero. Whereas, mice lacking G13 die at embryonic day 9.5 owing to 

defective angiogenesis (Offermanns, Mancino et al. 1997).  G12/13 also plays a role in 

development of nervous system (Moers, Nurnberg et al. 2008). G12/13 pathways have been 

implicated in B-cell maturation, and T-cell development (Coffield, Helms et al. 2004). In 

platelets lacking G13 but not G12 the potency of various stimuli including TXA2, thrombin 

and collagen to induce platelet shape change, aggregation and secretion is severely 

reduced. G13 pathways are required to cause calcium independent shape change in 

platelets via Rho/Rho kinase dependent myosin light chain phosphorylation (Paul, Daniel 

et al. 1999). These pathways are also known to regulate dense granule release through 

RhoA/Rho kinase pathways(Jin, Mao et al. 2008). A crucial role for G13  in platelet 

activation was also indicated by the inhibition of human platelet activation by 

myristoylated peptide interfering with regulation of effectors by G13 (Worzfeld, 

Wettschureck et al. 2008) .  Recently it was reported that that G13  subunits bind to 

cytoplasmic tail of β3 and that integrins are noncanonical G13 –coupled  receptors which 

regulate RhoA function by causing its inhibition (Gong, Shen et al.). Finally, under in 

vivo conditions, platelet-restricted G13 deficiency results in an increased bleeding time 
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and protects animal from the formation of arterial thrombi induced in a carotid artery 

thrombosis model. We identified a new role for G12/13 pathways in regulating integrin 

αIIbβ3-independent TXA2 generation in platelets, which is discussed in Chapter 3. 

 

 

Platelet integrin αIIbβ3 

 

Integrins are a family of heterodimeric proteins, composed of non-covalently associated 

α and β-subunits. Each subunit consists of a large extracellular domain, a single span-

transmembrane domain, and a short cytoplasmic domain (or tail) composed roughly of 

20-60 amino acids (Hynes 2002). Platelets express five integrin α subunits and two 

β subunits to form αIIbβ3, αVβ3, α2β1, α5β1, αIIb, αV, α5, and α6 are proteolytically 

cleaved during synthesis in the megakaryocyte to form  mature subunit consisting of an 

extracellular heavy chains that are disulfide linked to membrane spanning intracellular 

light chains (Pischel, Bluestein et al. 1988). Ligand binding to integrins is regulated by 

receptor conversion from a low-affinity to a high-affinity state in a cellular process 

referred to as ‘inside-out’ signaling. Binding of such ligands triggers ‘outside-in’ signals 

that cooperate with signals resulting from agonist occupancy of immunoreceptors or G-

protein-coupled receptors to induce anchorage-dependent responses, including actin 

polymerization and reorganization. Integrins, thus engage in bidirectional signaling 

which is necessary for efficient platelet granule secretion, thrombus formation, and fibrin 

clot retraction. Absence or malfunction of αIIbβ3 can lead to a disease condition called 
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Glanzmann thrombasthenia which is characterized by absence of platelet aggregation and 

bleeding diathesis (Weiss, Turitto et al. 1986; Nurden 2006). 

In unstimulated platelets such as those in the normal circulation, αIIbβ3 is in low-affinity 

state and is unable to bind soluble ligands. In vitro, αIIbβ3 can become activated by 

platelet stimulation by one or more excitatory agonists or activating antibodies (Frelinger, 

Lam et al. 1988; Tomiyama, Kunicki et al. 1992), by manganese chloride (Smith, 

Piotrowicz et al. 1994), or by binding of the RGD ligands (Du, Plow et al. 1991). Soluble 

agonists such as ADP, TXA2   and thrombin initiate inside-out signaling through GPCRs, 

while immobilized agonists such as vWF or collagen initiate the process by interacting 

with GPIb-IX-V or collagen receptors GPVI and α2β1, respectively.   Binding of talin, 

(280-kDa) to β cytoplasmic tail is now accepted as the final step in integrin activation 

(Tadokoro, Shattil et al. 2003).  

Outside-in signaling involves receptor oligomerization and complex regulation by protein 

tyrosine kinases and phosphatases to activate c-Src and other src family kinases as well as 

Syk (Shattil and Newman 2004). These initial reactions lead to assembly of a larger 

integrin-based signaling complex made up of additional enzymes, adaptor molecules, and 

substrates, including Src homology-2 (SH2)-domain-containing leukocyte-specific 

phosphoprotien of 76kDa (SLP-76), vav1, PLC γ, adhesion-and degranulation-promoting 

adaptor protein (ADAP), Nck, and cdc42, which promote actin polymerization and 

reorganization (Obergfell, Judd et al. 2001; Goncalves, Hughan et al. 2003; Wonerow, 

Pearce et al. 2003). Several mutation models were designed to study the role of β 3 

cytoplasmic tail in outside-in signaling. Mutations in Y747F and Y759F of β 3 

cytoplasmic tail in mice disrupted clot retraction. Y746A and Y747A mutations cause 
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bleeding phenotype similar to Glanzmanns thrombasthenia.  Similar to DiYF, β3 (∆760-

762) platelets exhibited reduced platelet spreading, fibrinogen binding and aggregation in 

response to ADP or low concentrations of PAR4  receptor activating peptide, whereas no 

defects were found upon stimulation with higher doses of the agonist.  However, in 

contrast to DiYF, no defects in clot retraction were observed in β3 (∆760-762) mice 

(Ablooglu, Kang et al. 2009). 
 

Thromboxane as a platelet agonist 

 

Thromboxane is a short-lived lipid mediator, generated from phospholipids in platelet 

membranes. TXA2   acts as a local signal and amplifies activation and an additional 

recruitment of platelets to the site of clot formation (FitzGerald 1991). TXA2   is a potent 

vasoconstrictor and stimulates mitogenesis, accelerating hemostasis and the proliferative 

response to vascular injury (Ogletree, Smith et al. 1978; Saussy, Mais et al. 1985). TXA2    

is derived from arachidonic acid (AA) by a sequential action of cycloxygenase and 

thromboxane synthase. TXA2   targets specific G protein-coupled transmembrane 

thromboxane receptor TP. Two human carboxyterminal TP splice variants exist, known 

as TPα and TPβ, with sequence lengths of 343 and 407 amino acids. Although both 

transcripts are present in platelets, only TPα protein has been detected in human platelets. 

TP receptors rely on secreted ADP for eliciting full functional responses (Paul, Jin et al. 

1999). In platelets activated TPα couples to Gq and G12/13 (Djellas, Manganello et al. 

1999; Klages, Brandt et al. 1999).  Activation of TP receptors leads to dense granule 

secretion and αIIbβ3 activation. Patients deficient in TXA2   formation have a mild 
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bleeding disorder (Lagarde, Byron et al. 1978; Pareti, Mannucci et al. 1980).  Mice 

deficient in thromboxane synthase or TP mimic also have defective aggregation 

responses to AA and have altered hemodynamic responses (Thomas, Mannon et al. 

1998). 

TXA2 is derived from both platelet and non-platelet sources which include mast ells, 

monocytes and macrophages (Brune, Glatt et al. 1978). The half-life of TXA2 is about 30 

seconds in aqueous environment which limits its range of activity. TXA2   is rapidly 

converted to non-enzymatic hydration product TXB2 that is stable and biologically inactive. 

TXB2  itself is rapidly cleared from circulation with an estimated initial half-life of 7 minute 

and a plasma clearance 52mLXminXkg (Roberts, Sweetman et al. 1981).  Aspirin blocks 

cycloxygenase and is widely used to decrease the risk of occlusive arterial events in 

patients with cardiovascular complexities. Aspirin irreversibly acetylates cycloxygenase 

(COX-1) enzyme, thus suppressing TXA2 generation in platelets (Cattaneo 2007).  Aspirin 

resistance has been correlated with increased incidence of myocardial infarction, stroke or 

cardiovascular death (Eikelboom, Hirsh et al. 2002). Clinical causes of aspirin resistance 

can range from patient non-compliance, alternatively patients may not absorb aspirin, 

because of interactions with other medications for example ibuprofen, which can interfere 

with aspirin pharmacokinetics. Cellular factors influencing aspirin efficacy include 

inadequate suppression of platelet COX-1. Genetic polymorphisms in the platelet 

membrane glycoproteins such as P1 (A1/A2) have been associated with an attenuated 

response to aspirin (Undas, Brummel et al. 2001). Other genetic factors can be 

polymorphisms of vWF or collagen receptor gene (Pontiggia, Lassila et al. 2002) and 

single nucleotide polymorphisms of P2Y1 gene can also affect response to aspirin 
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(Jefferson, Foster et al. 2005). However despite above mentioned findings impact of 

polymorphisms on aspirin response remain controversial. 
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Fig 1.3. Thromboxane metabolites in vivo 
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CHAPTER 2 

 

ANTAGONISM OF P2Y12 REDUCES PHYSIOLOGICAL THROMBOXANE 

LEVELS. 

 

Introduction 

Cardiovascular diseases are the major cause of mortality and morbidity in the 

developed nations. Currently anti-platelet therapy is widely employed in management of 

patients with cardiovascular diseases (Lloyd-Jones, Adams et al. 2008). During 

thrombotic events, exposed subendothelial collagen activates adherent platelets 

(Nieswandt and Watson 2003). Thrombin, generated during coagulation cascades 

activates PAR (Protease Activated Receptors) on platelets (Kahn, Nakanishi-Matsui et al. 

1999). Initial phases of platelet activation by collagen or thrombin causes platelets to 

generate thromboxane A2 from arachidonic acid (AA) released from phospholipids and 

release ADP from dense granules (Kahner, Shankar et al. 2006). This TXA2, (acting on 

TP receptors) (Paul, Jin et al. 1999), and released ADP, (acting on P2Y receptors), further 

amplify initial platelet functional responses (Kahner, Shankar et al. 2006)  finally 

culminating in thrombus formation either in physiological (hemostasis) or pathological 

(thrombosis) conditions (Ruggeri 1997; Willoughby, Holmes et al. 2002). 

