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SUMMARY

Excessive Reactive Oxygen Species (ROS) is associated with all known cardiovascular risk 

factors and is believed to play an important role for the onset of cardiovascular diseases. As a 

family of multisubunit enzymes complexes, NADPH oxidases deliberately generate superoxide 

and/or hydrogen peroxide. Evidence shows that NADPH oxidase are the key generators of ROS 

in the blood vessel wall and other tissues during cardiovascular disease progression. Studies 

from both human and animal platelet has suggested the role of NADPH-dependent ROS in 

platelet activation and thrombosis. However, the mechanism of how ROS production is 

regulated during platelet activation, and the effect of NOX-dependent ROS on platelet function 

remains unclear.

This study focuses on illustrating the mechanism of how does integrin αIIbβ3 regulate 

ROS production and NOX activity in platelets. Integrin outside-in signaling is shown to be 

important for ROS production and NOX2 activation.  Data here demonstrated P47phox 

phosphorylation and ROS production could be induced by integrin-ligation without need for 

other stimuli, and it is augmented by outside-in signaling activator, MnCl2, while disrupted by 

selective outside-in inhibitor, mP6. And the absence of β3 is shown to almost completely 

abolished p47phox activation, even in CRP-stimulated platelets. 

In addition, it has demonstrated that NOX1 and NOX2 knockout platelets was defect in 

stable adhesion, which is not further inhibited by mp6. This could possibly suggest ROS 

reversely inhibits integrin outside-in signaling. However, platelet spreading is not affected by 

NOX knockout. Along with previous data showing that NOX1/2 knockout mainly affected 
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SUMMARY (continued)

platelet granule secretion, and second wave of platelet aggregation, which requires integrin 

outside-in signaling (Delaney et al. 2016), we concluded NOX-dependent ROS is important for 

integrin outside-in signaling and its functional consequences. 

Altogether, this study, provided insight as how ROS production in activated platelets is 

regulated, forming a theoretical foundation for new antithrombotic strategy basing on 

intervening integrin outside-in pathway-regulated NOX activity.
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I. LITERATURE REVIEW

1 Introduction

Platelets are small anucleate cellular fragments that circulate in the blood. They are the 

smallest type of circulating blood cells, and have a characteristic discoid shape. Their distinctive 

appearance was originally described as “small plates,” hence the name platelets (Osler 1886). 

They are derived from precursor megakaryocytes in a process called thrombopoiesis. Mature 

human platelets have a physiological count of 1.5 to 4 x 108/mL. Platelets typically circulate in 

the blood for 7-10 days. After 7-10 days of lifespan in the circulation, they are cleared by the 

spleen and liver. About 1×1011 newly produced platelets are supplied each day to replace the 

cleared platelets (Kumar and Clark 2012). In mice, commonly used laboratory species, 

circulating platelet count is much higher, at approximately 1-2 x 109/mL, with a shorter lifespan 

of around 5 days(Fox 2007). In non-mammalian vertebrates such as zebrafish, platelets are 

nucleated and are named thrombocytes (Ma et al. 2011). Platelets play an essential role in 

processes such as physiological hemostasis and pathological bleeding and thrombosis. 

Quantitative or qualitative disorders of platelets lead to increased bleeding tendency in 

patients such as Glanzmann thrombasthenia and Bernard - Soulier syndrome (Alexander and 

Landwehr 1949, Gautier and Guinand-Doniol 1952, Caen et al. 1971, Nurden and Caen 1974). 

Platelets/thrombocytes also contribute to other physiological and pathological functions

beyond hemostasis (Ware, Corken, and Khetpal 2013) At the site with ruptured atherosclerotic 

plaques in arteries, platelets are recruited to form platelet-rich thrombi, which can cause acute 

thrombotic events such as stroke and heart attack.
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2 Platelets

2.1 Platelets Origin and Morphology

Derived from megakaryocytes, Platelets and thrombocytes are differentiated from 

hematopoetic stem cells (HSC), which mainly reside in the bone marrow in mammals, or kidney 

and thymus in zebrafish (White 1988, Hartwig 1992). The polyploid megakaryocytes (50–100 

µm) are the source of platelets. Mature megakaryocytes contain multiple nuclei, massive 

amounts of granules and proteins, which are fragmented into individual platelets during 

platelet genesis (Italiano et al. 1999). To assemble and release platelets, megakaryocytes 

become polyploid by endomitosis (DNA replication without cell division) and then undergo a 

maturation process in which the bulk of their cytoplasm is packaged into multiple long 

processes called proplatelets, and the nucleus is extruded.  Platelet formation can be divided 

into two phases: first phase takes up to days and is featured by megakaryocyte maturation and 

development to complete and requires megakaryocyte-specific growth factors. 

Megakaryocytes undergo rapid nuclear proliferation and enlargement of cytoplasm, they 

during which are filled with cytoskeletal proteins, platelet-specific granules and abundant 

membrane materials to prepare for the platelet assembly process. The second phase is 

relatively quick and usually be completed in hours. During this phase, megakaryocytes remodel 

their cytoplasm into proplatelets and then preplateles. A megakaryocyte may extend 10–20 

proplatelets (Richardson et al. 2005). The preplatelets then fission to generate discoid platelets. 

It takes ~5d in human and 2-3d in rodents from megakaryocyte polyploidization, maturation to 

release platelets (Ebbe et al. 1965, Odell and Jackson 1968, Odell, Jackson, and Friday 1970). 
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Although the size of platelets could be variable between individuals, their mean diameter is of 

1-3 µm, mean thickness of 0.5 µm, a mean cell volume of 6 to 10 fL. 

2.2 Platelets Structure

2.2.1 Membranes

Similar to that of other cell types, platelet plasma membrane is a lipid bilayer, which 

contains transmembrane receptors, mediating important platelet functions such as adhesion, 

spreading and aggregation. Surface-connected open canalicular system (OCS) is a specialized 

membrane structure of platelets that distinct from other cell types. The OCS derives from the 

platelet plasma membrane, and consists of invaginations of the surface membrane that form 

channels that tunnel into the cytoplasm (Escolar and White 1991). The channels of  the OCS 

serve to transport various chemicals, molecules, and constituents in the blood to enter the 

deepest recesses of the cell (White 1972). The OCS also functions as a source for increased 

surface area, where the membrane may be accessed to greatly expanding the total surface area 

in spreading platelets.

Dense tubular system (DTS) of platelets serves as smooth endoplasmic reticular system 

in other cell type, which exists as predominant  calcium reservoir (Daimon and Gotoh 1982). 

Upon binding of inositol 1,4,5-triphosphate (IP3), product of Phospholipase C (PLC), to 

receptors on the DTS membrane, calcium is released from DTS (Sage and Rink 1987). This 

facilitates platelets shape change, and the centralization and concomitant secretion of granules 

(Robblee, Shepro, and Belamarich 1973, Menashi, Davis, and Crawford 1982) .
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2.2.2 Cytoskeleton

The discoid shape of resting platelet is maintained by a highly specialized cytoskeleton, 

which contributes to platelet shape and integrity under high shear forces during circulation. The 

major cytoskeletal components of the resting platelet are the actin, tubulin and spectrin etc. 

One of the distinguishing feature of platelet cytoskeleton system is marginal 

microtubule coils (White and Krivit 1967, White 1968), which supports platelet’s characteristic 

disc shape. Firstly characterized by Jim White, the microtubule ring was described as 

approximately 100µm long, winding 8 to 12 times under plasma membrane (White 1968). 

Platelets microtubule is long, hollow cylinders assembled from α and β tubulin dimers, which 

are in constant equilibrium of assembly and disassembly. In resting platelets polymers and 

dimers approximately make up equal fractions of tubulins. Among several isoforms of β 

tubulins, β1 was shown to be the dominant isoform of tubulin that is specific to 

megakaryocytes and platelets (Schwer et al. 2001). Drugs that disassemble microtubules, such 

as vincristine, colchincin, ornocodazole destroy platelets morphology causing them to lose the 

round shape (White 1968). β1-tubulin (-/-) mice have thrombocytopenia (of 50% of normal) 

resulting from defective platelets genesis. Their platelets also lack the discoid shape and 

microtubule coils at the periphery, containing only 2 or 3 coils (Schwer et al. 2001). 

Similar to tubulin, actin is in an assembly and disassembly equilibrium. About 60% of the 

actin subunits remain in storage, which can convert to filaments when platelets are activated. 

As platelets express high concentrations of actin cross-linking proteins, including filamin  (Feng 

and Walsh 2004) and α-actinin (Rosenberg, Stracher, and Burridge 1981) that connect the 

platelet filaments to form rigid cytoplasmic network. Interaction between filamins and the 
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cytoplasmic tail of the GPIbα subunit of the GPIb-IX-V complex plays essential role to structural 

organization in resting platelets. This interaction anchors filamin’s self-association domain and 

partner proteins at the plasma membrane, and aligns GPIb-IX-V complexes into rows on the 

surface of platelets. Megakaryocytes that lack this filamins and GPIbα interaction forms large 

and fragile platelets which are low in numbers.

Spectrin in another integral part featuring platelets membrane structure. Specifically, 

spectrin strand binds actin filament through interconnecting with filamins, forming triangular 

pores covering the plasma membrane and OCS.  The network recruits signaling molecules 

during platelet activation. Proteins associated with the cytoskeleton function to cross-link actin 

filaments, bind signaling molecules, and interact with membrane proteins (Fox 2001).

2.2.3 Granules

Platelets contain three major recognized granules, defined by their unique molecular 

content: α-granules, dense granules and lysosomes. The most abundant are α-granules, with 

about 40 per platelets. These granules have a diameter about 200 to 500 nm, are spherical in 

shape with dark cores (Sixma, Slot, and Geuze 1989). They contain proteins essential for 

platelet adhesion, some of them are synthesized by the megakaryocytes, like platelet factor 4 

(PF4), coagulation factor V, thrombospondin, von Willebrand Factor (vWF), others are acquired 

by the uptake and packaging of plasma proteins via endocytosis and pinocytosis (de Larouziere 

et al. 1998), such as fibrinogen. Several membrane proteins that are critical to platelet functions 

are also packed in α-granules, including αIIbβ3, P-selectin, CD36. Dense granules are around 

250nm, fewer in numbers than α-granules (3 to 8 per platelets), and identified by their 

electron-opaque dense cores. The contents of dense granule are primarily intended to recruit 
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additional platelets to the site of vascular injury. They contain a variety of substances, such as 

the adenine nucleotides, ATP and ADP, calcium, other platelet agonists such as serotonin, and 

catecholamines. Platelets also contain few lysosomes, usually 0 or 1 per platelet. The acidified 

organelles are round in shape and slightly smaller than α-granules, containing various 

hydrolases. Platelets lysosomes may serve as endosomal digestion compartment, but their 

physiological roles in hemostasis is not well understood.

2.3 Platelets Function

Platelets are specialized circulating cells that play central role in hemostasis and 

thrombosis. The attributes acquired by platelets through evolution reflect their ability to 

response to injuries of vessel wall and sustain repeated contact with normal vessel wall without 

premature activation.  Two major functions of platelets upon vascular injury are to form 

primary thrombus and facilitate coagulation. In addition, platelets participate in the innate 

immune defense, act as modulators of the inflammatory response. Pathologic thrombus 

formation occurs when platelets activation overwhelms their protective mechanisms. Platelets 

form a thrombus at sites of ruptured atherosclerotic plaques, generating thrombi present 

locally or distant emboli, thus trigger life threatening events such as angina, heart attack and 

stroke.

Platelet plug formation started in more than one way. In the event of trauma to the 

vessel wall, circulating platelet are exposed to subendothelial matrix via adhesive receptors, 

captured and then activated by adhesive proteins that are not normally present in blood, such 

as collagen and vWF multimers. Platelets rapidly generate initial monolayer that supports 

subsequent thrombin formation and recruitment of additional platelets. A key to this 
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interaction is the presence of receptors integrin α2β1 and Glycoprotein VI (GPIV) that can bind 

with collagen, and GPIb (to a lesser extent αIIbβ3) that can bind with VWF. In the setting of 

thrombotic or inflammatory disorders, platelets can be activated by thrombin, which binds 

protease-activated receptor (PAR), family member of G protein-coupled receptors (GPCRs). 

The initial monolayer is insufficient to prevent bleeding, but it started signaling cascade 

leading to stable platelet adhesion, aggregation and thrombus formation. Local accumulation of 

components released from granules are strong agonists to stimulate platelet aggregation. The 

dense bodies of platelets contain important secondary agonists like ADP or serotonin. ADP 

binds to two receptors on the platelets surface. The P2Y1-receptor mobilizes Ca2 + and 

stimulates shape change (Fabre et al. 1999) , while he P2Y12-receptor potentiates platelet 

secretion (Dorsam and Kunapuli 2004). Serotonin (5-hydroxytryptamine, 5-HT) binds to the Gq-

coupled 5HT2A-receptor and amplifies platelet response. Thromboxane A2 (TxA2) are 

synthesized from arachidonate in platelets, diffused outward to activate other platelets, thus 

amplifying the initial response. The central receptor mediates accumulation of platelets into a 

hemostatic plug is integrin αIIbβ3 (GPIIb/IIIa). Activated αIIbβ3 binds to multivalent ligands such 

as fibrinogen, fibrin and VWF, linking activated platelets together that results in growth of 

thrombus (Li, Delaney, et al. 2010). 

In addition, platelets contribute to blood coagulation by facilitating thrombin generation 

from prothrombin, and the deposition of insoluble fibrin to the site of injury. Upon activation, 

the platelet plasma membrane externalizes high amounts of phosphatidylserine (PS) from the 

inner leaflet of lipid bilayer. PS is also highly exposed on microparticles (MPs) that shed from 

platelets plasma membrane. Those processes greatly increase catalytic surface for 
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procoagulation by enabling thrombin generation and Ca2+-dependent assembly of blood 

clotting factors. 

2.4 Platelets Receptors and Signaling

2.4.1 Integrin 

Integrins are important family of transmembrane adhesion receptors that mediate cell 

adhesion to the extracellular matrix proteins, or cell-cell interaction. Integrins are usually 

classified according to their respective β subunits. Different family members are displayed on 

platelets and other cell types, among them αIIbβ3 is the predominant type (fibrinogen 

receptor)  (Wagner et al. 1996), αVβ3  is vitronectin receptor), α2β1  the collagen receptor, 

α5β1  the fibronectin receptor, and α6β1 the laminin receptor. Integrin αMβ2 (Mac-1) and 

αLβ2 (LFA-1) are the major family members of leukocyte adhesion proteins (Kishimoto et al. 

1987). 

Glanzmann's thrombasthenia is a rare bleeding disorder caused by integrin αIIbβ3 

deficiency or mutations. Compared to the Bernard–Soulier syndrome, patients have increased 

bleeding tendency, but normal platelet counts and normal size (Ginsberg et al. 1983). 

Leukocyte adhesion deficiency I (LAD I) syndromes are derived from mutations on β2 

subunit that impair expression or function of leukocyte integrins. Subjects with LAD II are intact 

in integrin expression and function but defect in glycosylation of ligands for the selectin family 

or glycosylation of other glycoconjugates. LAD syndromes are failures of innate host defenses 

against microorganisms that result from defective tethering, adhesion, and targeting of myeloid 

leukocytes to sites of microbial invasion (Bunting et al. 2002). 
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2.4.1.1 Integrin Structure 

In total, research in the last decades identified 24 canonical integrins formed from 18 α 

integrins and 8 β integrins in mammals (Shattil, Kim, and Ginsberg 2010). Each α integrin 

subunit could pair with one of the β integrins to form an integrin heterodimer complex, which 

mediates cell adhesion to a wide range of extracellular matrix proteins, non-matrix proteins, or 

other cells.

 αIIbβ3 is the most abundant intergrin heterodimer on platelets with an average of 

80,000 copies per cell (Wagner et al. 1996) . In most integrins the amino-terminal domain, β-

propeller and the βA domain, non-covalently bind together to form a ‘head’. βA domain forms 

the main ligand-binding site, as does αA domain in integrins other than αIIbβ3. Crystal 

structures revealed that low-affinity state integrins are in a bent conformation with their ligand 

binding sites placing in proximity to the membrane surface (Shattil, Kim, and Ginsberg 2010). 

Intermediate extended conformations with a closed head corresponds to activated state 

integrin, where the conformational changes in the extracellular domain lead to increased ligand 

affinity.  Binding of ligand induces further conformational changes, resulting in a high-affinity 

extended open conformations that fully activate integrin signalling downstream (Choi et al. 

2013). 

2.4.1.2 Integrin Inside-out Signaling

The distinct feature of integrins is that they transduce signal bidirectionally (Hynes 

2002). Binding of intracellular proteins like talin and kindlin to the tail domain induces changes 

in the extracellular ligand binding domain of integrins to activated state, this is so-called ‘inside-

out’ signaling (Calderwood et al. 1999, Ma et al. 2008).  Talin is a large (280-kDa), cytoplasmic 
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protein, its translocation to plasma membrane is promoted by Ras family small GTPase Rap1 

and Rap1-GTP-interacting adaptor molecule (RIAM) (Lee et al. 2009, Chrzanowska-Wodnicka et 

al. 2005). CalDAG-GEF1 stimulates the activity of the Rap1b, by converting it from the 

guanosine diphosphate (GDP)- to the activated guanosine triphosphate (GTP)-bound form. 

Once active, Rap1 bound to GTP interacts with the adaptor RIAM to promote the association of 

talin with β subunit. Talin binds NPLY motif on integrin β cytoplasmic tails, disrupting the 

edogenous interaction beween the α and β cytoplasmic tails that constrains integrin in the 

closed conformation. Direct talin has been recognized as a common final step in integrin 

activation (Tadokoro et al. 2003). The kindlin family, particularly kindlin-3 in platelets, was 

identified to be an important regulator of integrin activation. Deletion of kindlin-3 in platelets 

results in increased bleeding, defective platelet aggregation and integrin activation (Malinin et 

al. 2009, Moser et al. 2008). It was hypothesized that kindlin acts as a co-activator during 

integrin activation by binding to the β cytoplasmic tail at C-terminal NXXY motif (Harburger, 

Bouaouina, and Calderwood 2009). On the other hand, data suggested kindlins have little direct 

effect on integrin αIIbβ3 affinity but increase multivalent ligand binding by promoting the 

clustering of talin-activated integrins (Ye et al. 2013). It is noteworthy that talin and kindlin are 

also playing roles in integrin outside-in signaling. Evidences show integrins activation by talin is 

required for fibrin clot retraction (Haling et al. 2011), and kindlin is required for integrin 

outside-in signaling to enable firm adhesion and spreading (Montanez et al. 2008).

2.4.1.3 Integrin Outside-in Signaling

Ligand binding of integrin to extracellular matrix initiates series of intracellular signaling, 

resulting in responses like calcium mobilization, protein phosphorylation, and cytoskeletal 
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remodeling, this is called ‘outside-in’ signaling (Hynes 2002). Platelet integrin αIIbβ3 outside-in 

signaling leads to platelet spreading, retraction, granule secretion, stable adhesion, second 

wave of platelet aggregation, therefore playing central roles in both thrombosis and hemostasis 

(Li, Delaney, et al. 2010, Shattil and Newman 2004).

Gong et al found that heterotrimeric guanine nucleotide-binding protein (G protein) 

Gα13 directly bound to the integrin β3 cytoplasmic domain which was promoted by integrin 

αIIbβ3 ligand binding and guanosine triphosphate (GTP) loading of Gα13 (Gong et al. 2010). 

Shen et al has recently shown that Gα13 and talin bind to mutually exclusive but distinct sites 

within the cytoplasmic domain of integrin β3. Furthermore, it was also shown that Gα13 and 

talin bind to β3 in opposing waves (Shen et al. 2013). After talin binds to β3 to mediate inside-

out signaling as previously discussed, it is dissociated from β3 stimulated by integrin-ligand 

binding. This dissociation allows Gα13 bind to an ExE motif within the β3 tail. Gα13-β3 

interaction induces outside-in signaling through the phosphorylation and activation of the Src 

Family Kinase (SFK), c-Src. Src is primed for activation by direct interaction with an integrin beta 

tail, and integrin clustering stabilizes activated Src by inducing intermolecular 

autophosphorylation on Tyr418 in the c-Src activation loop (Arias-Salgado et al. 2003). This 

direct interaction is mediated by the SH3 domain of the c-Src, and the C-terminal 759RGT motif 

in integrin β3 (Flevaris et al. 2007). In the early phase of outside-in signaling, c-Src activates 

RhoGAPs (Rho GTPase Activating Proteins), such as p190RhoGAP, promoting RhoA-GTP 

converting to RhoA-GDP (Arthur and Burridge 2001).Therefore, Src inhibits the RhoA-

dependent retractile signaling pathway, leading to cell spreading. Rho GTPases, Rho, Rac and 

Cdc42 play key role in the cell spreading signals: Rho regulates stress fiber and focal adhesion 
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assembly, Rac regulates the formation of lamellipodia protrusions and membrane ruffles, and 

Cdc42 triggers filopodial extensions at the cell periphery (Hall 2005). In contrast, migrating cells 

concurrently display retraction of membrane at their trailing edge. Coordination of these two 

opposite membrane movement is important for cell migration (Huttenlocher and Horwitz 

2011). Study shows integrin signaling induces phosphorylation on c- Src 747Tyr/759Tyr, leading to 

elevated intracellular calcium level and activation of calpain (calcium-dependent, non-

lysosomal cysteine proteases) (Fox et al. 1993). In the late-phase of outside-in signaling, calpain 

cleaves the cytoplasmic domain of β3 integrin at 759Tyr after its dephosphorylation, which 

releases the inhibitory effect of the Gα13/Src pathway thereby promotes RhoA-dependent 

platelet retraction. (Du et al. 1995, Xi et al. 2003, Xi et al. 2006). Activated RhoA in turn 

stimulates the activation of Rho dependent kinase (ROCK) to phosphorylate and inactivate 

myosin light chain (MLC) phosphatase, providing an increase in MLC phosphorylation and 

consequent actin-myosin mediated retraction (Kimura et al. 1996). In conclusion, calpain 

cleavage of integrin β3 at 759Tyr switches the functional outcome of integrin signaling from cell 

spreading to retraction (Flevaris et al. 2007). 

Moreover, Src phosphorylate β3 on cytoplasmic tyrosine, this phosphorylation results in 

the physical linkage of αIIbβ3 to the cytoskeleton (Jenkins et al. 1998). Finally, Src promote the 

activation of Syk and its incorporation into the integrin signaling complex (Boylan et al. 2008). 

Phosphorylation of Fc gamma receptor IIA (FcγRIIA) promotes ITAM-dependent signal 

transduction. Syk facilitates the activation of PLCγ2 and platelet activation similar to the ITAM 

signaling pathway stimulated by GPVI (Woodside et al. 2001, Abtahian et al. 2006) .

https://en.wikipedia.org/wiki/Calcium
https://en.wikipedia.org/wiki/Lysosome
https://en.wikipedia.org/wiki/Cysteine
https://en.wikipedia.org/wiki/Protease
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2.4.2 The Glycoprotein Ib-IX-V Complex (GPIb-IX-V)

Under high shear rate flow conditions, which are often seen in the arteries and 

capillaries, adhesion receptor GPIb-IX-V binding to vWF is critical for platelet adhesion to the 

site of vascular injuries. In addition GPIb-IX-V also transmits signals leading to platelet 

activation, aggregation and secretion. Various cellular signal pathways contribute to regulation 

of GPIb-IX-V  (Du 2007). Deficient or mutation of GPIb-IX-V results in the Bernard-Soulier 

syndrome, a bleeding disorder characterized by giant platelets and defective interaction with 

von Willebrand factor (Lopez et al. 1998). Pseudo-von Willebrand disease results from gain-of-

function mutations (Gly233 or Met239 to Val) that cause spontaneous vWF binding and 

bleeding associated with subsequent platelet depletion (Andrews, Lopez, and Berndt 1997, 

Berndt et al. 2001, Lopez et al. 1998). A mouse with Bernard–Soulier-syndrome expresses a 

fusion protein containing transmembrane/cytoplasmic domains of GPIb and extracytoplasmic 

domain of IL4-receptor ameliorates the large-platelet phenotype, suggesting GPIb–IX–V, 

especially transmembrane/cytoplasmic domain could regulate platelet size.  Combined 

blockade of GPIb–IX–V and αIIb3 simultaneously achieved significant anti-thrombotic effect in 

baboon arterial-stenosis models, while didn’t increase bleeding-time which is usually caused by 

clinical αIIb3-blockade alone (Wu et al. 2002).

2.4.2.1 Structure

GPIb-IX-V complex is composed of four subunits: GPIbα, GPIbβ, GPIX and GPV. They are 

expressed in the complex in a ratio of 2:2:2:1 (Andrews, Lopez, and Berndt 1997, Berndt et al. 

2001, Bodnar et al. 1999). GPIbα (CD42bα) is linked to GPIbβ (CD42b/CD42c) with disulfide 

bond to form GPIb, and GPIbαβ are non-covalently associated with GPIX (CD42a) and GPV 
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(CD42d) in a ratio of 1:1. It was suggested that the GPIb-IX complex is sufficient for both ligand-

binding and signaling functions (Du 2007). The four subunits are all members of the leucine-rich 

repeat (LRR) superfamily, as they have LRRs of ~24 amino acids that are flanked by conserved 

N- and C-terminal disulfide loop structures (Lopez 1994). Another subunit, GPV is loosely 

associated with GPIb-IX in a ratio of 1:2. There has been report showing a subset of GPIb-IX-V 

constitutively associates with the lipid rafts in unstimulated platelets and the remaining GPIb-

IX-V are further recruited to these lipid raft region upon stimulation with VWF (Shrimpton et al. 

2002). 

GPIbα is the largest subunit in the complex, with 610 residues and the molecular weight 

of 135KDa (Canobbio, Balduini, and Torti 2004), composed of N-terminal domain, 

transmembrane region and cytoplasmic tail (Lopez et al. 1987). 282 amino acids make up N-

terminal domain, which contains 8 LRRs that serve as binding site for various GPIb-IX-V ligand, 

such as VWF, thrombin, P-selectin, αMβ2, coagulation factors Xl/Xlla, and high molecular 

weight kininogen (Canobbio, Balduini, and Torti 2004). N-terminal domain is followed by 

residues 283-302 that enriched in negatively charged residues, including 3 sulfated tyrosines 

(Dong, Li, and Lopez 1994).  Following them is a long and highly glycosylated mucin-like 

macroglycopeptide domain (residue 303-485) that connects to single transmembrane region 

(residues 486-514). The cytoplasmic tail of GPIbα (residues 515-610) contains binding site for 

intracellular molecules that’s important for the regulation of VWF-induced platelet adhesion 

and activation (Du, Fox, and Pei 1996, Andrews and Fox 1992). The characteristic tandem LRRs 

is essential for normal processing and function of GPIb-IX-V (Ulsemer et al. 2000). LRRs 2, 3, and 

4 of GPIbα are required for VWF binding (Shen et al. 2002), mutations within the 2, 5, 6, 7 LLRs 
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have been found associated with Bernard-Soulier syndrome (Whisstock et al. 2002). The three 

tyrosine residues, Tyr276, Tyr278, Tyr279, in the negatively charged region is also 

demonstrated to be important for VWF binding (Marchese et al. 1995). The cytoplasmic tail of 

GPIbα is essential in signal transduction activity of GPIb, since it contains binding site for 

multiple intracellular molecules, such as 14-3-3ξ (Du, Fox, and Pei 1996), proteins of 

cytoskeleton, such as filamin (Andrews and Fox 1992). Binding with these proteins are 

recognized as important for regulation of VWF-induced GPIb-IX-V binding and signaling.