The platelet P2Y purinergic receptors, viz; P2Y1 and P2Y12 have been extensively 

characterized both in human and murine systems (Kunapuli 2002). Several reports have 

confirmed the pivotal role of P2Y12 in fibrinogen receptor activation (Kamae, Shiraga et 

al. 2006), stabilization of thrombi (Andre, Delaney et al. 2003), alpha granule secretion, 

phosphotidylserine exposure and in the formation of platelet/leukocyte aggregates 
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(Dorsam and Kunapuli 2004). Targeting P2Y12 with its selective expression and specific 

functions has become part of many anti-thrombotic drug strategies (Grove and Storey 

2009; Wallentin, Becker et al. 2009). Other therapies target TXA2 generation in platelets. 

Aspirin, a widely used anti-thrombotic drug, blocks COX-1 an important intermediate 

enzyme in TXA2 synthesis (Patrono and Rocca 2009).  

 Current anti-platelet therapy regimens often include P2Y12 antagonists and aspirin 

in management of patients with acute coronary syndrome (ACS) and in those undergoing 

per-cutaneous coronary intervention (PCI) with stent implantation (Smyth, Woulfe et al. 

2008). However, there still exists a need for improved treatment strategies as not all 

patients benefit from this dual combination therapy. Reasons include, poor responders 

either to P2Y12 antagonists or to aspirin (Cattaneo 2007; Tantry, Mahla et al. 2009), or if 

aspirin is contraindicated in these patient populations (Bjorklund, Wallander et al. 2009). 

In the current study we evaluated the role of P2Y12 in thromboxane generation under 

physiological conditions using serum TXA2 levels, a physiological marker for platelet-

derived TXA2 (Reilly and FitzGerald 1987; Cattaneo 2007). Our results clearly show that 

P2Y12 regulates serum TXA2 levels and inhibition of P2Y12 reduces pathophysiological 

TXA2 generation. 

 

 

 

 

 



 31 

 

Materials and Methods 

 

Materials 

Active metabolites of clopidogrel (R361015) and prasugrel  (R138727) were kind gifts 

from Daiichi Sanyo (Tokyo, Japan) and Eli Lilly and Company (Lilly Research 

Laboratories, Indianapolis, IN). Plavix (clopidogrel bisulfate -300 mg and 75 mg) and 

Effient (prasugrel hydrochloride-10 mg) were obtained from the Internal Pharmacy at 

Temple University Hospital. P2Y1-deficient mice were generated by subcontract with 

Lexicon Genetics Inc (Kim, Jin et al. 2004) (Woodlands, TX). P2Y12 knockout mice were 

obtained from previously described sources (Foster, Prosser et al. 2001).  Corresponding 

age and sex matched; 8-10 week-old wild type littermates were used as controls in all the 

experiments. Serum was obtained from two previously described P2Y12-deficient patients 

in Japan (Shiraga, Miyata et al. 2005) and France (Nurden, Savi et al. 1995). 

 

Preparation of sera 

 Five milliliter aliquots of non-anticoagulated venous blood from healthy human volunteers 

or patients were collected upon informed consent and incubated in glass tubes at 37° C for 

45 minutes. And serum was prepared by centrifugation at 1500 x g for 30 minutes at 4° C 

and was frozen at -80° C. For mice, 1 mL samples of non-anticoagulated venous blood 

were treated identically. 
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Measurement of Serum Thromboxane levels by ELISA 

Frozen sera samples were thawed at room temperature and diluted to 1:50 with the 

manufacturer’s buffer. TXB2 levels were analyzed with an ELISA with a previously 

established protocol (Bhavaraju, Kim et al. 2008). Since TXA2 has a short half-life under 

physiological conditions. TXA2 levels are typically monitored by measurement of TXB2 

produced by non-enzymatic hydration of TXA2 (Mitchell, Bibby et al. 1978). 

Statistical Analysis 

 The results were quantified, expressed as mean ± S.E.M. The data was statistically 

analyzed using paired Student’s t-test, ANOVA and wilcoxon ranks sum test.  **P ≤ 0.05 

was considered significant. 
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Results 

 

P2Y12 antagonist’s clopidogrel and prasugrel reduce serum thromboxane levels in mice. 

In order to understand the role of the P2Y12 in platelet-derived TXA2 generation in serum, 

we dosed mice with clopidogrel and analyzed serum TXA2 levels in comparison to 

control mice that did not receive the drug. As shown in Fig. 2.1, (Panel A) serum TXA2 

levels in control mice and clopidogrel-dosed mice were 26.29 ± 4.27 and 3.15 ± 1.11 

ng/mL, respectively. The percentage of serum TXA2 generated in clopidogrel-treated 

mice was 16.9 ± 5.3 % (83.1 ± 5.3 % reduction) as compared to control mice (100 %) 

(Fig. 2.1, Panel A). 

Prasugrel is an irreversible P2Y12 antagonist with increased potency in terms of P2Y12 

antagonism (almost 8-fold in mice) and a superior pharmacological profile than 

clopidogrel (Hashimoto, Sugidachi et al. 2007). We dosed mice with prasugrel and 

measured serum TXA2 levels in mice before and after treatment with prasugrel. As shown 

in Fig 2.1 (Panel B), serum TXA2 levels before and after prasugrel treatments were 54.6 

± 20.3 and 2.09 ± 0.24 ng/mL, respectively. The percentage of serum TXA2 generated 

after prasugrel treatment was 5.74 ± 1.75%  (94.26 ± 1.75% reduction). These results 

indicate that P2Y12 antagonism inhibits TXA2 generation in vivo. 
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Fig 2.1 P2Y12 antagonist’s clopidogrel and prasugrel reduce serum thromboxane 

levels in mice. 

One-milliliter aliquots of non-anticoagulated venous blood from mice dosed with 
clopidogrel (30mg/Kg body weight) and (Fig. 1A) prasugrel (3mg/Kg body weight) (Fig. 
1B) and WT mice (Control) were incubated at 37° C for 45 minutes and serum was 
prepared by centrifugation at 1500 X g for 45 minutes and at 4° C minutes and frozen at -
80° C.  Serum TXB2 levels were analyzed as described in “Materials and Methods”. The 
values are representative of 3 independent experiments mean ± S.E.M (n=3). The data 
were analyzed by student t-test and ** P≤ 0.05 was considered significant. 
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clopidogrel (30mg/Kg body weight) and (Fig. 1A) prasugrel (3mg/Kg body weight) (Fig. 
1B) and WT mice (Control) were incubated at 37° C for 45 minutes and serum was 
prepared by centrifugation at 1500 X g for 45 minutes and at 4° C minutes and frozen at -
80° C.  Serum TXB2 levels were analyzed as described in “Materials and Methods”. The 
values are representative of 3 independent experiments mean ± S.E.M (n=3). The data 
were analyzed by student t-test and ** P≤ 0.05 was considered significant. 
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P2Y12 receptor null mice exhibit defective serum thromboxane generation 

Pharmacological inhibitors often have some non-specific effects. Hence, in a 

complementary approach we studied the serum TXA2 levels in mice lacking the ADP 

receptor P2Y12.  Serum was obtained from wild type (WT), P2Y1 null mice and P2Y12 

null mice. As shown in Figure 2.2 whereas, the serum TXA2 levels generated were 

similar in the WT 65.7 ± 7.23(ng/mL) and the P2Y1 KO 70.05 ± 8.75 (ng/ml) mice, 

serum derived from P2Y12 null mice showed a marked decrease in TXA2   levels 13.9 ± 

1.2 ng/mL (16.85 ± 3.8 % of WT serum TXA2).  These data clearly demonstrate an 

important role for the platelet P2Y12 in serum TXA2   generation.  
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Fig 2.2 P2Y12 receptor null mice exhibit defective serum thromboxane generation 

One-milliliter aliquots of non-anticoagulated venous blood from WT, P2Y12 null mice 

and P2Y1 null mice, were incubated at 37° C for 45 minutes and serum was prepared by 

centrifugation at 1500 X g for 45 minutes and at 4° C minutes and frozen at -80° C. The 

Serum TXB2 values are representative of atleast 3 or more independent experiments 

mean ± S.E.M (n=4). The data were analyzed by ANOVA and  ** P≤ 0.05 was 

considered significant 
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Active metabolites of prasugrel and clopidogrel reduce serum thromboxane levels ex 

vivo, in humans 

To evaluate the role of P2Y12 in serum TXA2 generation in humans, we used P2Y12 

antagonists in human blood. In an ex vivo study, we incubated whole blood from healthy 

human volunteers in the presence or absence of 500µM of active metabolites of 

clopidogrel (R361015) or prasugrel (R138727). In the control sample, whole blood was 

incubated with DMSO, the vehicle in which the metabolites were dissolved. As shown in 

Fig 2.3, addition of R361015 or R138727 to whole blood dramatically reduced serum 

TXA2 levels to 0.071 ± 0.123 and 2.3 ± 0.88 ng/mL, respectively compared to controls 

(14.1 ± 1.9 ng/mL). Thus, pre-treatment of whole blood with (R361015) caused 95.1 ± 

0.8% reduction (4.9 ± 2.0.8% generated) of the control level of TXA2 revealing R361015 

is more potent than R138727, 83.7 ± 3.2 % reduction (16.3 ± 3.2% of control generated). 

Also in an in vivo study we obtained blood from one patient available to us, who was 

being managed on clopidogrel alone (as aspirin was contraindicated). We compared 

patient’s serum TXA2 levels with known controls (healthy human volunteers), patients 

serum TXA2 levels were reduced to 2.65 ng/mL whereas the average control levels were 

33.5 ± 1.75 ng/mL. Patient’s serum TXA2 level was reduced by 92.1% (7.9 % generated) 

when compared to three other healthy donors (taken as 100%). Thus, these observations 

confirm that P2Y12   regulates TXA2   generation in humans. 
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Fig. 2.3 Active metabolites of prasugrel and clopidogrel reduce serum thromboxane 

levels ex vivo in humans.  

Five milliliter aliquots of non-anticoagulated blood was incubated in presence and 
absence of R138727 (500 µM), R361015 (500 µM) and DMSO in control sample, was 
incubated at 37° C for 45 minutes and serum was prepared by centrifugation at 1500 X g 
for 45 minutes and at 4° C minutes and frozen at -80° C. The Serum TXB2 values are 
representative of 3 independent experiments mean ± S.E.M (n=3). The data were 
analyzed by ANOVA and  ** P≤ 0.05 was considered significant.  
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Measurement of Serum thromboxane levels from two P2Y12 defective patients, one each 

from Japan and France. 

In a complementary approach, we also obtained sera from two previously described 

patients from Japan (Patient-1) (Shiraga, Miyata et al. 2005) and France (Patient-2) 

(Nurden, Savi et al. 1995). The TXA2 levels in patient’s sera were compared with 

controls from the same genetic pool. The Japanese control levels were 57 ng/mL and the 

patient’s levels 5.95 ng/mL. The French control levels were 158 ng/mL and the patient’s 

levels were 40 ng/mL.  The level of serum TXA2 generated in both the patients was 

decreased as follows: Japanese patient; 89.7% reduction (10.3 % generated) and French 

patient; 74.7 % reduction (25.3 % generated).  Fig 2.4 
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Fig. 2.4 Measurement of Serum thromboxane levels from two different P2Y12 
receptor defective patients from Japan and France. Five milliliter aliquots of non-
anticoagulated blood from a patient with defective P2Y12 receptor from Japan and a 
respective control sample (Fig. 2.4A and 2.4B). And a patient with defective P2Y12 
receptor from France and a respective control sample (Fig. 6C and D) was incubated at 
37° C for 45 minutes and serum was prepared by centrifugation at 1500 X g for 45 
minutes and at 4° C minutes and frozen at -80° C.  Serum TXB2 levels were analyzed as 
described in “Materials and Methods” 
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Fig. 2.4. Measurement of Serum thromboxane levels from two different P2Y12 
receptor defective patients from Japan and France. Five milliliter aliquots of non-
anticoagulated blood from a patient with defective P2Y12 receptor from Japan and a 
respective control sample (Fig. 2.4A and 2.4B). And a patient with defective P2Y12 
receptor from France and a respective control sample (Fig. 6C and D) was incubated at 
37° C for 45 minutes and serum was prepared by centrifugation at 1500 X g for 45 
minutes and at 4° C minutes and frozen at -80° C.  Serum TXB2 levels were analyzed as 
described in “Materials and Methods” 
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A pilot study to understand the effect of clopidogrel dosing on serum thromboxane levels 

of healthy volunteers  

It is known that serum TXA2 levels are highly variable and although variability is mainly 

attributed to the platelet numbers, there could be subtle effects of other factors such as 

age/diet/lifestyle (Alessandrini, Avogaro et al. 1985; Carter and Hanley 1985). 

Previously, a family with an inherited P2Y12 deficiency was described in Italy (Cattaneo, 

Lecchi et al. 2000), but with variable defects in serum thromboxane production. Reasons 

for this variability are unknown. Thus, in order to better understand the effect of P2Y12 

antagonism in normal healthy volunteers, we designed a pilot study with prior approval 

from our Institutional Review Board at Temple University (Philadelphia, PA). Healthy 

normal males and females (1-6), aged between (18-60) years of age received clopidogrel 

for a week. Clopidogrel was administered as follows; Day-1 (300 mg loading dose) and 

Days 2-7 (75 mg maintenance dose) and serum TXA2 levels were measured before and 

after administration of clopidogrel (for a week) As shown in Fig. 5, the percentage 

reduction in serum TXA2 generation after a weeklong dosing with clopidogrel was 76.05 

± 8.41% (23.95 ± 8.41% generated). Thus, through various experimental models we 

confirm our hypothesis that P2Y12 plays a central role in regulating physiological TXA2 

levels.  
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Fig 2.5 Effect of clopidogrel dosing on healthy volunteer’s serum thromboxane 

levels.  

Five milliliter aliquots of non-anticoagulated blood from healthy volunteers  (before and 
after clopidogrel dosing for a week)  were incubated at 37° C for 45 minutes and serum 
was prepared by centrifugation at 1500 X g for 45 minutes and at 4° C minutes and 
frozen at -80° C. The Serum TXB2 values are representative of atleast 3 or more 
independent experiments mean ± S.E.M (n=6). The data were analyzed by student t-test 
and  ** P≤ 0.05 was considered significant. 
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Discussion 

 

Current management of ACS patients involves a combination therapy with P2Y12 

antagonists and aspirin (Smyth, Woulfe et al. 2008). However the role of P2Y12 in serum 

thromboxane generation is not known. Here we have employed complementary 

pharmacological and molecular genetic approaches, in which the P2Y12 was deficient. All 

the approaches indicated that either blockade or deficiency of the P2Y12 leads to dramatic 

inhibition of the serum TXA2 generation. It is interesting to note that the percentage of 

serum TXA2 generated in each P2Y12-deficient patient differed significantly (89.7% vs 

74.7%); one plausible explanation could be the genetic and racial differences and the 

nature of the genetic defect of each patient. The French patient’s P2Y12 transcripts were 

derived from a mutant allele, which led to the lack of functional Gi coupled ADP receptor 

(Hollopeter, Jantzen et al. 2001) and the Japanese patient was described as a homozygous 

for a mutation in the translation initiation codon (ATG to AGG) in the P2Y12 gene 

(Shiraga, Miyata et al. 2005).  

Another unexpected observation in our experimental results was, that pharmacological 

inhibitors of P2Y12 caused more inhibition in serum thromboxane generation when 

compared to levels from either mice or humans lacking the P2Y12 receptor. This could be 

due to the off target effects of the thienopyridines, as shown by Andre et al (Andre 2009) 

that the  P2Y12 antagonists (clopidogrel and prasugrel) have broad spectrum and off 

target effects. 
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P2Y12 receptor also plays a role in thrombin generation (van der Meijden, Feijge et al. 

2005). Thus, P2Y12 antagonism might significantly reduce the thrombin levels in the 

serum. Furthermore, at low concentrations of the PAR stimulation, P2Y12 receptor 

signaling plays a crucial role in full platelet aggregation (Dorsam and Kunapuli 2004). It 

has been known that outside-in signaling contributes to TXA2 generation in washed 

platelets (Jin, Quinton et al. 2002). In addition, TP receptor mediated signaling events 

also depend on secreted ADP (Paul, Jin et al. 1999). Hence, P2Y12 antagonism might also 

translate into diminished signaling through TP receptor. In conclusion, P2Y12 antagonism 

reduces serum TXA2 levels through its effect on multiple signaling pathways in platelets. 

Consistent with this paradigm, results of CAPRIE trial reported that there was a 

significant benefit with clopidogrel compared to aspirin group (1996). Furthermore, while 

this manuscript was in preparation Armstrong et al also reported that clopidogrel 

treatment led decrease in urinary thromboxane generation (Armstrong, Dhanji et al. 

2009). Clopidogrel also exhibited an increased benefit in patients with diabetes mellitus 

over aspirin treatment alone (Bhatt, Marso et al. 2002).  

In conclusion, we show that P2Y12 antagonism or deficiency dramatically reduces 

physiological TXA2 generation.  This observation is important as we show that patient 
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CHAPTER 3 

 

G12/13 SIGNALING PATHWAYS SUBSTITUTE FOR INTEGRIN αIIbβ3-SIGNALING 

FOR THROMBOXANE GENERATION IN PLATELETS 

 

Introduction 

 

Platelet activation is an essential component of hemostasis and thrombosis, and involves 

engagement of complex signaling machinery. Injury to sub-endothelium results in 

platelet adhesion, and subsequent spreading on exposed collagen. Platelet activation also 

leads to reorganization of platelet cytoskeleton, release of granular contents from dense 

and alpha granules and finally culminates in integrin activation leading to platelet 

aggregation (Dorsam and Kunapuli 2004; Freedman 2005; Kahner, Shankar et al. 2006). 

ADP released from the dense granules and the thromboxaneA2 (TXA2) generated from 

activated platelets further act as positive feedback mediators and amplify the initial 

platelet responses and stabilize the hemostatic plug (Ruggeri 1997; Murugappan, Shankar 

et al. 2004). 

TXA2 is generated from its precursor arachidonic acid through cycloxygenase pathway 

(Paul, Jin et al. 1999). TXA2 acts on the TP (Prostanoid) receptors and recruits more 

platelets to the site of injury. Platelets can be activated by broad range of agonists, which 

can be further classified as strong or weak. ADP, serotonin, and epinephrine, are 

considered weak agonists (Lages and Weiss 1988) whereas thrombin, SFLLRNP (PAR1 

agonist), AYPGKF (PAR4 agonist) (Brass, Hoxie et al. 1993), and Convulxin  (GP VI 
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agonist) (Francischetti, Saliou et al. 1997) are strong agonists.  Not only these agonists 

activate platelets with varied potencies but they also induce distinct signaling pathways. 

Previous studies have shown that ADP-induced TXA2 generation in platelets is integrin-

dependent (Jin, Quinton et al. 2002) however; it is not known whether stronger agonists 

such as thrombin depend on integrin-mediated signaling for TXA2 generation. 

ADP activates two G-protein coupled receptors P2Y1 and P2Y12, activating Gq and Gi 

pathways, respectively (Dorsam and Kunapuli 2004; Kahner, Shankar et al. 2006). In 

platelets, neither of the ADP receptors can couple to G12/13 proteins whereas PAR 

receptors couple to G12/13 proteins (Offermanns, Laugwitz et al. 1994).  G12/13 pathways 

have been shown to activate Rho kinase (Klages, Brandt et al. 1999) and Src family 

kinases (SFKs) (Kim, Jin et al. 2006).  Earlier studies have shown that G12/13 pathways 

mediate calcium-independent shape change (Klages, Brandt et al. 1999; Paul, Daniel et 

al. 1999), and play a potentiating role in Akt phosphorylation (Kim, Jin et al. 2006) and 

dense granule secretion (Jin, Mao et al. 2008). Co-stimulation of platelets with G12/13 and 

Gi also leads to platelet aggregation (Dorsam, Kim et al. 2002).  

Agonist binding to platelet receptors results in complex intracellular signaling events 

termed as inside-out signaling, which leads to the activation of integrins αIIbβ3 and 

α2β1. Activated integrins change conformation and bind multivalent ligands such as 

fibrinogen and von Wilebrand Factor (vWF) (Shattil and Newman 2004). Signaling 

events from ligand binding to fibrinogen receptor are termed as outside-in signaling 

which, in turn regulate platelet adhesion, spreading, and clot retraction (Flevaris, Li et al. 