GPIbβ has a single LRR flanked with conserved sequence, with 181 residues and the 

molecular weight of 25KDa (Lopez et al. 1988). It is covalently lined to GPIbα through disulphide 

bond and interact noncovalently with GPIX through residues 15-32 (Lopez et al. 1988, Kenny, 

Morateck, and Montgomery 2002). The 34 residues-long cytoplasmic domain has been found to 

interact with calmodulin (Andrews et al. 2001), 14-3-3ξ (Andrews et al. 1998), and contains 

Ser166 that can be phosphorylated by cAMP-dependent protein kinase (PKA) (Wardell et al. 

1989). 

GPIX that is 22KDa in weight and consists of 160 residues has only a single LRR with 

conserved flanking sequence, similar to GPIbβ (Hickey, Williams, and Roth 1989), but it contains 

a short cytoplasmic tail with only 5 amino acids. GPV is a 82kDa protein consisting of 544 

residues, with 15 LRRs in its extracellular domain and 16 amino acids composed cytoplasmic tail 

(Hickey et al. 1993). It directly interacts with GPIbα subunit (Li et al. 1995) to form the complex. 

GPV has been shown to associates with calmodulin and 14-3-3ξ through its cytoplasmic domain 

(Andrews et al. 2001, Andrews et al. 1998). It’s suggested GPV can strengthen binding of VWF 

and GPIb-IX-V under high shear condition (Fredrickson et al. 1998). In addition, data also 
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showed GPV binds collagen (Moog et al. 2001) and form high-affinity binding site for 

thrombin(Dong, Sae-Tung, and Lopez 1997). However, another group reported cleavage of GPV 

by thrombin promotes GPIb-IX mediated platelet activation (Ramakrishnan et al. 2001), making 

the exact role of GPV remained unclear.

2.4.2.2 Functions

While integrin-mediated platelet adhesion can occur at low shear flow conditions, GPIb-

IX-V interaction with VWF is essential for platelet adhesion under high shear rate flow, like 

those occurring in arterioles and small arteries (Bergmeier et al. 2006). Moreover, after binding 

VWF, GPIb-IX-V initiated signaling cascade that culminate in platelet integrin activation, leading 

to stable platelet adhesion, aggregation and thrombus formation. Patients lack either the 

receptor (Bernard-Soulier syndrome) or the ligand (von Willebrand disease) suffer from severe 

bleeding disorders, providing evidences for the essential role of GPIb-IX-V and VWF interaction 

in normal hemostasis.  

Under pathological conditions like thrombotic thrombocytopenic purpura (TTP), a 

multimeric form of von Willebrand factor (VWf) is found in the plasma that are derived from 

the deficiency of a divalent cation-activated, VWf-cleaving metalloprotease. This deficiency 

causes systemic platelet aggregation under the high-shear conditions of the microcirculation, 

due to spontaneous binding of GPIb-IX-V to uncleaved ultra-large VWF (ULVWF) (Moake 2002). 

In sepsis, a systemic inflammatory response, microvascular thrombosis and consumptive 

thrombocytopenia contributes to high mortality of the disease (Hotchkiss and Karl 2003). 

Bacteria endotoxin (lipopolysaccharide, LPS) targets endothelium during inflammation, causing 

the endothelial cells to release multimeric VWF from their Weibel-Palade bodies. VWF attached 
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on endothelial cells recruits circulating platelets, leading to enhanced thrombogenicity at 

inflammatory foci (Schorer, Moldow, and Rick 1987). Studies applying antibodies that block 

GPIb-IX-V and VWF interaction suggested involvement of GPIb in endotoxin-induced responses 

(Katayama et al. 2000). Furthermore, GPIb was identified as the platelet counterreceptor of 

Mac-1 on leukocytes, therefore facilitating firm adhesion and transplatelet migration of 

leukocytes on vascular thrombus at the site of inflammation (Simon et al. 2000). Collectively, 

GPIb is recognized as a key player mediating the interactions between platelets, leukocytes, and 

endothelium in thrombosis and inflammation.

2.4.2.2.1 VWF Binding Function

VWF binding function of GPIb-IX-V is related to the shear rate of blood flow. The velocity 

of blood flow is maximal in the center of blood vessel and falls to close to zero at the wall. Thus, 

the gradient of velocity, or shear rate is maximal at the vessel wall, decreasing towards the 

center (Ruggeri 1997, Kroll et al. 1996). In vivo, shear rates are much higher in small arterioles 

of 10–50 µm diameter, where the shear rates are estimated to vary between 470 and 4700 s-1. 

When atherosclerotic plaques forms and partially occludes arteries, shear rates of 11,000 s-1 

have been calculated(Back, Radbill, and Crawford 1977). Studies have shown that at shear rates 

>1000 s-1, platelet adhesion is strongly dependent on VWF. 

As a multimeric protein synthesized by megakaryocytes and endothelial cells, VWF is 

stored in their α-granules and Weibel-Palade bodies, respectively, from where it can be 

released upon cell activation. It also circulates in plasma as dimer and function as a carrier for 

factor VIII. Mature VWF contains 2050 amino acid residues, with molecular weight of about 

250kDa, and characterized to have A, B, C and D structural domains. A1 is the domain on VWF 
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that mediates interaction with GPIb but it requires conformational change to increase its 

affinity (Miyata et al. 1996). The conformational change occurs when 1) VWF is immobilized to 

extracellular matrix or 2) it subjects to high shear stress (Siedlecki et al. 1996). Three different 

regions on GPIbα involves interaction with VWF A1 domain: 1) the N-terminal flanking 

sequence and the LRR region (Shen et al. 2000, Cauwenberghs et al. 2001), 2) the C-terminal 

flanking domain (Shen et al. 2002), and 3) highly negative-charged region (Marchese et al. 1995, 

Ward et al. 1996). Under experimental conditions, nonphysiological modulators like botrocetin 

(snake venom toxin) and ristocetin (a bacterial antibiotic glycopeptide) can binds to different 

sites within the protein, mimicking the collagen-induced changes in VWF which activate its 

binding activity with GPIb-IX-V (Berndt et al. 1992, Lopez 1994, Ware 1998). 

When secreted into plasma, ULVWF undergoes proteolysis by ADAMTS 13 (A 

Disintegrinlike And Metalloprotease with ThromboSpondin motif). Cleavage by ADAMTS 13 

generates VWF in smaller size that is less adhesive. Deficient activity of ADAMTS 13 (either 

congenital or autoantibody-mediated) leads to large multimers of plasma VWF, which 

spontaneously binds with GPIb-IX. This results in enhanced platelet aggregation, microvascular 

thrombosis and consumptive thrombocytopenia in TTP (Lammle, Kremer Hovinga, and Alberio 

2005).

2.4.2.2.2 14-3-3ξ in Regulation of VWF Binding Function

Aside from aforementioned VWF conformation change, intracellular signaling 

molecules, such as 14-3-3ξ, are also important modulators of VWF binding activity of GPIb-IX-V. 

14-3-3ξ forms homodimer and serves as central intracellular hub for many signal transduction 

pathways, primarily through binding phosphoserine and phosphothreonine (Xiao et al. 1995). A 
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14-3-3ξ homodimer has two binding sites for GPIb. It recognizes S(606)GHSL(610) on the 

cytoplasmic tail of GPIbα, only when Ser(609) is phosphorylated (Bodnar et al. 1999, Du, Fox, 

and Pei 1996). Additional binding sites includes Arg557-Gly575 and Leu580-Ser590 on GPIbα 

(Andrews et al. 1998, Mangin et al. 2004), and Ser166 on GPIbβ (Andrews et al. 1998). 

Therefore, VWF can potentially bind to both GPIbα and GPIbβ at the same time, or GPIbα alone. 

A ‘toggle switch’ model was proposed to illustrate the mechanism of 14-3-3ξ regulating VWF 

binding function of GPIb-IX-V (Fig.1) (Dai et al. 2005, Du 2007).

In this model, increase of cAMP concentration results in activation of protein kinase A 

(PKA). PKA phosphorylates GPIbβ on site Ser166, which induces binding of 14-3-3ξ 

simultaneously to GPIbα and GPIbβ. GPIb in this state is ‘switch off’ and has low-affinity for 

VWF. When intracellular cAMP decreases, 14-3-3ξ dissociates from GPIbβ while remaining 

binding to GPIbα, results in active state of GPIbα. Disrupting 14-3-3ξ interaction with GPIbα, by 

either mutagenesis or inhibitory peptides, abolishes VWF binding function of GPIb (Dai et al. 

2005).

2.4.2.3 GPIb-IX-V Mediated Signaling Pathways

VWF binding of GPIb-IX-V initiates a intracellular signaling cascade that activates integrin 

inside-out pathway and thus stable platelet adhesion, aggregation and secretion (Du 2007). 

Various intracellular secondary mediators have been shown to involve in this process, including 

increase of intracellular calcium, activation of protein kinase C (PKC) (Kroll et al. 1991), 

synthesis of thromboxane A2 (Lagarde 1988), activation of protein kinase G (PKG) (Li et al. 

2003), and phosphoinositide 3-kinase (PI3-K) (Yap et al. 2002).
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Figure 1.  A ‘toggle switch’ model of glycoprotein Ib–IX–V (GPIb–IX–V) 
regulation. Increases in intracellular cAMP induce GPIbb 
phosphorylation, allowing 14–3–3z interaction with both 
GPIba and GPIbb, locking GPIb–IX in an ‘off’ or ‘resting’ state. 
A decrease in cAMP dissociates 14–3–3z from GPIbb and thus 
‘switches on’ the von Willebrand factor (VWF) binding 
function. Inhibition of 14–3–3z binding to GPIba disrupts the 
‘toggle switch’, inhibiting the VWF binding function of GPIb–
IX–V. PKA, protein kinase A. (Reprinted with permission from 
Curr Opin Hematol.)

The immediate interactors downstream of GPIb-IX-V are suggested to be Src Family 

Kinase (SFK) and SFK-dependent PI3-K/Akt pathway. SFK inhibitors blocked all responses 

downstream of GPIb-IX-V under static or flow conditions (Kasirer-Friede et al. 2004). Using 
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mouse platelets deficient in Lyn, Src, a study by Liu et al has demonstrated botrocetin/VWF-

mediated TxA2 production is dependent on signaling initiated by Lyn and enhanced by Src (Liu 

et al. 2005). Moreover, immunoprecipitation studies demonstrated that Src and Lyn form 

complex with GPIb-IX and PI3-K upon VWF binding. This complex formation requires presence 

of p85, the regulatory subunit of PI3-K (Wu et al. 2003). 14-3-3ξ is also indicated to promote the 

association of GPIb-IX and PI3-K, possibly by recruting molecules to same subcellular 

compartment and form complex (Munday, Berndt, and Mitchell 2000).  

Akt family of protein kinases are involved in downstream of PI3-K signaling pathway, 

with Akt1 and Akt2 being the members expressed in both human and mouse platelets. They are 

recruited by phosphoinositide-dependent protein kinase (PDK) to the membrane, where they 

are phosphorylated and activated (Kandel and Hay 1999, Lawlor and Alessi 2001, Kroner, 

Eybrechts, and Akkerman 2000, Chen et al. 2004, Woulfe et al. 2004). In Src and Lyn knockout 

mice, reduction of Botrocetin/VWF-induced Akt phosphorylation in platelets has also been 

reported (Liu et al. 2005). Furthermore, PI3-K/Akt pathway stimulates platelet NO synthesis by 

activating nitric-oxide synthase 3 (eNOS), leading to activation of soluble guanylyl cyclase (GC) 

elevation, and thus elevation of cGMP (Stojanovic et al. 2006). GPIb-IX-V mediated platelet 

activation, secretion, integrin activation are shown to require participation of cGMP-dependent 

protein kinase (PKG) (Li et al. 2003, Li et al. 2004, Li, Xi, and Du 2001). Following studies by our 

lab illustrated a sequential activation of p38 and Erk mitogen-activated protein kinase (MAPKs) 

downstream of PKG pathway, which ultimately initiates inside-out signaling of integrin (Li et al. 

2006). Collectively, these data delineated a SFK-PI3K-Akt-sGC-cGMP-PKG-p38-Erk signal 

transduction pathway induced by agonist binding of GPIb-IX-V. 
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2.4.3 Collagen Receptors

Collagens are important subendothelial adhesive ligands that can activate platelets 

through binding to their corresponding receptors. There are two major collagen receptors on 

platelets, integrin α2β1 and GPVI, with the former one responsible for adhesion and platelet 

anchoring, and the latter pricipally mediating the signaling transduction that leads to platelet 

activation (Clemetson et al. 1999, Clemetson and Clemetson 2001, Nieswandt and Watson 

2003).

GPVI is the major established platelet receptor for collagen, and was shown to be 

responsible for collagen-induced platelet activation. Its importance was first recognized in an 

patient who has autoantibodies against GPVI. The patient’s platelets are defective in collagen-

induced aggregation (Sugiyama et al. 1987). GPVI contains two extracellular Ig C2 loops that 

binds to collagen, a stalk consisting of mucin-like domains, a transmembrane region and a short 

cytoplasmic tail (Clemetson and Clemetson 2001). It belongs to immunoglobulin (Ig) 

superfamily, and noncovalently associates with FcRγ chain to mediate platelet activation 

signaling (Gibbins et al. 1997). Upon interaction with its ligands, multiple GPIVs cluster and 

crosslink, resulting in tyrosine phosphorylation within ITAM domain of FcRγ. This process has 

been shown to require SFK family members, Lyn and Fyn, and is regulated by tyrosine 

phosphatase CD148 (Ezumi et al. 1998, Quek et al. 2000, Senis et al. 2009). Phosphorylation at 

ITAM domain of FcRγ recruits tyrosine kinase Syk, which initiates a cascade of signaling events 

(Yanaga et al. 1995).  Downstream targets of Syk includes transmembrane adapter linker for 

activated T cells (LAT) and Src homology 2 domain– containing leukocyte phosphoprotein of 76-

kDa (SLP-76). This further recruits Gads, Bruton tyrosine kinase (Btk), PI3-K, and phospholipase 
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C gamma (PLCγ) 2 to form a complex (Watson et al. 2005, Nieswandt and Watson 2003, Watson 

et al. 2001, Quek, Bolen, and Watson 1998, Pasquet et al. 1999, Watanabe et al. 2003). 