2009). Outside-in signaling also causes phosphorylation of β3 cytoplasmic tails (Jenkins, 

Nannizzi-Alaimo et al. 1998; Law, DeGuzman et al. 1999), and activation of 
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Phospholipase C (PLCγ(Wonerow, Pearce et al. 2003), tyrosine kinases such as c-Src, 

Syk (Wonerow, Pearce et al. 2003) and Focal adhesion kinase (FAK) (Hato, Pampori et 

al. 1998). FAK is a 125 kDa protein, expressed in both megakaryocytes and platelets 

(Hitchcock, Fox et al. 2008). FAK is tyrosine phosphorylated on six tyrosine residues 

viz., Y397, Y407, Y576/577, Y861 and Y925 (Mitra, Hanson et al. 2005).  

Other signaling molecules, involved in outside-in signaling are Protein Tyrosine 

Phosphatase-1B (PTP-1B) (Arias-Salgado, Haj et al. 2005), Protein Phosphatase 1C 

(PP1c) (Vijayan, Liu et al. 2004), Calcium and integrin binding protein (CIB) (Naik, 

Patel et al. 1997) and Protein Kinase C-β (PKCβ (Buensuceso, Obergfell et al. 2005; 

Prevost, Mitsios et al. 2009). 

In this study we show that, G12/13 pathways, cause TXA2 generation even when signaling 

from integrin is blocked.  We present an evidence that c-Src and Syk kinase do not play a 

role in ADP-induced functional responses and FAK can be activated downstream of 

integrin αIIbβ3 as well as G12/13 pathways. However, G12/13-mediated activation of FAK 

occurs via Rho kinase and SFKs, whereas integrin-mediated FAK activation is 

independent of SFKs. Studies to evaluate the role of FAK in thromboxane generation 

showed that FAK does not contribute to thromboxane generation downstream of 

integrins. In conclusion, neither c-Src, Syk nor FAK contribute to integrin-mediated 

thromboxane generation in platelets. Therefore, the common signaling molecule 

downstream of integrins and G12/13 remains yet to be identified. 
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Materials and Methods 

Materials 

 2MeSADP, Apyrase grade VII, human fibrinogen, acetylsalicylic acid, were obtained 

from Sigma (St. Louis, MO). SC57101 was gift from Searle Research and Development 

(Skokie, IL). Hexapeptide AYPGKF was custom synthesized at Invitrogen (Carlsbad, 

CA).  Convulxin was purchased from Centerchem Inc. (Norwalk, CT). The heptapeptide, 

YFLLRNP was synthesized by New England Biolabs  (Beverly, MA) or by Research 

Genetics (Huntsville, AL).  Phospho-specific antibodies against Y416 Src family, anti-

Syk Y525/526, Total Src and Total Syk were obtained from Cell Signaling Technologies 

(Beverly, MA). Antibodies against FAK Y397 were obtained from Millipore, (Bedford, 

MA) and Total FAK was from Biosource (Camarillo, USA).  PP2 and PP3 were 

purchased from Biomol (Plymouth Meeting, PA). The Rho kinase inhibitor H1152 was 

obtained from Toronto Research Chemicals (North York, ON). Y-27632 was obtained 

from Calbiochem (San Diego, CA).  YM-254890 was a gift from Yamanouchi 

Pharmaceuticals Co., Ltd (Ibaraki, Japan). TAE-226 was generously provided by 

(Novartis Pharma AG, Switzerland). The other reagents were of reagent grade, and de-

ionized water was used throughout. 

Animals 

 8-12 weeks old Pf4-Cre, and Pf4-Cre/FAK-floxed mice were generated in accordance 

with previously described protocol (Tiedt, Schomber et al. 2007). The generation of Src 

KO mice was described previously (Soriano, Montgomery et al. 1991) and these mice 

along with wild type littermates in C57BL/6 background were used in the experiments. 
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Preparation of washed human and murine platelets  

 Whole blood was drawn from healthy, human volunteers selected from students, staff or 

workers at the Temple University with informed consent. Donated blood was collected in 

tubes containing one-sixth volume of acid citrate dextrose (ACD) (2.5 g of sodium 

citrate, 1.5 g of citric acid, and 2 g of glucose in 100 ml of de-ionized water). Citrated 

blood was centrifuged and platelets were isolated with previously established protocol 

(Jin and Kunapuli 1998).  

 

Isolation of mouse platelets  

Blood was collected from the vena cava of anaesthetized mice into syringes containing 

one-tenth blood volume of 3.8% sodium citrate as anticoagulant. Red blood cells were 

removed by centrifugation at 100 g for 10 min. PRP was recovered, and platelets were 

pelleted at 400 g for 10 min. The platelet pellet was resuspended in Tyrode's buffer (pH 

7.4) containing 0.01 unit/ml apyrase. The isolated platelets were subsequently used for 

experiments. 

Western blot analysis 

 Aliquots of aspirin-treated, washed human platelets were lysed using Laemmli buffer in 

presence of dithiothreitol (DTT) (100 mM) and boiled for 10 min. The platelet lysates 

were loaded onto a 10% -Tris-glycine gel, subjected to SDS-PAGE (Sodium Dodecyl 

Sulfate- Polyacrylamide Gel Electrophoresis), and transferred to PVDF membrane. 

Nonspecific binding sites were blocked by incubating the membrane in Tris–buffered 
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saline-Tween (TBST; 20 mM Tris, 140 mM NaCl, 0.1% (vol/vol) Tween 20) containing 

3% (wt/vol) bovine serum albumin (BSA) and 5% (vol/vol) Irish cream for 30 min at RT, 

followed by incubating it overnight at 4°C with gentle agitation in the primary antibody 

(1:1000 dilution for anti-FAK Y397, anti-Src Y416, anti-Syk Y525/526, anti-Syk, Anti-

FAK and anti-Src in TBST with 3% BSA). After washing with TBST, the membranes 

were probed with an alkaline phosphatase-labeled secondary antibody (1:5000 dilutions 

in TBST with 3% BSA) for 1 hour at RT. After additional washing steps, membranes 

were incubated with chlordiazepoxide (CDP)–Star ® chemiluminescent substrate 

(Tropix, Bedford, MA) for 10 min at RT, and immunoreactivity was detected using a Fuji 

Film Luminescent Image Analyzer (LAS-3000 CH; Tokyo, Japan). 

Measurement of TXA2 generation in human and mice platelets 

 Washed human platelets (500 µl brought to a concentration of 2 x 108 platelets/mL) were 

stimulated with 2MeSADP (100 nM) in a lumi-aggregometer at 370C with stirring at 900 

rpm, in the presence or absence of TAE-226. Similarly murine platelets from WT and 

Pf4-Cre/FAK-floxed mice (250 µl brought to a concentration of 2 x 108 platelets/mL) 

were stimulated with 2MeSADP (100 nM).   After 3.5 min of stimulation, the reaction 

was stopped by quickly freezing the sample in a dry ice-methanol bath. The level of 

TXB2, the stable metabolite of TXA2 was measured using a previously established 

protocol (Bhavaraju, Kim et al. 2008).  
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Statistical Analysis 

The results were quantified, expressed as mean ± S.E.M. The data was statistically 

analyzed using Student’s t-test and ANOVA.  *P ≤ 0.05/ ** P ≤ 0.005 were considered 

significant.  
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Results 

 

Regulation of thromboxane generation in platelets by G12/13 pathways 

ADP-induced TXA2 generation is dependent on integrin activation and as pre-treatment 

of platelets with fibrinogen receptor antagonist abrogated ADP-induced TXA2 generation 

(Jin, Quinton et al. 2002). We investigated the effect of a fibrinogen receptor antagonist 

(SC57101) on PAR-mediated TXA2 generation. As shown in Fig. 3.1 panel A, AYPGKF, 

a PAR4 agonist, caused TXA2 generation in the presence or absence of SC57101, 

indicating that PAR agonists cause thromboxane generation independently of integrin 

signaling. One of the main signaling differences between ADP and PAR agonists is that 

only PAR agonists can activate G12/13 pathways (Offermanns, Laugwitz et al. 1994). In 

order to evaluate the role of G12/13 pathways in platelet TXA2 generation we co-

stimulated platelets with 2MeSADP and/or YFLLRNP, a selective agonist of G12/13 

pathways that mediates its effect through PAR1 receptor (Dorsam, Kim et al. 2002; 

Nieswandt, Schulte et al. 2002). As shown in Fig. 3.1 panel B, 2MeSADP-induced 

thromboxane generation was completely blocked in the presence of SC57101. YFLLRNP 

alone did not cause any TXA2 generation in human platelets. However, co-stimulation of 

platelets with 2MeSADP and YFLLRNP in presence of SC57101 caused TXA2 

generation, indicating that the G12/13 pathways can rescue the inhibition rendered by 

fibrinogen receptor antagonist. Hence, G12/13 pathways can substitute for integrin-

mediated signaling by probably activating similar effector molecules. 
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Fig 3.1- Regulation of thromboxane generation by G12/13 pathways.  

Non-aspirin-treated, washed human platelets were stimulated with AYPGKF (500 µM) in 
presence and absence of SC57101 (10 µM) (A) or other agonists as indicated (B) for 3.5 
minutes at 37°C under stirring conditions (900 rpm) in an aggregometer. After 3.5 
minutes the reaction was stopped by snap- freezing in dry ice-methanol bath.  TXB2 
levels were analyzed as described in “Materials and Methods”. The values are 
representative of 3 independent experiments mean ± S.E.M (n=3). The data were 
analyzed by student t-test and ANOVA, ** P≤ 0.005 was considered significant. 
 

 

 

 

 



 56 

 

 

 

 

Fig 3.1- Regulation of thromboxane generation by G12/13 pathways.  

Non-aspirin-treated, washed human platelets were stimulated with AYPGKF (500 µM) in 
presence and absence of SC57101 (10 µM) (A) or other agonists as indicated (B) for 3.5 
minutes at 37°C under stirring conditions (900 rpm) in an aggregometer. After 3.5 
minutes the reaction was stopped by snap- freezing in dry ice-methanol bath.  TXB2 
levels were analyzed as described in “Materials and Methods”. The values are 
representative of 3 independent experiments mean ± S.E.M (n=3). The data were 
analyzed by student t-test and ANOVA, ** P≤ 0.005 was considered significant. 
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Role of c-Src and Syk downstream of integrin αIIbβ3 in thromboxane generation in 

platelets. 

Previous studies have shown that c-Src and Syk are signaling effectors in platelets that 

are regulated by integrins (Obergfell, Eto et al. 2002). In order to identify the common 

signaling molecules downstream of fibrinogen receptor and G12/13 pathways, we 

evaluated the role of these individual kinases in ADP-induced TXA2 generation. We 

reasoned that as these tyrosine kinases are activated downstream of fibrinogen receptor 

and because ADP-induced thromboxane generation requires signaling events from 

fibrinogen receptor, at least one of these kinases could be crucial for ADP-induced 

thromboxane generation. 2MeSADP-induced phosphorylation of c-Src Y416 occurred in 

a time and concentration-dependent manner (Figs. 3.2 panels A and B). However, 

2MeSADP-induced TXA2 generation in wild type mice was not different from the c-Src 

knockout mice (Fig. 3.2 panel C), suggesting that either other Src family members may 

compensate for the absence of c-Src or that c-Src activation downstream of ADP 

receptors is not involved in TXA2 generation. We then studied Syk kinase activation 

downstream of ADP receptors. Syk kinase was not activated downstream of ADP 

receptors (Fig. 3.2 panel D), as determined by the phosphorylation of the Tyr525/526 

residues (Sada, Takano et al. 2001). Taken together, these results suggest that c-Src and 

Syk may not be not essential for ADP-induced thromboxane generation in platelets. 
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Fig 3.2- Role of c-Src and Syk downstream of integrin αIIbβ3 in thromboxane 
generation in platelets 
Aspirin–treated, washed platelets were stimulated with 2MeSADP (100 nM) at various 
time points  (Panel A) or with varying concentrations of 2MeSADP (Panel B) for one 
minute under stirring conditions at 37°C. The lysates were then subjected to western 
blotting analysis and probed with anti- phospho-  (Y416) and total c-Src antibodies as 
lane loading control. Washed murine (WT or c-Src KO) platelets, without aspirin-
treatment, were stimulated with 2MeSADP (100 nM) for 3.5 minutes and TXB2 levels 
were analyzed (Panel C) as described for Fig. 3.1. The data are represented as the  % Fold 
increase over the control. Aspirin-treated washed platelets were stimulated with 
2MeSADP (100 nM) for (30-120 seconds) or convulxin (100 ng/ml) for 30 seconds under 
stirring conditions at 37°C  (Panel D). The lysates were then subjected to western blotting 
analysis and probed with anti- phospho- Syk  (Y 525/526) and total Syk antibodies as 
lane loading control. The data are representative of at least 3 separate experiments. 
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Fig 3.2- Role of c-Src and Syk downstream of integrin αIIbβ3 in thromboxane 
generation in platelets 
Aspirin–treated, washed platelets were stimulated with 2MeSADP (100 nM) at various 
time points  (Panel A) or with varying concentrations of 2MeSADP (Panel B) for one 
minute under stirring conditions at 37°C. The lysates were then subjected to western 
blotting analysis and probed with anti- phospho-  (Y416) and total c-Src antibodies as 
lane loading control. Washed murine (WT or c-Src KO) platelets, without aspirin-
treatment, were stimulated with 2MeSADP (100 nM) for 3.5 minutes and TXB2 levels 
were analyzed (Panel C) as described for Fig. 3.1. The data are represented as the  % Fold 
increase over the control. Aspirin-treated washed platelets were stimulated with 
2MeSADP (100 nM) for (30-120 seconds) or convulxin (100 ng/ml) for 30 seconds under 
stirring conditions at 37°C  (Panel D). The lysates were then subjected to western blotting 
analysis and probed with anti- phospho- Syk  (Y 525/526) and total Syk antibodies as 
lane loading control. The data are representative of at least 3 separate experiments. 
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Fig 3.2- Role of c-Src and Syk downstream of integrin αIIbβ3 in thromboxane 
generation in platelets 
Aspirin–treated, washed platelets were stimulated with 2MeSADP (100 nM) at various 
time points  (Panel A) or with varying concentrations of 2MeSADP (Panel B) for one 
minute under stirring conditions at 37°C. The lysates were then subjected to western 
blotting analysis and probed with anti- phospho-  (Y416) and total c-Src antibodies as 
lane loading control. Washed murine (WT or c-Src KO) platelets, without aspirin-
treatment, were stimulated with 2MeSADP (100 nM) for 3.5 minutes and TXB2 levels 
were analyzed (Panel C) as described for Fig. 3.1. The data are represented as the  % Fold 
increase over the control. Aspirin-treated washed platelets were stimulated with 
2MeSADP (100 nM) for (30-120 seconds) or convulxin (100 ng/ml) for 30 seconds under 
stirring conditions at 37°C  (Panel D). The lysates were then subjected to western blotting 
analysis and probed with anti- phospho- Syk  (Y 525/526) and total Syk antibodies as 
lane loading control. The data are representative of at least 3 separate experiments. 
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Focal Adhesion Kinase is activated downstream of integrins and G12/13 pathways 

We next evaluated the activation of FAK by ADP receptors, using Y397 phosphorylation 

as an activation marker. FAK contains multiple tyrosine phosphorylation sites and the 

sequential tyrosine phosphorylations of these sites causes complete FAK activation 

beginning with autophosphorylation Y397 phosphorylation (Schlaepfer, Hauck et al. 

1999). As shown in Figs. 3.3 panels A & B, FAK is activated downstream of ADP 

receptors and this activation is blocked by a fibrinogen receptor antagonist but not by a 

pan SFK inhibitor PP2. These results indicate FAK activation by ADP occurs in an 

integrin-clustering-dependent manner, independent of SFKs. 

We further investigated FAK activation downstream of G12/13 pathways. PAR agonists 

activate both Gq and G12/13 pathways in platelets (Offermanns, Laugwitz et al. 1994). The 

Gq pathways can be inhibited by YM254890 (Takasaki, Saito et al. 2004) without 

affecting the Gi or G12/13 pathways (Kim, Jin et al. 2006). We have previously reported 

the conditions for selective activation of G12/13 pathways by PAR agonists in the presence 

of YM254890 (Kim, Jin et al. 2006). As shown in Fig. 3.3 panel C, AYPGKF caused 

activation of FAK in human platelets as determined by the phosphorylation of Y397 

residue. This phosphorylation was unaffected in the presence of YM254890. It is 

important to note that 150 nM YM254890 abrogates AYPGKF-induced platelet 

aggregation and secretion (Kim, Jin et al. 2006) and hence autophosphorylation of FAK 

on Y397 is through G12/13 pathways but not by outside-in signaling.  
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Fig. 3.3- Focal Adhesion Kinase is activated downstream of integrins and G12/13 
pathways. 
Aspirin treated, washed platelets were stimulated with 2MeSADP (100 nM) in presence 
or absence of reagents (as indicated) for 60 seconds under stirring conditions at 37°C  
( Panel A). The lysates were then subjected to western blotting analysis and probed with 
anti- phospho- FAK  (Y-397) and total FAK antibodies as lane loading control. The data 
are representative of mean ± S.E.M (n=3). The data was analyzed by ANOVA and * P≤ 
0.05 was considered significant ( Panel B). Aspirin-treated washed platelets were 
stimulated with AYPGKF (500 µM) in presence or absence of YM254890 (150 nM) 
(Panel C), The lysates were then subjected to western blotting analysis and probed with 
anti- phospho- FAK (Y-397) and total FAK antibodies as lane loading control.  
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Fig. 3.3- Focal Adhesion Kinase is activated downstream of integrins and G12/13 
pathways. 
Aspirin treated, washed platelets were stimulated with 2MeSADP (100 nM) in presence 
or absence of reagents (as indicated) for 60 seconds under stirring conditions at 37°C  
( Panel A). The lysates were then subjected to western blotting analysis and probed with 
anti- phospho- FAK  (Y-397) and total FAK antibodies as lane loading control. The data 
are representative of mean ± S.E.M (n=3). The data was analyzed by ANOVA and * P≤ 
0.05 was considered significant ( Panel B). Aspirin-treated washed platelets were 
stimulated with AYPGKF (500 µM) in presence or absence of YM254890 (150 nM) 
(Panel C), The lysates were then subjected to western blotting analysis and probed with 
anti- phospho- FAK (Y-397) and total FAK antibodies as lane loading control.  
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Fig. 3.3- Focal Adhesion Kinase is activated downstream of integrins and G12/13 
pathways. 
Aspirin treated, washed platelets were stimulated with 2MeSADP (100 nM) in presence 
or absence of reagents (as indicated) for 60 seconds under stirring conditions at 37°C  
( Panel A). The lysates were then subjected to western blotting analysis and probed with 
anti- phospho- FAK  (Y-397) and total FAK antibodies as lane loading control. The data 
are representative of mean ± S.E.M (n=3). The data was analyzed by ANOVA and * P≤ 
0.05 was considered significant ( Panel B). Aspirin-treated washed platelets were 
stimulated with AYPGKF (500 µM) in presence or absence of YM254890 (150 nM) 
(Panel C), The lysates were then subjected to western blotting analysis and probed with 
anti- phospho- FAK (Y-397) and total FAK antibodies as lane loading control.  
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Signaling pathways regulating FAK activation downstream of G12/13 pathways. 

 We have shown that G12/13 pathways activated by AYPGKF in the presence of 

YM254890 can activate FAK (Fig. 3A). Under these conditions we used pharmacological 

inhibitors to evaluate the signaling molecules that could regulate FAK phosphorylation. 

As shown in Figs. 3.4 Panels A&B, PP2, a pan SFK inhibitor abolished FAK 

phosphorylation mediated by G12/13 pathways. Our results from Figs. 3.4 panels C&D 

show that Rho kinase inhibitors H1152 and Y27632 also markedly inhibited G12/13-

mediated FAK phosphorylation. These results indicate that both SFKs and Rho kinase 

play an important role in FAK activation downstream of G12/13 pathways in platelets. In 

order to further delineate the signaling pathways downstream of G12/13, we also studied 

Src Y416 phosphorylation in presence of Rho kinase inhibitors. As shown in Figs. 3.4 

Panels E&F, G12/13-mediated Src Y416 phosphorylation was dramatically inhibited in 

presence of Rho kinase inhibitors H1152 and Y27632, thus suggesting that SFKs are 

activated downstream of Rho kinase in the G12/13 signaling cascade. 
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Fig. 3.4- Signaling pathways regulating FAK activation downstream of G12/13 
pathways. 
 