Activation of PLCγ2 transduces signal further through inositol 1,4,5-trisphosphate (IP3), 

diacyglycerol (DAG) and PKC pathway, leading to Ca2+ mobilization, TxA2 synthesis, granule 

secretion and integrin activation (Fig.2) (Li, Delaney, et al. 2010) . 

Another major adhesion receptor of collagen on platelets is integrin α2β1. Cre/loxP-

mediated β1 knockout platelets showed only mild defect on fibrillar collagen-induced 

aggregation. Compared with complete defect of platelets lacking GPIV, these data 

demonstrated GPVI plays the central role in platelet collagen interactions, while integrin α2β1 

strengthens adhesion but is not essential (Nieswandt et al. 2001). On the otherhand, platelets 

isolated from α2 integrin subunit knockout mice failed to adhere to type I collagen under either 

static or shear-stress conditions (Chen et al. 2002). Nieswandt et al also reported that α2β1 

have a complementary function in ex vivo thrombus formation, facilitating the central function 

of GPVI in the platelet activation (Kuijpers et al. 2003). Thus, although α2β1 may has some 

facilitating function in collagen-induced platelet activation, its exact role still remain 

contraversial. Contradicted conclusions are likely due to the different experimental settings 

employed.

2.4.4 Thrombin Receptors

Thrombin is able to induce platelet activation at concentration as low as 0.1nM, making 

it the most potent activator of platelets and critical for maintaining normal hemostasis. 

Platelets respond thrombin stimulation through member of protease-activated receptor (PAR) 

family, which includes PAR1, PAR3 and PAR4. PAR1 and PAR4 are the receptors account for 
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Figure 2. Signaling pathways of major platelet adhesion receptors. 
(Reprinted with permission from ATVB)

activation of platelets by thrombin in human, while PAR3 and PAR4 are the ones present on 

mouse platelets (Kahn et al. 1999, Kahn et al. 1998).  PAR2 is a trypin/tryptase/matriptase 

receptor present on other cell types such as endothelium, neutrophils and epithelial cells and 

smooth muscle cells (Nystedt et al. 1994, Frungieri et al. 2002, Seitz et al. 2007). 

Thrombin cleaves the N-terminal extracellular domain at a specific site of the receptor 

to expose a new N-terminus as tethered ligands (Vu et al. 1991, Rasmussen et al. 1991). PAR1 is 

a high-affinity receptor to thrombin than PAR4, thus believed to be the major receptor for 

thrombin under physiological conditions especially at low agonist concentration. Activation of 

PAR4 requires 10 to 100 fold higher concentrations of thrombin than are required for PAR1, 

probably due to its lacking of the hirudin-like sequences that facilitates interaction with 

thrombin (Xu et al. 1998, Ishii et al. 1995).  Studies demonstrated peptides for either receptor 
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was sufficient to activate platelets (Vu et al. 1991, Kahn et al. 1998). However, inhibition of 

PAR1 by antagonist, antibody or desensitization abolished platelet activation induced by low 

dose thrombin but only impaired it partially at high dose. In contrast, inhibition of PAR4 alone 

had little effect at either dose. Finally, blockade of both receptors at the same time ablated 

platelet activation even with high dose thrombin (Kahn et al. 1999). These observations 

suggested PAR1 is responsible for platelet response to low dose thrombin, while PAR4 readily 

contributes to platelet activation at high dose thrombin. Kinetic studies suggested calcium 

mobilization responding to thrombin in platelets could be separated into two discrete 

components, of which PAR1 induces a rapid spike response, followed by a slower prolonged 

response from PAR4 (Covic, Gresser, and Kuliopulos 2000). Thus, PAR4 serves to extend the 

duration of high intracellular calcium levels that maintains the late phase of platelet 

aggregation process. PAR3 and PAR4 also play different roles on mouse platelets. Depletion or 

inhibition of PAR3 on mouse platelet ablated platelet activation at low but not high 

concentration of thrombin. A model suggested PAR3 does not mediate signaling independently 

but rather facilitates PAR4 function as a cofactor for receptor cleavage by thrombin (Nakanishi-

Matsui et al. 2000). Although PAR family accounts for most thrombin signaling in platelets, 

other receptors might also play complementary roles. One example is GPIbα, which binds 

thrombin with its Asp(272)-Glu(282) segment (De Cristofaro et al. 2000). Blocking this 

thrombin-binding site on GPIbα results in impaired platelet activation induced by alpha-

thrombin (De Marco et al. 1991). This is likely due to a ‘cofactor’ function of GPIbα, since 

evidences showed that its interaction with thrombin enhances thrombin cleavage of PAR-1 on 

platelets (De Candia et al. 2001). A recent study in our lab proposed a new model for the role of 
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GPIbα in thrombin-induced PAR signaling: PAR-dependent platelet activation induced by low 

dose thrombin requires cooperativity of GPIbα, and conversely, thrombin-induced GPIbα-

dependent signaling also requires cooperativity of PAR (Estevez et al. 2015). This mutually 

dependent cooperativity model may shed new light to the controversity.

The PARs couples to intracellular heterotrimeric guanosine nucleotide-binding proteins 

(G-proteins) to pass signaling to downstream. PAR1 and PAR4 in human platelets couple to 

G12/13 and Gq (Coughlin 2005, Russo, Soh, and Trejo 2009). Gα12/13 activated by PAR1 and 

PAR4 initiates sigaling through p115RhoGEF/RhoA/ROCK-dependent pathway, resulting in 

phosphorylation and inhibition myosin light chain phosphatase (MLCP). In turn, this process 

causes increased phosphorylation of myosin light chain, thus contraction of actin that results in 

rapid platelet shape change and degranulation (Klages et al. 1999). In addition, PARs induce 

strong activation of Gq, whose downstream target includes phospholipase C-β (PLC- β) .PLC-β 

hydrolyzes phosphatidylinositol-4,5-diphosphate (PIP2) to produce IP3 and DAG, which in turn 

stimulates calcium mobilization and activation of PKC that is important contributor for intergrin 

activation and granule release (Hers et al. 1998, Walker and Watson 1993). PARs do not directly 

activates Gi, instead they trigger ADP release from granules that activates Giβγ coupled P2Y12 

receptor (stated in the next section) (Kim et al. 2002).

2.4.5 Purinergic Receptors

Purine and pyramidine nucleotides, like ADP and ATP are important platelet aggregation 

agents that are released from damaged cells and released from platelets dense granules. ADP 

and ATP can binds to P2Y receptors on platelets. P2Y1 and P2Y12 are GPCR that coupled with 
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Gq and Gi, respectively. ATP also binds to cation-permeable ligand gated ion channels P2X1 

(Wang et al. 2003). 

Once binds to ligand, P2Y1 receptor activates Gαq that is couple with it, which mediates 

activation of PLC, production of IP3 and DAG, activation of PKC and subsequently transient 

mobilization of calcium (Fabre et al. 1999, Murugappa and Kunapuli 2006). Early studies using 

ADP antagonists, such as adenosine-2’, 5’-diphosphate (A2P5P) and adenosine-3’, 5’-

diphosphate (A3P5P), specifically inhibits platelet shape change and aggregation but not affects 

inhibition of adenylyl cyclase (Daniel et al. 1998, Savi et al. 1998). A patient with severe 

deficiency of ADP-induced platelet aggregation, however, has normal P2Y1 receptor (Leon, Vial, 

et al. 1999). In addition, P2Y1 receptor null mouse platelets do not have shape change and 

aggregates with ADP stimulation, however, are intact with ability to inhibit adenylyl cyclase 

(Leon, Hechler, et al. 1999, Fabre et al. 1999). P2Y12 receptor couples to Gαi, mediates 

inhibition of of adenylyl cyclase and amplifies platelet aggregation (Nessel 2005). A patient with 

congenital bleeding disorder that fails to respond to ADP was shown to be deficient in P2Y12 

receptor (Hollopeter et al. 2001). P2Y12 receptor null mouse platelets fail to inhibit adenylyl 

cyclase and exhibit prolonged bleeding times, impaired response to ADP, reduced sensitivity to 

thrombin and collagen. However, these platelets are unaffected in terms of shape change and 

calcium flux (Foster et al. 2001). P2Y1 and P2Y12 are both required for normal aggreation, since 

specific inhibition of signaling through either receptor was sufficient to block ADP-induced 

platelet aggregation (Jin and Kunapuli 1998). What’s more,  ADP was reportecd to promote 

integrin-dependent spreading on immobilized fibrinogen, and apyrase, an ADP scavenger, is 

shown to reduce extend of platelet spreading (Haimovich et al. 1993, Jirouskova, Jaiswal, and 

https://en.wikipedia.org/wiki/Ligand-gated_ion_channel
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Coller 2007). In mice that lack Gi2, the predominant platelet Gi subtype, ADP-dependent 

platelet aggregation and integrin αIIbβ3 activation were strongly reduced (Jantzen et al. 2001). 

These data suggest the role of ADP for integrin activation, platelet spreading and aggregation. 

Another P2 receptor on platelets is P2X1, which is activated by ATP only and belongs to 

ligand-gated ion channels (Mahaut-Smith et al. 2000). The function of P2X1 was not recognized 

until Rolf et al. used a selective P2X1 receptor agonist, α,β-methylene-ATP (α,β-MeATP) to 

show it could evoke a transient shape change in human platelets (Rolf, Brearley, and Mahaut-

Smith 2001). However, following studies revealed stimulation of P2X1 induced shorter filopodia 

than ADP stimulation, centralizing secretory granules. (Rolf and Mahaut-Smith 2002). Although 

P2X1 could positively regulates early platelet response to low-dose collagen, promotes 

aggregation, fast reversible shape change and degranulation, P2X1 activation alone is 

insufficient to stimulate platelet aggregation and full platelet activation  (Toth-Zsamboki et al. 

2003, Oury et al. 2001, Hechler et al. 2003, Takano et al. 1999). Thus, P2X1 is considered to play 

a role synergizing other platelet activation pathways.

2.4.6 Thromboxane Receptors

Upon activated by agonists, such as thrombin, ADP, collagen, platelet release 

arachidonic acid stored in the plasma membrane in the form of phospholipid. The enzyme 

cyclooxygenase (COX) catalyzes the reaction to produce prostaglandin endoperoxide PGH2, 

which is an intermediate then converted to TxA2 by thromboxane synthase (Crofford 1997, 

Dubois et al. 1998). Aspirin is the most wildly known antithrombotic drug that inhibits COX, thus 

the production of TxA2. Once formed, TxA2 diffuses through the plasma membrane, acts 

through autocrine and paracrine manners, activates and recruits additional platelets to the site 
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of thrombus (Svensson, Hamberg, and Samuelsson 1976). There are two subtypes of 

thromboxane prostanoid (TP receptors) on human platelets, TPα and TPβ, as the result of 

alternative splicing of the primary transcript (Dorn 1989, Takahara et al. 1990, Narumiya et al. 

1993). Boths receptors belong to GPCR family, and the typical form, TPα, is coupled to G12/13 

and Gq protein (Djellas et al. 1999, Knezevic, Borg, and Le Breton 1993). 

3 NADPH Oxidases

3.1 Reactive Oxygen Species

Reactive Oxygen Species (ROS) are chemically unstable molecules that were historically 

recognized as byproducts of biological reactions. However, gradually increasing studies have 

shown that at physiological level, ROS can act as intracellular signaling molecules, regulating 

several important pathways (Sugamura and Keaney 2011).  The oxidation chain reaction 

primarily starts from production of superoxide (O2-), which are generated from redox 

components such as those form mitochondrial electron transport chain, or through catalization 

of enzymes like NADPH Oxidase (NOX), xanthine-oxidase etc.  (Cadenas and Davies 2000, Babior 

1999). Two molecules of superoxide react to generate hydrogen peroxide (H2O2). This reaction 

is known as dismutation and catalyzed by enzyme named superoxide dismutase (SOD). H2O2 

and superoxide can also react to generate hydroxyl radicals (OH•) in the presence of iron. Due 

to their impaired electron in the outer orbital, O2- and OH• are very reactive chemical entities 

that tends to gain an additional electron to form stable non-radical state. In contrast, H2O2 are 

more properly pro-oxidant non-radical agents, thus less reactive. Other species occur in 

different biological system, such as hypochlorous acid (HOCl) that formed in neutrophils from 

H2O2 and chloride, singlet oxygen (∆1O2) that formed at the site of inflammation from oxygen, 
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and ozone (O3) that generated from singlet oxygen, catalyzed by antibodies (Kanofsky 1989, 

Wentworth et al. 2002).

ROS readily react with a great number of biological molecules including proteins, nucleic 

acids, lipids, carbohydrates and inorganic molecules. Oxidation of these targets may lead to 

irreversible damage or loss of function. Due to this reason, ROS have be widely linked with the 

aging process (Beckman and Ames 1998). An important beneficial function of ROS is 

examplified in host defense. In neutrophils and macrophages, NOX deliberately generates 

massive amount of ROS upon exposure to microorganisms or inflammatory mediators. This so-

called ‘respiratory burst ’ is a key measure for the microbicidal activity of phagocytes. 

3.2 NADPH Oxidase

3.2.1 Structure and Function

NADPH oxidase are classified into three groups, based on the consistence of structural 

domains in each member (Lambeth et al. 2000). Among the NOX family, NOX2, also known 

phogocyte NADPH oxidase (phox), is the prototype and has been most thoroughly studied. 

Structural studies had provided evidence about six transmembrane domains of gp91phox of 

which the COOH and  NH2 terminus are facing the cytoplastic side. This feature is shared by all 

NOX family members. There are two histidines on transmembrain domain III and IV, spanning 

tw hemes that act as part of electron transport chain. On the COOH terminus, exist a flavin 

adenine dinucleotide (FAD) and a NADPH binding domain. As single electron transporter, NOX 

captures electron from NADPH and pass it along to FAD, then hemes, finally oxygen on the 

extracellular side of the membrane. 
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Activation of NOX depends on a serie of translocation and assembly of different subunits 

upon stimulation. The catalytic subunit, a.k.a. gp91phox constitutively associates with the 

enzyme stablizing component, p22phox, both of them are membrane-associated subunits. In 

the absence of p22phox, pg91phox is unstable. This is reported in the patient with CGD. 