Aspirin-treated, washed human platelets were pre-treated with different inhibitors (as 
indicated) for 5 minutes at 37°C followed by stimulation with AYPGKF (500 µM) for 90 
seconds under stirring conditions at 37°C in an aggregometer. The lysates were then 
subjected to western blotting analysis and probed with anti- phospho FAK  (Y-397) and 
total FAK antibodies as lane loading control (PanelsA &C) or anti- phospho- Src  (416) 
and total c-Src antibodies as lane loading control ( Panel E). Quantitative data, 
normalized to the lane loading control, are representative of mean ± S.E.M (n=3). The 
data was analyzed by ANOVA and * P≤ 0.05 was considered significant ( Panels B, D, 
and F). 
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Fig. 3.4- Signaling pathways regulating FAK activation downstream of G12/13 

pathways. 

 
Aspirin-treated, washed human platelets were pre-treated with different inhibitors (as 
indicated) for 5 minutes at 37°C followed by stimulation with AYPGKF (500 µM) for 90 
seconds under stirring conditions at 37°C in an aggregometer. The lysates were then 
subjected to western blotting analysis and probed with anti- phospho FAK  (Y-397) and 
total FAK antibodies as lane loading control (PanelsA &C) or anti- phospho- Src  (416) 
and total c-Src antibodies as lane loading control ( Panel E). Quantitative data, 
normalized to the lane loading control, are representative of mean ± S.E.M (n=3). The 
data was analyzed by ANOVA and * P≤ 0.05 was considered significant ( Panels B, D, 
and F). 
 
 

 



 68 

 

Fig. 3.4- Signaling pathways regulating FAK activation downstream of G12/13 

pathways. 

 
Aspirin-treated, washed human platelets were pre-treated with different inhibitors (as 
indicated) for 5 minutes at 37°C followed by stimulation with AYPGKF (500 µM) for 90 
seconds under stirring conditions at 37°C in an aggregometer. The lysates were then 
subjected to western blotting analysis and probed with anti- phospho FAK  (Y-397) and 
total FAK antibodies as lane loading control (PanelsA &C) or anti- phospho- Src  (416) 
and total c-Src antibodies as lane loading control ( Panel E). Quantitative data, 
normalized to the lane loading control, are representative of mean ± S.E.M (n=3). The 
data was analyzed by ANOVA and * P≤ 0.05 was considered significant ( Panels B, D, 
and F). 
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Fig. 3.4- Signaling pathways regulating FAK activation downstream of G12/13 

pathways. 

Aspirin-treated, washed human platelets were pre-treated with different inhibitors (as 
indicated) for 5 minutes at 37°C followed by stimulation with AYPGKF (500 µM) for 90 
seconds under stirring conditions at 37°C in an aggregometer. The lysates were then 
subjected to western blotting analysis and probed with anti- phospho FAK  (Y-397) and 
total FAK antibodies as lane loading control (PanelsA &C) or anti- phospho- Src  (416) 
and total c-Src antibodies as lane loading control ( Panel E). Quantitative data, 
normalized to the lane loading control, are representative of mean ± S.E.M (n=3). The 
data was analyzed by ANOVA and * P≤ 0.05 was considered significant ( Panels B, D, 
and F). 
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Fig. 3.4- Signaling pathways regulating FAK activation downstream of G12/13 

pathways. 

 
Aspirin-treated, washed human platelets were pre-treated with different inhibitors (as 
indicated) for 5 minutes at 37°C followed by stimulation with AYPGKF (500 µM) for 90 
seconds under stirring conditions at 37°C in an aggregometer. The lysates were then 
subjected to western blotting analysis and probed with anti- phospho FAK  (Y-397) and 
total FAK antibodies as lane loading control (PanelsA &C) or anti- phospho- Src  (416) 
and total c-Src antibodies as lane loading control ( Panel E). Quantitative data, 
normalized to the lane loading control, are representative of mean ± S.E.M (n=3). The 
data was analyzed by ANOVA and * P≤ 0.05 was considered significant ( Panels B, D, 
and F). 
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Fig. 3.4- Signaling pathways regulating FAK activation downstream of G12/13 

pathways. 

Aspirin-treated, washed human platelets were pre-treated with different inhibitors (as 
indicated) for 5 minutes at 37°C followed by stimulation with AYPGKF (500 µM) for 90 
seconds under stirring conditions at 37°C in an aggregometer. The lysates were then 
subjected to western blotting analysis and probed with anti- phospho FAK  (Y-397) and 
total FAK antibodies as lane loading control (PanelsA &C) or anti- phospho- Src  (416) 
and total c-Src antibodies as lane loading control ( Panel E). Quantitative data, 
normalized to the lane loading control, are representative of mean ± S.E.M (n=3). The 
data was analyzed by ANOVA and * P≤ 0.05 was considered significant ( Panels B, D, 
and F). 
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Evaluation of FAK as a common signaling effector molecule regulating thromboxane 

generation downstream of integrins and G12/ 13 pathways. 

We next evaluated whether activated FAK played a role in ADP-induced TXA2 

generation. TAE-226 has recently been identified as a selective inhibitor of FAK with an 

IC50 of 5.5 nM (Shi, Hjelmeland et al. 2007). Furthermore specificity of TAE-226 

towards inhibition of FAK kinase activity has been already demonstrated in other cell 

types (Liu, LaFortune et al. 2007; Lietha and Eck 2008). To determine the effect of FAK 

inhibition on ADP-induced thromboxane generation platelets were treated with varying 

concentrations of TAE-226. As demonstrated in Fig. Fig 3.5 panel A, TXA2 generation 

was significantly inhibited by TAE-226 at a higher concentration of 2 µM. However, as 

pharmacological inhibitors are often known to have off target and broad-spectrum effects 

and since, the specificity of TAE-226 was never evaluated in platelets, we studied 

thromboxane generation in WT and Pf4-Cre/FAK-floxed mice. Murine platelets from 

WT and Pf4-Cre/FAK-floxed were stimulated with 100 nM of 2MeSADP and 

thromboxane levels were measured from WT and Pf4-Cre/FAK-floxed mice samples. As 

shown in Fig. 3.5 panel B there was no significant difference observed thromboxane 

levels and aggregation tracings (Fig. 3.5 panel C) between WT and Pf4-Cre/FAK-floxed. 

Thus, suggesting that TAE-226 might exhibit some non-specific effects at higher 

concentrations, and FAK is not the common signaling molecule regulating thromboxane 

generation downstream of integrins and G12/13 pathways. 
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Fig. 3.5- Evaluation of FAK as a common signaling effector molecule regulating 
thromboxane generation downstream of integrins and G12/ 13 pathways. 
 
Non-aspirin-treated, washed human platelets were pre-treated with varying 
concentrations of TAE-226 for 5 minutes at 37°C ( Panel A) and murine platelets from 
WT and Pf4-Cre/Fak-Floxed mice ( Panel B) were stimulated with 2MeSADP (100 nM) 
for 3.5 minutes and TXB2 levels were analyzed as described for Fig. 3.1. Aggregation 
tracings were measured from WT and Pf4-Cre/Fak-Floxed mice and representative 
tracings are shown  (Panel C). The values are representative of 3 independent 
experiments mean ± S.E.M (n=3). The data were analyzed by ANOVA and student t-test,  
* P≤ 0.05 was considered significant. 
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Fig. 3.5- Evaluation of FAK as a common signaling effector molecule regulating 
thromboxane generation downstream of integrins and G12/ 13 pathways. 
 
Non-aspirin-treated, washed human platelets were pre-treated with varying 
concentrations of TAE-226 for 5 minutes at 37°C ( Panel A) and murine platelets from 
WT and Pf4-Cre/Fak-Floxed mice ( Panel B) were stimulated with 2MeSADP (100 nM) 
for 3.5 minutes and TXB2 levels were analyzed as described for Fig. 3.1. Aggregation 
tracings were measured from WT and Pf4-Cre/Fak-Floxed mice and representative 
tracings are shown  (Panel C). The values are representative of 3 independent 
experiments mean ± S.E.M (n=3). The data were analyzed by ANOVA and student t-test,  
* P≤ 0.05 was considered significant. 
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Fig. 3.5- Evaluation of FAK as a common signaling effector molecule regulating 
thromboxane generation downstream of integrins and G12/ 13 pathways. 
 
Non-aspirin-treated, washed human platelets were pre-treated with varying 
concentrations of TAE-226 for 5 minutes at 37°C ( Panel A) and murine platelets from 
WT and Pf4-Cre/Fak-Floxed mice ( Panel B) were stimulated with 2MeSADP (100 nM) 
for 3.5 minutes and TXB2 levels were analyzed as described for Fig. 3.1. Aggregation 
tracings were measured from WT and Pf4-Cre/Fak-Floxed mice and representative 
tracings are shown  (Panel C). The values are representative of 3 independent 
experiments mean ± S.E.M (n=3). The data were analyzed by ANOVA and student t-test,  
* P≤ 0.05 was considered significant. 
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Fig-3.6 Model depicting the regulation of TXA2 generation by G12/13 pathways and 
integrins  
 
Integrin clustering leads to FAK activation (1). Fibrinogen receptor antagonist SC57101 
prevents integrin clustering hence inhibits FAK activation (2). FAK can be activated in 
an integrin-independent manner by G12/13 pathways (3). FAK is activated downstream of 
Rho kinase and SFKs upon stimulation of G12/13 pathways (4). FAK can be inhibited by 
TAE-226 (5). Common effector molecule downstream of integrins and G12/13 pathways 
contributing to thromboxane generation are unknown (6). 
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Discussion 

 

Activated platelets release positive feedback mediators such as ADP and TXA2. The 

molecular mechanisms involved in thromboxane generation by different platelet agonists 

are not clearly understood. Weaker agonists such as ADP require outside-in signaling 

through activated fibrinogen receptor to cause thromboxane generation in platelets. 

Patients with Glanzmann’s thrombasthenia show defective thromboxane generation with 

ADP and collagen but not with other platelet agonists (Malmsten, Kindahl et al. 1977). 

Our results show that PAR agonists mediate TXA2 generation independent of the integrin 

signaling. Thus these results indicate that platelets can generate thromboxane in an 

integrin-dependent and-independent manner. Since PAR receptors can activate G12/13 

pathways we reasoned that there might be a common signaling molecule, which could be 

activated by both G12/13 pathways (which are not activated by ADP) and integrins.  This 

common signaling molecule might regulate TXA2 generation downstream of G12/13 

pathways independent of integrins. 