(Dinauer et al. 1990, Parkos et al. 1989). The activation of NOX is regulated by the assembly of  

cytosolic subunits p47phox, p40phox, p67phox and the small GTPase RAC with gp91phox and 

p22phox on the membrane. Signalling triggers including protein kinase C and AKT 

phosphorylate p47phox, the organizer subunit, at its autoinhibitory region (AIR). Serine 

residues in this region become extensively phosphorylated, up to as many as nine sites. Among 

them, Ser303/304 are two residues that are of special interest because alanine double mutant 

of Ser303/304 almost completely abolished NOX activity (Inanami et al. 1998, Hoyal et al. 

2003). Another study reported single mutation of Ser304 compromised the oxidase activity to 

more than 50% (Faust et al. 1995). Phorsphorylation of AIR will release bis-SRC-homology 3 (bis-

SH3) domain, which then be able to bind proline-rich region (PRR) on p22phox and phox 

homology (PX) region that binds to phospholipids in the membrane. C-terminal PRR region on 

p47phox also allows binding of p47phox to SH3 domain on p67phox. RAC in its GDP form is 

post-translationally modified with geranyl-geranyl group, which is masked by RhoGDP-

dissociation inhibitor (RhoGDI) to be maintained in the cytosol. Upon activation, GTP replaces 

GDP to dissociate RhoGDI, exposing the geanyl-geranyl group that allows RAC association with 

membrane lipids. This conformational change also releases binding site to NH2-terminal 

tetricopeptide repeat (TPR) on p67phox (Makni-Maalej et al. 2013, Lapouge et al. 2000). The 

last subunit, p40phox, interacts with p67phox through their phox and Bem1p (PB1) domain, to 
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participate in the complex assembly. NOX2 also subject to regulation of PI3K and phospholipase 

D, since they produce 3’-phosphorylated phosphatidylintositols and phosphatidic acid, 

respectively.  Once formed, the complex transfer electron from NADPH from the cytosolic side 

to oxygen on the other side of the membrane, generating superoxide and subsequent 

production of other ROS. 

 NOX1 was the first homolog of gp91phox to be discovered (Banfi et al. 2000, Suh et al. 

1999).  It is most highly expressed in colon epithelium, as well as other tissues including 

vascular smooth muscle cells, endothelial cells, uterus etc. (Banfi et al. 2003, Suh et al. 1999, 

Szanto et al. 2005, Lassegue et al. 2001, Ago et al. 2005, Banfi et al. 2000). Superoxide 

genderation by NOX1 also depends on cytosolic subunits. NOX organizer 1 (NOXO1) is a 

homolog of p47phox with almost identical domain organization, except for absence of AIR 

domain. Similarily, NOX activator 1 (NOXA1) is homolog of p67phox, except lacking one SH3 

domain spaning PB1 on p67phox. A study has suggested the non-specificity of NOX1 

dependence on cytosolic subunit, in which NOX1 is able to produce superoxide when co-

transfected with p47phox and p67phox (Banfi et al. 2003). However, NOX1 differs in the 

machnism of regulation by NOXO1 from that of gp91phox by p47phox. In contrast to 

translocalization of p47phox upon activation, NOXO1 constitutively locates on the membrane  

together with NOX1 and p22phox (Cheng and Lambeth 2004). This is because PX domain of 

NOXO1 binds to mono-phosphorylated phosphatidylinositols, which are abanduntly present in 

the resting membrane. Consequently, NOX1 shows weak constitutive activity when 

reconstituted in cells co-expressing NOXO1 and NOXA1. The full activation requires the PKC 

activator, suggested in a study using phorbol 12-myristate 13-acetate (PMA) (Geiszt et al. 2003). 
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In addition, plenty evidences have shown small GTPase RAC involves the regulation of NOX1 

activity (Cheng et al. 2006). Therefore, the activity of NOX1 could be both constitutive and 

activable, depending on regulatory subunits that function analogously to NOX2.

NOX3 requires p22phox and NOXO1, and requirement for NOXA1 is specie-dependent 

(Ueno et al. 2005). The RAC dependence of NOX3 is still under debate, with two of the studies 

reporting independence, and another one suggesting its effect (Cheng et al. 2006, Ueno et al. 

2005, Ueyama, Geiszt, and Leto 2006). NOX4 share the least homology with NOX2, and differ 

from other homologs with the way of activation. NOX4 is constitutively active, independent of 

subunits for further activation (Geiszt et al. 2000). Thus ROS production by NOX4 should be 

determined by its expression level or post-translational modification. The last class, including 

NOX5, DUOX1/2, posess calcium binding domain thus presumbaly activated by calcium. 

3.2.2 Cellular Signaling

3.2.2.1 Inhibition of phosphatases

ROS regulates cellular signaling by multiple means. The most validated mechanism of 

ROS regulated signaling change occurs through its inhibion of redox-sensitive cysteine residues. 

For instance, protein tyrosine phosphatases (PTP) dephosphorylate their substrates, of which 

are numerous signal-transducing proteins. PTP contains cysteines in their catalytic region, 

which are susceptible to oxidation inactivation (Barford 2004). In another word, increased ROS 

production would inhibit PTP activity, thus enhance phosphorylation states in cells (Lee et al. 

1998). 
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3.2.2.2 Activation of kinases

Hydrogen peroxide is known to activate p38 mitogen-activated protein (MAP) kinase 

through phosphorylation (Djordjevic et al. 2005). Various MAP kinases system elements have 

been proved subject to regulation of ROS, such as MAPK phosphatase-1 (MKP-1) , epidermal 

growth factor receptor (EGFR), c-Src, Ras, Akt (Griendling et al. 2000, Furst et al. 2005). 

However, it is not clear whether this activation is due to direct activation of upstream kinases, 

or the inactivation of PTP in previously stated section (Griendling et al. 2000). 

3.2.2.3 Ca2+ signaling

NOX regulates intracellular calcium homeostasis through at least three components 

controling calcium flux: plasma membrane Ca2+ channel, intracellular Ca2+ channel and Ca2+ 

pumps. Thes channals are regulated by NOX through posttranslational modificaions, e.g. 

cysteine oxidation, S-glutathiolation, or electron transport-dependent cell depolarization.

Angiotensin II can increase the flux of L-type Ca2+ current, through angiotensin type 1 

(AT1) receptor. This effect depends on NOX-derived ROS (Wang et al. 2004). In another study, it 

is shown that treatment of external hydrogen peroxide enhances neuronal voltage-dependent 

Ca2+ channel by accelerate the overall channel opening process (Li et al. 1998). However, the 

mechanism by which oxidation potentiates Ca2+ current still remains not entirely understood.

The second mechanism of calcium increase is from intracellular stores. Hydrogen 

peroxide treatment induces elevated intracellular Ca2+ concentration in the absence of 

extracellular calcium (Granados et al. 2006). In cardiomyoctyes, ischemic heart disease induced 

production of hydrogen peroxide may lead to contractile dysfunction, this could be attributed 

to protein kinase C-mediated sarcoplasmic reticulum calcium release (Wang et al. 1999). One 
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best characterized channel, ryanodine receptor family, contains reactive cysteine residues are 

subject to redox modification (Liu and Pessah 1994). Furthermore, this induction of increased 

calcium release is prevented by NOX blockers, apocynin or diphenyleneiodonium (DPI), but not 

other ROS-generating enzyme inhibitors (Cheranov and Jaggar 2006). Additional evidence 

suggests local NOX on the sarcoplasmic reticulum in coronary artery smooth muscle regulates 

ryanodine receptor activity by producing superoxide (Yi et al. 2006). On the other hand, the 

aforementioned study also suggested hydrogen peroxide only stimulates “Ca2+ sparks” and 

transient calcium activated potassium currents, leading to a global reduction of intracellular 

calcium (Cheranov and Jaggar 2006). This “Ca2+ spark” is likely due to activation of small cluster 

of ryanodine receptors.

The last compnent of calcium homeostatsis that is regulated by ROS is calcium pump 

(Adachi et al. 2004, Granados et al. 2006). ROS-related specie, nitric oxide-derived peroxynitrite 

(ONOO(-)), posttranslationally modifies sarco/endoplasmic reticulum calcium ATPase (SERCA) in 

the presence of glutathione at their cysteines residues, this S-glutathiolation increases SERCA’s 

calcium-uptake activity (Adachi et al. 2004). Finally, in human platelets, it is observed hydrogen 

peroxide induces Ca2+ release from agonist sensitive pool by modifiying SERCA and IP3 

receptor’s sulphydryl group, this may contribute to explain enhanced platelet aggregation 

induced by hydrogen peroxide (Redondo et al. 2004).

3.2.3 NADPH oxidase inhibitor as a new antithrombotic strategy.

Altough ROS has been known to contribute thrombosis, antioxidants (e.g. Vitamins C, E and 

β-carotene etc.) do not appear to have the clinical efficacy to prevent cardiovascular events. 

(Morris and Carson 2003). Clinical trials weren’t be able to show any net benefit of antioxidant 
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intervention, in studies pertaining atherosclerosis or hypertension prevention (Bleys et al. 2006, 

Vivekananthan et al. 2003, Schiffrin 2010). Indeed, the lack of benefit in these clinical trials 

could be due to many reasons. First, none of them had actually reported if the administration of 

antioxidant had virtually affected the level of antioxidant concentration at the site of disease, 

for example, the vessle walls or thrombi. Second, even if they did, take Vitamine E for example, 

due to the extreme high rate constants of the reaction between ROS and endogenous 

molecules (like NO, amino acids, nucleic acids), which is often more than six orders of 

magnitudes higher than the constants between ROS and Vitamine E, the concentration of 

Vitamine E has to exceed that of NO about million folds to outcompete the other reaction. This 

is almost impossible to achieve by even the highest amount of Vitamine E administration. And 

lastly, even if the antioxidants had been able to react with ROS, the product could be simply 

another type of ROS that resistant to the original antioxidant. It is thus a more effective strategy 

to prevent ROS generation by targeting the enzymes producing them, than eliminate ROS once 

they are formed (Drummond et al. 2011). 

Studies from both human and animal platelet has suggested the role of NADPH-dependent 

ROS in platelet activation and thrombosis. It has been reported, the presence of xanthine and 

xanthine oxidase system, which exogenously created superoxide, enhanced the sensitivity of 

platelet response to ADP. Moreover, when collagen or phorbol ester (PMA) were used as 

stimuli, O2- production was significantly increased. A peptide, gp91ds, specifically inhibiting the 

interaction between gp91phox (or its analogs) and p47phox prevented platelet O2- production, 

but not its scrambled analog as measured by chemiluminescence, or cytochrome c reduction 

(Krötz et al. 2002). Moreover, other evidences suggested ROS could modulate platelet 
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activation. Another study used increasing catalase, an enzyme that destroys H2O2, to show that 

during platelet activation, aggregation, ATP secretion, TXB2 release as well as calcium 

mobilization were all inhibited (Pignatelli et al. 1998).    

Recent study from our lab demonstrated NOX1 and NOX2 differentially contribute to ROS 

production and regulates different platelet activation signaling pathways. And also, NOX2 is 

playing a critical role in thrombus formation in vivo as determined by laser-induced vascular 

injury model (Delaney et al. 2016). 

Collectively, these evidence indicates NOX2 could be a potential target for antithrombotic 

strategy, as NOX are the major source of the ROS production during platelet activation, and 

NOX2 appears to be the major isoform involving this process. 
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II. PURPOSE OF STUDY

Data from our previous study answered the question of “what are the roles of individual 

NOX isoforms during platelet activation.” We provided evidences to show that NOX1/NOX2-

dependent ROS production facilitates platelet activation by promoting phosphorylation of 

Syk/PLCγ, and subsequent calcium mobilization (Delaney et al. 2016). Although it has been 

shown that NOX1 could be regulated through GPCR signaling pathway, while NOX2 could be 

regulated through both GPCR and GPVI/ITAM signaling pathway, the mechanism that 

involving NOX regulation upon agonist stimulation remains poorly understood  (Fig. 3). 

Figure 3.  NOX1 and NOX2 are differentialy regulated in platelets. NOX1 could 
be regulated through GPCR signaling pathway, while NOX2 could be 
regulated through both GPCR and GPVI/ITAM signaling pathway. 
NOX1/NOX2-dependent ROS production facilitates platelet activation 
by promoting phosphorylation of Syk/PLCγ, and subsequent calcium 
mobilization. (Adapted from Li et al, 2010 with permission.)
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One of the studies found that α2β1-integrin ligation could induce ROS production in Caco-2 

cells (a colorectal adenocarcinoma cell line). By seeding cells on plates coated with various 

substrates or antibodies, they measured NOX-dependent ROS production induced by α2β1 

integrin ligation. Collagen and Gi9 mAb are both high-affinity ligand of integrin α2β1, and they 

strongly induced NOX activity. Whereas laminin being a weaker agonist, it induced NOX activity 

to lesser extend (Honore et al. 2003). 

Another report showed that compared with incubated in suspension, NIH-3T3 fibroblasts 

adhered on fibronectin, an integrin α5β1 ligand, exihibited dramatic increase in oxidants 

production. The redox state change subsequently resulted in inhibition of low molecular weight 

PTP (LMW-PTP), and secondary FAK acivation leading to cell adhesion and spreading onto 

fibronection (Chiarugi et al. 2003). 

Thrombin receptor PAR1 and PAR4, like other GPCR, could activate integrin αIIbβ3 ligand 

binding function. Binding to extracellular ligands activates integrin outside-in signaling where 

SFK is required for the downstream events (Fig. 4). Based on the previous evidences, we 

hypothesized that thrombin-induced NOX2 activation is mediated through integrin αIIbβ3 

signaling. 

Therefore, the purpose of this study was to understand whether integrin αIIbβ3 was playing 

a regulatory role for NOX, especially NOX2, activity, and ROS production during platelet 

activation. We were also interested to know that if NOX-dependent ROS production was 

important for platelet fuctions, in specific, the integrin outside-in signaling and its funcitonal 
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consequences. By answering these questions, this study intended to provide a rationale for 

developing NOX(2) inhibitor as a new antithrombotic strategy. 

Figure 4. The schematic of hypothesized integrin-mediated NOX2 activation 
induced by thrombin stimulation. (Adapted from Li et al, 2010 with 
permission.)
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III. METHODS AND MATERIALS

1 Mice

The generation of NOX1 and NOX2 knockout mice was described as before (Gavazzi et al. 

2006, Pollock et al. 1995). Heterozygous female NOX1+/- mice were crossed with male C57BL/6 

mice, which are purchased from Jackson Laboratory (Bar Harbor, ME). Male offspring NOX1+/Y 

were used as wild-type control (WT)  and NOX1-/Y as NOX1 knockout (nox1 ko). NOX2 knockout 

mice (nox2 ko) were purchased from Jackson Laboratory (Bar Harbor, ME). Both strains were 

maintained on a C57BL/6 background. Integrin β3-/- mice were obtained from the Jackson 

Laboratory. Animal usage and protocol were approved by the institutional animal care 

committee of the University of Illinois at Chicago. 

2 Materials

Src Family Kinase Inhibitor PP2, Syk inhibitor piceatannol, Akt inhibitors SH-6, PI3K 

inhibitors LY294002, PKC inhibitor Gö6979, p38 inhibitor SB203580, ERK1/2 inhibitor U0126, N-

acetylcysteine were purchased from Calbiochem. Thrombin and fibrinogen were purchased 

from Enzyme Research Laboratories. dichlorodihydrofluorescein diacetate and 6-carboxy-2',7'-

dichlorodihydrofluorescein diacetate, Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit, 

Alexa Fluor 546-conjugated phalloidin, were purchased from Invitrogen. 
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3 Preparation of washed mouse platelets.

Washed mouse platelets were prepared as previously described (Shen et al. 2013). 

Briefly, fresh blood was drawn from mouse inferior vena cava and anti-coagulated with ACD (85 

mM trisodium citrate, 83 mM dextrose, and 21 mM citric acid). Platelets were isolated by 

differential centrifugation of whole blood with 0.1 µg/mL prostaglandin E1 and 1 U/mL apyrase 

(Sigma-Aldrich, St. Louis, MO). washed twice with CGS buffer (sodium chloride 0.12 M, 

trisodium citrate 0.0129 M, Dglucose 0.03 M, pH 6.5) and resuspended in N-2-

hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES)-buffered Tyrode’s solution containing 

1 mM CaCl2 and 1 mM MgCl2. They were then allowed to rest at 25°C for at least 1 hour.

4 Detection of intracellular ROS.

Intracellular ROS was measured as previously described with modifications (Arthur et al. 

2012). Briefly, washed platelets (1x108/mL) suspended in Tyrode’s buffer were incubated with 

the global intracellular dye ROS dichlorodihydrofluorescein diacetate (H2DCFDA), or its close 

derivative, 6-carboxy-2',7'-dichlorodihydrofluorescein diacetate (Carboxy-H2DCFDA, Invitrogen) 

for 10-15 minutes. Agonist was added to platelet suspension at the start of test, and 

fluorescent signal was measured as a function of time using an Accuri C6 flow cytometer (BD,) 

to obtain kinetic changes in intracellular ROS. Total fluorescent intensity was determined by 

integrating the area under the curve (AUC). If shear stress was indicated, A cone and plate 

rheometer (Rheostress 1, Thermo-HAAKE, Paramus, NY) was used to introduce shear stress 

(800/s) to the platelets.
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5 Detection of hydrogen peroxide release.

Washed platelets (3 X 108/ml) were stirred (1000 rpm) in a platelet aggregometer. 

Agonist was added to the tube and platelets were allowed to aggregate for 2 min. Reaction 

solution from Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen) was added to 

the suspension and incubated for 30 min under 37 ºC before measured for fluorescent intensity 

using FlexStation plate reader (Molecular Devices).

 

6 Immunoblotting. 

Washed platelets (3 X 108/ml) were pre-incubated with corresponding inhibitors or 

vehicle control, and stirred (1000 rpm) in a platelet aggregometer. Aggregation trace were 

recorded for 2 min after agonist was added to the tube, and reaction was stopped by addition 

of equal volume of 2 X SDS sample buffer (2% SDS, 0.1M Tris, 2% glycerol, 2 mM PMSF, 2 mM 

Na3VO4, 2 mM NaF, and Complete Protease Inhibitor Cocktail (Roche Molecular Biochemicals, 

Indianapolis, IN)). For platelets spreading on immobilized fibrinogen or incubated in suspension, 

they were lysed with the same 2 X sample buffer after indicated length of incubation. Proteins 

were separated by SDS-PAGE on 4-15% polyacrylamide gels, transferred to PVDF membranes 

and immunoblotted with the corresponding antibodies.
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7 Detection of ROS in platelets spread on immobilized fibrinogen. 

Microscope cover glasses (Fisher Scientific) were coated with 100 μg/mL fibrinogen 

(Enzyme Research Laboratories) in 0.1 M NaHCO3 (pH 8.3) and blocked with 5% bovine serum 

albumin (BSA) in phosphate-buffered saline

(PBS). Washed mouse platelets (1x107/mL) were allowed to adhere and spread on fibrinogen-

coated wells (300 μL/well) at 37°C for indicated length of time. Washed mouse platelets 

(1x107/mL) were allowed to adhere and spread on fibrinogen-coated wells (300 μL/well) at 37°C 

for 60 min. 10µM H2DCF were then added to the suspension and platelets were incubated for 

another 30 min. Slides were aspirated to remove nonadherent platelets and washed with PBS 

for 6 times. ROS production was immediately observed using Zeiss LSM8 META confocal 

microscope. Quantification of the total ROS production per platelet was performed using NIH 

ImageJ software.

8 Platelet spreading assay on immobilized fibrinogen. 

Microscope cover glasses (Fisher Scientific) were coated with 100 μg/mL fibrinogen 

(Enzyme Research Laboratories) in 0.1 M NaHCO3 (pH 8.3) and blocked with 5% bovine serum 

albumin (BSA) in phosphate-buffered saline

(PBS). Washed mouse platelets (1x107/mL) were allowed to adhere and spread on fibrinogen-

coated wells (300 μL/well) at 37°C for indicated length of time. Slides were aspirated to remove 

nonadherent platelets and fixed with 4% paraformaldehyde, permeabilized, and stained with 

Alexa Fluor FITC conjugated phalloidin (Invitrogen). Adherent platelets were observed with a 
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Leica DM IRB fluorescence microscope (Leica Microsystems). Images were acquired using a Cool 

SNAP HQ CCD camera (Photometrics) and processed with NIH ImageJ software.

9 Platelet adhesion under shear stress. 

Glass slides were coated with vWF (30 μg/Ml overnight. Slides were washed with PBS and 

blocked with 5% BSA in PBS for 1 hour and washed again with PBS. Washed mouse platelets 

(200μL of 3x108/mL) were pretreated with either scramble DMSO or mP6 for 5 min, then 

loaded onto the slides. A cone and plate rheometer (Rheostress 1, Thermo-HAAKE, Paramus, 

NY) was used to introduce shear stress (800/s) to the platelets. Mepacrine (10 μM; Sigma), a 

fluourescent dye was added to the platelets before applying shear stress to the platelets for 5 

minutes (Yin et al. 2008). Slides were rinsed in a container with 200 mL PBS for 3 times to wash 

out non-stably adherent platelets. Slides were viewed with a Leica 45 DMI RB fluorescence 

microscope (Leica Microsystems).
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IV. RESULTS 

1 Integrin αIIbβ3 is important for ROS production during platelet activation.

To determine if integrin αIIbβ3 is playing important role in regulating ROS generation 

during platelet activation, washed mouse platelets were treated with Integrilin, a reversible 

inhibitor that bind and inhibits integrin αIIbβ3, or citric acid as vehicle control. Platelets was 

stimulated with either thrombin or CRP to induce ROS production, which was measured by 

staining with florescent DCF using flow cytometry. Under static condition, ROS production was 

slightly reduced when treated with integrilin compared to control group (Fig. 5 A and B). 

However, when shear stress of 800/s was applied during stimulation, ROS production was 

significantly inhibited by integrilin (Fig. 5 C and D), in either thrombin- or CRP- induced platelet 

activation. This data indicates integrin αIIbβ3 is playing regulatory role in ROS production 

induced by thrombin or CRP stimulation, especially under shear stress (Fig. 6).

To validate this result, platelets isolated from either wild type (wt) or β3-/- mice were 

subject to the same assay. In consistence with the data before, mice platelets from β3-/- 

showed mild defects in ROS production under static condition, while were significantly 

defective in ROS production under shear stress, when stimulated with either low dose thrombin 

or CRP. 

Since DCF is a dye that only staining intracellular ROS, we sought for another dye that 

could reflect the amount of ROS released from the cells. Amplex red reacts with extracellular 

H2O2 to produce the fluorescent oxidation product, resorufin. H2O2 is one of the major 

reactive oxidant species produced by platelets, and shown to be important for platelet 
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aggregation (Pignatelli et al. 1998). As determined by this assay, extracellular H2O2 generation 

by thrombin-stimulated platelets was also reduced in the presence of integrilin. 

Collectively, these data suggest integrin is important in regulating ROS production during 

platelet activation, both intracellularly and extracellularly. Moreover, its contribution to ROS 

production is augmented under shear stress, which represents a more relevant setting since 

platelets are constantly subject to shear stress produced by blood flow under physiological 

condition.
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Figure 5.  ROS production in Integrilin-treated mice platelets. (A-B) 
Isolated mouse platelets treated with vehicle control or 
integrilin (10µM) were incubated with carboxyl-H2DCFDA and 
stimulated with (A) 0.025U/mL thrombin or (B) 1µg/mL CRP. 
DCF fluorescence was measured at 1, 5, 10, 15 min using flow 
cytometry and quantified as mean ± SEM (n=8). (C-D) Isolated 
mouse platelets were incubated with carboxyl-H2DCFDA and 
stimulated with (C) 0.025U/mL thrombin or (D) 1µg/mL CRP 
under the shear rate of 800/s. DCF fluorescence was 
measured at 0.5, 1, 1.5, 2, 2.5 min using flow cytometry and 
quantified as mean ± SEM (n=3). (A-D) Total ROS production 
over time was calculated using area under the curve. 
(*P<0.05, **P<0.01, ***P<0.001, Student’s t-test)
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A B

Figure 6. Flow cytometric analysis of intracellular ROS production in 
platelets. Platelets were activated with 0.025U/ml thrombin, 
treated with citric acid (control) or Integrilin (10µM) under 
resting state were used as negative control. Histogram shows 
relative fluorescence intensity on the x axis and number of 
events (count) on the y axis. (A) under static condition, 
platelets had been stimulated for 15 min. (B) under shear 
stress of 800/s, platelets had been stimulated for 2 min.
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Figure 7. ROS production in wt or beta3-/- mice platelets. (A-B) 
Isolated platelets from wt or beta3-/- mice were incubated 
with carboxyl-H2DCFDA and stimulated with (A) 0.025U/mL 
thrombin or (B) 1µg/mL CRP. DCF fluorescence was measured 
at 1, 5, 10 min using flow cytometry and quantified as mean ± 
SEM (n=3). (C-D) Isolated platelets from wt or beta3-/- mice 
were incubated with carboxyl-H2DCFDA and stimulated with 
(C) 0.025U/mL thrombin or (D) 1µg/mL CRP under the shear 
rate of 800/s. DCF fluorescence was measured at 0.5, 1, 1.5, 
2, 2.5 min using flow cytometry and quantified as mean ± 
SEM (n=4, 7). Total ROS production over time was calculated 
as area under the curve.  (*P<0.05, **P<0.01, ***P<0.001, 
Student’s t-test)
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Figure 8. Hydrogen Peroxide release from activated platelets. 
Staining hydrogen peroxide released during platelet 
activation using Amplex Red. Platelets was stimulated with 
0.025U/ml thrombin, treated with either vehicle control or 
integirlin (10µM). Platelet aggregation was induced using a 
turbidometric aggregometer at 37°C and 1000 rpm stirring 
speed. Amplex red is added after 5min aggregation and 
allowed to incubate for 30min. RFU was measured using 
fluorescent plate reader. (n=6, **P<0.01, Student’s t-test.)
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2 Integrin-dependent ROS production is stimulated by agonist and/or shear stress. 

To determine what is the stimulus that induces this integrin-dependent ROS production, 

we applied either shear stress or agonists alone, and measured the ROS production under 

different conditions. Compared with resting state, either shear stress or agonist alone (low dose 

thrombin or CRP) was be able to induce ROS production to a certain level, but neither as high as 

combined (Fig. 9).  Therefore, we identified thrombin/CRP and shear stress both as stimuli 

capable of inducing ROS production in platelets.

Under constant shear stress, increasing concentration of thrombin induced dose-

responsive ROS production in platelets (Fig. 10). While in the other group where platelets were 

treated with integrilin, ROS production was constantly inhibited, regardless of the dose of 

thrombin. Result indicates thrombin-stimulated ROS production is integrin dependent. 