It has been known that several platelet agonists cause activation of G12/13, but not 

much is known about the intracellular signaling pathways downstream of this activation. 

Studies from our group have shown that G12/13 pathways activate Src family kinases in 

platelets (Kim, Jin et al. 2006). Klages et al (Klages, Brandt et al. 1999) showed that 

G12/13 proteins can activate tyrosine kinases such as Syk and c-Src. Interestingly these 

kinases are also known to be activated downstream of outside-in signaling (Obergfell, 

Eto et al. 2002). Although integrins and G12/13 pathways activate c-Src, it is clear that this 

kinase has no significant role in thromboxane generation downstream of ADP receptors 
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(Fig. 3.2 panel C). Interestingly, thromboxane A2, an agonist that couples to Gq and G12/13 

(Offermanns, Laugwitz et al. 1994), still caused the phosphorylation of p72Syk in Gq-

deficient mice (Klages, Brandt et al. 1999).  This result suggests that activation of Syk 

might occur downstream of G12/13 signaling.  However, Syk does not appear to be 

activated downstream of ADP receptors (Fig. 3.2 panel D). Hence, both c-Src and Syk 

can be ruled out as the common signaling molecule mediating thromboxane generation 

downstream of G12/13 and integrin pathways.  

Our studies show that FAK is differentially activated downstream integrins (Figs. 

3.3 panels A and B) and G12/13 pathways (Figs. 3.3 panel C, 3.4 panels A and B). 

However, recently it was reported by Gong et al (Gong, Shen et al.) that G13 binds to 

integrin αIIbβ3 and mediates outside-in signaling. Gong et al claim that Rho activation 

downstream of PARs and integrins is temporally and spatially regulated and mediates 

opposing effects. With regards to FAK activation in platelets it does not seem to be the 

probable mechanism since ADP-induced FAK activation is independent of SFKs (Figs. 

3.3 panels A and B) and downstream of G12/13 pathways FAK activation is SFK and Rho-

dependent (Figs. 3.4 panels A and 4C). Thus, there maybe some other integrin-mediated 

signaling pathways regulating FAK activation in platelets. Upstream of FAK, SFKs are 

activated by G12/13 pathways (Kim, Jin et al. 2006). SFKs regulate FAK activation 

downstream of G12/13 pathways but not downstream of integrin signaling (Figs. 3.4 panel 

A and 3.3 panel A). Although integrin signaling leads to c-Src and FAK activation, our 

results suggest that Src/Syk pathways and FAK pathways are independently activated by 

integrins as outlined in Fig. 3.6, with possible differential functional implications in 

platelets.  
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G12/13 pathways are known to activate RhoA/Rho kinase pathways leading to 

calcium-independent shape change(Klages, Brandt et al. 1999; Paul, Daniel et al. 1999). 

These pathways are also known to regulate dense granule release through RhoA/Rho 

kinase pathways(Jin, Mao et al. 2008). Our studies show that Rho kinase pathways 

regulate FAK activation through SFKs (Figs. 3.4 panels E&F). This is a novel 

observation and indicates that Rho kinase pathways are the nodal point of SFK activation, 

ppIMδ phosphatase, and other pathways regulating dense granule release. We postulate 

that these pathways are independent of each other as inhibition of SFKs (with PP2) has 

no significant effect on PAR-mediated shape change or dense granule release in aspirin-

treated platelets (Murugappan, Shankar et al. 2005).  Hence, SFK activation occurs 

downstream, rather than upstream, of RhoA/Rho kinase pathways upon G12/13 stimulation 

as outlined in Fig. 3.6. If SFK activation were to occur upstream of Rho kinase pathways, 

then SFK inhibition would have affected platelet shape change as well as dense granule 

release reaction in aspirin-treated platelets.  

Furthermore, complementary approaches e.g. pharmacological FAK inhibitor 

TAE-226 and Pf4-Cre/Fak-Floxed mice were employed to evaluate role of FAK in 

thromboxane generation.  Pre-treatment of platelets with various doses of TAE-226 did 

not lead to significant decrease in thromboxane levels. However inhibition of 

thromboxane generation was only observed at 2 µM concentration (Fig. 3.5 panel A). 

Similarly thromboxane generation was not affected in Pf4-Cre/Fak-Floxed mice, when 

compared to WT littermates (Fig. 3.5 panel B).  These results indicate that FAK does not 

contribute to thromboxane generation downstream of integrins. 
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 Since our data indicates that loss of FAK does not translate into diminished 

thromboxane generation, it is possible that some other tyrosine kinases might be 

compensating for the loss of FAK in platelets, however it might be unlikely since 

previous studies in Pf4-Cre/Fak-Floxed mice showed differences in tail bleeding times 

and platelet spreading.  Recently another FAK inhibitor PF-573,228 was shown to inhibit 

platelet aggregation (Jones, Shawe-Taylor et al. 2009). However, our platelet aggregation 

studies comparing WT and Pf4-Cre/FAK-Floxed mice did not show any differences in 

aggregation (Fig. 3.5 panel C). 

 

Thus, we conclude that G12/13 pathways through a Rho kinase/ SFK dependent 

manner activate FAK. However, FAK activation downstream of integrins occurs 

independently of SFKs.  Finally none of the three-tyrosine kinases c-Src, Syk or FAK 

seems to play a role in thromboxane generation downstream of integrins. Thus the 

common signaling effector, possibly a tyrosine kinase, contributing to thromboxane 

downstream of G12/13 pathways and integrins remains yet to be identified. 
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CHAPTER 4 

 

DISCUSSION 

 

Platelets are anucleate cells that play a critical role in processes of hemostasis and 

thrombosis. In an event of injury to endothelium, activation of platelets leads to assembly 

of coagulation factors, thrombin, generated during coagulation cascades activates 

platelets though PAR receptors which further cause thromboxane generation and release 

of ADP from dense granules. Thromboxane thus generated is termed as serum 

thromboxane, which is a physiological marker of platelet activation (Alessandrini, 

Avogaro et al. 1985) . Importance of thromboxane in platelet activation is further 

substantiated by wide spread use of aspirin as first line of defense in preventing 

thrombotic complications. Aspirin irreversibly acetylates cycloxygenase-1 on serine 529 

and serine 516 on human COX-2 (Rao 2010).  

Anti-platelet treatment is cornerstone for management of patients with cardiovascular 

diseases. Anti-platelet therapy often includes a combination of aspirin and P2Y12 

antagonists. Studies have shown that P2Y12 receptor is a central receptor regulating 

several key platelet functions e.g. potentiation of fibrinogen receptor activation, 

potentiation of secretion and thromboxane downstream of PAR receptors. Stabilization of 

thrombi, platelet leukocyte aggregate formation, microparticle release and thrombin 

generation (Dorsam and Kunapuli 2004). However, the role of P2Y12 receptor in serum 

thromboxane generation was not previously investigated.  
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The specific aim of Chapter 2 was to investigate the role of P2Y12 receptor in serum 

thromboxane generation. In Chapter 2, we identified a positive role for P2Y12 receptor in 

regulating serum thromboxane generation. 

Platelets can be activated by broad range of agonists, which can be further classified as 

strong or weak. ADP (P2Y receptors) Serotonin (5HT2A) and Epinephrine (β-adrenergic 

receptor), are considered weak agonists (Lages and Weiss 1988) whereas Thrombin, 

SFLLRNP (PAR1 agonist), AYPGKF (PAR4 agonist) (Brass, Hoxie et al. 1993), and 

Convulxin  (GP VI receptor) (Francischetti, Saliou et al. 1997) are termed as strong 

agonists.  Not only these agonists activate platelets with varied potencies but they also 

induce distinct signaling pathways. Previous studies have shown that ADP-induced TXA2 

generation in platelets is integrin-dependent (Jin, Quinton et al. 2002) however; it is not 

known whether stronger agonists such as thrombin depend on integrin-mediated signaling 

for TXA2 generation. Thrombin receptors unlike ADP activate PAR receptors which can 

couple to G 12/13 pathways. Therefore, specific aim of Chapter 3 was to investigate the 

molecular mechanisms underlying the regulation of thromboxane generation by G12/13 

pathways. In Chapter3, we show that G12/13 signaling pathways substitute for integrin-

mediated signaling for thromboxane generation in platelets.  Our results show that unlike 

ADP-induced thromboxane generation, PAR agonist-induced thromboxane generation is 

not dependent on outside-in signaling. Hence, we hypothesized that a common signaling 

effector downstream of integrins and G12/13 pathways maybe responsible for integrin-

independent thromboxane generation in platelets. We focused on c-Src, Syk and FAK 

kinases since these are known to be activated downstream of integrins. We observed c-

Src and Syk did not play a role in ADP-induced functional responses in platelets. 
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Differential activation pattern was observed for FAK downstream of integrins and G12/13 

pathways. However, in comparison to WT mice, Pf4-Cre/FAK-floxed mice did not show 

any difference in TXA2 generation. Therefore, the common effector molecule, possibly a 

tyrosine kinase downstream of integrins and G12/13 pathways contributing to TXA2 

generation in platelets remains elusive. 

 

In this section of my dissertation, I intend to discuss the following questions that arose 

from my studies: 

1) What other SFK family members are present in platelets? What is the role of other 

SFK members in platelets? 

2) What is the common effector downstream of integrins and G12/13 pathways 

regulating thromboxane generation? 
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Role of Src Family Kinases (SFKs) in platelet thromboxane generation. 

 

In  chapter 3 we evaluated if c-Src, Syk and FAK kinases were common effector 

molecules which could cause thromboxane generation downstream of ADP receptors 

(since ADP-induced thromboxane generation requires outside-in signaling) and G12/13 

pathways.  We first evaluated role of SFK member c-Src in thromboxane generation 

downstream of ADP receptor. Our studies in WT and c-Src KO mice showed that c-Src 

does not contribute to thromboxane generation downstream of ADP receptors.  