53

R
FU

res
tin

g

thrombin al
one

thrombin sh
ea

r

sh
ea

r a
lone CA

Integ
rili

n
0

2000

4000

6000

8000

Thrombin
***

***

**** ***

R
FU

res
tin

g

CRP al
one

CRP sh
ea

r

sh
ea

r a
lone CA

Integ
rili

n
0

3000

6000

9000

12000

     CRP

****

****

****
***

Figure 9. Stimuli that induce platelet ROS production. Isolated 
platelets from wild type mice was stimulated with agonists 
(0.025U/ml thrombin or 1 µg/ml CRP), shear stress alone, or 
combined. After 2min of stimulation, platelets are stained 
with 10µM H2DCFDA and florescence is measured with flow 
cytometry, quantified as mean ± SEM (n=3). (*P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001, Student’s t-test)
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Figure 10. ROS production in platelets are thrombin dose-responsive. 
Isolated mouse platelets treated with vehicle control or 
integrilin (10µM) were stimulated with 0.01, 0.025, 0.05, 
0.1U/mL thrombin under shear stress for 2min. Platelets are 
stained with 10µM carboxyl-H2DCFDA and florescence is 
measured with flow cytometry, quantified as mean ± SEM 
(n=2).
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3 Activation of p47phosphorylation is integrin αIIbβ3-dependent

To evaluate the activity of NOX2, which was proven to be the major isoform involved in 

ROS production leading to platelet activation and thrombosis, phosphorylation of p47phox at 

Ser304 was used as an indicator. Signaling triggers such as protein kinase C and AKT 

phosphorylate p47phox, the organizer subunit, at its autoinhibitory region (AIR). Serine 

residues in this region become extensively phosphorylated, up to as many as nine sites. Among 

them, Ser303/304 are two residues that are of special interest because alanine double mutant 

of Ser303/304 almost completely abolished NOX activity (Inanami et al. 1998, Hoyal et al. 

2003). 

Platelet aggregation induced by thrombin or CRP was strongly inhibited by integrilin, 

which also inhibited ROS production in platelet measured after aggregation (Fig. 11A). 

Compared with resting state, p47phox was phosphorylated when platelets were stimulated by 

thrombin or CRP, but showed marked reduction in β3-/- or integrilin treated platelets (Fig. 11B). 

In wt mice platelets, p47phox phosphorylation was enhanced with increasing dose of thrombin, 

while it was strongly reduced in β3-/- platelets. When CRP was used as agonist, there was only 

partial reduction in β3-/- platelets, indicating possible integrin-independent pathway for 

p47phox activation (Fig. 11C).
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Figure 11. ROS production and p47phox phosphorylation are integrin-
dependent. (A) representative aggregation trace of thrombin 
(0.025U/ml) or CRP (1µL/ml) –stimulated platelets, in the 
presence of vehicle control (CA) or Integrilin (10µM). Platelets 
are diluted and stained with H2DCFDA after 2min 
aggregation. (B) ROS production is determined by RFU with 
flow cytometry. (C) platelets are lysed under resting condition 
or after 2min aggregation induced by thrombin (0.025U/ml) 
or CRP (1µL/ml), probed for p47phox Ser304, total p47phox 
or α-tubulin. (D) wt and β3-/- mice platelets are lysed under 
resting condition or after 2min aggregation induced by 
increasing dose of thrombin (0.01, 0.025, 0.1, 0.5U/ml) or 
CRP (0.5, 1, 5, 20µL/ml), then probed for p47phox Ser304, 
total p47phox or α-tubulin. 
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4 Thrombin-induced p47phox activation requires SFK but not Syk.

To identify the pathway responsible for p47phox activation, downstream kinases involved 

in integrin-dependent signaling were tested to determine their roles in thrombin-induced 

p47phox phosphorylation. Src family kinases (SFKs) are a group of closely related nonreceptor 

protein tyrosine kinases. c-Src, for example, is shown to constitutively bind to integrin β3 

through an interaction involving the c-Src SH3 domain and β3 cytoplasmic tail (Arias-Salgado et 

al. 2003). They are playing essential role in platelet integrin outside-in signal, and consequential 

functions such as stable adhesion, spreading, secretion etc (de Virgilio, Kiosses, and Shattil 

2004, Arias-Salgado et al. 2005, Li, Zhang, et al. 2010). In addition, previous studies 

demonstrated fibrinogen binding to integrin induces rapid Src activation which promotes Syk 

association to integrin-c-Src complex (Gao et al. 1997, Obergfell et al. 2002).

By preincubating platelet with SFK inhibitor PP2, p47phox phosphorylation induced by 

thrombin stimulation was markedly reduced (Fig. 12A), suggesting p47phox activation is 

downstream of integrin outside-in signaling pathway. However, Syk inhibitor, piceatannol, was 

not be able to change the phosphorylation level of p47phox (Fig. 12B). Collectively, we 

conclude that p47phox activation in thrombin induced by thrombin is downstream of SFK-

dependent integrin outside-in signaling, but does not require Syk activity. 
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Figure 12. Thrombin-induced p47phox activation requires SFK but not 
Syk. Isolated platelets are preincubated with (A) PP2 (10µM), 
(B) piceatannol (15 µM) or DMSO as control and then lysed 
under resting condition or after 2min aggregation induced by 
thrombin (0.025U/ml), probed for p47phox Ser304, total 
p47phox or α-tubulin. 
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5 CRP-induced p47phox activation requires both SFK and Syk.

SFK family kinases, Lyn and Fyn, are constitutively associated with GPVI-FcRγ complex 

(Suzuki-Inoue et al. 2002), and are required to phosphorylated tyrosines with ITAM domain of 

FcRγ, leading to activation of the tyrosine kinase Syk and a series of downstream events (Ezumi 

et al. 1998). 

When stimulated with GPVI agonist CRP, p47phox phosphorylation was also induced 

while inhibited when platelets are pretreated with PP2 or piceatannol. Hence, unlike integrin 

outside-in signaling, p47phox activation by GPVI/ITAM pathway requires both SFK and Syk.

Figure 13. CRP-induced p47phox activation requires both SFK and Syk. 
Isolated platelets are preincubated with (A) PP2 (10µM), (B) 
piceatannol (15 µM) or DMSO as control and then lysed 
under resting condition or after 2min aggregation induced by 
CRP (1µg/ml), probed for p47phox Ser304, total p47phox or 
α-tubulin. 
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6 Activation of p47phox depends on PI3K/Akt activity.

Since both SFK and Syk are tyrosine kinases, we investigated further to determine the 

serine/threonine kinases downstream that are responsible for activation of p47phox. In 

neutrophils, activation of appropriate receptors activates PKC and PI3K leading to p47phox 

phosphorylation (Ding et al. 1995, Vlahos et al. 1995, Didichenko et al. 1996, Fontayne et al. 

2002). It has also been suggested that activation by PI3K of p47phox is carried out by Akt 

activity, since Akt is able to phosphorylate p47phox on Ser304 and Ser328 in cell free settings 

(Hoyal et al. 2003). Some studies also suggest involvement of MAPKs in activating p47phox (El 

Benna et al. 1996). 

In thrombin-stimulated platelets, phosphorylation of p47phoxSer304 was partially 

inhibited by PI3K inhibitor, LY294002, and strongly inhibited by Akt inhibitor, SH-6 (Fig. 14A), 

while was not changed in the presence of MAPK or PKC inhibitors (Fig. 14B). On the other hand, 

phosphorylation of p47phoxSer304 in CRP-stimulated platelets was also reduced by Akt and 

PI3K inhibition, but were completely blocked by PKC inhibitor, Gö6979, as well (Fig. 14C, D). 

These data suggest PI3K/Akt signaling is important for p47phox activation regardless of 

the activation pathways. On contrary, PKC is only important for CRP-induced p47phox 

activation, while we do not exclude the possibility that PKC contributes to p47phox activation 

by phosphorylating other serine sites.  
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Figure 14. PI3K/Akt is important for p47phox phosphorylation on 
Ser304. Platelets are pretreated with (A, C) Akt inhibitor, SH-6 
(15µM), or PI3K inhibitor, LY294002(5µM) (B, D) p38 
inhibitor, SB203580 (10µM), ERK1/2 inhibitor, U0126 
(250nM) or PKC inhibitor, Gö6979 (50nM), then stimulated 
with (A, B) thrombin (0.025U/ml) or (C, D) CRP (1µg/ml) to 
induce aggregation. Cells are lysed under resting condition or 
after 2min aggregation, probed for p47phox Ser304, total 
p47phox or α-tubulin. DMSO was added as control.



62

7 Integrin-ligation is sufficient to induce ROS production in platelets.

Platelet spreading is a signature event mediated by integrin αIIbβ3 outside-in signaling (Li, 

Delaney, et al. 2010).  After talin binds to β3 to mediate inside-out signaling, it is dissociated 

from β3 stimulated by integrin-ligand binding. This dissociation allows Gα13 bind to an ExE 

motif within the β3 tail (Shen et al. 2013). Gα13-β3 interaction induces outside-in signaling 

through the phosphorylation and activation of the c-Src (Gong et al. 2010). In the early phase of 

outside-in signaling, c-Src activates RhoGAPs (Rho GTPase Activating Proteins), such as 

p190RhoGAP, promoting RhoA-GTP converting to RhoA-GDP (Arthur and Burridge 

2001).Therefore, Src inhibits the RhoA-dependent retractile signaling pathway, leading to cell 

spreading.

mP6 is a myristoylated peptide that inhibited interaction of αIIbβ3 with Gα13, thus 

diminished activation of protein kinase c-Src and outside-in signaling (Shen et al. 2013). 

mP6 inhibited platelet spreading on fibrinogen, but had no effect on either agonist-induced 

fibrinogen or PAC, which is a ligand-mimetic antibody recognizing activated αIIbβ3, binding to 

platelets, or platelet adhesion to immobilized fibrinogen. Data proved that mP6 selectively 

inhibits the early phase of outside-in signaling without affecting talin-dependent inside-out 

signaling, and ligand-induced integrin activation.

Consistent with previous data, in the presence of thrombin, ROS production was 

significantly raised compared to platelets adhered to poly-l-lysine coated plates, when 

spreading on fibrinogen, while strongly inhibited by mP6 but not the scramble peptide (Fig. 15). 

More interestingly, spreading on fibrinogen alone was enough to give rise to ROS production, 
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which was also inhibited by mP6. This data strongly support that ROS production is regulated by 

integrin αIIbβ3, mainly through the outside-in signaling. Moreover, it suggests integrin ligation 

and outside-in signal is sufficient to induce ROS production, without need for other type of 

stimulation. 

Figure 15. ROS production in spreading platelets. Mouse platelets were 
allowed to spread on fibrinogen-coated slices for 90 min, 
incubated under 37ºC, with or without the presence of 
0.01U/ml thrombin. Platelets treated with N-acetylcysteine 
(NAC) were used as negative control.  10µM DCF were added 
during the last 30min of incubation. Platelets were then 
washed and observed under the fluorescent microscope 
(left). Total ROS production per cell were calculated by 
integrating the fluorescent intensity (right). (*P<0.05, 
Student’s t-test, n=75,100,2,95,45,9,19,6,40,47,6,10.)
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8 Integrin-ligation is able to induce p47phox activation.

Then to test whether integrin signaling is required for NOX2 activation, isolated mouse 

platelets were allowed to spread on slides coated with fibrinogen, treated with fibrinogen 

alone, MnCl2 or CRP. MnCl2 is a direct activator of integrin outside-in signaling, bypassing any 

need for inside-out signaling (Zhang et al. 2011). As shown, platelets treated with MnCl2 and 

CRP spread better than on fibrinogen alone (Fig. 16A). Meantime, western blot for p47phox 

revealed slightly increased phosphorylation of p47phox in platelets spread on fibrinogen alone, 

and strong enhancement in MnCls treated platelets (Fig. 16B, C).  In the latter case, p47 

phosphorylation was induced as quick as 5mins, and significantly higher than resting cells at 

30min. This validated our conclusion that NOX2 is downstream of integrin outside-in signaling 

pathway. At the same time, addition of CRP instead of MnCl2 as agonist induced much higher 

activation at beginning. This indicates that there might be additional GPVI-mediated signaling 

that also activates NOX2, which is mainly responsible for NOX2 early phase activation.
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Figure 16. Integrin-ligation activates p47phox during platelet 
spreading. (A) Mouse platelets were allowed to spread on 
fibrinogen-coated slices for indicated length of time, 
incubated under 37ºC. In other groups, platelets were also 
treated with 0.5mM MnCl2 or 1µg/ml CRP. Adherent 
platelets were fixed, permeabilized, and stained with 
phalloidin and observed with fluorescence microscope. (B) 
Adherent platelets were collected and lysed, probed for 
p47phox Ser304, total p47phox or α-tubulin. Platelet kept in 
suspension were used as resting control. (C) quantification of 
western blot signal intensity for p47phox. Normalized by the 
average of total p47phox and α-tubulin. (*P<0.05, **P<0.01 
***P<0.001, Student’s t-test, n=4.)
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To confirm the involvement of β3, wt mouse platelets was compared with beta3-/-, 

treated with either resting condition, fibrinogen alone, MnCl2, or CRP. After 30mins incubation, 

cells were collected and lysed. Western blot showed NOX2 activation was equally abolished 

across groups (Fig. 17). Based on above results, we conclude that although nox2 can 

alternatively be activated through GPVI-mediated pathway, this activation is taken place only at 

early phase. 

Figure 17. Fibrinogen-ligation induced p47phox phosphorylation 
depends on β3. (A) Isolated wt or β3-/- mouse platelets were 
incubated under resting states, or with either fibrinogen 
alone (250µg/ml), MnCl2 (0.5mM/ml), or CRP (1µg/ml), as 
indicated, for 30 min under 37°C. Platelets were then lysed 
and blotted for respective proteins. (B) Quantification of 
western blot signal for p47phox Ser304 phosphorylation, 
normalized by average signal of total p47phox and α-tubulin. 
Plotted as mean ± SEM (n=4). (*P<0.05, **P<0.01, 
***P<0.001, ns, non-significant, Student’s t-test)
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9 Platelet spreading induced phosphorylation of p47phox is inhibited by mP6.

To confirm the involvement of integrin outside-in signal in NOX2 activation, platelets 

were seeded on fibrinogen treated with either scramble peptide or mP6. Platelets in the mp6-

treated group were defective in spreading, round-shaped compared to control group (Fig. 18A, 

B). This validated the effectiveness of mp6 in blocking outside-in signaling, since spreading is a 

key event induced by integrin activation. Collected platelet was lysed and blotted for phospho-

p47phox. Compared to scramble peptide, mp6 prevented p47phox phosphorylation as well (Fig. 