At molecular level agonist-induced activation of platelets also paves way to 

phosphorylation of plethora of platelet proteins either at tyrosine or serine/ threonine 

residues thus initiating multiple signaling cascades. Among the key tyrosine kinases Src 

family kinases (SFKs) are the archetypal representatives of non-receptor family of 

tyrosine kinases known to mediate differentiation, motility, adhesion, signal 

transduction, events regulating cell growth and proliferation (Parsons and Parsons 

2004). Src family consists of 9 members viz, Blk, Fyn, Fgr, Hck, Lck, Lyn, Src , Yes,  

and Yrk (Lowell and Soriano 1996).  Platelets are terminally differentiated 

hematopoietic cells and express 7 of the nine vertebrate SFK members.i.e. with an 

exception of Blk and Yrk (Pestina, Stenberg et al. 1997; Stenberg, Pestina et al. 1997).  

SFKs play a critical role in immune cells, with regard to their development, 

differentiation and signaling. In mast cells recently a hierarchy was observed among the 

SFKs, e.g. Hck kinase was shown to negatively regulate Lyn and Lyn in turn negatively 

regulated Fyn (Hong, Kitaura et al. 2007). This might be a way to fine tune the 
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activation of mast cells. In B cells SFKs aid in tonic and aggregation dependent B-cell 

antigen receptor signaling. 

Although, various SFK isoforms positively regulate immune cell responses. In contrast, 

Lyn kinase is shown to be a negative regulator in immune cells. Studies in Lyn 

knockout mice platelets showed potentiation of aggregation and granule release (alpha 

and dense) upon Glycoprotein VI (GPVI) receptor activation, thus confirming the 

negative regulatory function of Lyn kinase (Quek, Pasquet et al. 2000; Chari, Kim et al. 

2009). On the other hand Lyn knockout mice showed defective TXA2 generation and 

Akt phosphorylation downstream of PAR receptors (Cho, Pestina et al. 2002). 

Furthermore, Lyn in VWF/GPIb-IX-pathway induces integrin activation and platelet 

granule secretion via the cGMP signaling pathway (Yin, Liu et al. 2008; Li, Zhang et 

al. 2010).  Hence these reports clearly suggest that, SFKs mediate diverse effects in 

platelets. 

ADP- induced platelet activation causes TXA2 generation and release of alpha granules. 

Although previous studies have shown that SFKs positively mediate TXA2 generation 

downstream of PAR and ADP receptors nevertheless the specific SFK mediating TXA2 

generation downstream of ADP receptors was not identified.  In chapter 3 we show that 

c-Src is activated in a time and concentration dependent manner by ADP. However, we 

confirm that c-Src does not play a role in TXA2 generation downstream of ADP 

receptors. The explanation could be either c-src does not contribute to TXA2 generation 

or due to redundancy of SFK members in platelets or maybe some other members of the 

family are taking over the function of loss of c-Src. Also our preliminary results show 

that Lyn and Fyn Kinases positively regulate TXA2 generation in platelets.(Bhavaraju, 
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Kim et al. 2007).  However the expression level of c-Src was not measured in the 

platelets from mice deficient in Lyn and Fyn kinase Therefore the role of other SFK 

members in TXA2 generation downstream of ADP receptors needs to be established. At 

this point it is also not clear if SFKs negatively regulate each other upon platelet 

activation. 

 In other cell systems SFKs have been shown to be activated by GPCRs directly through 

beta-arrestins (Shenoy and Lefkowitz 2003). Although β−arrestins  were discovered in 

the context of dampening the receptor signal transduction, recently it has been reported 

that they also initiate signals from the very receptors they ‘desensitize’. β−arrestins are 

expressed ubiquitously in all cells and tissues. Although primary function ascribed to 

these proteins was that of receptor desensitization later a secondary function of receptor 

internalization also gained prominence (Moore, Milano et al. 2007). β−arrestin 1 and 2 

are 78% identical and most of the coding differences occur in the c-termini. β−arrestin 1 

and 2 double knockouts are embryonic lethal however single knockouts are viable 

(DeWire, Ahn et al. 2007).  Some of the effector molecules that β−arrestins bind, to 

mediate signal transduction include ERK1/2, JNK, p38 and SFKs (Shenoy and Lefkowitz 

2003). 

Interactions between arrestins  and SFKs were studies in cell systems and cell types other 

than platelets. Previous studies show that c-Src and β−arrestin co-localize in clathrin 

coated pits (Luttrell, Ferguson et al. 1999). In KRNK cells  β−arrestins  were involved in 

recruitment of Src to neurokinin-1 receptor (DeFea, Zalevsky et al. 2000). In neutrophils 

β−arrestin recruit SFK members Hck and Fgr to CXCR-1  receptor (Barlic, Andrews et 
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al. 2000). In HEK-293 cells overexpression of  β−arrestin 1 mutants, exhibited impaired 

Src binding and ERK1/2 activation. 

However the role of  β−arrestins in platelet function is not studied well. It is also not clear 

if platelet β−arrestins regulate function and activation of SFKs in platelets. It would be 

interesting to identify which SFK members in platelets are activated by β−arrestins and 

other downstream molecules that are regulated by β−arrestins in platelets. 
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Role of other tyrosine kinases in platelet thromboxane generation 

 

In chapter 3 we also evaluated the role of Syk and FAK as common effectors regulating  

TXA2  generation downstream of  integrins and G12/13 pathways. Syk (Spleen Tyrosine 

Kinase) is a 72 kDa non-receptor tyrosine kinase that contains tandem SH2 domains. Syk 

signaling is markedly complex and is not completely understood in platelets. Syk is an 

important signaling molecule downstream of GPVI/FcR γ chain, FcRIIA, and GPIb in 

platelets (Yanaga, Poole et al. 1995). In addition, Syk is activated downstream of PARs 

and integrins in platelets (Yanagi, Sada et al. 1994; Bruyninckx, Comerford et al. 2001). 

The main impeding factors in thorough understanding of Syk signaling are the lack of 

specific pharmacological inhibitors (Bruyninckx, Comerford et al. 2001; Phillips, Prasad 

et al. 2001) and the embryonic lethality of the Syk null mice. The most commonly used 

Syk inhibitor, piceatannol (Zheng and Ramirez 1999), has been reported to inhibit FAK, 

Src, and other tyrosine kinases  in platelets (Bruyninckx, Comerford et al. 2001). Lyn, a 

member of Src family kinases, is one of the first kinases to be activated upon GPVI 

activation, leading to phosphorylation of ITAM motifs on FcRγ  chain, recruitment of 

Syk to the ITAM and subsequent phosphorylation of Syk on tyrosine 352 (Bruyninckx, 

Comerford et al. 2001).  

Syk kinase has multiple tyrosine residues. Autophosphorylation of Y525/526 in the 

catalytic domain was considered as an activation marker for Syk kinase activity for a long 

time. However recently it was reported that even in the absence of Y525/526 

phosphorylation the kinase activity of the Syk kinase remained unaltered (Papp, Tse et al. 

2007). In another report even though Y525/526 phosphorylation was not affected the 
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kinase activity was reduced (Mayanglambam, Dangelmaier et al. 2010). Hence it seems 

that Y525/526 phosphorylation of Syk kinase might not be an appropriate read out for 

evaluating Syk kinase activity.  In chapter 3 we show that no evident Y525/526 

phosphorylation was observed when platelets were stimulated with 2MeSADP for 

different time points. Thus we concluded that Syk was not activated downstream of ADP  

receptors, detailed  studies with in vitro kinase assays might shed more light if Syk kinase 

is activated downstream of ADP receptors. However we observed phosphorylation  of 

Y352 residue on Syk kinase upon stimulation of P2 receptors by 2MeSADP,  but at this 

time we don not know the implication of this phosphorylation on Syk kinase.  Hence it 

will be interesting to determine the activation status of Syk kinase downstream of ADP 

receptors and G12/13 pathways using in vitro kinase assays to discern its role in 

thromboxane generation. 

We also evaluated if FAK was the common signaling molecule mediating thromboxane 

generation downstream of integrins and G12/13 pathways. We used both pharmacological 

and molecular genetic approaches. We found that neither inhibition nor loss FAK 

translate into diminished thromboxane A2 generation. Pyk2 also known as cell adhesion 

kinase beta (CAK), related adhesion focal tyrosine kinase (RAFTK), or FAK2 is  a focal 

adhesion family protein and it shares 60% identity within the central kinase domain of 

FAK (Herzog, Nicholl et al. 1996).  Pyk2 is expressed in cells of hematopoietic lineage 

and in the central nervous system (Avraham, Park et al. 2000). However studies have 

shown that Pyk2 mediates distinct functional responses in comparison to FAK. Thus 

Pyk2 could be a potential tyrosine kinase which might be  activated downstream of 

integrins and G12/13 pathways. Due to high sequence homology between Pyk2 and FAK, 
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FAK inhibitors usually in a non-specific way inhibit Pyk2 too. One report suggested that 

TAE-226 a FAK inhibitor has a IC50 of 5nM for FAK and IC50 of 5.5nM for Pyk2 

(Lipinski and Loftus 2010). Hence studies with Pyk2 null mice will shed some light on 

the role of this protein in platelet functional responses and clarify if Pyk2 is the common 

signaling effector downstream of integrins and G12/13 pathways. 
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Concluding Remarks 

 

 

P2Y12 receptor plays an important role in several platelet functional responses. 

Importance of P2Y12 receptor is further highlighted by success of clopidogrel as an 

effective anti-platelet agent. However, limitations of clopidogrel have necessitated   

search for P2Y12 receptor antagonists with better and superior pharmacologic profiles. In 

chapter 2 using pharmacological and molecular genetic approaches we show for first time 

that P2Y12 antagonism alone leads to dramatic decrease in serum thromboxane 

generation. This observation is of importance since; patients who are allergic/non-

responsive to aspirin can still continue to derive benefit from P2Y12 antagonists alone. 

In Chapter3 we ascribed a new role for G12/13 proteins in platelets. We show that G12/13 

pathways substitute for integrin signaling for thromboxane generation in platelets. We 

believe that common signaling effectors downstream of integrins and G12/13, lead to G12/13 

pathways mediated thromboxane generation in absence of integrins. To further 

understand the molecular mechanism of G12/13 pathways mediated thromboxane 

generation we studied three potential tyrosine kinases, c-Src, Syk and FAK. However, 

none of them were found to be common effectors, hence the common effector 

downstream of G12/13 pathways that substitutes for integrin mediated thromboxane 

generation remains yet to be identified.   
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