18C, D). These data verified our conclusion that p47phox activity could be activated through 

integrin outside-in signal.
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Figure 18. Platelet spreading and spreading induced phosphorylation 
of p47phox are inhibited by mP6. (A) Isolated mouse 
platelets were allowed to spread on slides coated with 
100µg/mL fibrinogen for 5, 30, 60 min at 37°C. Platelets were 
incubated with 100µM scramble peptide or mP6 before 
loading on to the slides. Adherent platelets were fixed, 
permeabilized, stained with phalloidin, and then observed 
with a fluorescence microscope. (B) Surface area of single 
platelets was quantified using ImageJ and plotted as mean ± 
SEM (n=20). (C) spread plated were collected then lysed for 
immunoblotting. Resting platelets were used as negative 
control. (D) Quantification of western blot signal for p47phox 
Ser304 phosphorylation, normalized with average intensity of 
total p47phox and α-tubulin. Plotted as mean ± SEM (n=3). ( 
***P<0.001, ****P<0.0001, Student’s t-test)
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10 NOX1 and NOX2 are important ROS generator in platelets.

Data above showed evidences on platelets ROS production could be induced by αIIbβ3 

activation, and it depends on integrin outside-in signaling. It was also shown that NOX2 

activation could be induced by ligand binding of integrin αIIbβ3, which depends on integrin 

outside-in signaling as well. But we still need to determine whether or not under this setting, 

NOX plays an important role in overall platelet ROS production. 

To answer this question, wt, nox1 ko, or nox2 ko mice platelets were activated with low 

dose thrombin under either static status or shear stress, as measured by flow cytometry (Fig. 

19). And then, overall ROS production of nox1 ko and nox2 ko platelets after they were induced 

to spread on fibrinogen-coated plates were measured. Compared to wt, nox1 ko and nox2 ko 

both showed significant defect with aspect to total ROS production (Fig. 20). These data 

therefore confirmed NOX1 and NOX2 are major generators of platelet ROS production induced 

by integrin activation.
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Figure 19. ROS production in NOX knockout mice platelets. (A-B) wt, 
nox1 ko, or nox2 ko mice platelets was incubated with 
carboxyl-H2DCFDA and stimulated with 0.025U/mL thrombin. 
(A) Stimulation was under static condition and DCF 
fluorescence was measured at 1, 5, 10, 15 min using flow 
cytometry and quantified as mean ± SEM (n=6). (B) 
Stimulation was under shear rate of 800/s and DCF 
fluorescence was measured at 0.5, 1, 1.5, 2, 2.5 min using 
flow cytometry and quantified as mean ± SEM (n=4). 
(C)Quantification of ROS production under static condition 
over time as area under the curve. (D) Quantification of ROS 
production under shear condition over time as area under the 
curve. (*P<0.05, **P<0.01, ***P<0.001, Student’s t-test)
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Figure 20. ROS production in spreading platelets of NOX knockout 
mice. Mouse platelets were allowed to spread on fibrinogen-
coated slices for 90 min, incubated under 37ºC, with or 
without the presence of 0.01U/ml thrombin. Platelets treated 
with N-acetylcysteine (NAC) were used as negative control.  
10µM DCF were added during the last 30min of incubation. 
Platelets were then washed and observed under the 
fluorescent microscope (left). Total ROS production per cell 
were calculated by integrating the fluorescent intensity 
(right). (*P<0.05, Student’s t-test, 
n=75,100,2,95,45,9,19,6,40,47,6,10.)
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11 Integrin –dependent stable adhesion is impaired in NOX knockout platelets.

To investigate whether NOX1 and NOX2 affect platelet outside-in signaling and its 

functional consequences, we first tested the influence of NOX on platelet stable adhesion. 

While mP6 does not inhibit resting platelet adhesion to immobilized fibrinogen (Shen et al. 

2013), it reduced the number of adherent platelets on immobilized VWF significantly. NOX1 and 

NOX2 knockout platelets were comparably defective in stable adhesion, which was not further 

inhibited by mp6 (Fig. 21). This could possibly suggest ROS reversely inhibits integrin outside-in 

signaling.

Figure 21. Integrin-dependent stable platelet adhesion of NOX 
knockout platelets.  Left: Isolated platelets of wt, nox1-/Y, or 
nox2-/- mice were pre-incubated with DMSO or mP6, loaded 
onto slides coated with 30μg/mL vWF, adhesion was induced 
by applying 800/s shear stress for 5min. Mepacrine was 
added to the platelets for fluorescent staining before 
applying shear stress. Slides were viewed with a fluorescence 
microscope. Right: quantitation of stably adhered platelets in 
30 random fields, using ImageJ software. Adherent platelet 
number is quantified as mean ± SEM.  (*P<0.05, **P<0.01, 
****P<0.0001, Student’s t-test)
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12 Platelet spreading is not affected by NOX knockouts.

Next, to determine if NOX1 and NOX2 are important for platelet spreading, wt, nox1 ko or 

nox2 ko platelets spread on fibrinogen-coated plate were measured with surface area. The 

result showed there was no significant difference between the wt and nox knockout platelets 

(Fig. 22). In addition, when stimulated with low dose thrombin, nox knockout platelets didn’t 

differ from wt either (data not shown).

Figure 22. Platelet spreading of NOX knockout platelets. Isolated 
platelets of wt, nox1-/Y, or nox2-/- mice were allowed to 
spread on slides coated with 100µg/mL fibrinogen for 15, 30, 
60, 90 min at 37°C. Adherent platelets were fixed, 
permeabilized, stained with phalloidin, and then observed 
with a fluorescence microscope. 
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13 Discussion

Although ROS has been known to contribute to thrombosis, antioxidants (e.g. Vitamins C, 

E and β-carotene etc.) do not appear to have the clinical efficacy to prevent cardiovascular 

events (Morris and Carson 2003). This is due to poor reactivity of conventional antioxidant with 

many endogenous ROS, low bioavailability at the site of disease, and many other limitations 

(Drummond et al. 2011). Therefore, preventing ROS formation by targeting the enzymes 

responsible for their generation could be a more effective strategy for ameliorating oxidative 

stress than scavenging ROS once they are formed. The data shown here have provided evidence 

of NOX being the major resources of ROS during platelet activation and hence the most logical 

therapeutic targets.

Next, data have indicated NOX2 would be a superior target for drug intervention than 

other isoforms because it is the major member involves in platelet activation and thrombosis, 

despite of the type of stimuli. In vivo data in mice also supported this by showing NOX2 is 

important for thrombus formation but not hemostasis process.  (Delaney et al. 2016). To 

achieve this, one possibility is to target at p47phox instead of the catalytic NOX subunits, which 

are quite similar between isoforms. P47phox is the only subunit that is used specifically by 

NOX2 oxidase, and by the NOX1 oxidase expressed in vascular smooth muscle cells (Ambasta et 

al. 2006). Since NOX1 in VSMC is also a proved contributor for cardiovascular diseases, targeting 

p47phox would provide reasonable selectivity over other isoforms and cell types, thus being a 

superior strategy for preventing cardiovascular diseases.  
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This study has also provided rationale for developing NOX inhibitor that targeting its 

upstream integrin outside-in signaling pathway as new anti-thrombotic strategy. It has been 

shown that integrin αIIbβ3 is important for ROS production in activated platelets under both 

static condition or shear stress. As platelets are constantly subject to shear stress produced by 

blood flow under physiological conditions, it is intriguing to find augmented contribution of 

integrin to ROS production in this setting. We also identified thrombin/CRP and shear stress 

both as stimulus to induce ROS production in platelets. Since later dose-response test reveals 

thrombin-induced ROS production was completely blocked by integrilin, it is suggested 

thrombin-induced ROS production is integrin-dependent. To illustrate by what means does 

integrin regulate ROS production, p47phox phosphorylation was detected as an indicator to 

evaluate NOX2 activity. In wt mice platelets, p47phox phosphorylation is enhanced with 

increasing dose of thrombin, while it is strongly reduced in β3-/- platelets. This is validated by 

the data showing SFK inhibitor, but not Syk inhibitor was able to prevent p47phox 

phosphorylation, indicating p47phox was downstream of SFK while not Syk signaling pathway. 

On the other hand, when CRP was used as agonist, there is only partial reduction in β3-/- 

platelets, suggesting possible integrin-independent pathway for p47phox. A possible alternate 

would be ITAM pathway, as both SFK and Syk inhibitor prevented p47phox phosphorylation 

when the platelets was stimulated by GPVI agonist, CRP (Fig. 23). In addition, PKC as a key 

kinase downstream of ITAM pathway, was able to completely block p47phox phosphorylation.  

It was wildly reported in leukocytes, different isoforms of PKC are responsible for p47phox 

activation by phosphorylate multiple serine sites within AIR domain (Bey et al. 2004, Fontayne 

et al. 2002). In this study, we show that PKC is important for CRP-induced but not thrombin-
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induced p47phox phosphorylation on Ser304. In contrary, PI3K/Akt inhibitors prevents p47phox 

phosphorylation despite of the involving pathways. Although we could not exclude the 

possibility PKC isoforms (especially calcium-independent ones) phosphorylate p47phox at other 

serine sites, lack of phos-Ser304 was a good indicator for loss of p47phox activity, as alanine 

double mutant of Ser303/304 almost completely abolished NOX activity (Inanami et al. 1998, 

Hoyal et al. 2003). From these data, we conclude that integrin could regulate p47phox activity 

by targeting the its phosphorylation site, through PI3K/Akt signaling pathway, thus promoting 

NOX2 activity and ROS production in platelets. Other pathways, such as GPVI/ITAM pathway 

could also participate in stimulating NOX2 activity. Since we have demonstrated in the previous 

paper that NOX-dependent ROS generation modifies platelet activation signals by stimulating 

Syk/PLCγ2 pathway, it therefore forms a positive feedback that could be important to facilitate 

platelet activation(Delaney et al. 2016). PKC, as well as PI3K/Akt, are suggested to both playing 

roles activating p47phox in this pathway, although direct evidences such as PKC or Akt 

interaction with p47phox, and assessment of kinase inhibition on NOX-dependent ROS 

production should be provided to further substantiate this conclusion. 
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Figure 23. Diagram of signaling pathways involving ROS production and its effect 
on platelet activation pathways. (Adapted from Li et al, 2010 with 
permission.)

Moreover, integrin outside-in signaling is shown to be important for ROS production and 

NOX2 activation.  Data here demonstrated P47phox phosphorylation and ROS production could 

be induced by integrin-ligation without need for other stimuli, and it is augmented by outside-in 

signaling activator, MnCl2, while disrupted by selective outside-in inhibitor, mP6. And the 

absence of β3 is shown to almost completely abolished p47phox activation, even in CRP-

stimulated platelets. Importantly, regulation by integrin on NOX2 activity is through activating 

p47 subunits, which fits the criteria for selective NOX2 inhibitor just mentioned before. It 

should be noticed that NOXs play important roles in some essential processes such as postural 

balance, learning and memory, vasodilation, endothelial cell survival, as well as immune 

defense (Banfi et al. 2004, Paravicini et al. 2004, Paravicini et al. 2006, Kishida et al. 2006, Pao 
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et al. 2004). One should thus keep precautious when developing therapeutic strategy to avoid 

disruption of normal NOX-dependent processes. Regulation by integrin is a quite unique 

features in platelets, and has not yet been identified in cell types where NOX play important 

functional roles. This should provide another level of selectivity by limiting the inhibitory effect 

on desired process, by targeting at integrin outside-in signal, thus a compelling strategy for drug 

intervention. 

Lastly, we have demonstrated that NOX1 and NOX2 knockout platelets was defect in 

stable adhesion, which is not further inhibited by mp6. This could possibly suggest ROS 

reversely inhibits integrin outside-in signaling. Previous data also have shown that NOX1/2 

knockout mainly affected platelet granule secretion, and second wave of platelet aggregation, 

which requires integrin outside-in signaling (Delaney et al. 2016). However, we here found that 

platelet spreading is not affected by NOX knockouts. This is conceivable result considering ROS 

mainly exerting its effect by modulating Syk/PLCγ2 activity, which is not a predominate 

regulator for platelet spreading.
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V. CONCLUSIONS

Excessive ROS is associated with all known cardiovascular risk factors and is believed to play 

an important role for the onset of cardiovascular diseases. Contrary to this well-known 

understanding, anti-oxidants have failed to produce efficacy towards preventing cardiovascular 

events in multiple clinical trials. This could be attributed to poor reactivity of conventional 

antioxidant with many endogenous ROS, low bioavailability at the site of disease, and many 

other limitations. Therefore, more effective strategy to eliminate ROS would be targeting the 

resources where ROS are being generated than scavenging once they are formed, in order to 

provide cardiovascular benefits.

NADPH oxidase are the key generators of ROS in the blood vessel wall and other tissues 

during cardiovascular disease progression. Studies from both human and animal platelet has 

suggested the role of NADPH-dependent ROS in platelet activation and thrombosis. 

This study focuses on illustrating the mechanism of how does integrin αIIbβ3 regulate ROS 

production and NOX activity in platelets. Integrin outside-in signaling is shown to be important 

for ROS production and NOX2 activation.  Data here demonstrated P47phox phosphorylation 

and ROS production could be induced by integrin-ligation without need for other stimuli, and it 

is augmented by outside-in signaling activator, MnCl2, while disrupted by selective outside-in 

inhibitor, mP6. And the absence of β3 is shown to almost completely abolished p47phox 

activation, even in CRP-stimulated platelets. 

In addition, it has demonstrated that NOX1 and NOX2 knockout platelets was defect in 

stable adhesion, which is not further inhibited by mp6. This could possibly suggest ROS 

reversely inhibits integrin outside-in signaling. However, platelet spreading is not affected by 
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NOX knockout. Along with previous data showing that NOX1/2 knockout mainly affected 

platelet granule secretion, and second wave of platelet aggregation, which requires integrin 

outside-in signaling (Delaney et al. 2016), we concluded NOX-dependent ROS is important for 

integrin outside-in signaling and its functional consequences. 

Altogether, this study, provided insight as how ROS production in activated platelets is 

regulated, along with our previous data about ROS effect on platelet activation, forming a 

theoretical foundation for new antithrombotic strategy basing on intervening integrin outside-

in pathway-regulated NOX activity.
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